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ABSTRACT - The ISO 13232 document
recommends a set of 3 frontal impact test
configurations between the motorcycle (MC) and
the car (also known as the opposing vehicle, or
OV). This paper reports Finite Element (FE) based
simulations of the above-mentioned frontal impacts
for the OV and their detailed analysis. The
simulations have been carried out in PAM-
CRASHTM. The kinetics of the crash simulation has
been matched with the Full Scale Test (FST)
conducted at Japan Automobile Research Institute
(JARI) The simulations indicate the sensitivity of
the different parameters in the various MC – OV
impact configurations.

KEYWORDS: PAM-CRASH, Finite Element
Method, Models, Dummies, Regulations, Full
Scale Tests.

INTRODUCTION - The ISO:13232 document
lists data regarding major road accidents involving
motorcycles. This analysis has been used to
determine the frequency of impact orientations,
relative speeds of the MC and OV involved in the
accident. Based on this study three major impact
configurations have been identified for the MC
impacting the front of the OV. The impact
configurations are shown in the figure 1 below.

(a) (b) (c)

Figure 1 Configurations for the MC impacting
the front of the OV (a) Frontal oblique (b)
Frontal side (c) Frontal Glance.

Figure 1a shows the schematic of a frontal oblique
impact with the MC and OV heading towards each

other at an angle of 135o. The MC impacts the
center of the OV bumper. In the second
configuration the front of the OV impacts the
stationary MC perpendicularly. The third case,
shown in figure 1c, is the MC impacting the
stationary OV at an angle of 180o. The MC hits the
side fender of the OV in this case. The relative
angles and velocities of MC-OV frontal crash tests
have been formulated based on accident data and
are represented in the table 1.

Table 1
.Frontal Impact Crash Configuration

Parameters
Configur
ation No.

Relative
angle (deg.)

OV Speed
(m/s2)

MC Speed
(m/s2)

1 135 13.4 6.7
2 90 9.8 0
3 180 0 13.4

Earlier experimental as well as simulation based
studies to evaluate the effectiveness of Leg
Protectors (LPs) for motorcyclists have been
carried out by Chinn (1986). Studies have also been
presented on the modeling of airbags in
motorcycles [Nieboer,1991]. Subsequently,
Nieboer (1993) and Yettram, etal (1994) have
reported development of rigid body models of the
motor cycle. We concur with the observation that,
MC simulations turn out to be far more difficult
compared to the simulation of car occupants
[Neiboer, 1993]. This is due to the multiplicity and
complexity of the interactions involved. Use of
rigid body models in these simulations have the
drawback that the energy absorption is
underestimated specially in cases of large
deformations [Nieboer,1993]. As a result we have
initiated research using FE based tools to
understand the important issues in the crash
behaviour of MCs. This paper describes initial
work in that direction.

For the parameters and impact positions listed
above in Table 1, simulations were carried out in
PAM-CRASHTM. As defined in [ISO13232] these
parameters are given in terms of cell range values.
For the computer simulation nominal values have
been used. We present results of simulations for the
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cases when the MC is equipped with a leg protector
(LP).

Development Of Models And Simulation Using
Pam-Crash - In [IRCOBI 2001] we have discussed
the side impact simulations between the MC and
the car. For the frontal impact simulations, the OV
model has been refined in the frontal region to
make it more suitable for frontal impacts. [Chawla
etal, 2001] describes the detailed methodology used
by us for developing the FE models. Briefly,
models of the MC and the OV components were
built using the CMM data collected from the actual
vehicles. The modeling was done using I-DEASTM

and PAM-CRASHTM. The OV model used in this
case is that of a Toyota Corolla car. Components in
MC and OV forming new contacts during impact,
and components in close proximity to such
contacting surfaces have been modeled with greater
detail and parts not bearing the direct impact have
been modeled with coarser mesh. For the side
structures (left and right), only the door panel
including the A, B and C pillars have been
modeled. The door structures have been removed
to simplify the model as they have insignificant
effect in frontal impact kinematics.

Features of the OV model that are critical in case of
frontal impact are the bumper, bonnet, radiator,
fender and head light structure. Since these features
are extremely critical in case of frontal simulations,
separate component validation tests have been
conducted to validate the models of these parts.
[Mukherjee, 2000] describes the windshield model
developed and validated in this manner. The final
OV model is shown in Figure 2.

Figure 2. FE Model of OV Used for the Frontal
Impact Simulation.

The MC model (of Kawasaki GPZ) used for these
frontal impact simulations is described in [Chawla
etal, 2001]. A model of the MC with an LP has
been used in these simulations. The dummy used in
the case is Hybrid III 50% adult male dummy as
developed by ESI. Figure 3 shows the MC model
with the dummy positioned on it.

Figure 3 . MC Model with the Dummy
Positioned on it

Some modifications were introduced from the
motorcycle FE model discussed in [IRCOBI 2001].
It was observed in the FE simulations that the
dummy’s leg was entering the gap between the seat
and the tire and interfering with the normal
simulation. On close look it was observed that this
was because the chain cover and accessories in that
area had not been defined. A cover was modeled in
that area so as to take care of this problem. It was
observed that even small details in the FE models
become critical in MC – OV simulations as they
effect the kinematics and the force histories. MC –
OV simulation models therefore have to be
prepared taking these into account.

In some of the simulations, the OV bumper impacts
the MC front shock absorber. The front shock
absorber had earlier been modeled as a beam with
appropriate kinematic joints. It was observed that
the interaction of the bumper with the shock
absorber was not being captured accurately. In
order to model it accurately, the front shock
absorber was modeled using cylindrical structures
reflecting the true geometry. Interaction between
the bumper and the shock absorber was then
redefined. The OV model finally contains 522 solid
elements, 18459 shell elements, 2394 beam
elements and 4 translation joints. The motorcycle
model contains 180 solid elements, 3619 shell
elements, 346 beam elements, one bar and 2
translation joints.

The OV was given an initial linear velocity
corresponding to test conditions. Wheel of the cars
was also given initial angular velocity to start spin.
For different configurations, the OV and the road
were translated or rotated as required. The point of
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impact has been modeled as specified in
[ISO13232]. The simulation was carried out for
570 milliseconds, which is long enough to model
the first contact between the dummy and OV. The
orientation of the MC - OV simulation model for
the three cases is as shown in Figure 1.

Validation Of The Kinetics And Modeling
Parameters - We were interested in comparing
the kinematics of the dummy in simulation and the
experiment. The goal of this comparison is to
establish that these simulations capture details of
the MC – OV impact very effectively. Therefore at
this stage we are comparing the kinematics
qualitatively and a quantitative comparison of the
accelerations and the injury indices is not being
done right now. In fact, the main purpose of
ISO13232 is to compare the difference of existence
of safety devices. This ISO is not to evaluate the
safety quantitively. The comparison for the three
cases is being done separately.

Case I (Frontal Side Crash- Mc With Lp): In the
FST as well as in the simulation the dummy starts
bending from the initial vertical position at around
80-90 msecs. The inclination of the dummy with
the vertical is reproduced quite closely in the
simulation. In the FST as well as in the simulation
the dummy head approaches the edge of the bonnet
/ windshield and but head impact does not occur as
the MC and the dummy start moving away from
the OV due to the impact. The inclination of the
dummy and the height gained by the right leg is
larger in the simulation. We think this disparity is
due to use of a Hybrid-III dummy model in the
simulations while a MATD dummy was used in the
FST. The Hybrid-III joint structure is different
from that of the MATD dummy. Of the variations
present in the torso structure, one of the most
significant is that the MATD neck allows a twist
about the neck. This motion is absent in the
Hybrid-III. Also the MATD joints are assembled
stiffer than the Hybrid III joints to maintain
stability in the run up to the impact [ISO13232],
[STLaurent, 1991], [Newman, 1994]. Similar
variation between simulation and experiment in the
head movement in spite of consistent torso
movement is seen in other cases as well.

The kinematics in simulations is quite close to
those in the FST (Figure 4). The LP comes first in
contact with the OV bonnet. In the absence of the
LP, the fuel tank and the front portion of the MC
will establish the initial contact. The phenomenon
of the bonnet bending near the midline is important
and can alter the impact of the dummy. We feel
that the bending characteristics of the bonnet also
need to be validated. This effect has of course been
well captured in the simulations. The bending of
the bonnet has been captured in the simulations by

the dynamics of the surface model. This model has
been made with care so as to get the appropriate
curvatures (and the resulting bending) correctly.
The preciseness of the model is limited only by the
lack of CAD data of the vehicles [Chawla etal,
2001].

The MC OV impact starts with the left LP coming
in the contact with the bumper, this time instant is
marked as t=0. At 20ms, the left LP strikes the
bonnet hood. From 50ms, the bonnet hood starts
bending from the middle and forming a 'V' shape.
Similar deformation is observed in the FST but the
bending is not as prominent and slightly delayed.
From 60 ms, the left arm loses contact with the grip
and falls over the bonnet, following which the
entire dummy falls off to its left almost on to the
bonnet hood. At around 150ms, the dummy rests
on the bonnet and has both grips have lost contact
with the MC. The MC silencer also comes in
contact with the OV bumper and contributes to the
MC impact.

Case Ii (Frontal Oblique Crash - Mc With Lp)
In this case the MC approaches the OV from the
front at an angle of 45o as shown in Figure 1. The
kinematics for the FST and for the simulation is
compared in Figure 5 below. Successive frames
are taken at intervals of 10 ms. The FST and the
simulation match quite closely, especially for the
first 150msecs. Subsequently variations caused by
discrepancy in the MATD and the Hybrid-III can
be seen. Especially the affect of the rotation in the
neck (in MATD) and the effect of stiffer joints (in
MATD) can be clearly noticed by comparing the
kinematics. The kinematics of the MC after the
dummy leaves the MC is also slightly different. In
the FST, the rear wheel of the MC clears the
ground more than in the simulation. At this point
the dummy has already left the MC and there is no
substantial contact between the two. So this does
not affect the dummy kinematics in a big way.

In this case also, the LP comes first in contact with
the OV bonnet while if the LP was not there, the
fuel tank and the front portion of the MC would
establish the initial contact. As a result the bending
phenomenon of the bonnet would be different if the
LP were not present. The bonnet bending
phenomenon in the FST in this case is more than in
the simulation.

If the bonnet folding is less, the bonnet flattens
under the weight of the dummy after the dummy
lands on it. The bonnet folding affects the
kinematics of the dummy significantly. The folded
bonnet acts a soft barrier between the dummy and
the hard areas of the car, moderating the impact
and changing the point of head impact on the car.
In the simulation, though the bonnet folds, the
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folding is not as pronounced as in the FST and
there is thus a mismatch in the eventual impact

point.

0 msec 10 msec

20 msec 30 msec

40 msec 50 msec

60 msec 70 msec

80 msec 90 msec

100 msec 110 msec
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120 msec 130 msec

140 msec 150 msec

200 msec 250 msec

Figure 4 Comparison of the Kinematics of the FST and Simulation.

Effects such as the bonnet folding (buckling)
cannot be effectively modeled using rigid body
models as have been used in computer simulations
in the past. For FE simulations, we feel that it
might be important to include validation of the
bonnet buckling behaviour in [ISO 13232] . Even
though we are using FE models, we have not yet
validated the bonnet model for this folding. In
addition, the affect of the twisting of the MATD
also remains the same as in the previous case. Thus
the differences between the simulation and the FST
can be explained on account of these differences.

The sequence of events during the frontal oblique
crash is as follows. The impact starts with the front
tire of the MC striking the OV bumper which is
marked as t=0. At 20ms the front tire of the MC
turns towards its right and so the bumper comes in
contact with the left LP. From 30 ms the bonnet
comes in contact with the LP and then starts
bending from the middle. At 40 ms the bumper
contacts the MC radiator. From 80ms the MC rear
tire starts lifting off the ground and dummy starts
lifting off from the seat from 90ms and falls over
the bonnet. The helmet hits the bonnet at 140ms

and by 250ms the entire dummy is over the OV
bonnet.

Case III (Frontal Glancing Crash At The
Fender - MC With LP) In the case the MC
approaches the OV from the front and hits the
fender of the OV as shown in Figure 1. In this
orientation the offset between the centerlines of the
MC and the OV are found to be critical. Even a
small change in this offset modifies the MC
kinematics in a big way. The kinematics for the
FST and for the simulation is compared in Figure 6
below.

The sequence of events during the frontal side
glancing impact is discussed below. The MC front
tire hits the side bumper of the OV, which is
marked as the t=0 time instant. From 30ms the MC
starts tilting to its left. At 50 ms the dummy starts
rising from the seat subsequently the right arm
contacts the A-pillar of the OV. Following which
the dummy's head starts bending down and impacts
the MC headlight area at 110ms. By 200 ms the
dummy is totally off the MC.
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Figure 5: Comparison of the Kinematics of the FST and the Simulation (frontal oblique impact)
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Figure 6: Comparison of the Kinematics of the FST and the Simulation (frontal glance)
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In the kinematics shown in Figure 6, we see that
the kinematics of the MC matches reasonably well
with that in the FST. A small difference is
noticeable. While the time at which the MC loses
contact with the OV in simulation and FST is close,
the inclination of the MC after the impact is at
variance. By running repeated simulation, the
kinematics is found to vary considerably with
change in the gap between the MC and the car.
This is to be expected because of the glancing
nature of the impact. The impacting surfaces are
almost tangential at the point of impact. Further,
the exact point of impact in the FST is also difficult
to determine after the experiment. The simulation
shown is as per the ISO specification.

CONCLUSIONS - The kinematics of the three
impact-configurations show that the behavior of the
vehicles and the rider as observed in the FST is
close to the predictions from the FE simulations.
The components of the MC and the OV that are
critical for simulating these impacts are, the
bumper, the radiator and the bonnet for the OV, the
silencer, fuel tank, and the shock absorber of the
MC. The LP plays an important part during the
crash as it initiates contact with the components of
the OV. For accurate simulation, accurate
assessment of geometric and material properties
needed for these components.

In running the simulations it is essential to ensure
proper contact interaction between colliding parts
as problems related to 'nodal sticking' are observed.
Nodal sticking is the phenomenon in which the
node is assumed to have approached the interacting
surface from the wrong side. This is a known
problem in all FE based simulations but in MC –
OV simulations it assumes greater significance
because of the complexity of interactions involved.

The ISO specifies a number of tests for the MC and
the OV components. These tests are aimed at
developing rigid body simulations, but in many
instances, phenomena like the buckling of the
bonnet are not captured realistically by such rigid
body analyses. The ISO does not recommend tests
for material properties of the individual
components. But, the simulations show that both
the buckling phenomenon and the properties of the
components are important determinants in deciding
the outcome.

In the third impact configuration (frontal side
glance), the offset amount is very critical as it
modifies the kinematics of the MC after impact
significantly. Further, this offset cannot be
controlled very precisely in the experiments.
Consequently, we feel that this impact
configuration is inherently very sensitive and even
with the best care during the FST, it will not give

repeatable quantitative data for making judgements
regarding the utility of safety devices.

These simulations establish the importance of
including detailed geometry and properties of many
of the components in these impact situations. In
this paper we have stressed upon establishing the
importance of these details, have shown their
relevance for MC - the OV frontal impact
configuration and have highlighted the need of
repeatability / reproducibility in the FST. We have
therefore not done a quantitative comparison of the
accelerations and the injury indices. In fact as
mentioned earlier, the main purpose of ISO13232
is to compare the difference of existence of safety
devices. This ISO is not to evaluate the safety
quantitatively. In the process of qualitatively
studying the repeatability of these configurations,
we have also demonstrated the importance of FE
simulations as a tool to study the impact behaviour
of vehicles at the design stage.
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CRASH SIMULATIONS OF THREE WHEELED SCOOTER TAXI (TST)

A. CHAWLA, S. MUKHERJEE, D. MOHAN, Jasvinder SINGH, Nadeem RIZVI
Transportation Research & Injury Prevention Programme
Indian Institute of Technology,
New Delhi. INDIA

ABSTRACT

This paper reports the rigid body based simulations for frontal impact of Three Wheeled
Scooter Taxi (TST) with a rigid barrier and those of a TST with a pedestrian in different
spatial configurations. The simulations have been carried out in MADYMOTM. The paper
describes the development of the TST model, assesses the scale of injuries to the driver,
occupant and pedestrian during the occurrence of these impacts and analyses the
crashworthiness of TST. It is observed that even with small changes in the TST there is
significant improvement in the injury indices. We thus believe that there is a considerable
scope of improvement of the crashwothiness of the TST.

INTRODUCTION
TST’s plays a major role as para-transit
modes in most Indian cities. However,
the increasing concern of the general
public and official agencies with road
traffic crashes has focused attention on
the safety characteristics of TSTs also.
Most scientific studies on road traffic
crashes and possible countermeasures
originate mainly from a handful of
nations in Western Europe, North
America and Japan. As a result, a major
proportion of the safety research effort
has focused on the problems of the car
occupant. Much less is known about the
vulnerable road users (VRUs), who are
not protected by a vehicle shell designed
for crash worthiness according to
international standards. This category of
road users includes not only pedestrians
and cyclists, but also motorized two-
wheeler riders, occupants of three-
wheeled scooter taxi’s (TST), and cycle
rickshaws, which are common in India.

According to data available with us the
total number of road traffic deaths in
Delhi was 1,768 in 2001, of which TSTs
were involved in 2-3 percent of the cases
and approximately 2% of the fatalities
were occupants of these vehicles [1].
TSTs comprised two percent of the
vehicle population in Delhi in 2001 and
they were involved in approximately 12
pedestrian (total 907) and 8 bicycle (total
171) fatalities. The data on fatalities are
not detailed enough to draw conclusions
about safer designs for each type of
vehicle. However, some trends can be
observed. While the TSTs do not
account for a high number of fatalities,
these numbers are significant keeping in
mind the fact that the number of TSTs is
only about 2% of all the vehicles.
Though buses, cars and trucks account
for a major portion of the fatalities the
popularity of the TST can be further
enhanced if it is perceived to be a safer
vehicle by the users.
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This paper primarily helps in
understanding the injury encountered by
the pedestrian as well the occupants
during crashes with the TSTs. [2-4]
present some preliminary results on
simulations done with the three wheeler.
The current work is an extension of the
results presented there.

METHODOLOGY
The MADYMO 5.1 3-D was used as to
develop the crash simulation for the TST
and the modified TST structure in
impact with pedestrian and a rigid
barrier.

The steps followed in the devlopment of
these simulations are.

1. Modeling of the TST using
dimensions measured from an
on-the-road vehicle.

2. Simulations of frontal impact
were developed; retardations
pulse and contact interaction
between the different bodies
were identified and defined.

3. Simulations for pedestrian
impact were developed.

4. Injury severity of different body
parts for pedestrian as well as
occupant is estimated through
these simulations, after carrying
out the analysis, certain design
changes are suggested and
incorporated in the simulation
models.

5. The effect of these improvements
obtained on the crashworthiness
of these vehicles is studied.

The impact speed has been taken as
30kmph because the peek speed of these
vehicles is about 50kmph. It is therefore
believed that the impact speeds will be
about 30kmph.

Modeling of the Three-Wheeler:

Modeling in MADYMO is done by
representing rigid bodies by planes and
ellipsoids, and with kinematical joints
between these bodies. A total of 11
different bodies were identified. The
floorboard is defined as the reference or
the primary body, and rest of the bodies
are attached to the floorboard as a chain.
The exact geometry of the TST is
defined by using planes and ellipsoids.
22 planes and 26 ellipsoids are used for
modeling of the three-wheeler. The total
mass of TST is 240 kg.

The two suspensions, front and
rear are defined as two-Kelvin elements
in parallel. In the front suspension
system, one Kelvin element is been
modeled as consisting of only an elastic
spring while the other Kelvin element is
modeled as consisting of the damper. In
the rear suspension system, both the
Kelvin elements have spring as well as
damper characteristics.

Occupant and Pedestrian Model:
For frontal impact on the

dummy, the occupants and the
pedestrians have been modeled using the
50 percent Hybrid III Dummy. For the
side impact simulations, a different
dummy is used to account for increased
bio-fidelity. The additional ellipsoids
with increased semi-axes are attached to
the left lower and upper leg in order to
avoid that the ellipse-ellipse contact
algorithm converges to an incorrect
penetration in case the penetration is
large.
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Force Deflection Curves used for
defining contact interface between
TST and human dummy:
Force deflection properties of the
components of the TST were obtained
through static tests. On the basis of these
components, input curves for Madymo
were obtained. For each interaction
between the TST ellipsoids / planes and
the human body ellipsoids, force
deflection curves were defined. During a
crash various human body segments
come into contact with TST components.
Definitions of these interactions are
modeled by assigning force deflection
characteristics for the combined
interaction between the TST component
and the body part.

Contact Interactions:
The various contact interactions for the
TST-pedestrian impact simulations and
for the TST-rigid barrier with occupants’
simulations were defined as follows:

a) Driver impact: Interactions
were defined between the
head and steering rod,
windshield and windshield
support rod; for the knee with
dashboard, upper leg and for
the lower legs with the
dashboard.

b) Passenger impact: head with
the driver backrest support,
knee with the driver-
passenger partition wall, tibia
and the crossrod.

c) Pedestrian impact: head/chest
with the windshield,
abdomen with the TST front
middle section, pelvis with
the middle section and low
front-shield, tibia with low
front shield. For side impact
simulations, similar

interactions are defined with
the left section of the TST.

SIMULATIONS DEVELOPED
Two types of simulations have

been done for the TST:

1. Impact of pedestrian with TST:
In this the impact of the TST
with a stationary pedestrian has
been studied.

2. Impact of TST (with occupants)
with a rigid barrier: Here the
impact of the TST with a rigid
wall has been studied when there
is a passenger and a driver inside
the TST.

IMPACT OF THE PEDESTRIAN
WITH THE TST
In these simulations, the scale of injuries
over 4 different impact locations of the
pedestrian is studied.
They are:

a.) Pedestrian front impact, in
line with the TST-center
Here the pedestrian faces the
direction of motion of the
TST, in line with the TST
center (Figure 1).

b.) Pedestrian front impact,
offset wrt TST-center
Here the pedestrian is at the
center offset of 42 cm from
the mudguard (Figure 2)

c.) Pedestrian side impact, in
line with the TST-center
Here the pedestrian faces
sideways to the three-wheeler
and is in direct line with the
mudguard of the three-
wheeler (Figure 3).
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d.) Pedestrian side impact, offset
wrt TST-center
Here the pedestrian dummy
faces sideways and is at an
offset of 42 cm from the
mudguard of the three-
wheeler (Figure 4).

Figure 1 Configuration for the
Pedestrian – TST frontal impact
simulation (Case I)

Figure 2 Configuration for the
Pedestrian – TST frontal impact
simulation with offset (Case II)

Figure 3 Configuration of Impact
between TST and the pedestrian side.
(Case III)

Figure 4 Configuration of an offset
impact between TST and the pedestrian
side. (Case IV)

Impact conditions in pedestrian
simulations

For each impact orientation, simulations
were done for TST velocities of 10, 20
and 30 km/h. A uniform deceleration of
0.2 g is given to the TST at impact to
simulate braking conditions. As stated
earlier interactions have been defined for
the different bodies that come into
contact.

Simulations Results and Kinematics of
pedestrian simulations

The kinematics obtained in the four
pedestrian impact cases are shown from
Figure 5 to Figure 8.

T = 25ms
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T = 75ms

T = 125ms

T = 175ms

Figure 5 Kinematics for the Case I
simulation

Figure 5 shows the kinematics of the
pedestrian frontal impact with the TST.
With the first impact of Tibia with
mudguard, high forces are developed. At
75 ms the upper torso of pedestrian
comes in contact with the windshield
lower mount and the windshield. This
contact remains till about 150 ms. At
125 ms the head comes in contact with
the windshield. The head contact is
established in the upper region of the
windshield. As a result of these impacts,
the pedestrian gains a velocity in the
forward direction and from 175 ms
onwards the pedestrian ceases to be in

contact with the TST and moves forward
till the end of the simulation.

T = 20ms

T = 80ms

T = 120ms

T = 200ms

Figure 6 Kinematics for the Case II
Siumulation

Figure 6 shows the kinematics of the
pedestrian impact with the TST when a
frontal pedestrian is positioned at an
offset with respect to the TST. In this
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case the first impact takes place at 20 ms
when the right hand of the pedestrian
comes in contact with the front shield
the TST. The right leg comes in contact
a little before 40 ms and a forward
impulse is given to the body the
pedestrian where as the upper part of the
dummy is stationary. The impact is also
not symmetrical about the right and the
left side of the dummy. This asymmetry
introduces a rotation in the body, which
was not present in the earlier case. As a
result of this rotation, the impact in this
case is more of a glancing type and no
direct impact is seen for the head, and
the forward velocity imparted to the
dummy is also lower.

T = 20ms

T = 60ms

T = 80ms

T = 100ms

T = 140ms

Figure 7 Kinematics for the Case III
simulation

Figure 7 shows the kinematics
when the pedestrian is positioned
centrally in front of the TST, but is hit
on his side (left). In this case, the first
impact (20 msecs) takes place between
the mudguard and the left leg of the
pedestrian. As a result the legs get a
forward and upward velocity and the
pedestrian looses contact with the
ground at 60 ms. The next impact takes
place at 80 ms between the upper torso
and the windshield lower mounting area.
Subsequently, the head comes in contact
with windscreen surface at about 100ms
and remains in contact for about 20
msecs. During this time the pedestrian
gains momentum and gets a forward
velocity due to the impact between the
dummy parts (the head, upper torso and
the spine) and the windscreen surface
and mounting. The dummy looses
contact with the TST at about 140
msecs.
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T = 25ms

T = 100ms

T = 175ms

Figure 8 Kinematics of the Case IV
pedestrian simulation

Figure 8 shows the kinematics when the
pedestrian is positioned with an offset in
front of the TST, but is hit on his side
(left). In the figure the individual
positions are shown at 75msec intervals.
In this case, the first Impact (25 msecs)
takes place between the front shield and
the left leg of the pedestrian. As a result
the legs move in a direction normal to
the inclined front shield of the TST. The
impact is also not symmetrical about the
right and the left side of the dummy.
This asymmetry introduces a rotation in
the body, which was not present in the
earlier case. As a result of this rotation,
the impact in this case also is more of a

glancing type and no direct impact is
seen for the head, and the forward
velocity imparted to the dummy is also
lower.

The acceleration curves for the head and
upper torso and the force levels in the
legs in these simulations are shown in
Figure 9 to Figure 11 and the different
injury indices for the pedestrian are
tabulated in Table 1.

TST IMPACT (WITH OCCUPANTS)
WITH RIGID BARRIER

In this simulation, a driver was seated on
the front seat and an occupant in the rear
seat. The crash of the TST into a rigid
wall was simulated by giving an
acceleration pulse to the occupants. The
duration and the nature of the pulse was
decided on the basis of duration recorded
in a crash conducted by the
manufacturer.

Simulations Results and Kinematics of
rigid barrier simulations

The kinematics for this case is shown in
Figure 12. Here, due to inertia, the driver
and the passenger move forward. Knee
of the driver hits the dashboard at T=
50ms. A second major impact takes
place when the driver’s head hits the
windshield at T = 125ms. At around the
same time the passenger’s head impacts
the driver seat. The next major impact
occurs when knee of the passenger hits
the cabin partition (the ellipse separating
the occupant from the driver cabin) at T
= 150ms. After this impact, the
passenger bounces back and lifts up till
the end of the simulation. The injury
indices for this case are shown in Table
2.
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Front Front
Offset

Side Side
Offset

HIC 2149 282.6 2618 1016.2
Chest Deflection (m.) 6.40E-02 0.00E+00 3.92E-02 1.84E-02
Upper
Torso

3 MS CONT (m/sec2) 328.5 136.4 317.5 164.3
Max. Acceleration (m/sec2) 426 1.53E+02 4.61E+02 170.544

Lower
Torso

3 MS CONT (m/sec2) 592.7 486.2 436.3 576.2
Max. Acceleration (m/sec2) 612.8 4.97E+02 447.2 656.82

Lower Leg Forces
Right Leg (KN) 1.06 1.27 1.145 1.02
Left Leg (KN) 0.925 8.47 1.289 7.55

Upper leg Forces
Right Leg (KN) 1.11 3.06 1.08 4.19
Left Leg (KN) 0.982 0 7.849 4.19

TTI (Thoracic Trauma Index) (g) 59.74 27.6

Table 1 Injury Index for the Pedestrian Impacts

Figure 9 Acceleration curve for Upper Torso of the Pedestrian dummy for the four
pedestrian impact simulations.
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Figure 10 Acceleration curve for Upper Leg of the Pedestrian Dummy for the four
pedestrian impact simulations.

Figure 11 Acceleration curve for the Head of the Pedestrian dummy for the four
pedestrian impact simulations.
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T = 20ms

T = 80ms

T = 140ms

T = 200ms

Figure 12 Simulations for the TST
impact into a rigid barrier at 30kmph.

SIMULATIONS OF THE
MODIFIED TST
On observing the results of these
simulations, following variations were
incorporated in the design of the TST.

1.) Seat Belts for driver and
Passenger

2.) Impacting surfaces such as
Dashboard and driver seat back
were covered with cushion.

3.) Passenger seats were made
facing backwards.

The following sections describe the three
simulations for the TST thus modified .

Seat belt for Driver and Passenger
In this simulations, a two-point lap belt
is provided to the passenger while the
driver is provided with a lap belt and a
shoulder belt.

T = 0ms

T = 25ms
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T = 75ms

T = 150ms

T = 250ms

Figure 13 Simulations for the rigid
barrier impact at 30kmph with seatbelt
for the passenger as well as for the driver

As a result of the belts, the driver and the
occupant do not impact with any surface
of the TST. The corresponding injury
indices are thus lower. Only the neck
forces for the passenger are observed to
be high primarily due the high velocity
obtained by the neck. Figure 13 shows
the kinematics of the simulation. The
injury indices for this case are shown in
Table 2. As can be seen the acceleration
levels for the head and the force levels
for the legs show a marked decline as
these parts no longer hit any hard portion
of the TST. The upper torso forces,
however, show a marked increase.

Padding on all Impacting surfaces
In this case, all the impacting surfaces
were covered by soft padding and the
corresponding contact interaction forces
were accordingly softened. Figure 14
shows the kinematics for this case.
While the kinematics is very similar, the
forces obtained in the knee and head for
driver and occupants reduces
considerably as shown in Table 3.

T = 0ms

T = 20ms

T = 80ms
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T = 140ms

T = 200ms

Figure 14 Kinematics of the simulations
for the TST - rigid barrier impact with
padding on impacting surfaces.

Passenger facing Backwards

T = 0ms

T = 75ms

T =150ms

T = 200 ms

Figure 15 Kinematics of the simulations
for the TST - rigid barrier impact with
passenger facing rearward.

In this simulation, the passenger is saved
from hitting any surface of the TST.
Hence the injury indices of the passenger
are very low as shown in the Table 3

30k Passenger lap
belt + driver
shoulder
Value %

improv
ement

HIC
Driver 1580.3 141.4 91.05
Passenger 1518.2 588.1 61.26
Peak
Acceleration
g's
Driver
Upper Torso 192.66 16.30 91.53
Upper Leg 24.66 15.69 36.36
Lower Leg 48.11 39.14 18.64
Head 138.63 28.84 79.19
Passenger
Upper Torso 261.97 413.86 -57.98
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Upper Leg 79.51 17.12 78.46
Lower Leg 78.08 57.69 26.11
Head 174.31 111.11 36.26
Peak Forces
(KN)
Driver
Left Upper
Leg

2.04 1.28 37.25

Left Lower
Leg

1.52 0.41 73.22

Right Knee 1.58 0.31 80.32
Passenger

Left Upper
Leg

7.16

Knee 7.09

Table 2 Comparison of Injury Index with
and with out seat belt for the Occupants

The
original
Simulat
ion

Padding for the
passenger at
both head and
knee

Passenger
facing
backwards

Value %
chang
e

Value %
chang
e

HIC
Driver 1580.30 1626.8 -2.94 451 71.46
Passenger 1518.20 1180.1 22.27 262.5 82.71
Peak Acceleration g's
Driver
Upper Torso 192.66 204.28 -6.03 183.49 4.76
Upper Leg 24.67 24.67 0 23.55 4.55
Lower Leg 48.11 48.11 0 47.71 0.85
Head 138.63 138.63 0 68.40 50.66
Passenger
Upper Torso 261.98 269.11 -2.72 33.84 87.08
Upper Leg 79.51 57.70 27.44 34.86 56.15
Lower Leg 78.08 57.80 25.98 54.03 30.81
Head 174.31 140.67 19.3 14.21 91.85
Peak Forces (KN)
Driver
Upper Leg 2.04 2.04 0 1.87 8.33
Lower leg 1.52 1.46 3.95 1.42 6.58
Knee 1.58 1.53 3.16 1.38 12.66
Passenger
Upper Leg 7.16 5.11 28.63 0 100
Lower Leg 7.01 5.13 26.82 0 100
Knee 7.09 5.13 27.64 0 100

Table 3 Tabulation of injury indices for the modified TST with those for the unmodified
TST.
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DISCUSSION AND CONCLUSIONS

As can be seen from the results shown in
the previous sections, the TST can give
serious injuries to its occupants when it
is running at 30kmph and inpacts into a
rigid barrier. However, this is primarily
because the TST is an open vehicle and
does not have any safety devices like
seatbelts and airbags. With simple
modifications like adding paddings or
soft surfaces in the impacting region,
there is a reasonable improvement in
many cases. Adding seat belts improves
the crashworthiness of the TSTs further.
Infact, with the seatbelts it can be
ensured that the driver and passenger
head does not come into contact with
any hard surface. This contributes
significantly to the crashworthiness of
these vehicles. Passenger safety can also
be significantly increased by making
rear facing passenger seats. In rear
facing passenger seats the passenger
does not hit any hard surface during a
frontal crash.

This paper also describes simulations for
pedestrian impacts. It can be seen that
depending on the pedestrian orientation,
the kinematics of the pedestrian changes.
At impact speeds of 30kmph, the injury
levels for the pedestrian are quite high.
HIC values go upto as high as 2000. We
are currently evaluating these
simulations and will be suggesting
changes to the design of the TST so as to
make them safer under pedestrian
impacts.

In this work we have demonstrated that
the safety of the TST occupants at
30kmph impacts can be significantly
improved by making small changes in its
design. The current work is first step to

study the safety of these vehicles. We
feel that considerable work needs to be
done in order to make the roads safer for
VRUs in the developing countries. Since
the TST is a common mode of public
transport in India, we believe that this
work is a step in that direction.

REFERENCES
References

[1] A. K. Ojha, Road Accidents in
Delhi 2001, Accident Research
Cell, Delhi Traffic Police, New
Delhi, India., 2002.

[2] Chawla A., Mukherjee S. and
Mohan D. Crash Worthness of
Bajaj Three Wheeler. Bajaj Auto
Ltd.. 2000. Indian Institute of
Technology Delhi.

[3] Mohan D., Chawla A., Bhalla K.S.,
Kajzer J. and Bawa, Impact
modeling studies of a three
wheeled scooter taxi. In
Proceedings of the Annual
Conference of the international
Research Council on Biokinetics of
Impacts. 1995.

[4] Mohan D., Kajzer J., Bawa-Bhalla
K.S., Chawla A. and Singh S.,
Impact modelling studies for a
three wheeled scooter taxi. In
Proceedings of IRCOBI 1995.
1995.



Youn �

IMPACTS OF RECENT KOREAN NCAP PROGRAMS IN AUTOMOTIVE SAFETY

Younghan Youn
Korea University of Technology and Education
Gyuhyun Kim
Geejoong Yong
Korea Automotive Testing and Research Institute
Insik Kwon
Jaehong Lee
Ministry of Construction and Transportation
Korea, Republic of
Paper Number 65

ABSTRACT

In 1999, Korean government, Korean
government established the Korean New car
Assessment Program after 3 years research works.
KNCAP test protocol and evaluation methods are
similar to USA NCAP. At the beginning year, small
numbers of new domestic vehicle were introduced
in the market, the KNCAP committee decided
selection of test vehicle by same category of cars.
The test results directly affected both consumers
and manufacturers due to the same class vehicle
comparisons. First year only 3 compact size
vehicles were tested. But year-by-year the test
volume was increased. Up to now total 24 vehicles
tested.

During the programs, it has been noticed that
the significant improvements of occupant safety
performances and adoptions of advanced safety
devices such as a driver’s seat airbag systems, pre-
tensioned seat belts and load-limiters in belts. As
the KNCAP tests, driver’s seat injury values
improved up to 32% in the compact and sub-mid
size class cars. Passenger ‘s seat occupant was
improved 7.3% in terms of combined head and
chest injury probabilities.

This paper reviews the performances of these
crash tested by KNCAP protocol. Currently,
KNCAP evaluates the new cars only a full frontal
barrier test and braking test. However, this year
European side impact test with 55kph impact speed.
In the near future, KNCAP will be expanded to
offset barrier test, pedestrian test and child restraint
system test.

INTRODUCTION

Early ’90, over the 13,000 valuable lives killed
by the vehicle related accidents. In Korea, the

number of persons killed each year in the traffic
accidents is about 10,000 and more than 300,000
peoples were injured though it has shown a
decreasing trend. Casualties who were in the
vehicles were approximately up to 45% of the total
traffic related death and unfortunately the rate is
still increasing year after year.

All cars sold in Korea must meet the vehicle
safety standard. But standard means the minimum
requirement to the safety and cannot provide
sufficient safety information to the consumers. In
order to reduce the number of victims from traffic
accidents and gives valuable safety related
information in the new cars, the Ministry of
Construction and Transportation (MOCT) has
considered adoption of NCAP system. During 3
years of research works, all existing NCAP
protocols were evaluated to find best suitable
NCAP method in Korean traffic environments.

The main purpose of KNCAP will not only
promote buying a safer car but encourage auto
makers to undertake more efforts in building safer
cars by publishing test results every year. KNCAP
also provide information on proper use of safety
devices in order to enhance user’s awareness and
correct understanding on safety related devices such
as airbag, ABS and seat belts.

ASSESSMENT OF TRAFFIC ACCIDENTS

Since 1990, 58% of all accumulated police
reported accident data was a vehicle-vehicle crash
type accident as shown in Table 1. This accident
type includes a frontal, side and rear crash pattern.
The total reported data exceed 3 million accidents.
The second largest accident type was a vehicle-
pedestrian accident. It was about 38% of total
accidents. The remaining 4% of total accidents was
vehicle only involved accident.
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Table 1. Trends of Traffic Accidents Periods of 1990 – 2000 in Korea

Vehicle-vehicle Vehicle-person Vehicle only Vehicle-train Total

Accidents Deaths Accidents Deaths Accidents Deaths Accidents Deaths Accidents Deaths

1990 110,513 4,442 133,282 6,441 11,395 1,376 113 66 255,303 12,325

1991 118,897 4,805 136,941 6,952 10,036 1,609 90 63 265,964 13,429

1992 125,006 4,455 122,951 5,802 91,39 1,321 98 62 257,194 11,640

1993 133,587 3,947 117,431 5,241 97,98 1,159 105 55 260,921 10,402

1994 149,899 4,204 105,261 4,641 10,859 1,194 88 48 266,107 10,087

1995 146,783 4,315 91,395 4,564 10,603 1,378 84 66 248,865 10,323

1996 166,677 5,390 87,292 5,070 11,037 2,160 46 33 265,052 12,653

1997 162,085 4,981 74,144 4,458 10,192 2,134 31 30 246,452 11,603

1998 158,732 3,593 70,631 3,495 10,318 1,949 40 20 239,721 9,057

1999 190,437 3,788 74,527 3,692 10,943 1,855 31 18 275,938 9,353

2000 206,971 4,208 72,932 3,890 10,569 2,135 9 3 290,481 10,236

As shown in Table 2, 33.1% of all vehicle-
vehicle related accidents were rear impact type
crash accidents. This data includes during the
both driving and parking of vehicle. Even though
frontal impact accidents were only 3% of total
vehicle-vehicle related accidents, but the

fatalities were 15.5%. The largest fatalities were
due to the rear impact accidents. It was about
24.2% that involving rear striking vehicle
occupants who had experiencing similar
kinematical behaviors as those of frontal crash
accidents.

Table 2. Accidents Types in Vehicle-Vehicle Related Accidents (1990 –2000)

Number of accidents Number of dead Number of injured

% % Fatal ratio %

Total 1,669,587 100 48,128 100 2.9 2,593,295 100

Frontal 63,210 3.8 7,616 15.8 12.1 119,748 4.6

driving 404,932 24.3 9,229 19.2 2.3 635,922 24.5
Rear

parking 146,563 8.8 2,422 5.0 1.7 247,836 9.6

Side (front end) 99,653 6.0 2,402 5.0 2.4 149,702 5.8

Passing 28,670 1.7 1,553 3.2 5.4 44,748 1.7

Curve driving 27,465 1.7 522 1.1 1.9 39,964 1.5

Lane changing 62,979 3.8 1,062 2.2 1.7 91,656 3.5

Crossing 127,136 7.6 4,642 9.7 3.7 200,988 7.8

Left turning 83,382 5.0 1,672 3.5 2.0 121,760 4.7

Right turning 36,569 2.2 684 1.4 1.9 51,226 2.0

Others 587,756 35.2 16,307 33.9 2.8 888,049 34.2

Table 3 and Figure 1 show that the
percentage of injured parts of traffic accidents
involved persons who had experienced at least
hospitalized 2 or 3 days. Up to serious injured
cases, the incidence of injury is the most
frequently observed in the necks, followed by

legs, head and chest. In the fatal accidents, injury
to the head is the major cause of death, followed
by chest, legs and neck. The body of injured
occupant in the vehicle is shown in Figure 2. In
the death accidents, the most common injury is
head and chest

.
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Table 3. Injured Parts in Accidents Types in Vehicle-Vehicle Related Accidents (1990 –2000)

Total Head Face Neck Chest Abdomen Leg Others

Dead 10,236 6,647 327 587 924 318 816 617
Total

Injured 426,984 66,009 17,666 155,827 21,547 6,667 94,028 65,240

Dead 4,373 2,775 170 241 428 140 356 263

Vehicle Injured 303,806 46,848 12,766 124,833 14,728 4,558 54,820 45,253

Dead 1,221 864 37 61 88 36 67 68
Bicycle

Injured 30,658 4,390 1,132 8,317 1,321 404 9,925 5,169

Dead 3,764 2,416 101 234 333 120 324 236
Pedestrian

Injured 70,972 11,311 2,858 17,248 3,771 1,287 22,964 11,533

Dead 878 592 19 51 75 22 69 50
Others

Injured 21,548 3,460 910 5,429 1,727 418 6,319 3,285

Figure 1. Injured and Dead Patterns of Overall Traffic Accidents

Figure 2. Injured and Dead Patterns of Occupant of Vehicle Involved Traffic Accidents

Among the major accident, the most
frequent impact speed was less than 30kph and it
was 15.7% of total accidents. The next impact
speeds were 60kph (13.0%), 50kph (9.9%) and
70kph (8.9%). But in the case of death were

involved, 60kph (9.6%) of impact speed was the
most common accidents. 30% of the total death
accidents was occurred around 60 – 80kph of the
impact speed range. The fatality rate was 67%
when the impact speed was below the 50kph. But
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when the impact speed was higher than 70kph, the fatality rate was sharply increased up to 80%.

Table 4. Distributions of Vehicle Impact Speed in Major Traffic Accidents

Injured Accidents Dead Accidents

No. % No. %

> 30kph 451 15.7 62 5.6

40kph 221 7.7 34 3.1

50kph 284 9.9 72 6.5

60kph 372 13.0 106 9.6

70kph 254 8.9 104 9.4

80kph 179 6.2 89 8.0

90kph 94 3.3 52 4.7

100kph 72 2.5 47 4.2

110kph 33 1.2 24 2.2

120kph 26 0.9 21 1.9

< 121kph 29 1.0 17 1.5

others 854 29.8 481 43.4

Total 2,869 100 1,109 100

This accidents data analysis indicates that
significant improvement of vehicle safety
performances are needed to protect the occupants
during the accidents. In order to reduce number
of fatalities, especially from the occupant of
vehicle, the Ministry of Construction and
Transportation (MOCT) has been seriously
considered adoption of NCAP (New Car
Assessment Program) implemented by
government bodies in many well-developed
countries. After 3years of research, the MOCT of
Korea launched first KNCAP test and the results
were published in the public in 1999.

KNCAP TEST AND EVALUATION METHODS

The method of the crash tests currently

conducted by KNCAP is a full frontal crash tests
which similar to USA NCAP. All existing vehicle
were passed the Korean safety standards and
certified by the MOCT. The safety standard
includes 48.3kph frontal crash test with hybrid III
dummies which similar to US FMVSS 208. In
order to promote building safer cars, KNCAP
selected higher impact speed, 56kph.
The assessment of vehicle safety performance
was evaluated by the injury level of occupants
both driver and passenger. The KNCAP was
adopted US star rating system based on the
damage values of head and chest. Also each parts
of occupant body was marked by four different
colors to display the safety performances as
shown in Figure 3.

�

�

Figure 3. Typical sample of KNCAP Test Results Sheet
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�

Figure 3. Typical sample of KNCAP Test Results Sheet (cont.)

In the KNCAP, braking test was newly
introduced in 2001. In order to avoid accidents,
brakes must be capable to stop the cars in a short
distance with maintaining same lane. The test
measured stopping distances of vehicles when

driver applied specified braking pressure at
100kph speed. The test was conducted both in
dry and wet road conditions. Typical braking test
result was displayed in Figure 4.

�

Figure 4. Typical Braking Test data Sheet

DISCUSSUONS AND RESULTS FROM KNCAP
TESTS

During the last four years (1999 – 2002), total
24 vehicles were crash tested. Since small numbers
of new vehicles were introduced in the market
every year, KNCAP committee decided to selection
of test vehicle with same class category as well as
consideration of vehicle sales volume. Until
recently the Korean new car sales have been

dominated by recreation vehicle (RV) - SUV and
Van type cars, mediums size passenger cars and
sub-mid size cars as shown in Table 5. The KNCAP
uses vehicle categories that align closely with the
Code of Korean Vehicle Classifications (CKVC).
The CKVC segment of Small is divided by
Compact and Sub-mid in the KNCAP. The RV
categories vehicle (SUV and Van) segments are
combined in the KNCAP either Medium or Large
depended on the engine sizes and vehicle weights.

Table 5. Sales Volume of Korean New Car market

Sales in Calendar Year
Passenger

Vehicle Categories
2001

Volume Shares %

2002

Volume Shares %

Sub-compact 82,140 8 57,178 5

Small 219,014 20 253,497 21

Medium 283,446 27 295,554 24

Large 72,883 7 98,353 8

SUV 188,456 18 297,496 24

Van 219,222 20 223,132 18
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Currently, the class of vehicle in Korea was
usually divided by either engine size or total
weight of vehicle. For instance, at the first year
(1999), 3 sub-mid sizes of passenger cars were
selected. The test results directly influenced with
market. When one vehicle’s safety performance

was way below compared with competitive cars,
sale volume of the model of vehicle significantly
dropped and eventually vanished in the market.
Same philosophy is continued. Last year, sub-
mid size and sub-compact class were selected
and tested.

Table 6. Total Number of KNCAP Test Vehicles

No. of Frontal Crash No of Braking Test
KNCAP Class

Vehicle Weight

(kgf) Passenger Car Minivans Passenger Car Minivans

Sub-compact(800cc) > 849 3

Compact(1,300cc) 850�1,099 5 2

Sub-mid(1,500cc) 1,110�1,349 6 3

Medium (2,000cc) 1,350�1,599 4 4 4

Large (<2,000cc) < 1,600 2 2

Sub total 18 6 5 6

Total 24 11

Benefit from KNCAP in vehicle safety

To analysis KNCAP results to determine if
there has been any improvement in the front seat
occupant protection, the overall injury risk values is
calculated from results published by KNCAP since

1999. Also, any improvement of the physical
advanced safety devices such as airbags, advanced
seat belt system is surveyed. The Table 7 shows the
total test results in star rating and percentage of
chance of serious injury

Table 7. Lists of KNCAP Test Results (1999-2002)

Class Year Cars Section Star rating

Driver�s seat (airbag) ���� 17%

Kia Visto

Passenger�s seat ��� 24%

Driver�s seat � 63%

Daewoo Matiz�

Passenger�s seat � 68%

Driver�s seat (airbag) ��� 23%

Sub-compact

(800cc)
2002

Hyundai Atoz

Passenger�s seat ��� 29%

Driver�s seat ��� 35%
Compact

(1,300cc)
2001

Kia Rio

Passenger�s seat ��� 22%
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Class Year Cars Section Star rating

Driver�s seat � 48%

Daewoo Lanos �

Passenger�s seat �� 40%

Driver�s seat � 50%

Hyundai Verna

Passenger�s seat ��� 23%

Driver�s seat (airbag) ���� 13%

GM Daewoo Kalos

Passenger�s seat ���� 18%

Driver�s seat (airbag) ���� 11%

2002

Hyundai Click

Passenger�s seat ��� 28%

Driver�s seat (airbag) ��� 24%

Kia Sephia �

Passenger�s seat (airbag) ��� 21%

Driver�s seat (airbag) ���� 14%

Daewoo Nubira �

Passenger�s seat (airbag) ���� 15%

Driver�s seat (airbag) ���� 11%

1999

Hyundai Avante

Passenger�s seat (airbag) ���� 13%

Driver�s seat (airbag) ���� 12%

Kia New Spectra

Passenger�s seat ���� 14%

Driver�s seat (airbag) ���� 12%

Hyundai Avante XD

Passenger�s seat ��� 22%

Driver�s seat (airbag) ���� 13%

Sub-mid

(1,500cc)

2002

Hyundai Lavita

Passenger�s seat ��� 23%

Driver�s seat (airbag) ����� 10%
Medium

(1,800cc)
2000

Kia Optima

Passenger�s seat ��� 25%
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Class Year Cars Section Star rating

Driver�s seat (airbag) ���� 11%

Daewoo Magnus

Passenger�s seat ��� 34%

Driver�s seat (airbag) ���� 16%

Renault Samsung SM5

Passenger�s seat ��� 33%

Driver�s seat (airbag) ����� 10%

Hyundai EF Sonata

Passenger�s seat ��� 21%

Driver�s seat (airbag) ���� 12%

Kia Carens

Passenger�s seat ���� 19%

Driver�s seat (airbag) ���� 19%

Kia Carstar

Passenger�s seat ���� 18%

Driver�s seat (airbag) ���� 19%

Daewoo Rezzo

Passenger�s seat �� 37%

Driver�s seat (airbag) ���� 17%

Medium

(Mini ban)
2001

Hyundai Santamo

Passenger�s seat ���� 18%

Driver�s seat (airbag) ����� 9%

Kia Carnival �

Passenger�s seat ���� 11%

Driver�s seat (airbag) ���� 11%

Large

(Mini ban)
2001

Hyundai Trajet XG

Passenger�s seat ��� 27%

In the improvements of advanced safety
devices, only medium or larger passenger vehicles
have a driver airbag system as a standard at the
beginning year of KNCAP. Up until 2002, all the
vehicles have a driver side airbag option as standard
except one sub-compact vehicle, Matiz. But this
year the vehicle will be equipped with airbag as
standard. Even though, the Korean vehicle safety
standard does not required airbag system as

standard, but all vehicle makers install the driver
airbag voluntary. They now realized the impacts of
KNCAP results. This gives the significant
improvement in traffic safety environments.

As the results, the traffic fatality was 8,079 in
2001. In 2000, total traffic related death was 10,236.
This is 21% reduction in fatality. The list of the
safety device improvements is shown in Table 8.
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Table 8. Lists of Advanced safety Device Installations

�: Option �:Standard �: N/A

Airbag
Maker Cars Type

Driver Passenger
Pre-tensioner

Sub-compact (>848kgf)

Kia Visto 4 Door ��� � ���

Daewoo Matiz� 4 Door � � �

Hyundai Atoz 4 Door ��� � ���

Compact(850�1099kgf)

Kia Rio EL 4 Door � � ���

Daewoo Lanos� 4 Door � � ���

Hyundai Verna 4 Door � � �

GM-Daewoo Kalos 4 Door � � �

Hyundai Click 4 Door � � �

Sub-mid (1110�1349kgf)

Kia Sepia� 4 Door � � �

Daewoo Nubira� 4 Door � � �

Hyundai Avante 4 Door ��� � �

Kia New Spectra 4 Door � � �

Hyundai Avante XD 4 Door � � �

Hyundai Lavita 4 Door � � �

Medium(1350�1599kgf)

Kia Optima 4 Door � � �
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Daewoo Magnus 4 Door � � ���

Renault-Samsung SM5 4 Door � � �

Hyundai EF Sonata 4 Door � � �

Medium(1350�1599kgf) : Minivan(RV)

Kia Carens 7 Passengers ��� � ���

Carstar 7 Passengers ��� � ���

Daewoo Rezzo 7 Passengers ��� � �

Hyundai Santamo 7 Passengers ��� � ���

Large(< 1600kgf) : Minivan(RV)

Kia Carnival� 9 Passengers � � ���

Hyundai Trajet XG 9 Passengers � � �

In the Compact and Sub-mid size vehicles, the
injury values are significantly improved. As shown
in Table 9, the test results of 2002 shows improved
safety performance in the both driver and passenger
compared with those of 2001. With a driver airbag
as a standard, driver’s seat was improved up to 32%

in combined head and chest injury probability as
shown in Table 10. The passenger’s seat was
improved only 7.3%. All passenger seats have no
airbag system, but some cars were equipped with
advanced seat belt system.

Table 9. Lists of KNCAP Test Dummy Injury Values in Compact Size Vehicles

Driver�s seat Passenger�s seat
Year Section

HIC Chest Acc. (g's) HIC Chest Acc. (g's)

Rio 1138 26.3 52.2 12.4 35 798 9.8 52.9 13.2 22

Lanos� 1298 38.6 55.9 15.8 48 1236 33.5 48.2 9.7 40

Verna 1340 42.1 53.2 13.2 50 953 15.7 46.2 8.6 23

2001

Average 1259 35.7 53.8 13.8 44.3 996 19.7 49.1 10.5 28.3

Kalos 430 2.9 49.3 10.3 13 775 9.1 49.4 10.3 18

Click 482 3.4 43.9 7.5 11 772 9.0 61.4 21.0 28

New Spectra 484 3.4 46.4 8.6 12 784 9.3 39.1 5.4 14

Avante XD 491 3.5 45.9 8.6 12 964 16.2 43.9 7.5 22

Lavita 464 3.2 47.7 9.7 13 870 12.2 51.7 12.4 23

2002

Average 470 3.3 46.6 8.9 12.2 833 11.1 49.1 11.3 21.0
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Table 10. Improvements of Occupant Injury Values in Compact Size cars

Driver�s seat Passenger�s seat
Section

2001 2002 2001 2002

HIC 1259 470 996 833

Chest Acc. (g's) 53.8 46.6 49.1 49.1

Head Injury probability (%) 35.7 3.3 19.7 11.1

Chest Injury probability (%) 13.8 8.9 10.5 11.3

Complex Injury probability (%) 44.3 12.2 28.3 21.0

FORWARD TEST PROGRAMS

Since 1999, it is now 5th year of KNCAP
project. During the course of years, safety
performances of new cars of each class against full
frontal collisions have been improved significantly
especially on the driver’s seat occupant.

This year KNCAP will introduce the European
side impact test with 55kph impact speed. This will
save a lot of lives from the side collision type
accidents. In the near future, KNCAP will be
expanded to offset barrier test, pedestrian test and
child restraint system test. Especially, the pedestrian
protection is one of the critical subjects to be
urgently needed protocol as KNCAP project. The
fatality of pedestrian is still about 40% of all
casualties. Continuously, KNCAP will try to
encourage making safer vehicle in both onboard
occupants and pedestrians.
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ABSTRACT

This study analyses the significance of different injury
criteria  by  comparing  results  obtained  in  sled  test
experiments to real world accident data. 
Standard  rear-end  sled  test  conditions  (sled  velocity
16km/h,  6g  trapezoidal  pulse)  and  recent  car  seats
were used in the tests. A BioRID and a RID 2 dummy
were  utilised. Various  parameters  including  the  head
and  neck  acceleration,  neck  bending  moments,  the
shear  forces  as  well  as  the  head-to-head  restraint
distance were derived from  the  tests. The neck  injury
criteria NICmax, Nkm  and  the  rebound  velocity were
calculated. 
In  a  next  step,  the  results  from  the  sled  tests  were
compared with  the  risk of neck  injury  as determined
from  an  accident  data  base.  This  data  base  contains
several  thousand  files  collected  by  a  major  German
insurance  company  and  records  technical  aspects  as
well as medical outcome (e.g. duration of symptoms).
Thus,  it was  possible  to  specifically  assign  the  neck
injury risk to a certain seat tested in the sled tests.
Finally,  the correlation of  the  injury  risk with several
of  the  parameters  obtained  from  the  sled  tests  is
presented. It was observed that for the BioRID, the Nea
component  of  the Nkm  correlated  best. Although  for
the NICmax a trend of increasing values for increasing
injury  risk  was  observed,  the  effect  was  less
pronounced  than  for  Nea.  Using  the  RID  2,  it  was
shown  that  the  parameters  analysed  correlate  in  a
similar  fashion,  but  on  different  absolute  levels.
Consequently,  it  is  recommended  not  to  rely  on  a
single criterion but to analyse different criteria in order
to assess  the protection potential of car  seats  in  rear-
end collisions.

INTRODUCTION

To date the biomechanical cause for whiplash injuries
is not yet  fully understood. Nonetheless various neck
injury criteria such as NICmax  [Bostrom et al. 1996],

the  neck  displacement  criterion  NDC  [Viano  and
Davidsson 2001], and Nkm [Schmitt et al. 2002] have
been proposed in order to assess the risk of sustaining
such  neck  injuries  from  automotive  accidents.
Especially  rear-end  collisions  are  addressed  by  these
criteria. Furthermore, as such criteria are also used  to
investigate  the  effectiveness  of  (seat)  systems
developed  to  prevent  whiplash  injury,  they  are  also
important factors in the seat design process. 
The development of such criteria is often started from
a  biomechanical  point  of  view  taking  into  account
injury  thresholds  and  reference  values,  respectively.
Different  experimental  methods,  like  crash  tests,
volunteer or cadaver testing, are utilised to support the
definition  of  a  criterion  and  to  demonstrate  its
applicability.  Furthermore,  statistical  studies  are
conducted  to  show  the  relevance  of  a  certain
biomechanical measurement value with respect  to  the
injury  risk  to  be  determined  by  the  criterion  in
question. Accident data bases are used for this purpose
that,  if up-to-date,  represent  the current vehicle  fleet.
Difficulties  arise  when  new  designs,  for  example
intended to prevent whiplash injury, are introduced. As
shortly  after  the  introduction  only  small  numbers  of
cases  are  collected  in  data  bases  a  sound  statistical
analysis  addressing  the  correlation  between  injury
criteria and the real world injury risk is hardly possible
for  such new designs. Hence  the correlation between
established injury criteria and new designs has to be re-
evaluated  retrospectively, possibly  leading  to changes
in the definition of these criteria or the development of
new ones.
Further complications are implied in the choice of the
anthropomorphic  test  devices  (dummies)  used  for
definition  of  an  injury  criterion.  It  is  generally
accepted that the dummy design can strongly influence
the  outcome  of  an  experiment.  Likewise,  the  test
protocol used can  result  in different values  for  injury
criteria, making  a  comparison  between  different  test
series difficult or impossible. 
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Concerning whiplash  injuries,  this dependency on the
dummy  type  is  particularly  obvious,  as  there  are
several dummies used in crash experiments mimicking
rear-end  collisions. Besides  the Hybrid  III  (with  and
without TRID neck), the BioRID as well as the RID 2
are in use. Whereas several studies have shown that for
rear-end impacts the results obtained with a Hybrid III
are unsatisfactory to assess the risk of whiplash injury
[Hell  et  al.  1999,  Langwieder  et  al.  2000],  recent
studies indicate that both other dummies seem capable
of  this  task. However,  rear-end  sled  tests  performed
with  the  BioRID  and  the  RID  2  yielded  different
values  for  the  same  injury  criterion  [Zellmer  et  al.
2002]. Furthermore, the choice of different calculation
methods and  threshold values,  respectively, has  to be
considered  when  operating  different  dummy  types
[e.g. Muser  et  al. 2002]. Therefore  it  is  important  to
know  the  correlation  of  an  injury  criterion  and  its
associated  real world  injury  risk  for  each  dummy  in
question. 
This  study  aims  at  investigating  such  correlations
focusing on neck injuries sustained in automotive rear-
end  collisions. Analysing  the  results  from  sled  tests
performed with different vehicle seats and evaluating
an  accident  data  base,  it  was  possible  to  assess  the
injury risk in relation to according neck injury criteria.
Additionally, differences between the BioRID and the
RID 2 are presented.

MATERIAL AND METHODS

The  correlation  of  neck  injury  criteria  and  the  real
world  injury  risk was assessed on  the basis of  results
from sled  test experiments and an accident data base.
The sled tests were performed with various seats from
current  car  models.  Two  different  anthropomorphic
test devices were used: a BioRID dummy and a RID 2
dummy.  After  evaluating  the  sled  tests,  the  results
obtained  were  correlated  with  the  risk  to  sustain
whiplash  injury  as  determined  from  a  accident  data
base.  The  correlation  was  evaluated  graphically  by
plotting linear trend lines for each dummy type and for
each parameter analysed.

Sled tests

The sled  tests were performed according  to  the "Test
Procedure for the Evaluation of the Injury Risk to the
Cervical  Spine  in  Low  Speed  Rear-end  Impacts",
proposed  for  the  ISO/TC22 N  2071  and  ISO/TC22/
SC10, respectively [Muser et al. 1999] using a BioRID
II and a RID 2 dummy as anthropomorphic test devices
(ATD). The seat was mounted on the sled and recliner
and seat base adjustments were made to ensure a 25°±

2° torso line and a 12°± 1° seat ramp using a H-point
machine according  to SAE J 826. The dummies were
positioned  in  the  seat  according  to  the  procedures
described in ECE R 94. The ATDs were instrumented
with  accelerometers  located  at  the  head,  lower  neck,
chest and pelvis. On  the upper neck (C1 level) forces
in  x  and  z  direction were  recorded  and  the  bending
moment  around  the  y  axis was measured. The  crash
pulse used in the tests was a trapezoidal shaped pulse
with an sled deceleration level of 6 ± 1g and with rise
and fall  times of 10 - 20 ms. The resulting delta-v of
the  sled  was  16  ±  1  km/h.  As  for  the  evaluation,
NICmax  [Bostrom  et  al.  1996],  Nkm  [Schmitt  et  al.
2002] were calculated using the following equations: 

     (1)

                   (2)

where arel and vrel denote for the relative acceleration
and  velocity  of  the  highest  (occipital  condyles)  and
lowest  (C7/T1)  point  of  the  cervical  spine,
respectively.  NICmax  is  the  maximum  value  of  the
NIC(t) curve during the retraction phase. Currently the
critical limit for the NICmax is 15m2/s2 [Bostrom et al.
1996]. 
Fx(t)  and My(t)  are  the  shear  force  and  the  flexion/
extension bending moment,  respectively. Both values
are obtained from the load cell positioned at the upper
neck. Fint  and Mint  represent  critical  intercept values
used  for normalisation. The  threshold value currently
proposed  is  1.0  for  all  possible  Nkm  load  cases
[Schmitt et al. 2002].
Additionally,  the  rebound  velocities  [Muser  et  al.
2000] of the head and the first  thoracic vertebra were
determined.

Data base

The  data  base  established  by  the  GDV  Institute  of
Vehicle  Safety,  Munich,  was  used  as  a  basis  to
determine the neck injury risk in real world accidents.
This data base  registers  collisions  reported  to  a  large
German  insurance  company  and was  evaluated with
respect to rear-end accidents that occurred in the years
2000  and  2001  (N=approx.  300.000).  To  qualify  for
inclusion in this study a case had to fulfil the following
requirements:
-) collision type: rear-end collision 
-)  according  sled  test  data  must  be  available  for
comparison
-) minimum of 100 cases per car model

NIC t( ) 0.2 arel t( ) vrel t( )( )2+⋅=

Nkm t( )
Fx t( )

Fint
-------------

My t( )

Mint
--------------+=
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With  the  data  recorded  it  was  possible  to  differ
between  cases  without  Cervical  Spine  Disorders
(CSD), with CSD  for  up  to  6 weeks  and with CSD
lasting longer than 6 weeks.

RESULTS

Evaluating the data base for the years 2000 and 2001,
five  different  car  models  were  identified  which
qualified  for entry  in  this study. Different car models
were separated and  the according CSD  incidence rate
was  compared.  Table  1  summarises  the  results
obtained from the data base.
While  for  all  those  five  seats  sled  tests  results were
available  for  the BioRID,  results  for  the RID  2 only
included  seats  A,  B,  and  E.  Generally  the  NICmax
values correlated well with the injury risk indicating a
trend  line with positive  slope  for both dummy  types.
The  according  diagrams  are  presented  in  the
Appendix.
With respect to the Nkm values, the strongest trend was
observed for the Nea load case. However, this load case
was detected for the BioRID only. The Nea was not at
all  observed  for  the RID. Other Nkm  load  cases  did
show negative trend lines. 
As  for  the  head-to-head  restraint  distance,  both
dummies  were  positioned  identically.  Thus  for  both
dummies  the  same  results  were  obtained.  An
unexpected  trend  with  a  declining  trend  line  was
observed.
Concerning  the  dummy  used,  it  was  found  that  the
trend lines for the shear forces in both directions were
on a higher  level  for  the RID 2  than  for  the BioRID.
However,  it  has  to  be  noted  that  for  anterior  shear
forces  the  results obtained with  the RID 2  showed  a
remarkable spread. The evaluation of NICmax resulted
in  a  slightly higher  level  for  the BioRID.  In  contrast
the trend lines for the RID 2 were higher for the Nkm.

In summary, the comparison between the BioRID and
the RID  2  shows  that  the  according  criteria were on
different absolute levels but exhibited consistent trends
throughout this study, i.e. only minor differences in the
slopes of  the  trend  lines were found when comparing
different duration of CSD symptoms.

DISCUSSION

It was found that, although NICmax showed in all cases
a  positive  correlation  between  injury  risk  and  values
measured in our tests, the slope of the associated trend
line was,  however,  relatively  flat, which means  that
inaccuracies  in  the  testing  procedure  may  severely
compromise  the  value  of NICmax  as  a  predictor  of
real-world performance. 
Nkm  shows  a  good  correlation  only  in  its  Nea
component, but this component exhibited the strongest
slope of all parameters analysed, making it useful as a
predictor.
Apart  from  the  small  number  of  seats  and
corresponding real-world data sets, a severe limitation
to  this  study  is  probably  to  be  found  in  the  accident
data  base.  The  advantage  of  having  a  (very)  large
number of cases is (as with most data bases) associated
with  the  disadvantage  of  having  only  limited
information on the individual cases themselves. Repair
cost  is  known  not  to  correlate  well  with  physical
collision parameters such as delta-v and mean/peak car
accelerations,  and,  on  the  other  hand,  "duration  of
symptoms" is biased by individual judgement and may,
in communication with  insurance  companies,  also be
subject to aggravation. Furthermore, the association of
the duration of symptoms to the severity of the injury
itself  can  be  problematic,  because,  on  the  one  hand,
symptoms which in the first time after an accident may
have been judged as 'minor' (i.e. QTF 1) may persevere
for  a  long  time, while,  on  the  other hand,  it  is well-

Table 1.

Results from the data base evaluation.

Car model rear-end collisons 
registered

CSD claims 
(total)

CSD risk number of CSD claims with sick leave time

up to 6 weeks more than 6 weeks

A 139 34 0.245 24 10

B 201 42 0.214 35 8

C 122 22 0.180 18 4

D 204 83 0.407 63 20

E 934 341 0.365 249 92
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known  that  severe  injuries  (e.g.  vertebral  fractures)
sustained  in  accidents  of  a  severity  incomparably
higher  than  those  discussed  here,  often  heal without
any long-term sequelae at all.
With respect to the data obtained from the sled tests, it
must be noted that the seats included in this study did
by  no means  exhibit  extreme  values  for NICmax  and
Nkm.  These  seats,  consequently,  would  be  rated
'average'  based  on  the  test  results,  which  is  also
reflected  in  the  real-world  data  where  injury  risk
figures  between  approximately  0.2  and  0.4  were
recorded. Including 'extreme', i.e. 'good' and 'bad' seats
as concluded from tests in comparison to what is found
in  the  data  base,  could  be  a way  of  obtaining more
significant results.

CONCLUSIONS

Correlating neck injury criteria as measured in e.g. sled
tests  to  real-world  injury  risk  figures  can be a viable
way  to  arrive,  ultimately,  at  methods  to  predict  the
protection potential of a seat system. In particular, Nea,
when applied with a BioRID dummy, shows promising
trends for this     purpose. Inclusion of data from 2002
(not yet  available)  could  enhance  the  significance  of
this study.
In view of the severe limitations of this study, mainly
the  small  number  of  cases,  we  must,  however,
conclude  that  it  is  far  too early  to  include or exclude
some  of  the  existing  criteria  from  further
consideration.
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APPENDIX

A) Correlation for all seats and all CSD claims. X-axis represents the injury risk, Y-axis the according parameter.
Results for BioRID dummies are plotted in blue, those for RID 2 dummies in purple.
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B) Correlation for all seats and for CSD claims up to 6 weeks duration. X-axis represents the injury risk, Y-axis the
according parameter. Results for BioRID dummies are plotted in blue, those for RID 2 dummies in purple.
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C) Correlation for all seats and CSD claims that lasted more than 6 weeks. X-axis represents the injury risk, Y-
axis  the  according parameter. Results  for BioRID dummies  are plotted  in blue,  those  for RID 2 dummies  in
purple.
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ABSTRACT 
 
Data from 93 human cadaver tests (age range 17-86 
years, mean 60.2, S.D. 13.3) were used to develop 
thoracic injury risk functions for frontal loading.  The 
set of potential predictors included the maximum 
chest deflection, the age of the cadaver at death, the 
cadaver’s gender, and the loading condition on the 
anterior thorax: blunt hub (41 tests), seat belt (26 
tests), air bag (12 tests), and combined belt-and-bag 
(14 tests).  Predicted outcomes were the probability 
of any rib fractures (onset of injury) and the 
probability of greater than six rib fractures (severe 
injury).  Linear logistic regression models were used 
with the outcome modeled as a binary response 
(injury, no injury).  It is shown that the injury risk 
function is not dependent on the loading condition 
(e.g., the 50% risk of injury does not change when 
the loading condition changes), but that the injury 
risk function is strongly dependent on the age of the 
cadaver at death.  A significant injury risk model 
with good ability to discriminate injury from non-
injury tests (p < 0.0001, Chi-square = 21.49, area 
under ROC = 0.867, Kruskal’s Gamma = 0.732) is 
presented using only maximum chest deflection and 
cadaver age as predictors of injury risk.  The 50% 
risk of any rib fractures is found to occur at 35% 
chest deflection for a 30-year-old, but at 13% 
deflection for a 70-year-old.  The 50% risk of severe 
injury is shown to occur at 33% chest deflection for a 
70-year-old, but at 43% for a 30-year-old. 
 
INTRODUCTION 
 

The posterior displacement of the anterior chest 
relative to the posterior chest under frontal loading is 
often used to describe thoracic injury risk.  This 
displacement, commonly referred to as chest 
deflection, is measured by contemporary frontal 
impact anthropomorphic test dummies (ATDs) and a 
chest deflection limit is specified in Federal Motor 
Vehicle Safety Standard (FMVSS) 208 – Frontal 
Impact Protection.  Many cadaver-based studies have 
shown an increasing risk of injury as chest deflection 

increases (Kent et al. 2001a, Morgan et al. 1994, 
Kuppa and Eppinger 1998) and the National 
Highway Traffic Safety Administration has published 
an injury risk function quantifying this increase for 
one data set (Figure 1).   

The injury risk associated with a particular 
magnitude of chest deflection is not, however, 
constant for all conditions.  For example, Zhou et al. 
(1996) showed that chest deflection tolerance under 
blunt hub loading decreases with increasing age.  
This decrease results from several characteristic 
anatomical and material changes that are strongly 
related to aging.  It is well established that the 
mineral density, fracture toughness, and failure strain 
of bone decreases with increasing age, starting at 
about age 30 (e.g. Yamada 1970).  Furthermore, 
aging is related to a change in the proportion of 
cortical bone in the rib.  Stein and Granik (1976) 
performed bending tests on three ribs from each of 79 
human donors having an age range from 27 years to 
83 years.  They found a strong inverse correlation 
between breaking force and donor age at death 
(failure force (N) = 254 – 3.34*age (years), p<0.001).  
Those authors concluded that, like long bones, ribs 
apparently undergo progressive circumendosteal 
resorption with advancing age but, unlike long bones, 
ribs show no evidence of continued subperiosteal 
apposition.  This results in a general decrease in the 
percent of the rib cross-section that is cortical bone 
(cortical bone area (mm2) = 32.9 – 0.19*age (years), 
p < 0.001).  The progressive calcification of the 
costal cartilage may also tend to decrease the chest 
deflection tolerance of the rib cage by reducing the 
failure strain of the cartilage.  Furthermore, age-
related anatomical changes that may influence chest 
deflection tolerance have been observed anecdotally 
(Wang 2003).  For example, the slope of ribs in the 
sagittal plane may decrease with increasing age (this 
slope can be seen in Figure 2b).  This decrease results 
in the “barrel chest” condition that is often observed 
in computed tomography (CT) scans of older patients 
or cadavers, but is not often seen in younger or 
middle-aged subjects.  Compared to a younger person, 
this decreased rib slope may result in increased strain 



 
Figure 1. Chest deflection injury risk curve published by the NHTSA (Eppinger et al. 1999) showing 
increasing risk of all injury levels as maximum chest deflection increases. 
 

 
Figure 2. CT study showing rib deformation pattern under concentrated “belt-like” loading.  Note especially 
ribs 3 through 6 exhibiting concentrated deformation unlike that seen with a distributed “air bag-like” load 
(see Kent et al. 2001a). 
 
in the rib for a given level of chest deflection since 
the rib’s tendency to rotate inferiorly about the costo-
vertebral articulation is decreased. 

One purpose of this paper, therefore, is to 
quantify how the chest deflection injury tolerance 
changes with age.  A second purpose is to evaluate 
how the nature of the loading on the chest influences 

the chest deflection injury tolerance.  Contemporary 
restraints generate a complex loading environment on 
the chest.  Interaction with an air bag results in a 
well-distributed, nearly constant pressure field on 
essentially the entire anterior chest, the neck, and the 
head.  In contrast, the seat (shoulder) belt generates 
relatively concentrated forces on fewer anatomical 

right                                              left     posterior                         anterior      posterior                                anterior
a. Anterior view of loading 
condition used in CT study 

b. Right lateral view of  
unloaded thorax 

c. Right lateral view of  
loaded thorax 



structures (clavicle, sternum, ribs).  Steering wheel 
loading involves yet a third distinct pattern.  Further 
complicating the issue is the fact that most collisions 
will involve a combination of different loading 
patterns (e.g., belt and bag or bag and wheel).  If the 
chest deflection injury tolerance varies significantly 
as the loading environment changes from belt to hub 
to air bag loading, then the assessment of restraint 
systems in the laboratory must consider this 
sensitivity.  It is currently not known, however, how 
the chest deflection injury tolerance is affected by a 
change in the load distribution (loading condition).  
Rib fracture patterns vary depending on the restraint 
condition (e.g., Patrick 1974, Yoganandan et al. 1998, 
Kent et al. 2002a) and a CT scan of a loaded thorax 
will reveal a loading condition-specific strain 
distribution in the rib cage (Figure 2).  Based on these 
observations, it may be assumed that the chest 
deflection tolerance will change as the restraint 
condition changes.  We have hypothesized; however, 
that variation in individual tolerance and the load-
distributing effects of the soft tissues may be 
sufficient to effectively mask the changes in 
deflection tolerance associated with a change in 
restraint type (Kent et al. 2001a).  That previous 
study was limited, however, in the number of 
cadavers considered and was unable to conclude 
definitely that the tolerance was insensitive to 
restraint condition.  The current study expands on 
that analysis by including an expanded dataset 
sufficient for a robust statistical analysis of the 
hypothesis. 
 
METHODS 
 
Dataset Development 
 
 The literature was searched to identify 
cadaver tests having certain characteristics.  Five 
inclusion criteria for the dataset were established: 
 
1. The cadaver must have been subjected to anterior 

loading (i.e., lateral impacts were not considered).   
2. The age and gender of the cadaver must be 

known.   
3. The number of rib fractures resulting from the 

loading must be known.   
4. The loading must be concentrated through the 

sternum.  This eliminated cases where, for 
example, the lower steering wheel rim generated 
rib fractures in an unbelted subject with an air 
bag.  It is apparent that chest deflection measured 
at the mid-sternum is inappropriate for this type 
of loading (Prasad (1999) and Kent et al. (2000) 
discuss this type of loading in more detail).   

5. The chest deflection must have been measured 
reliably.   

 
These final two requirements precluded the 

inclusion of many cadaver sled tests.  Driver-side 
sled tests with an air bag and no belt were not 
included since these have exhibited pronounced 
interaction between the inferior thoracic cage and the 
lower steering wheel rim.  Furthermore, as discussed 
in some detail by Kent et al. (2001b), Bass et al. 
(2000), Shaw et al. (2000), and in an unpublished 
study by Hagedorn and Burton (1993), the use of 
chestbands to resolve thoracic deflections in a sled 
test is subject to error in some instances.  For 
example, chestbands, especially the early-generation 
18-gage and 24-gage bands, have insufficient 
resolution to track the thoracic contour under 
concentrated belt loading.  Chestbands are, however, 
considered to be accurate at resolving thoracic 
contours under distributed loading (Pintar et al. 1997).  
As a result, we excluded most available sled tests 
from consideration.  We did not include any sled tests 
involving belt-only loading.  We also did not include 
any sled test that involved a chestband having fewer 
than 40 gages.  This left relatively few sled tests 
available for inclusion.  Sled tests that were used in 
the analysis involve high-resolution (40+ gage) bands 
and include tests with combined belt-and-air bag 
loading (both standard and force-limiting belts) and 
tests with air bag loading on the passenger side where 
the confounding effect of the lower steering wheel 
rim is not present.   

Ninety-three tests were available for 
consideration after eliminating those that failed one 
or more of the criteria listed above (Appendix A).  
The tests can be conveniently grouped into four 
primary loading conditions: 

 
1. Blunt hub loading (41 tests) 
2. Seatbelt loading (26 tests) 
3. Distributed loading (12 tests) 
4. Combined belt-and-bag loading (14 tests) 
 

The blunt hub loading condition involved 
cadavers with either a fixed or free back loaded by a 
15.2-cm diameter circular hub at the approximate 
location of the 4th interstitial space.  All but one of 
these tests were first described by Kroell et al. (1971, 
1974), but the values used here were taken from 
Viano (1978), who summarized the tests in a 
convenient form.  One blunt hub test was performed 
by the University of Virginia (UVA) and publication 
of this test is pending.  Chest deflection in the Kroell 
tests was measured visually using high speed film 
and a rod passing through the thorax and in the UVA 
test using a potentiometer attached to the hub. 



The seatbelt loading condition involved cadavers 
positioned supine on a flat loading table with a 
narrow belt passing diagonally over the anterior 
thorax (Cesari and Bouquet 1991, Cesari and 
Bouquet 1994).  In the Cesari and Bouquet tests, 
force was applied via a cable system and an impactor.  
In a single UVA test (publication pending), force was 
applied via a hydraulic-and-cable system and a high-
speed material test machine.  Chest deflection was 
measured via an array of potentiometers.  The mid-
sternal potentiometer data were used for this analysis.   

The distributed loading tests were of three types.  
Seven tests come from the series of static, out-of-
position air bag deployment tests performed by 
Crandall et al. (1999).  Three tests come from the 
series published by Kent et al. (2001a).  This series 
involved passenger-side sled tests with an air bag and 
no shoulder belt.  In the Crandall and Kent tests, 
chest deflection was measured using high-resolution 
chestbands.  Finally, two table-top tests were used 
(Kent et al. 2002b).  These tests involved a 20.3-cm 
wide belt oriented laterally over the thorax, with 
chest deflection measured by a potentiometer. 

The combined belt-and-bag loading condition 
involved cadaver tests from several sources.  Eight 
tests come from the series presented by Kent et al. 
(2001a), four come from the series presented by 
Shaw et al. (2000), and three come from the series 
presented by Kallieris et al. (1995).  In all cases, 
chest deflection was measured using high-resolution 
chestbands.     
 
Analysis 
 

Four mulivariate linear logistic regression 
models were used to evaluate whether the injurious 
level of maximum chest deflection (Cmax) was 
sensitive to the age of the cadaver at death or to the 
loading condition (Table 1).    Two outcomes were 
modeled.  In both cases, the outcome variable was a 
binary response.  In one set of models, cases with any 
rib fractures (fx > 0) were coded as “injury” (Y = 1) 
and cases with no rib fractures (fx = 0) were coded as 
“no injury” (Y = 0).  In another set of models, cases 
with more than six rib fractures (fx > 6) were coded 
as “severe injury” (Y = 1) and cases with six or fewer 
fractures (fx < 7) were coded as “no severe injury” 
(Y = 0).  Abbreviated Injury Scale (AIS) coding 
could not be used because many of the tests were 
published prior to the advent of the AIS scale and the 
fracture locations were not presented in sufficient 
detail to determine AIS.  The two outcomes were 
evaluated so that the Cmax level corresponding to the 
probability of the onset of injury and to the 
probability of severe injury could be determined. 

For each outcome level (injury onset, severe 
injury), a “full” model was developed.  The full 
models included all available parameters that have 
some biomechanical justification for potentially 
influencing injury threshold: Cmax, the age of the 
cadaver at death, the loading condition, gender, and 
an age*gender interaction term.  Based on the results 
of the full models, “reduced” models were developed 
for each outcome level using only those predictors 
that were found to be significant in the full model.  
Generalized Wald tests were performed to verify the 
validity of removing these variables.  For all models, 
the relative importance of each covariate was 
assessed using the covariate’s Wald chi-square 
statistic minus its degrees of freedom (DOF).  The 
chi-square statistic indicates the amount of variance 
in the outcome that is explained by each covariate 
and subtracting the DOF accounts for the fact that 
covariates with different DOF were included in the 
same model. 

 
Table 1. Models Developed and Evaluated 

 
Model  Outcome Predictors 

1 > 6 rib fractures 
2 > 0 rib fractures 

 

age, gender, loading  
cond., Cmax, age*gender 

3 > 6 rib fractures 
4 > 0 rib fractures age, Cmax 

   
 

Gender and the loading condition (blunt hub, 
belt, distributed, combined) were treated as 
classification variables in the analysis, while age 
(years) and Cmax (percent of initial anterior-posterior 
chest depth measured externally) were treated as 
continuous covariates. 

The logit of the probability of thoracic injury 
(both levels of “injury”), P(I), was modeled as a 
linear function of the value of the predictors, xi: 

qe1
1)I(P
−+

=               [1] 

where  
 

∑β+α=
i

ii xq              [2] 

is the logit function, α is the intercept, xi are the 
model predictors, and βi are the coefficient associated 
with each predictor. 

Several parameters were utilized to evaluate the 
predictive ability of the various models, including 
percent concordance and discordance, Kruskal’s 
Gamma, and the area under the receiver operator 
characteristic (ROC) curve.  A pair of observations 



with different outcomes (injury and non-injury) is 
concordant if the model predicts a higher risk of 
injury for the case with injury than for the case 
without.  A pair of observations is discordant if the 
injury case has a lower model-predicted risk than the 
non-injury case.  Kruskal’s Gamma is defined by the 
number of concordant and discordant pairs in the 
dataset, so it is a measure of the model’s ability to 
discriminate injury from non-injury cases: 

 

discconc

discconc

NN
NN

+
−

=γ             [3] 

 
where Nconc is the number of concordant pairs and 
Ndisc is the number of discordant pairs.  A Gamma 
value of zero indicates that the model has no 
predictive ability, while a value of one indicates 
perfect prediction.   

The value for the area under the receiver 
operator characteristic (ROC) curve (Metz 1978, 
Metz 1986, Hanley 1989) was also used as a criterion 
for judging the ability of the predictor to distinguish 
between the injured and non-injured specimens.  A 
unitless measure, the value of the area under the ROC 
curve summarizes the functional relationship between 
the sensitivity and the specificity of the 
discrimination tool to classify observations into one 
of two distinct groups: those that have the 
characteristic of interest (injury in this case), and 
those that do not.   The value of the area under the 
ROC curve can be interpreted as the probability of a 
randomly selected observation that has the 
characteristic of interest (injury or non-injury) being 
viewed as more likely (model-based predicted 
probability) of having the characteristic than a 
randomly selected observation that does not have the 
characteristic.  The advantage of the area under the 
ROC over Kruskal’s Gamma is that ties are 
intrinsically considered.  Kruskal’s Gamma considers 
only concordance and discordance (see Equation [3]).  
In this analysis, there are no ties, so these two 
parameters indicate the same trends in model 
performance. 

For a predictor or set of predictors that produces 
an area under the ROC curve value of 0.50, the utility 
of the model to correctly classify the outcomes is no 
better than basing the classification on the flip of a 
fair coin, while perfect discrimination corresponds to 
an area under the ROC curve of 1.0.    As a general 
guideline, models that produce an area under the 
ROC curve within the range of 0.50 to 0.60 are 
considered to have little or no utility as a 
discriminating tool, 0.60 to 0.70 poor utility, 0.70 to 
0.80 moderate utility, 0.80 to 0.90 good utility, and 
0.90 to 1.0 excellent utility.    

 
RESULTS 
 

The dataset includes 93 tests, of which 71 
resulted in at least one rib fracture and 39 resulted in 
more than 6 rib fractures.  The age range is 17 to 86 
years (median 60.2, standard deviation 13.3) and the 
majority of the subjects (66) are male.  A distribution 
of injury and non-injury (both levels of injury) cases 
is present for each loading condition (Figure 3). 

The model coefficients for Model 1 and their 
standard errors are presented in Table 2 and the 
Analysis of Variance (ANOVA) for Model 1 is 
presented in Table 3.  Model 1 is a significant model 
of the outcome (p = 0.0033), but only two of the 
covariates (age and Cmax) are significant to the p = 
0.1 level.  Gender and loading condition are not 
significant covariates.  The age*gender interaction 
term approaches significance (p = 0.1471).  The chi-
square minus DOF analysis indicates that Cmax is 
the most important covariate in terms of predicting 
severe injury outcome, followed by age, gender, and 
age*gender.  The loading condition is the least 
important of the predictors. 

The Model 2 coefficients and standard errors are 
presented in Table 2, and the ANOVA summary is 
presented in Table 3.  Model 2 is a significant 
predictor of the outcome.  The ANOVA results are 
similar to the findings for Model 1: age and Cmax 
were the only significant covariates and ranked as the 
most important predictors in the model.  Again, the 
loading condition is the least important predictor in 
the model.  Figure 4 illustrates the load condition 
insensitivity of the injury risk functions. 

Based on the findings from Model 1 and Model 
2, we performed a generalized Wald test for dropping 
the variables gender, loading condition, and 
age*gender from the models.  In both cases, the 
removal of these variables did not significantly 
change the predictive ability of the model (Model 1 p 
= 0.6390 and Model 2 p = 0.3456).  The model 
coefficients and standard errors for these reduced 
models (Model 3 and Model 4) are presented in Table 
4 and the ANOVA results are presented in Table 5.  
Both reduced models were significant.  Age and 
Cmax were significant predictors in both models and 
Cmax remained a more important predictor than age.   

While the removal of non-significant variables 
simplified the models, the most important 
determinant of the validity of our model reduction 
strategy is whether the reduced models remained 
equally able to discriminate tests with injury from 
those without.  As shown in Table 6, both Model 1 
and Model 2 have good utility as injury 
discriminators.  Comparison of the performance of
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Figure 3. Injury distribution by loading condition for the 93 tests used in this analysis. 
 

Table 2. Model Coefficient Estimates (β) and Standard  
Errors (SE) for Model 1 and Model 2 

 
 Model 1 (rib fx. >6) Model 2 (rib fx. >0) 
Coefficient  Estimate (β) SE (β) Estimate (β) SE (β) 
Intercept -7.0223 2.7625 -14.6737 5.2166 
Age (years) 0.0204 0.0289 0.1870 0.0785 
Gender=male  -5.1708 3.1596 6.0046 4.2944 
Load Cond. = Seatbelt  -0.1178 1.0003 1.4037 1.0143 
Load Cond. = Distributed  0.0895 0.7581 1.4564 0.9362 
Load Cond. = Combined  -0.3674 1.0413 2.5619 1.6376 
Cmax (%) 0.1781 0.0499 0.1875 0.0503 
Age x Gender=male  0.0720 0.0497 -0.1273 0.0804 
     

 
Table 3. ANOVA Wald chi-square Statistics for Model 1 and Model 2 

 
 Model 1 (rib fx. >6) Model 2 (rib fx. >0) 
 

Predictor 
 

Chi-Square 
 

DOF 
Chi-Square 

- DOF 
 

p value
 

Chi-Square
 

DOF 
Chi-Square  

- DOF 
 

p value
Cmax 12.7631 1 11.7631 0.0004 13.8960 1 12.8960 0.0002
Age 5.8047 2 3.8047 0.0549 9.2504 2 7.2504 0.0098

Gender 3.1399 2 1.1399 0.2081 2.5064 1 1.5064 0.1134
Age x Gender 2.1023 1 1.1023 0.1471 2.9023 2 0.9023 0.2343
Load Cond. 0.1966 3 -2.8034 0.9781 3.6775 3 0.6775 0.2985

Total 21.3644 7 14.3644 0.0033 17.7368 7 10.7368 0.0132
         

 
these full models with the reduced models, however, 
reveals that very little injury predictive ability is lost 
with the removal of the non-significant covariates.  
The indicators of discrimination decrease slightly for 
the injury onset models (Model 2 vs. Model 4) when 
the non-significant covariates are removed while, for 
the severe injury outcome (Model 1 vs. Model 3), the 
performance actually increases slightly when the 
non-significant covariates are removed. 

The injury risk functions from Model 3 and 
Model 4 are plotted in Figure 5.  The top plot shows 
the risk functions for both injury outcomes along 
with their confidence intervals.  The bottom plot 
illustrates the age sensitivity of both outcomes. 



DISCUSSION 
 
This study has shown that the chest deflection injury 
threshold is strongly dependent upon the age of the 
subject.  This is true regardless of whether injury 
onset or severe injury is considered.  A 30-year-old 
has a 50% risk of sustaining one rib fracture at a 
chest deflection level of 35%.  The 50% threshold 
drops to 13% deflection for a 70-year-old.  A 30-
year-old has a 50% risk of sustaining more than six 
rib fractures at a deflection level of 43%, while a 70-
year-old can tolerate only 33% deflection before 
being at 50% risk of more than six rib fractures.  This 
finding is consistent with other studies (e.g., Zhou et 
al. 1996) and is presumably due to multiple 
characteristics of aging.  First, the failure strain of 
both cortical and trabecular bone decreases with age. 

Results of Model 1 (60-Year-Old Male)
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Figure 4. Results of Model 1 showing load 
condition insensitivity of Cmax injury threshold. 

 
Table 4. Model Coefficient Estimates (β) and Standard  

Errors (SE) for Model 3 and Model 4 
 

 Model 3 (rib fx. >6) Model 4 (rib fx. >0) 
Coefficient  Estimate (β) SE (β) Estimate (β) SE (β) 
Intercept -9.3189 2.0965 -6.7508 1.8814 
Age (years) 0.0474 0.0215 0.0720 0.0230 
Cmax (%) 0.1838 0.0423 0.1302 0.0345 
     

 
Table 5. ANOVA Wald chi-square Statistics for Model 3 and Model 4 

 
 Model 3 (rib fx. >6) Model 4 (rib fx. >0) 
 

Predictor 
 

Chi-Square 
 

DOF 
Chi-Square 

- DOF 
 

p value
 

Chi-Square
 

DOF 
Chi-Square  

- DOF 
 

p value
Cmax 18.8401 1 17.8401 <0.0001 14.2762 1 13.2762 0.0002
Age 4.8644 1 3.8644 0.0274 9.8290 1 8.8290 0.0017
Total 21.4868 2 19.4868 <0.0001 17.7748 2 15.7748 0.0001

         
 

Table 6. Predictive Performance of All Four Models 
 

 Model 1 Model 2 Model 3 Model 4 
Percent Concordance 86.562 90.269 86.610 87.708 
Percent Discordance 13.438 9.731 13.390 12.292 
Percent Ties 0 0 0 0 
Kruskal’s Gamma 0.731 0.805 0.732 0.754 
Area under ROC 0.866 0.903 0.867 0.877 
     

 
Second, geometric changes associated with aging 
may predispose ribs to fracturing for older subjects 
under conditions where they might deflect non-
injuriously in a younger subject.  These geometric 
changes include a decrease in the proportion of the 
rib cross-section that is cortical bone and a general 
decrease in rib slope.  Finally, material changes such 

as calcification of the costal cartilage and decreasing 
bone mineral density also are likely contributors to 
the decreased chest deflection tolerance.   

The second important finding of this study is that 
the chest deflection injury tolerance is insensitive to 
the loading condition.  This finding greatly simplifies 
the relative assessment of different restraint systems  
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Figure 5. Injury risk functions from Model 3 and 
Model 4.  Top plot shows injury onset risk function 
and severe injury risk function along with confidence 
intervals for a 60-year-old.  Bottom plot compares 
injury onset risk and severe injury risk for two ages. 
 
(e.g., belt vs. air bag) since Cmax, as measured on the 
cadaver, can be considered to be an objective injury 
criterion for different restraint conditions (as long as 
the loading is concentrated through the sternum 
rather than, for example, through the abdomen and 
lower rib cage).  Unfortunately, we have not shown 
that chest deflection, as measured by a dummy, has a 
relationship to injury threshold that is insensitive to 
the restraint type.  Preliminary tests in our laboratory 
have indicated that the degree to which both the 
Hybrid III and the THOR dummy are biofidelic 
depends on the restraint condition.  Since the 
cadaver-based chest deflection tolerance is not 
sensitive to the restraint type but the force required to 
achieve a given chest deflection on the dummies is 
less human-like for some restraints than for others, it 
follows that the chest deflection injury tolerance, as 
measured on a dummy, is sensitive to the restraint 
condition.  Unfortunately, we are not yet able to 
quantify this sensitivity.  

As more data become available, it may become 
possible to develop models that include significant 
covariates for gender and an age*gender interaction.  
Future studies should also consider the effect of 
cadaver mass, body composition (such as changes in 
the depth of superficial soft tissues), and pulmonary 
cycle.  Furthermore, a Cmax sensitivity to load 
condition may eventually be shown once sufficient 
data are collected to overcome the inherent variability 
in cadavers, which currently overwhelms any 
sensitivity to loading condition.  Based on differing 
rib fracture patterns for different restraint conditions 
and on medical imaging studies such as that 
illustrated in Figure 2, it is clear that the strain 
distribution in the rib cage is sensitive to restraint 
condition.  Preliminary studies of rib fracture 
threshold using a finite element thorax have shown a 
slight Cmax sensitivity to restraint condition, with rib 
fracture onset occurring at slightly (~5%) lower 
levels of chest deflection under seat belt loading than 
under distributed loading.  Work is ongoing to 
evaluate the validity of the existing thoracic finite 
element models for this type of study, however, so 
this finding should be evaluated in that light.  Based 
on the currently available cadaver data, there is no 
justification for considering different rib fracture 
thresholds for belt loading and air bag loading. 

 
CONCLUSIONS 

 
The chest deflection injury tolerance is strongly 

dependent upon age and this study has quantified this 
dependence for two levels of injury severity: rib 
fracture onset and greater than six rib fractures.  This 
study has also shown that the chest deflection injury 
tolerance is insensitive to the loading condition on 
the chest within the range of conditions considered 
(blunt hub, seat belt, air bag, combined belt-and-bag).  
This insensitivity does not necessarily apply to chest 
deflection as measured by a dummy, however, since 
the degree to which both the Hybrid III and the 
THOR dummy are biofidelic appears to be sensitive 
to the restraint type.  Additional research is needed to 
quantify how the dummies’ chest deflection injury 
tolerance changes for different restraint conditions. 

 
REFERENCES 
 
Bass, C., Wang, C., Crandall, J. (2000) Error analysis 
of curvature-based contour measurement devices. 
Paper number 2000-01-0054, Society of Automotive 
Engineers, Warrendale, Pennsylvania. 
 
 
 



Cesari, D. and Bouquet, R. (1990) Behavior of 
human surrogates thorax under belt loading. Paper 
902310, Society of Automotive Engineers, 
Warrendale, Pennsylvania. 
 
Cesari, D. and Bouquet, R., Comparison of Hybrid III 
and human cadaver thoracic ceformations. Paper 
942209 Proc. 38th Stapp Car Crash Conference, 
Society of Automotive Engineers, Warrendale, 
Pennsylvania. 
 
Crandall, J., Duma, S., Bass, C., Pilkey, W., Kuppa, 
S., Khaewpong, N., Eppinger, R., (1999) Thoracic 
response and trauma in air bag deployment tests with 
out-of-position small female surrogates. J. Crash 
Prevention and Injury Control 1(2): 101-112. 
 
Eppinger, R., et al., (1999) Development of improved 
injury criteria for the assessment of advanced 
automotive restraint systems – II. National Highway 
Traffic Safety Administration, U.S. Department of 
Transportation, November. 
 
Hagedorn, A. and Burton, R. (1993) Evaluation of 
chestband responses in a dynamic test environment. 
Proc. 22nd Annual Workshop on Human Subjects for 
Biomechanical Research, pp. 83-101. 
 
Hanley, J.A. (1989) Receiver operating characteristic 
(ROC) methodology: the state of the art. Critical 
Reviews in Diagnostic Imaging.  29:307-335. 
 
Kallieris, D., Rizzetti, A., Mattern, R., Morgan, R., 
Eppinger, R. (1995) On the synergism of the driver 
air bag and the 3-point belt in frontal crashes. Paper 
952700, Proceedings of the 39th Stapp Car Crash 
Conference, Society of Automotive Engineers, 
Warrendale, Pennsylvania. 
 
Kent, R., Crandall, J., Bolton, J., Duma, S., (2000) 
Driver and right-front passenger restraint system 
interaction, injury potential, and thoracic injury 
prediction. Proc. 44th Annual Scientific Conference 
of the Association for the Advancement of 
Automotive Medicine, Des Plaines, Illinois. 
 
Kent, R., Crandall, J., Bolton, J., Prasad, P., Nusholtz, 
G., Mertz, H. (2001a). The influence of superficial 
soft tissues and restraint condition on thoracic 
skeletal injury prediction. Stapp car crash journal, 45, 
183-203. 
 
Kent, R., Bolton, J., Crandall, J., Prasad, P., Nusholtz, 
G., Mertz, H., Kallieris, D. (2001b) Restrained 
Hybrid III dummy-based criteria for thoracic hard 
tissue injury prediction. 2001 Conference of the 

International Research Council on the Biomechanics 
of Impact (IRCOBI), Isle of Man. 
 
Kent, R., Crandall, J., Patrie, J., Fertile, J. (2002a) 
Radiographic detection of rib fractures: a restraint-
based study of occupants in car crashes. Traffic 
Injury and Prevention, 3(1):49-57. 
 
Kent, R. (2002b) Dynamic Response of the Thorax: 
Restraint-Specific Hard Tissue Injury Prediction. 
Ph.D. Dissertation published by the Department of 
Mechanical and Aerospace Engineering, University 
of Virginia. 
 
Kroell, C., Schneider, D., Nahum, A., (1971) Impact 
tolerance and response of the human thorax. Paper 
number 710851, Society of Automotive Engineers, 
Warrendale, Pennsylvania. 
 
Kroell, C., Schneider, D., Nahum, A. (1974) Impact 
tolerance and response of the human thorax II,” Paper 
number 741187, Society of Automotive Engineers, 
Warrendale, Pennsylvania. 
 
Kuppa, S. and Eppinger, R., (1998) Development of 
an improved thoracic injury criterion. Paper 983153, 
Proc. 42nd Stapp Car Crash Conference, Society of 
Automotive Engineers, Warrendale, Pennsylvania. 
 
Metz C.E. (1978) Basic principles of ROC analysis. 
Seminars in Nuclear Medicine. 8:283-298. 
 
Metz C.E. (1986) ROC methodology in radiologic 
imaging. Invest. Radiol. 21(9):720-733. 
 
Morgan, R., Eppinger, R., Haffner, M., Yoganandan, 
N., Pintar, F., Sances, A., Crandall, J., Pilkey, W., 
Klopp, G., Dallieris, D., Miltner, E., Mattern, R., 
Kuppa, S., Sharpless, C. (1994) Thoracic trauma 
assessment formulations for restrained drivers in 
simulated frontal impacts. Paper number 942206, 
Society of Automotive Engineers, Warrendale, 
Pennsylvania. 
 
Patrick, L., Bohlin, N., and Anderson, A. (1974) 
Three-point harness accident and laboratory data 
comparison.  Paper 741181, Society of Automotive 
Engineers, Warrendale, Pennsylvania. 
 
Pintar, F.A., Yoganandan, N., Hines, M.H., Maltese, 
M.R., McFadden, J., Saul, R., Eppinger, R., 
Khaewpong, N., Kleinberger, M. (1997) Chestband 
analysis of human tolerance to side impact. Paper 
973320, Proceedings of the 41st Stapp Car Crash 
Conference, Society of Automotive Engineers, 
Warrendale, Pennsylvania. 



Prasad, P. (1999) Biomechanical basis for injury criteria 
used in crashworthiness regulations. Proc. International 
Research Conference on the Biomechanics of Impact 
(IRCOBI), Sitges, Spain. 
 
Shaw, G., Crandall, J., Butcher, J. (2000) Biofidelity 
evaluation of the THOR advanced frontal crash test 
dummy. Proc. International Research Conference on the 
Biomechanics of Impact (IRCOBI), Montpellier, France. 
 
Stein, I. and Granik, G. (1976) Rib structure and 
bending strength: an autopsy study. Calcif. Tissue 
Research, 20:61-73. 
 
Viano, D.C. (1978) Thoracic injury potential. Proc. 3rd 
International Meeting on Simulation and Reconstruction 
of Impacts in Collisions, Proc. IRCOBI, Bron, France, 
pp. 142-156. 

 
Wang, S. (2003) Department of Surgery, University of 
Michigan, Personal Communication. 
 
Yamada, H. (1970) Strength of Biological Materials, ed. 
Evans, F., The Williams and Wilkins Company, 
Baltimore, MD. 
 
Yoganandan, N. and Pintar, F. (1998) Biomechanics of 
human thoracic ribs, Journal of Biomechanical 
Engineering, 120(1):100-104. 
 
Zhou, Q., Rouhana, S., Melvin, J. (1996) Age effects on 
thoracic injury tolerance. Paper number 962421, Stapp 
Car Crash Conference, Society of Automotive 
Engineers, Warrendale, Pennsylvania. 

Appendix A – Dataset of Cadaver Tests Used in the Analysis 
Load Cond. Cmax (%) No. Rib Fractures Age Gender Test ID Reference 
Blunt hub 32.9% 9 59 m 172/43fm Viano (1978)* 
Blunt hub 32.1% 0 61 m 171/42fm Viano (1978)* 
Blunt hub 31.5% 10 64 m 177/45fm Viano (1978)* 
Blunt hub 26.9% 9 66 m 200/60fm Viano (1978)* 
Blunt hub 25.7% 3 75 m 189/53fm Viano (1978)* 
Blunt hub 37.3% 4 53 m 203/63fm Viano (1978)* 
Blunt hub 37.1% 6 72 m 204/64fm Viano (1978)* 
Blunt hub 39.3% 9 80 m 69/15fm Viano (1978)* 
Blunt hub 44.4% 12 81 m 65/13fm Viano (1978)* 
Blunt hub 42.0% 14 67 f 61/12ff Viano (1978)* 
Blunt hub 43.5% 6 76 f 66/14ff Viano (1978)* 
Blunt hub 32.8% 6 48 m 104/37fm Viano (1978)* 
Blunt hub 45.9% 11 51 m 93/31fm Viano (1978)* 
Blunt hub 42.5% 16 65 m 86/24fm Viano (1978)* 
Blunt hub 45.8% 13 75 m 94/32fm Viano (1978)* 
Blunt hub 28.9% 17 60 m 47/5fm Viano (1978)* 
Blunt hub 32.5% 11 83 m 50/6fm Viano (1978)* 
Blunt hub 44.7% 11 64 m 96/34fm Viano (1978)* 
Blunt hub 40.7% 7 49 f 190/54ff Viano (1978)* 
Blunt hub 41.8% 11 58 f 85/23ff Viano (1978)* 
Blunt hub 39.5% 10 65 m 87/25fm Viano (1978)* 
Blunt hub 35.0% 6 66 m 219/120fm Viano (1978)* 
Blunt hub 37.0% 10 69 m 218/119fm Viano (1978)* 
Blunt hub 18.5% 0 75 m 88/26fm Viano (1978)* 
Blunt hub 19.4% 0 54 m 92/28fm Viano (1978)* 
Blunt hub 31.0% 3 52 f 92/30ff Viano (1978)* 
Blunt hub 37.7% 0 60 m 187/51fm Viano (1978)* 
Blunt hub 39.4% 3 65 m 192/56fm Viano (1978)* 
Blunt hub 48.6% 9 65 m 188/52fm Viano (1978)* 
Blunt hub 43.1% 10 66 m 186/50fm Viano (1978)* 
Blunt hub 39.0% 4 68 m 196/58fm Viano (1978)* 
       



       
Appendix A – Dataset of Cadaver Tests Used in the Analysis (cont.) 

Load Cond. Cmax (%) No. Rib Fractures Age Gender Test ID Reference 
Blunt hub 39.7% 0 69 m 182/48fm Viano (1978)* 
Blunt hub 37.5% 0 19 m 77/19fm Viano (1978)* 
Blunt hub 35.0% 0 29 m 79/20fm Viano (1978)* 
Blunt hub 41.7% 17 72 m 83/22fm Viano (1978)* 
Blunt hub 41.8% 14 78 m 76/18fm Viano (1978)* 
Blunt hub 31.0% 0 46 m 178/46fm Viano (1978)* 
Blunt hub 34.6% 7 52 m 99/36fm Viano (1978)* 
Blunt hub 40.7% 8 46 f 191/55ff Viano (1978)* 
Blunt hub 37.0% 9 58 m 220/123fm Viano (1978)* 
Blunt hub 41.4% 6 54 m 145 pending 
Combined 23.0% 0 57 m 577 Kent et al. (2001a) 
Combined 25.0% 4 69 f 578 Kent et al. (2001a) 
Combined 34.0% 11 72 f 579 Kent et al. (2001a) 
Combined 28.0% 0 57 m 580 Kent et al. (2001a) 
Combined 28.0% 3 55 m 665 Kent et al. (2001a) 
Combined 32.0% 3 69 m 666 Kent et al. (2001a) 
Combined 36.0% 13 59 f 667 Kent et al. (2001a) 
Combined 14.5% 1 67 f 533 Shaw et al. (2000) 
Combined 18.3% 4 47 m 534 Shaw et al. (2000) 
Combined 31.5% 16 57 f 535 Shaw et al. (2000) 
Combined 15.7% 3 67 m 545 Shaw et al. (2000) 
Combined 26.7% 1 63 f C11 Kallieris et al. (1995) 
Combined 23.8% 2 58 m C12 Kallieris et al. (1995) 
Combined 28.2% 0 50 m C13 Kallieris et al. (1995) 
Seat belt 27.1% 6 60 m THC 75 Cesari, Bouquet (1994) 
Seat belt 26.1% 6 64 f THC 77 Cesari, Bouquet (1994) 
Seat belt 28.7% 3 43 m THC 79 Cesari, Bouquet (1994) 
Seat belt 27.4% 10 63 m THC 93 Cesari, Bouquet (1994) 
Seat belt 25.2% 2 63 m THC 91 Cesari, Bouquet (1994) 
Seat belt 11.8% 0 64 f THC 76 Cesari, Bouquet (1994) 
Seat belt 11.8% 0 43 m THC 78 Cesari, Bouquet (1994) 
Seat belt 10.2% 0 63 m THC 90 Cesari, Bouquet (1994) 
Seat belt 12.1% 0 63 m THC 92 Cesari, Bouquet (1994) 
Seat belt 34.1% 8 47 f THC 11 Cesari, Bouquet (1990) 
Seat belt 35.4% 0 17 f THC 12 Cesari, Bouquet (1990) 
Seat belt 25.1% 2 86 f THC 13 Cesari, Bouquet (1990) 
Seat belt 29.8% 17 69 m THC 14 Cesari, Bouquet (1990) 
Seat belt 29.1% 3 60 m THC 15 Cesari, Bouquet (1990) 
Seat belt 35.4% 4 59 m THC 16 Cesari, Bouquet (1990) 
Seat belt 30.0% 7 71 m THC 17 Cesari, Bouquet (1990) 
Seat belt 9.5% 0 72 m THC 61 Cesari, Bouquet (1990) 
Seat belt 14.4% 0 71 m THC 64 Cesari, Bouquet (1990) 
Seat belt 11.3% 0 40 m THC 68 Cesari, Bouquet (1990) 
Seat belt 36.3% 6 67 m THC 18 Cesari, Bouquet (1990) 
Seat belt 28.4% 4 83 f THC 19 Cesari, Bouquet (1990) 
Seat belt 30.1% 18 70 m THC 20 Cesari, Bouquet (1990) 
       



       
Appendix A – Dataset of Cadaver Tests Used in the Analysis (cont.) 

Load Cond. Cmax (%) No. Rib Fractures Age Gender Test ID Reference 
Seat belt 22.8% 4 72 m THC 62 Cesari, Bouquet (1990) 
Seat belt 36.1% 10 71 m THC 65 Cesari, Bouquet (1990) 
Seat belt 30.6% 1 40 m THC 69 Cesari, Bouquet (1990) 
Seat belt 40.8% 14 63 f 147 pending 
Distributed 29.6% 9 61 f 386 Crandall et al. (1999) 
Distributed 71.0% 29 45 f 387 Crandall et al. (1999) 
Distributed 36.6% 4 34 f 388 Crandall et al. (1999) 
Distributed 43.7% 25 68 f 421 Crandall et al. (1999) 
Distributed 40.6% 17 67 f 422 Crandall et al. (1999) 
Distributed 42.2% 13 51 f 423 Crandall et al. (1999) 
Distributed 55.2% 20 55 f 424 Crandall et al. (1999) 
Distributed 0.35 4 69 m 116 Kent (2002b) 
Distributed 0.35 0 29 f 143 Kent (2002b) 
Distributed 0.0% 4 40 m 650 Kent et al. (2001a) 
Distributed 11.0% 0 70 m 651 Kent et al. (2001a) 
Distributed 12.0% 0 46 m 652 Kent et al. (2001a) 
* These tests were originally published earlier, but were compiled in a convenient form by Viano. 

 



                                                                                                                                                van Don     1

BIOFIDELITY IMPACT RESPONSE REQUIREMENTS FOR AN ADVANCED MID-SIZED MALE
CRASH TEST DUMMY

B. van Don and M. van Ratingen, TNO Automotive, The Netherlands; F. Bermond, C. Masson and P.
Vezin, INRETS, France; D. Hynd and C. Owen, TRL, UK ;L. Martinez, INSIA, Spain; S. Knack and
R. Schaefer, BASt, Germany; on behalf of EEVC WG12
Paper No. 76

ABSTRACT

The frontal crash is still an important contributor to
deaths and serious injured resulting from road
accidents in Europe. As the Hybrid-III dummy used
in crash tests is over two decades old, the European
Enhanced Vehicle-safety Committee is studying the
potential for a new test device. Key is the
availability of a well-defined set of requirements
that identifies the minimum level of biofidelity
required for an advanced frontal dummy. In this
paper, a complete set of frontal impact biofidelity
requirements, consisting of references, description
of test conditions and corridors, is presented.

INTRODUCTION

Every year in Europe, more than 42 000 people are
killed in road accidents, and over 1,7 million
injuries are caused, of which several thousand give
rise to severe disability (EU, 2001). The frontal
crash is still a significant contributor to these
numbers, accounting for an estimated 40-66 percent
of the impacts that cause severe and fatal injuries to
car occupants (EEVC, 1996). Hence occupant
protection in frontal impact remains an important
subject of research for regulatory bodies, research
institutes and car manufacturers. In particular
within the European Enhanced Vehicle-safety
Committee (EEVC) protection in frontal impact has
been subject of strong collaboration, considering
ways to further improve the level of protection
offered to the European car user.

In view of this, the Steering committee of the
EEVC has directed a mandate to establish
requirements for an advanced frontal impact
dummy which should be used to assess injury risk
in frontal impact and could replace the existing
adult male Hybrid-III crash test dummy. This
mandate has provided the start of WG 12.
Considering other research programs in the area,
especially the Advanced Anthropomorphic Test
Device (AATD) and subsequent THOR
development programs of the US Department of
Transport – National Highway Safety
Administration (NHTSA), the EEVC has decided to
focus on the development of a worldwide
acceptable frontal dummy.

Further enhancement of the biofidelity of frontal
impact dummies is considered essential, especially
for improved interaction with the vehicle interior
and various restraint systems. For this, an up to date
and agreed set of frontal impact biofidelity
requirements must be available. For side impact
dummies, such a set of requirements has recently
been proposed by IHRA (IHRA, 2003).
Accordingly the EEVC has derived a
comprehensive set of frontal impact requirements
that defines the minimum level of biofidelity
required for an advanced adult male frontal dummy
from a European perspective. The aim of this paper
is to present the requirements for each part of the
human body and to provide information why the
respective test conditions were selected.

METHODOLOGY

Achieving desirable humanlike response is
probably the most difficult part of the design of a
dummy. Mechanical characteristics, such as the
stiffness of the dummy at the points at which it is
struck, and where it is likely to strike the vehicle,
should be similar to those of similar parts of the
human body. This means that the dummy should
inflict damage on the vehicle similar to that found
from human impacts in accidents. Similarly the
dummy should deform where struck in a
representative manner as particularly specified for
each body component. Biofidelity impact response
requirements should therefore reflect the loading
conditions in real life accidents and be meaningful
in terms of the injuries observed for each body
region.

With the above in mind, a frontal accident survey
has been undertaken based on the two largest
European accident databases available: the database
of the UK Co-operative Crash Injury Study (CCIS)
and the German database of the Medical University
of Hanover (MUH) which is financed since 30
years by BASt. The objective of the study was to
prioritize injuries for different body regions of
belted drivers and front seat passengers in frontal
accidents and to attribute the injuries to the airbag,
seatbelt and/or the internal vehicle structures. A list
of injury types of the most severe and most frequent
injured body parts was derived to identify dummy
performance and instrumentation needs.
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Following the accident survey, a critical evaluation
of biomechanical data from experiments with
surrogates was carried out. This included
consideration of the latest biomechanical test
results generated in the EC sponsored FID project
(FID, 2000). The aim of the work was to study for
each body region the source data available and
assess their appropriateness and completeness as
biomechanical design target. In this selection
process, preference was given to tests in which the
subjects did not sustain fractures or severe injuries
(AIS<3), exceptions tolerated were deemed
acceptable. Furthermore, data should be of high
quality, accepted by experts in the field and, more
importantly, well documented. Also, priority was
given to human data - animal data was only used in
the case that animal to human scaling data were
available - and to dynamic above static data, as the
dynamic condition better represents the actual
condition in which both human and dummy are
being exposed in the vehicle. Finally, preference
was given to rigid above padded impacts and to
contact impact tests, which provide force-deflection
responses.

RESULTS

Accident Survey

The data used were from frontal accidents (11-1
o’clock), focusing on car to car and car to obstacle
impacts, EES < 80 kph and vehicles not older than
1990. Occupants were 12 years or older and belted
(driver and passenger). Table 1 shows the
comparison of the two databases, categorized for
driver and passenger and airbag deployment and
not fitted/no deployment. It can be observed that
the CCIS database includes more airbag cases.
Further study showed that the overall accident
severity of MUH data seems less than in CCIS
cases, which is due to the different sampling
strategy used for both databases. This difference
added to the different size of the databases and
different EES calculation applied, made that the
databases could only be analyzed independently.

One part of the analysis examined the maximum
injury to each body region for all occupants. This
provided information on the frequency and severity
of the injuries in the samples by body region. For
example, Figure 1 shows the comparison of the

CCIS sample distribution for AIS2+ injuries of
restrained drivers, with and without airbag
deployment.

0% 10% 20% 30% 40%

Face

Head

Neck

Thorax/sh.

Abdomen

Pelvis/fem.

Arm, etc.

Lower l./foot

Percentage of the number of occupants 

Airbag
(N=96)
No airbag
(N=88)

Figure 1.  Distribution of AIS2+ injuries per
body region for restrained drivers (CCIS)

Table 2 shows the AIS 2+ injury distribution of the
MUH data set for those body regions, which will
directly be addressed by frontal airbags.

Table 2.
Distribution of AIS2+ injuries per body region

for restrained frontal occupants (MHH)

Head Neck Thorax Other
Airbag 14.8 1.9
Steering Wheel 5.6
Body Movement 3.7 1.9
Belt 3.7
other / unknown 3.7 1.9
TOTAL 22.2 0.0 14.8 63.0
Steering Wheel 3.1 1.5
Belt 0.1 2.6
Body Movement 0.7 1.2 0.4
Windscreen 1.5 0.1
other 3.2 0.1 1.1
unknown 24.7 2.2 7.8
TOTAL 33.4 3.5 13.5 49.6

Injured Body RegionInjury caused by
Percentages of
AIS 2+ Injuries

without
Frontal Airbag

(n = 740 Injuries)

with
Frontal Airbag

(n = 54 Injuries)

On the whole, in spite of in part small case
numbers, the analyzed accidents from CCIS and
MUH databases demonstrate that head and thorax
are the body regions of vehicle occupants injured
most severely and most frequently in frontal
accidents. In accidents with airbag deployment, the
injury severity of most body regions decreases
considerably but remain relatively important
nevertheless.

Further analysis was carried out to identify the
main types of injury for the various body parts in
the two samples. Severe head injuries mostly are
brain injuries without fractures, but also severe
skeletal injuries occurred to the head of belted
drivers in accidents without airbag deployment.
Severe thoracic injuries are mainly organic injuries
and fractures to the ribs. In particular for drivers the
percentage of fractures to the feet in accidents with

Table 1.
Comparison of accident databases

All EES < 80 CCIS MUH
Driver – no airbag 151 747
Driver - airbag 152 57
Passenger – no airbag 87 281
Passenger – airbag 10 11
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airbag deployment increases considerable.
Furthermore, significant face injuries were found
for drivers in accidents without airbag deployment,
and for front seat occupants in accidents with
airbag deployment.

Regarding the requirements for an advanced frontal
dummy, the accident study has pointed out that
head and thorax area are the most important part to
protect. Injury assessment for these body regions,
as well as for the abdomen, may require different
criteria for different types of contact (e.g. steering
wheel, belt or airbag) and hence the responses of
these body areas should be appropriate and
sensitive to different loading conditions. Injuries to
the lower extremities need more attention than
given so far.

Biofidelity Requirements

A short summary of the literature review, the data
on which the requirements are based, and the
variables for which the requirements are defined are
discussed below. The test procedures and the
biofidelity requirements are described in more
detail in the annex.

     _Face. For the definition of the biofidelity
requirements of the face it is of important to define
the requirements for the different areas of the face
(maxilla, zygoma, frontal bone) as well as for the
whole face (simulating a driver site airbag
deployment), and for an impact within the direction
0±30 degrees.

In most studies concerning the face the objective
has been to define fracture loads. Only a few
studies has dealt with below AIS<3 injury level. On
the data of the latter studies, except from the tests in
which added impacts were performed, biofidelity
requirements can be based. Padding materials act as
mechanical filters therefore it is better to avoid their
use in order to characterize the response of the face
independently of the impactor properties.

Nyquist et al. (1986) and Allsop et al. (1988, 1991)
published force-deflection data, which were quite
variable, primarily due to the large differences in
the initial low-stiffness region of the concave-
upward response curves. The variability was stated
to be due to the deformation of the soft tissues of
the face and the deflection of the nasal bone, factors
that can vary greatly between subjects. Above loads
of 0.25 kN the response stiffness and the subject
exhibit force deflection behavior that were more
consistent. Melvin and Shee (1989) proposed two
response corridors for impactor force time histories
for facial impact. The first corridor, for impact to
the nose with a rigid cylinder, is based on the
results of the tests of Nyquist et al. (1986), in which

only the nasal bone was fractured. A second
corridor was defined for full-face impacts with a
flat surface, based on tests performed with fresh
human specimens.

Recently many oblique face impact tests have been
performed (Cesari et al., 1989, ADRIA, 1998,
Bermond et al., 1999, Bruyere et al., 2000).  In the
ADRIA (1998) study response corridors were
defined for the resultant head CG for the impact to
the frontal bone, zygoma and the maxilla. It should
be noted that the corridor defined for the maxilla
was based on tests including AIS=3 injuries.
Bermond (1999) provided response corridors for
impactor force and resultant acceleration of the
head CG versus impact velocity for the frontal
bone, zygoma, and the maxilla. It should be noted
that at higher impact velocities AIS>3 occurred.
Because preference should be given to tests in
which the subjects did not sustain fractures or
severe injuries (AIS>3), the ADRIA (1998) is used
to base biofidelity requirements instead of the data
obtained by Bermond  (1999).

To evaluate the biofidelity of the face, four tests are
proposed. The defined biofidelity requirements are
based on the studies of Nyquist et al. (1986),
Melvin and Shee (1988) for the frontal impact
condition. For the oblique impact condition, the
requirements are based on the test performed in the
ADRIA project (1998). For the frontal impact
condition, requirements have been defined for the
following variable: The impactor force versus time
response. For the oblique impact condition,
requirements have been defined for the resultant
head CG acceleration vs. time.

     _Head. In the literature various studies can be
found in which head impacts were performed. For
example to look at injury mechanism (Canaple et
al., 1999) or the influence of head protection
(Newman et al. (1999). Both studies did not
provide suitable data to base biofidelity
requirements on. Data on head impact has also been
obtained by Stalnaker et al. 1977, Rizitti et al.,
1997, Rojanvanich et al., 1991, Troseille et al.,
1992 and Ward (1985). However based on the lack
of detailed description of the test set-up or due to
the small number of tests performed, biofidelity
requirements for the head could not be based on
data obtained in these studies.

Melvin et al. (1985) has provided the most
complete and detailed overview of suitable data and
test protocols. In this study two corridors were
defined. One corridor for a non-fracture head
impact test at low impact speed (2.0 m/s) and one
for a test at high impact speed (5.5 m/s). The
corridors were based on the data of UMTRI (Prasad
et al., 1985) and Hodgson and Thomas (1975) and
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are suitable for frontal, as well as lateral and rear
impact tests.

To evaluate the biofidelity of the head, one test and
two requirements are proposed. The requirements
are based on the data of UMTRI (Prasad et al.,
1985) and Hodgson and Thomas (1975), adopting
the proposed corridors by Melvin (1985).
Requirements have been defined for the peak
impact force versus impact duration relationship.

     _Neck. In literature, two sets of performance
requirements have been defined to evaluate the
frontal flexion/extension performance of the neck.
The first set is based on volunteer and cadaver sled
tests performed by Mertz and Patrick (1971) and
Patrick and Chou (1976). The second set of
requirements is based on volunteer sled tests carried
out at the Naval BioDynamics Laboratory (NBDL)
in New Orleans (Ewing et al, 1973, 1975, 1976,
1978; Grunsten et al., 1989).

As of the moment the most complete set of neck
data available is the data obtained at the Naval
BioDynamics Laboratory in New Orleans (NBDL
data), therefore the newly defined biofidelity
requirements defined were based on this data set.

To define a complete set of biofidelity requirements
for the neck, the performance should be evaluated
globally (in other words with regard to the
environment like airbag etc) and locally focussing
on the performance of the neck with regard to
occurring injuries and defined injury criteria.

To evaluate the biofidelity of the neck, one test
condition for the frontal and one for the oblique
impact condition were defined.  Requirements have
been defined for the following variables, for the
frontal as well as the oblique impact condition: The
peak head center of gravity (CG) displacement w.r.t
the sled; timing of peak head CG displacement w.r.t
the sled; peak first thoracic vertebra (T1)
displacement w.r.t to the sled; timing of peak T1
displacement w.r.t to the sled; peak T1 rotation
w.r.t  the sled; timing of peak T1 rotation w.r.t sled
; peak force at the OC joint; timing of peak force at
the OC joint; peak moment at the OC joint and;
timing of peak moment at the OC joint

     _Shoulder. Biomechanical research concerning
the behavior of the shoulder during frontal impact
conditions is rare. L’Abbé et al. (1982) and Cesari
et al. (1990) performed thorax belt loading
compression tests. No special attention was paid to
the shoulder behavior and no corridors, to be used
for evaluation of the biofidelity of the shoulder,
were/can be defined on the data obtained.

Vezin et al. (2002) has performed post mortem
human subjects (PMHS) sled tests with and without
airbag, and defined biofidelity requirement
corridors for the shoulder. It should be noted that
the corridors are based on a maximum of three
tests, therefore further testing should be performed
to refine the corridors provided. Requirements have
been defined for the left and right acromion
resultant acceleration, and; left and right upper
humerus resultant acceleration versus time

     _Spine. Biomechanical data, which properly
define the kinematics of the spine under external
loading of the whole body, is rare. Data, which
provide the response of isolated segments of the
spine, is available. However, it is difficult to
extrapolate this information to how the spine would
behave when it is integrated with the complete
thorax and pelvis.

Vezin et al. (2002) developed biofidelity
requirement corridors based on PMHS sled
performed with and without airbag. Requirements
have been defined for the sacrum, T1, T8 and T12
resultant acceleration versus time relationships.

_Thorax. Many studies, with the emphasis on the
biofidelity aspect of the thorax have been
published. To asses the thorax performance,
impactor tests (Kroell 1971 &1973; Stalnaker et al.
1973; Nusholz et al. 1985, Bouquet et al. (1994),
belt-loading tests (L’Abbe et al , 1982;  Backaitis
and St-Laurent, 1986 Cesari and Bouquet, 1990;
Riordain et al. , 1991); and sled tests (Patrick et al.,
1965, 1967; Yoganandan et al., 1991&1993,
Kallieris , 1994,Vezin et al. 2002)  have been
performed.

Regarding the impactor tests the current thoracic
biofidelity testing relies heavily upon the published
work of Kroell (1971), despite it being over 20
years old. Due to the large number of cadavers
tested, almost 50, in a variety of test configurations
it is clear to see that valuable data can still be
obtained from these results. In the paper by
Lobdell, Kroell et al (1973) Kroell proposed
performance corridors for low speed (4.92 m/s) and
high speed (7.14 m/s) impactor tests. The tissue
thickness and obliqueness of the impact etc. and
muscle tone was taken into consideration. Kroell’s
work was conducted as a continuation of the work
presented by Nahum et al (1970) where the same
experimental test set-up had been used but the
impact velocities were lower and aortic
pressurization was not done.  Stalnaker et al (1973)
used a similar test configuration with the impact
velocity varying from 5.35-6.71 m/s. No
performance corridors were developed. The
Stalnaker data represents a relaxed individual and
provided data representing impactor penetration
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whereas the Kroell corridors represented sternal
deflection. Neathery (1974) has re-examined the
data of Kroell and Stalnaker. And concluded that,
the Kroell and Stalnaker data could not be
considered as a common database. Neathery (1974)
proposed response corridors for the 5th, 50th and 95th

percentile crash dummies similar to those proposed
by Kroell, but scaled by the equations developed in
the study.

Nusholtz et al (1985) has reported on a series of
steering wheel impact tests. The focus of the
research was on the trauma to the soft-tissue organs
surrounded by the thoracic cage, as well as the
kinematic response of the thoracic cage. Bouquet et
al (1994) also performed impactor tests to the
sternum. Two tests were performed on each PMHS,
first at a sub-injury level test (impact speed ~
3.5m/s) followed by an injury level test (impact
speed ~ 5.8m/s). Corridors for the force-time
history during the sub-injury test were presented.
However it should be noted that these corridors are
based only on two tests, therefore not providing a
good representation.

In all of the above studies frontal impactor tests
have been performed. Data with regard to oblique
impactor tests to the thorax are rare. However
Yoganandan et al. (1997) defined response
corridors for the overall lower ribcage to oblique
impact conditions.

Regarding the belt-loading tests. L’Abbe et al
(1982) has performed early dynamic and static belt
loading to examine the thoracic deflection
characteristics of human volunteers in comparison
with the Hybrid-III. Backaitis and St-Laurent
(1986) re-analyzed the data of L’Abbe et al. (1982)
focussing on the deflections of the mid-clavicle,
mid-sternum and the 7th rib. Continuing on the
work of L’Abbe et al. (1982) , Césari and Bouquet
(1990) reported tests with 13 cadavers and a Hybrid
III dummy in the same test configuration. Riordain
et al. (1991) also used a similar test set-up. The
paper included the results on 13 cadavers from the
1990 paper and extended the data with seven
cadavers using a high mass (76.1 kg) impactor.
Continuing on previous work Césari and Bouquet
(1994) presented the results of an additional 9 nine
PMHS. From the above, it would appear that the
data of belt loading tests performed with
cadavers/volunteers lying in supine position should
be used to define biofidelity requirements. The
loading pattern would be more representative of the
real world than the Kroell test. However a
limitation of these tests is that the back of the
cadaver is fully supported against a rigid table,
which could compromise rib deflection. A second
limitation of these tests is that the test apparatus is

not available/missing, therefore the tests can not
easily be reproduced.

Regarding the sled tests. A few studies have been
performed to evaluate the performance of the
thorax in sled test. Patrick et al (1965, 1967)
performed a series of sled test with unrestrained
embalmed cadavers to determine the human
tolerance of the head, chest and knee impact based
on skeletal fracture. Four tests with different
velocities were performed, in only two tests no
fractures were observed. No performance corridors
were defined. Yoganandan et al. (1991) performed
horizontal sled impact tests (impact velocity 14
m/s, 16 G). A three-point belt was used to restrain
the PMHS. Due to the occurrence of the multiple
fractures the data set has not been used for defining
biofidelity requirements. In a further paper,
Yoganandan et al. (1993) an additional sled tests
(impact velocity 9 or 13 m/s) were presented. The
following restraint system configurations were
used: air bag with knee bolster (AK), air bag with
lap belt (AL) and air bag with three point belt (A3).
It was seen that the biomechanical response of the
human thorax was very different between the air
bag with three-point belt loading compared to the
air bag with knee bolster and airbag with lap belt
restraint combinations. The data set has not been
used for defining biofidelity requirements.

Kallieris (1994) performed frontal impact sled tests
(impact velocity 48-55 km/h, 17 G). The following
conditions restraint configuration were used: a 3-
point belt, a driver side air bag and knee bolster, or
a 3-point belt with supplemental driver side air bag.
Biomechanical responses and the thoracic
deformation contours and deflection time histories
are also available in the paper.  Also due to the high
number of thoracic injuries occurring the data set
has not been used to define the biofidelity
requirements on.

Vezin et. al (2002) has performed sled tests using a
sled velocity and deceleration pulse representative
to the real world crashes. Tests with only seatbelt
and with seatbelt and airbag were performed.
Performance corridors were defined for significant
variables. More data, bas the corridors on, will
become available in future projects.

To evaluate the performance of the thorax three
tests are proposed. The requirements are based on
the data of Kroell (1971), Yoganandan et al. (1997)
and Vezin et al. (2002). For the Kroell and
Yoganandan tests, requirements have been defined
for the force deflection relationship; for the Vezin
test for the upper and lower sternum resultant
acceleration versus time relationships.
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     _Abdomen. Nahum and Melvin (1998) have
published an extensive review concerning the
human abdomen biomechanics, clinical data, injury
mechanism and tolerance levels. It could be seen
that many studies are concerned with the biofidelity
of the abdominal area for side impact conditions,
only a few studies focus on the frontal impact
conditions. No tests have been performed to
evaluate the different impact responses caused by
the asymmetric distribution of the internal organs in
the abdominal cavity. Only the abdominal impact
response is known for the upper and lower part
without any distinction between the left, central and
right region.

Cavanagh et al. (1986) and Begeman et al. (1990)
performed sled tests to evaluate the abdomen
behavior during frontal impact. Cavanagh et al
(1986) performed low (mean 6.1 m/s) and high
impact velocity (10.4 m/s) tests. Force- deflection
corridors for the lower abdomen at the two impact
velocities were generated. Begeman et al. (1990)
performed impact tests using rigid steering columns
with a soft wheel and an energy-absorbing column
with rig and soft wheels. Nusholtz et al. (1985)
performed a PMHS test to determine the thoraco-
abdominal response with a deformable steering
wheel impact. These tests were complex and it was
difficult to determine the load paths, therefore the
responses are not adequate to base the biofidelity
requirements on. Later tests performed by Nusholtz
et al. (1994) were less complicated. Impacts were
performed with a ballistic pendulum fitted with a
simulated rigid steering wheel assembly. A force-
penetration corridor for the upper abdomen was
presented.

Belts loading tests using porcine cadavers for
evaluation of the abdomen have been performed by
Rouhana et al. (1989). Comparisons were made
between the force-deflection curves from porcine
cadavers, human cadavers and living porcine
subjects. Observed differences were used to
extrapolate the human cadaver force deflection to
living human force deflection data.

To evaluate the biofidelity of the abdomen three
tests are proposed. The requirements are based on
the data of Nusholtz et al. (1994), Cavanagh et al.
(1986) and Rouhana et al. (1989). For the Nusholtz
et al (1994) and Cavanaugh et al (1986) tests and
the Rouhana et al. (1989) tests, requirements have
been defined for the force versus penetration
relationship.

     _Femur/Knee. Only a few studies in which the
femur/knee performance has been evaluated at sub-
injury or at moderate injury level (AIS<3) have
been published. Melvin et al, (1975), Horsch and
Patrick (1976), Nusholtz et al. (1982) and Haut et

al. (1995) all performed sub-injury level tests.
However, Melvin et al (1975) performed padded
impacts, the test set-up of Nusholtz et al (1982) is
considered too complicated and Haut et al (1995)
performed only isolated knee flexion tests.

Within the FID project (2000) tests similar to tests
of Horsch and Patrick (1976) have been performed
No response corridors have been provided by
Horsch and Patrick (1976).  However within the
FID project corridors have been defined.

To evaluate the biofidelity of the femur/knee two
tests are proposed. One with impact velocity of 2.8
m/s and the other with 4.0 m/s. For the 2.8 m/s
condition requirements have been defined for the
following variables: the knee impactor force versus
time, the femur acceleration versus times and the
iliac crest acceleration versus time. For the 4.0 m/s
condition requirements have been defined for the
following variables: knee impactor force versus
time and the femur acceleration versus time.

      _Lower Leg. Most studies concerning the
lower leg performance have been aimed especially
at the determination of injury mechanisms and
criteria for the lower leg. The data obtained in these
studies is not adequate to base biofidelity
requirements on.

Yoganandan et al. (1996) performed pendulum
impact test on unembalmed human cadaver legs at
the Medical College of Wiscounsin (MCW). Of the
26 tests performed, 13 resulted in fracture. This
dataset was combined with data obtained at Calspan
and Wayne State University. Age and axial force
were found to be the most discriminating variables
that define the risk function. Kuppa et al. (1998)
analyzed Yoganandan’s data to characterize the
dynamic response of the lower leg. Estimated
values for the stiffness and the damping coefficient
for the human lower leg were derived.

Crandall et al. (1996) reported on a series of static
and dynamic tests carried out by Renault
Biomechanical Research Department and the
University of Virginia (UVA). Data for the
volunteers were taken from a previously work by
Hirsch and White (1965). Portier et al. (1997)
published a detailed description of the dynamic
tests performed.

Manning et al. (1998) performed a series of
subinjuries heel (2 and 4 m/s) and toe impact (2,4
and 6 m/s), to assess the effect of active muscle
tension. Comparative tests were performed on
braced and umbraced volunteers and PMHS with an
artificial Achilles tension applied. The test
procedure used was based on the EEVC “ Tibia and
foot certification tests”. The data of Manning et al.
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(1998) has been developed into performance
corridors for each impact condition and different
specimen (PMHS and volunteer) by Wheeler et al
(2000).

In addition to injury generating impact tests,
McMaster (2000) has performed articulation tests.
A basic articulation test was conducted. The ankles
were tests through dorsiflexion to plantarflexion,
plantarflexion to dorsiflexion, eversion to inversion
and inversion to eversion. This study provided
information concerning the range of motion of the
ankle joint.

From the above overview of studies it can be stated
that most of the data is unsuitable for basing
biofidelity requirements on for the following
reasons: unclear test conditions for reproduction (i.e
for Yoganandan et al. (1996), Kuppa et al. (1998),
Portier et al. (1997)), injury generating tests (i.e. for
Portier et al. (1997) and McMaster (2000)),
complex test set-up (McMaster (2000)), or static
tests (Crandall et al. (1996)).

To evaluate the biofidelity of the lower leg two
tests are proposed based on the corridors provided
by Wheeler et al. (2000). For the toe impact
condition the requirements have been defined for
the following variables: the pendulum acceleration
versus time; the tibial force versus time and the
bending moment versus time. For the heel impact
condition requirements have been defined for the
following variables: pendulum acceleration versus
time and tibial force versus time.

DISCUSSION

This paper presents a complete set of frontal
biofidelity requirements that defines the minimum
level of biofidelity required for an advanced adult
male frontal dummy in Europe. The current set
contains only those test conditions for which test
specifications are well defined and corridors are
established. Moreover, the set addresses the key
body regions taking into account the various types
of contact that may occur (belt, airbag, steering
wheel, facia) according to the accident study.

The National Highway Safety Administration has
defined a set of biomechanical response
requirements for the THOR advanced frontal
dummy (NHTSA/GESAC, 2001). A comparison of
both sets of requirements indicates that the two sets
do not lie far apart, increasing the potential for
harmonization between the regions. For instance,
the biofidelity requirements for the head, abdomen
and femur/knee are identical between the two sets.
The differences between EEVC and NHTSA
proposed requirements are most notable for the
neck - the oblique versus lateral NBDL impact

condition- and the lower leg/ankle and foot for
which NHTSA/GESAC defines a series of tests in
the dynamic heel impact condition (Kuppa et al,
1998), dynamic dorsiflexion (Crandall et al, 1996),
quasi static inversion (Petit et al, 1996), quasi static
eversion  (Crandall et al., 1996 and Petit et al.,
1996), quasi static dorsi-flexion (Crandall et al.,
1996), quasi static plantar flexion (Paranteau et al.,
1996), quasi static internal/external rotation
(Siegler et al., 1988) and dynamic
inversion/eversion  (Jaffredo et al., 2000).
Recognizing that the requirements presented in this
paper form a minimal set, it must be further
investigated whether such a large set of tests for the
lower leg/ankle and foot can be justified.

CONCLUSIONS

This paper proposes a set of biofidelity responses
requirements for an advanced adult male frontal
impact crash dummy. The set consists of
requirements for the face, head, neck, spine, thorax,
abdomen, femur/knee and the lower leg/ankle/foot
complex, and defines the minimal level of
biofidelity that is required for this dummy. The set
of biofidelity requirements proposed in this paper
will be used to compare the biomechanical
performance of existing adult male frontal impact
crash test dummies, including the Hybrid-III and
THOR-alpha dummies. Comparing the presented
set with the biomechanical response requirements
for the THOR advanced frontal dummy shows that
there is good possibility for harmonization of
requirements through IHRA, and hence, for the test
device that meets of these requirements.
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ANNEX: Description of Test Procedures and
Biofidelity Requirements

FACE

     _Face test 1 is based on the data of Nyquist et al
(1986). The test is a horizontal guided impactor test
(impact velocity 3.6 m/s). Using an impactor with a
horizontal steel cylinder (mass 32 kg, diameter 25
mm). The dummy needs to be positioned with the
anterior-posterior axis of the head horizontal and
the sagittal plane vertical. Impact is performed to
the nose.

Instrument the pendulum with a load cell, to be able
to obtain the impact force versus time relationship.
Filter all response data according to the
requirements of SAE Recommended Practice J211.

The impactor force versus time response has to be
within the corridor shown in Figure 1.

Figure 1.  Pendulum Force vs. Time.

_Face test 2 is based on the data/corridor provided
by Melvin and Shee (1988). The test is a full-face
impact test, using a flat disk horizontal guided
impactor (mass 13 kg, diameter 152 mm) impact
velocity 6.7 m/s. The dummy needs to be
positioned with the anterior-posterior axis of the
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head horizontal and the mid sagittal plane vertical.
The extremity of the impactor is to impact the mid-
point of the line joining the two maxilla plates on
the face.

Instrument the pendulum with a load cell, to be able
to obtain the impact force versus time relationship.
Filter all response data according to the
requirements of SAE Recommended Practice J211
with Class 1000 for the head data and Class 180 for
the impactor data.

The impactor force versus time response should be
within the corridor shown in Figure 2.

Figure 2. Pendulum Force vs. Time

     _Face test 3 is based on the data/corridor
provided in ADRIA (1998). The test prescribed is a
3.84 m/s, 30 degree angled horizontal impact test to
the frontal bone using a rigid impactor (17 kg,
diameter 25 mm). The dummy needs to be
positioned with the anterior-posterior axis of the
head horizontal, its mid sagittal plane vertical and
adjusted to obtain an impact direction 30°-angled
from the mid sagittal plane of the head.

Instrument the dummy’s head with a tri-axial
accelerometer located at the head CG and place a
load cell between the major part of the impacting
mass and the extremity. The influence of the
extremity mass on the load measurement must be
corrected. Filter all response data according to the
requirements of SAE Recommended Practice J211.

The resultant head CG acceleration has to be within
the corridor shown in Figure 3

Figure 3.  Resultant Head  CG Acceleration vs.
Time (frontal bone impact)
     _
Face test 4 is identical to face test 3, only the seat
height should be adjusted such that impact to the
zygoma instead of the frontal bone occurs.
Instrumentation is similar to the instrumentation
described by face test 3.

The resultant head CG acceleration has to be within
the corridor shown in Figure 4.

Figure 4.  Resultant Head CG Acceleration vs.
Time (Impact to the Zygoma)

Head

The head test is a frontal impact test, impact
velocity 2.0 m/s and 5.5 m/s using a rigid flat
surface impactor (mass 23.4 kg, diameter 15.2
mm). The dummy needs to be seated upright
without support.

Instrument the dummy’s head with a tri-axial
accelerometer located at the head CG. Place a load
cell on the impactor. Filter all response data
according to the requirements of SAE
Recommended Practice J211.

The peak impactor force for 2.0 m/s and 5.5 m/s
impact respectively should be corridors provided by
Melvin (1985) as shown in Figure 5.

Figure 5.  Peak impactor force vs. impact
duration.

Neck

     _Neck test 1 is a full dummy 15-G frontal
impact sled test. The sled pulse used should be
similar to the NBDL sled pulse. Fasten a rigid seat,
functionally similar to the one used by Ewing and
Thomas (1977), to the HyGe sled, facing the
direction of sled travel. The dummy needs to be
positioned with the anterior-posterior axis of the
head horizontal and its mid sagittal plane vertical.
Use a restrain system similar to the restrain system
used by Ewing and Thomas (1977).

Instrument the dummy with tri-axial accelerometers
at the head CG and T1. Use cameras to record the
photographic markers of the head CG, OC and T1.
Filter all response data according to the
requirements of SAE Recommended Practice J211.
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The following responses should be within the
corridors provided. The peak T1 displacement and
timing of the peak T1 displacement with respect to
the sled, the peak CG displacement and timing of
the peak CG displacement with respect to the sled,
peak flexion of the head and the timing of the peak
flexion of the head.

Measurement Units Lower
Bound

Upper
Bound

Peak T1 Displacement in X-
Direction

mm 53 60

Timing of Peak T1 Displacement
in X-Direction

ms 152 158

Peak T1 Displacement in Z-
Direction

mm -32 -17

Timing of Peak T1 Displacement
in Z-Direction.

ms 149 160

Peak CG Displacement in X-
Direction

mm 191 214

Timing of Peak CG
Displacement in X-Direction

ms 154 159

Peak CG Displacement in Z-
Direction

mm -237 -208

Timing of Peak CG
Displacement in Z-Direction

ms 162 169

Peak Flexion of the Head deg 70 87
Timing of Peak Flexion of the
Head

ms 165 176

Peak T1 Rotation about the Y-
axis

deg 17 27

Timing of Peak T1 Rotation
about the Y-axis

ms 145 155

Peak Force at OC Joint in X-
Direction (1st minimum)

N -1381 -801

Timing of Peak Force at OC joint
in X-Direction( 1st minimum)

ms 95 101

Peak Force at OC  Joint in X-
Direction (2nd minimum)

N -1098 -908

Timing of Peak Force at OC
Joint in X-Direction (2nd

minimum)

ms 145 154

Peak Force at OC Joint in Z-
Direction (1st minimum)

N -793 -546

Timing of Peak Force at OC
Joint in Z-Direction (1st

minimum)

ms 89 95

Peak Force at OC Joint in Z-
Direction (2nd minimum)

N -899 -530

Timing of Peak Force at OC
Joint in Z-Direction (2nd

minimum)

ms 128 141

Peak OC moment about the
flexion axis

Nm -56 -46

_Neck test 2 is a full dummy 11-G oblique impact
sled test. Fasten a rigid seat, functional similar to
the one used by Ewing and Thomas (1977), to the
HyGe sled at an angle of 45 degrees from the
forward facing direction. Attach a vertical light
padded wooden board against the seat to restrict
upper torso rotation and to support the torso during
sled translation. The dummy needs to be positioned
with the anterior-posterior axis of the head
horizontal and its mid sagittal plane vertical.  Use a
restrain system similar to the restrain system used
by Ewing and Thomas (1977).

Instrument the dummy with triaxial accelerometers
at the head CG and T1 Use cameras to record the
photographic markers of the head CG, OC and T1.
Filter all response data according to the
requirements of SAE Recommended Practice J211.

The following responses should be within the
corridors provided. The peak T1 displacement and
timing of the peak T1 displacement with respect to
the sled, the peak CG displacement and timing of
the peak CG displacement with respect to the sled,
peak flexion and the timing of the peak flexion of
the head, and the peak twist and timing of the peak
twist of the head.

Measurement Units Lower
Bound

Upper
Bound

Peak T1 Displacement in X-
Direction

mm 63 83

Timing of Peak T1 Displacement
in X-Direction

ms 160 165

Peak T1 Displacement in Y-
Direction

mm -27 -20

Timing of Peak T1 Displacement
in Y-Direction

ms 157 162

Peak CG Displacement in X-
Direction

mm 196 247

Timing of Peak CG
Displacement in X-Direction

ms 156 163

Peak CG Displacement in Y-
Direction

mm -43 -7

Timing of Peak CG
Displacement in Y-Direction

ms 137 165

Peak CG Displacement in Z-
Direction

mm -211 -139

Timing of Peak CG
Displacement in Z-Direction

ms 171 180

Peak Flexion of the Head deg 54 80
Timing of Peak Flexion of the
Head

ms 172 187

Peak Twist of the Head deg -38 -24
Timing of Peak Twist of the
Head

144 175

Peak T1 Flexion deg 4 15
Timing of Peak T1 Flexion ms 149 159
Peak T1 Twist deg -16 -8
Timing of Peak T1 Twist ms 151 169
Peak Force at OC Joint in X-
Direction

N -810 -698

Timing of Peak Force at OC joint
in X-Direction

ms 154 164

Peak Force at OC  Joint in Y-
Direction

N 363 475

Timing of Peak Force at OC
Joint in Y-Direction

ms 159 167

Peak Force at OC Joint in Z-
Direction

N -702 -412

Timing of Peak Force at OC
Joint in Z-Direction

ms 108 112

Peak OC moment about the
flexion axis

Nm -56 -46

Peak OC moment about the twist
axis

Nm 10 21

Shoulder

_Shoulder test 1 is a frontal impact sled test at 50
km/h with a sled deceleration close to the ECE
R44-03 regulation (Child’s restraint regulation),
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corresponding to a maximum deceleration of 22
G’s and seat belt (4 kN load limiting system) and
airbag as restraint system

Instrument the dummy with an tri-axial
accelerometer at the upper and lower left and right
arm. Filter all response data according to the
requirements of the SAE Recommended Practice
J211.

The following responses should be within the
corridors provided. Left and right acromion
resultant acceleration versus time, left lower and
upper humerus resultant acceleration versus time
and the right upper and lower humerus resultant
acceleration versus time.

Figure 6.  Left acromion resultant acceleration
versus time

Figure 7.  Right acromion resultant acceleration
versus time

Figure 8. Left humerus resultant acceleration vs.
time

Figure 9. Right humerus resultant acceleration
vs. time

_Shoulder test 2 is a frontal impact sled tests at 30
km/h with a sled deceleration of 15 G’s, close the

deceleration used at the University of Heidelberg
(Kallieris, 2001) and only set belt as restraint
system (4 kN force limiting system).

Instrument the dummy with an tri-axial
accelerometer at the upper and lower left and right
arm. Filter all response data according to the
requirements of the SAE Recommended Practice
J211.

The following responses should be within the
corridors provided. Left and right acromion and
upper humerus resultant acceleration versus time.

Figure 10.  Left acromion resultant acceleration
versus time

Figure 11.  Right acromion resultant
acceleration versus time

Figure 12. Left humerus resultant acceleration
vs. time

Figure 13. Right humerus resultant acceleration
vs. time
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Spine

     _Spine test 1 is a frontal impact sled test at 50
km/h with a sled deceleration close to the ECE
R44-03 regulation (Child’s restraint regulation),
corresponding to a maximum deceleration of 22
G’s and seat belt (4 kN load limiting system) and
airbag as restraint system

Instrument the dummy with a tri-axial
accelerometer at T1, T8 and T12. Filter all response
data according to the requirements of the SAE
Recommended Practice J211.

The following responses should be within the
corridors provided. The sacrum, T1, T8 and T12
vertebra resultant acceleration versus time.

Figure 14.  Sacrum resultant acceleration vs.
time

Figure 15.  T1 resultant acceleration vs. time

Figure 16. T8 resultant acceleration vs. time

Figure 17. T12 resultant acceleration vs. time

     _Spine test 2 is a frontal impact sled tests at 30
km/h with a sled deceleration of 15 G’s, close the

deceleration used at the University of Heidelberg
(Kallieris, 2001) and only set belt as restraint
system (4 kN force limiting system).

Instrument the dummy with a tri-axial
accelerometer at T1, T8 and T12. Filter all response
data according to the requirements of the SAE
Recommended Practice J211.
The following responses should be within the
corridors provided. The sacrum T1, T8 and T12
vertebra resultant acceleration versus time.

Figure 18.  Sacrum resultant acceleration vs.
time

Figure 19.  T1 resultant acceleration vs. time

Figure 20. T8 resultant acceleration vs. time

Figure 21. T12 resultant acceleration vs. time

Thorax

     _Thorax test 1 is based on the published work
of Kroell (1971). The test is an impactor test (mass
23.4-kg, contacting interface 152-mm diameter
wooden block with a 12.8-mm edge radius. Impact
applied horizontally with the contact surface
perpendicular to the direction of loading and
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centred mid-sagittal over the fourth costal
interspace at the sternum. Impact velocities 4.3 and
6.7 m/s. Dummy positioned such that the surface of
the thorax is line with the impactor centerline is
vertical with the longitudinal centerline of the
impactor at the same height as the mid-sternum and
guided in the mid-sagittal plane of the subject.

Instrument the pendulum with two uniaxial
accelerometers and a velocity sensor and the
dummy with chest deflection sensor.

The force-deflection response for the 4.3 m/s and
the 6.7 m/s impact velocity conditions should be
within the well-known corridors based on the
published work of Kroell (1971) see Figure 22.

Figure 22.  Force deflection corridor

     _Thorax test 2 is based o the data of
Yogananadan et al. (1997). The test is an impactor
test (mass 23.4 kg, diameter 150 mm) to the right
antero-lateral thorax, impact velocity 4.3 m/s. The
lower extremities are stretched out horizontally,
upper extremities are extended, back of the torso is
unsupported, and the torso rotated 15º from right to
left.

The force-deflection response, the force-time
history and the deflection time history response
should lie within the corridors provided by
Yoganandan et al. (1997).

Figure 23. Force-time corridor

Figure 24. Deflection-time corridor

     _Thorax test 3 is a frontal impact sled test at 50
km/h with a sled deceleration close to the ECE
R44-03 regulation (Child’s restraint regulation),
corresponding to a maximum deceleration of 22
G’s and seat belt (4 kN load limiting system) and
airbag as restraint system

Instrument the dummy with tri-axial accelerometer
at the upper and lower part of the sternum. Filter all
the response data according to the requirements of
SAE Recommended Practice J211

Upper sternum and lower sternum resultant
acceleration response should be within the corridors
provided.

Figure 25.  Upper sternum resultant acceleration
vs. time

Figure 26. Lower sternum resultant acceleration
vs. time

_Thorax test 4 is a frontal impact sled tests at 30
km/h with a sled deceleration of 15 G’s, close the
deceleration used at the University of Heidelberg
(Kallieris, 2001) and only set belt as restraint
system (4 kN force limiting system).

Instrument the dummy with tri-axial accelerometer
at the upper and lower part of the sternum. Filter all
the response data according to the requirements of
SAE Recommended Practice J211

Upper sternum and lower sternum resultant
acceleration response should be within the corridors
provided.)
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Figure 27.  Upper sternum resultant acceleration
vs. time

Figure 28. Lower sternum resultant acceleration
vs. time

Abdomen

     _Abdomen test 1 is a frontal impact test defined
for the upper abdomen. The impact face of the
pendulum consists of a rigid steering wheel,
mounted with an angle of 45º. The effective mass
of the pendulum should be 18 kg, impact speed 8.0
m/s. The dummy needs to be seated upright, with
no back support and its legs and the arms raised.
The impact point should be located at the level of
the L2 vertebra.

Two uniaxial accelerometers rigidly mounted on
the impactor with its axis of measurement collinear
with the impact direction. The dummy will be
instrumented with T12 triaxial accelerometer. The
displacement and velocity of the spine and
pendulum for the principal direction will be
determined using the concept of a moving frame.
Filter all response data according to the
requirements of SAE Recommended Practice J211.

The upper abdomen force versus penetration
response has to be within the well-known corridor
provided by Nusholtz et al. (1994).

Figure 29.  Force vs. Penetration

     _Abdomen test 2 is a frontal impact test defined
for the lower abdomen. The impact face of the
pendulum consists of a rigid bar with above defined
dimensions rigidly mounted on the pendulum. The
effective mass of the pendulum should be 32 kg,
impact speed 6.1 m/s for low impact and 10.4 m/s
for high impact speed. The dummy needs to be
position in an upright sitting position, with no back
support and its legs and the arms raised. Impact
point is located at the level of the L3 vertebra.

Two uni-axial accelerometers rigidly mounted on
the impactor with its axis of measurement collinear
with the impact direction. The dummy will be
instrumented with an uni-axial accelerometer
rigidly mounted in the rearward part of the spine
and its measuring axis collinear with impact
direction. Filter all response data according to the
requirements of SAE Recommended Practice J211.

The lower abdomen force versus penetration
response has to be within the well-know corridor
provided by (Cavanaugh et al., 1986).

Figure 30.  Force vs. penetration

     _Abdomen test 3 is a seatbelt-loading test. The
dummy needs to be positioned upright with the legs
outstretched, and will be loaded about the mid
abdominal region (approximately level of the
umbilicus).. The device to achieve seatbelt loading
should provide a peak-loading rate of
approximately 3 m/s and an penetration speed-time
history.

The load versus penetration response should be
within the corridor provided in Figure 31.

Figure 31.  Load vs. Penetration for (Seatbelt
Loading Condition)

     _Abdomen test 4 is a surrogate airbag-loading
test. The device used includes a pneumatic firing
mechanism that accelerates a lightweight
(approximately 1-kg) aluminum impactor
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constructed of welded thin-wall tubing. Face of the
impactor is the sidewall of a 7.6 cm diameter tube
that is 20 cm long.  Impact speed 13 m/s.

The load versus penetration response should be
within the corridor provided in Figure 32.

Figure 32. Load vs. Penetration (Surrogate
Airbag Loading Condition)

Femur/Knee

     _Femur/knee test 1 is a frontal impact test
using a rigid flat face impactor (mass 5 kg,
diameter 75 mm). The dummy needs to be seated
on a rigid surface in front of the pendulum. The
pelvis and the lower torso free to translate rearward
such that no loading will occur on the pelvis due to
the back support. Impact velocity 2.8 and 4.0 m/s.

Instrument the pendulum with one uni-axial
accelerometers. Instrument the femur of the dummy
with a load cell and four tri-axial accelerometers.

The knee impact versus time response, results
femur acceleration versus time response and the
iliac crest versus time response for the impact
velocity of 2.8 m/s conditions should be within the
corridors provided in Figure 33-37.
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Figure 33.  Knee impact force vs. time
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Figure 34.  Femur acceleration vs. time
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Figure 36. Knee impact force vs. time (4.0 m/s)
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Figure 37. Femur Acceleration vs. time (4.0 m/s)

Lower Leg

_Lower leg test 1 is a pendulum impact to
the toe, impact speed 6 m/s. The impactor
comprises of a horizontal cylinder (mass 1.25,
diameter 50 mm) and a lightweight support arm.
The test procedure is based on the EEVC ‘Tibia and
Foot Certification The lower leg is attached via the
knee clevis to a rigid back-plate. The foot is
orientated such that the second metatarsal pointed
vertically upwards, with the ankle maintained at
90° (neutral position).  The line joining the knee
clevis joint and the ankle is horizontal and the sole
of the foot is vertical. The foot is fitted with a 3 mm
thick PVC to represent the sole of a shoe. Laterally
the center of the cylinder is aligned with the axis of
the second metatarsal.

Data are acquired at a sampling frequency of 20
kHz and filtered as recommended in SAE J211/1.
The lower leg is instrumented with a lower and
upper tibial load cell. The impactor is instrumented
with a single axis accelerometer.

For toe impacts at 6 m/s: the pendulum
acceleration, the tibial force and the tibial bending
moment should be within the corridors defined.
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Figure 38. Pendulum Acceleration vs. Time (Toe
Impact)

Figure 39. Tibial Force vs. Time (Toe Impact)

Figure 40.  Bending moment vs. time (Toe
Impact)

_Lower leg test 2 is a pendulum test to the heel,
impact speed 4 m/s. The impactor comprises of a
horizontal cylinder (mass 1.25 kg, diameter 50 mm)
and a lightweight support arm. It is supported by an
adjustable scaffolding structure. The test procedure
and the test set-up are equal to Lower Leg Test 1.
Only the position and the speed of the impactor has
been changed. The EEVC foot certification
procedure defines a height of 62 mm for heel
impacts for a foot length of 265 mm. The height at
which the cylinder impacted the dummy foot, will
be scaled according to overall dummy foot length.
Laterally the center of the cylinder is aligned with
the axis of the second metatarsal.

Data are acquired at a sampling frequency of 20
kHz and filtered as recommended in SAE J211/1.
The lower leg is instrumented with a lower and
upper tibial load cell. The impactor is instrumented
with a single axis accelerometer.

For heel impacts at 4 m/s: the pendulum
acceleration and the tibial force and pendulum force
should be within the corridors defined.

Figure 41. Pendulum acceleration vs time (Heel
Impact)

Figure 42. Tibial Force vs. Time (Heel Impact)



Hynd 1

18th ESV Paper

THE DEVELOPMENT OF AN INJURY CRITERIA FOR AXIAL LOADING TO THE THOR-LX
BASED ON PMHS TESTING

David Hynd
Claire Willis
Adrian Roberts
Richard Lowne
TRL Limited
UK

Richard Hopcroft
Paul Manning
WA Wallace
The University of Nottingham
UK

Paper Number 078

ABSTRACT

Many accident studies have shown that lower leg
injuries are common in frontal impact car accidents.
Of these, injuries to the ankle are the most serious
and the most likely to lead to long-term morbidity.

Fourteen PMHS specimens were impacted using a
new double-impact sled rig that loads the leg in a
realistic, car-equivalent manner. The sled separately
reproduces the vehicle deceleration and footwell
intrusion typically seen in frontal impacts.

The impacts were at a range of foot loading
severities, with a constant-force knee restraint and
Achilles tendon tension applied such as to
reproduce the emergency braking forces found in
simulator studies. Only one impact was applied to
each specimen, which was then examined for injury
by x-ray and necropsy.

The injuries generated were considered to be
representative of those seen in car accidents. Tests
at each severity were then replicated with a THOR-
Lx lower leg and an injury risk curve for the
THOR-Lx is presented.

INTRODUCTION

A number of accident analyses have shown that
very disabling lower leg injuries frequently result
from frontal impacts and that they form a
significant part of the total burden of road traffic
accidents [Pilkey et al., 1994; Otte, 1996; Martin et
al., 1997]. [Pattimore et al., 1991] reported that of
the survivors in frontal accidents in the CCIS
database, the lower limbs were the most frequently
injured body area, with the majority of injuries to
the foot and ankle. For AIS 2 and 3 injuries, the
lower limbs were second only to the head and face.

Airbags have reduced the incidence of severe head
and thorax injuries, but there has not been a
reduction in lower leg injuries [Burgess et al., 1995;
Crandall et al., 1996]. Indeed, some studies have
indicated an increased incidence of lower leg injury
in the presence of an airbag deployment [Owen and
Hynd, 2001].

Axial loading has been identified as the cause of the
majority of impairing injuries to the ankle and hind-
foot [Morris et al., 1997; Sherwood et al., 1999].
Thus the purpose of this work was to investigate the
risk of injury to the foot and ankle under axial
loading in a manner representative of that found in a
frontal car crash. Previous work by our group was
directed towards developing an understanding of
the mechanism of injury of the types of foot and
ankle injury regarded as being the highest priority
for prevention. Priority was assigned from accident
analysis data, not on the basis of injury frequency
but of long-term disability, ascertained by
impairment scoring. The priorities were pilon,
calcaneal and talar neck fractures, as all are difficult
to treat clinically and have a poor outcome [Taylor
et al., 1997]. Calcaneal and pilon fractures are
relatively common and are particularly disabling as
they usually involve disruption of the articular
surface of a weight-bearing joint. Joint cartilage is
not vascularised and biological repair only occurs
by fibrous replacement, so healing is often poor,
resulting in long-term complications such as
infection, malunion and osteoarthritis [Funk et al.,
2001]. Talar neck fractures have similarly poor
outcomes due to the development of avascular
necrosis of the dome of the talus following fracture
at the neck where the only blood supply to the dome
is located.

PMHS (Post Mortem Human Subject) tests by our
group have included the application of concentrated
loads to different parts of the foot of fully restrained
below-knee fresh-frozen specimens via a linear
impactor [McMaster et al., 2000]. Calcaneal, talar
neck and pilon fractures were generated in high-rate
loading conditions. In addition to the impactor load,
the Achilles tendon was tensioned to various loads
as this was expected to affect the threshold for
injury. It was found that the Achilles tension was
significantly higher in the pilon and talar neck
fracture group than in the calcaneus fracture group,
although the BMD (Bone Mineral Density) of the
calcaneus group was lower. Other authors have
indicated that increased Achilles tension reduces the
overall risk of an injury occurring in PMHS tests,
but that it increases the likelihood of pilon fracture
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[Funk et al., 2001]. It is expected that braking or
bracing are likely to be a factor in the majority of
frontal impacts, thus Achilles tension is likely to be
present.

Appropriate injury types were generated and an
understanding of the role of Achilles tension in
injury was developed. However, when the tests
were repeated with a Hybrid III leg, unrealistically
high axial forces were measured [McMaster et al.,
2000]. Forces of this magnitude would not be seen
in a frontal impact vehicle crash because the foot
and leg would have moved away from the loading
surface before such high forces could be generated.
In order to calibrate the dummy leg and derive an
injury risk curve, it was apparent that a more
realistic loading environment would have to be
used. To address this need, a new sled-based test rig
has been designed that allows the foot and leg to be
correctly loaded and to react in a manner
representative of the in-car situation. This paper
presents the design of the sled rig and the test
protocol used, along with the PMHS test
programme and an analysis of the injuries induced.
The tests were then repeated with a THOR-Lx
(GESAC, Inc) to establish an injury risk curve for
foot and ankle injuries to be used with this test
device.

Seven fresh-frozen PMHS specimens were
subjected to a total of ten tests in a pilot programme
to refine and validate the test protocol and 15 fresh-
frozen specimens were subjected to a total of 16
tests in the main test programme. The specimen that
was impacted twice was subjected to a moderate
load in one test that did not allow proper intrusion
of the foot-plate due to equipment failure. It was
then impacted, correctly, a second time, but was
excluded from the injury risk analysis and is not
reported further because the effect of the first
impact on the likelihood of injury in the second
impact was not known

METHOD

Test Configuration

Background

In a frontal impact, the foot and leg are subjected to
a global deceleration phase due to the deceleration
of the vehicle. They are then subjected to a much
higher force due to intrusion of the footwell. During
the first phase of deceleration, the foot is restrained
by the footwell or pedal and the pelvis moves
forward until restrained by the seat belt. This causes
inertial loads to be applied to the leg. The footwell
or pedal intrusion then loads the leg much more
severely. It was considered that the initial inertial
loading could be important in the mechanism of

injuries seen in road traffic accidents as it would
compress the bones of the foot and ankle together
prior to the main loading from the footwell
intrusion. Any bracing or braking effort would be
expected to stiffen further the foot and ankle joints
[McMaster et al., 2000].

Solid body modelling (Madymo) was used to
investigate a number of possible methods of
replicating this in-car loading regime. It was not
possible to reproduce the target pulse satisfactorily
with an impact to a stationary leg. Instead, it was
found to be necessary to reproduce the global
deceleration pulse of the vehicle as well as the
impact pulse to the leg from the footwell. This gave
the inertial as well as impact loading to the leg, and
allowed the leg to react to the impact in a vehicle
realistic manner.

The sled pulse was based on a number of frontal
offset car crash tests with mid-size saloon cars
(Figure 1). This shows a fairly constant 20 g pulse
for 25 ms, followed by a much higher intrusion
pulse, such as to give a peak force of up to 10 kN
over a period of 10 ms. This agrees well with the
form of the pulses reported in Krüger [1994] and
Sakurai [1996].

In order to derive an injury risk curve, tests at injury
and non-injury levels are required. It was decided to
vary the severity of the tests by altering the severity
of the footwell intrusion part of the pulse, while
keeping the vehicle deceleration part of the pulse
constant. This represents different car performances
in the same severity of collision. The pulse given in
Figure 1 represents a high severity impact.

Figure 1. Idealised frontal impact footwell pulse.

Sled Rig

The new sled rig was designed to enable testing of
PMHS limbs at a range of impact severities. The
sled recreates the deceleration profile of an
occupant’s pelvis, with intrusion and limb
displacement relative to the pelvis. The design
specification was modelled on the footwell and
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pelvis recordings from a full-scale crash test using a
standard mid-range car in frontal impact.

The rig consists of an elastic rope (bungee) powered
sled (see Figure 2), firing down a test track,
impacting into an aluminium honeycomb energy
absorber (A). A simulated toe-pan or pedal unit (the
foot-plate - B), mounted on the sled, is caused to
intrude by impacting a second section of aluminium
honeycomb (C). Figure 3 shows the THOR-Lx
mounted on the sled in the same position as the
PMHS specimens. By manipulating the position and
properties of the aluminium honeycomb, the
deceleration, amount of intrusion, and delay
between impacts can be predetermined and
reproduced. The design allows great versatility in
tuning to the desired impact pulse. Impact speeds
range from 7 m.s-1 to 15 m.s-1, generating sled
decelerations ranging from 20 g to 50 g. Toe-pan
accelerations of up to 200 g can be generated with
intrusion capabilities of 0 to 200 mm. Repeat tests
with a Hybrid III leg showed a very high level of
test repeatability (see Figure 4), as did two low

severity pilot tests with the same PMHS specimen
(Figure 5).

Foot-plate Loading Interface

Funk [2001] reported that a number of studies
indicated that localised impacts to the mid-foot
were more likely to generate pilon fractures than
localised loading to the calcaneus. However, they
stated that compressive loading to the calcaneus
was probably ubiquitous in severe frontal crashes.
For this reason, it was suggested that a blunt impact
to the entire plantar surface of the foot would
provide the most realistic loading scenario. This
was contrary to the authors’ experience with
crashed cars, which indicated that local
deformations of the footwell were common and
could be severe, either in magnitude of deformation
(greater than 50 mm) or shape (sharp edges that
could apply very localised loading to the foot).
However, a flat foot-plate would be more
straightforward experimentally and would simplify
interpretation of the loading applied to the foot.

Figure 2. Schematic of sled showing the hip support, femur potting mechanism, Achilles tendon tensioning
system, knee restraint and foot-plate with pedal. The inset shows a frontal view of the knee restraint

system with a plan view of the friction device.
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Figure 3. The THOR-Lx mounted on the sled in the same position as the PMHS specimens.
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Figure 4. Two repeat tests with a Hybrid III leg.
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Figure 5. Two repeat tests with a single PMHS
specimen.

Pilot tests were therefore conducted with a flat
loading surface (no pedal representation) and with
the heel and fore-foot in contact with the plate at
impact. These tests produced injuries to the
calcaneus that were of a type not seen clinically as a
result of road traffic accidents. In each of the
impacts in which this injury type occurred,
examination of the high-speed cinematography
demonstrated that the arch of the foot collapsed as
the load was applied. It should be noted that the
PMHS was not fitted with a shoe, which could help
to maintain the arch of the foot, although a Velbex
rubber sheet, representative of the stiffness of the
sole of a shoe, was placed between the sole of the
foot and the foot-plate. The impacts generated
sufficiently high tension through the plantar fascia
and long plantar ligaments to fracture their

attachment to the antero-inferior cortex of the
calcaneus. The deficiency thus created permitted
extension of the fracture, propagating through the
region of the sinus tarsi, effectively flexing the body
of the calcaneus around the inferior talus. This
represented a failure of the static stabilisers of the
arch of the foot, namely the plantar ligaments and
bony architecture. (In the living human the arch
anatomy would be further supported dynamically,
primarily by the action of tibialis anterior and
tibialis posterior muscles and as a secondary action
of the long flexors of the toes via their tendons.
Without recreating these dynamic forces, the ability
of the arch mechanism to transmit the load from the
forefoot to the hind foot and ankle is severely
restricted.) Thus, these impacts did not recreate
accurately the function of the foot in a dynamic
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setting and the injuries induced were not
representative of those seen in road traffic
accidents. Further pilot tests with a pedal
representation under the ball of the foot yielded the
same injury mechanism.

As a result of the pilot tests, a more direct axial load
application was opted for. A replica brake pedal,
based on the form and dimensions of a Saab 9000
automatic brake pedal, replaced the flat load plate.
The position of the pedal, when the specimen was
mounted, lay at the junction of mid and hind foot in
the arch of the foot, with the lower edge of the
pedal in line with the anterior tibial margin. This
represented the position the foot may take while
braking at the point immediately prior to intrusion
of the foot well. Previous PMHS tests from this
research group have shown this to be the impact
position most likely to induce pilon and talar neck
fractures, in addition to calcaneus fractures
[McMaster et al., 2000]. Another study [Kitagawa
et al., 1998] has shown that impacts in line with or
just anterior to the anterior tibial margin, although
the forces were not as concentrated as in the
McMaster [2000] paper, are likely to cause these
injuries. In addition, high-speed film of the footwell
area in frontal impact car tests was reviewed. This
showed the dummy’s feet sliding forward during
the initial vehicle deceleration phase until stopped
by toe contact with the top of the footwell. This
meant that the pedals were level with the mid-foot
at the time of footwell intrusion and the position of
the foot on the pedal used in these tests can be
considered to be realistic.

Achilles Tendon Load

Previous PMHS work [Manning et al., 1997b;
McMaster et al., 2000] had implemented Achilles
tension, but it had proved to be difficult to connect
to the tendon sufficiently well for the high forces
involved to be sustained. With the test set-up for the
current programme, the time elapsed between
tensioning the tendon and impacting the foot was
much greater than in the previous programmes and
a more robust clamping technique was therefore
required.

A new technique was developed whereby the
tendon was double-clamped. The tendon was
looped through an eyelet at the end of the
tensioning cable and the two parts of the tendon
were clamped together. A second clamp was then
attached to the free end of the tendon just behind
the first clamp. The whole assembly was then
locally frozen using a freezer aerosol. This method
proved to be very reliable and it was possible to
maintain Achilles tension of up to 1.5 kN for over
ten minutes with almost no loss of tension.

The Achilles tension was developed by a
pressurised pneumatic cylinder mounted on the rear
of the sled (D in Figure 1). Tension was applied in
an anatomical direction, with the cable running
inferior to the gastrocnemius. A small uniaxial load
cell was mounted between the cable and the tendon
clamp to measure the Achilles force both when
setting-up the specimen and during the test.

Knee Brace

In addition to the simulation of Achilles tension, a
knee brace was used to simulate the knee extension
forces in pre-impact emergency braking (inset to
Figure 2). The mechanism worked by pulling a strip
of metal through a series of rollers to apply a
constant force to resist hip flexion and thereby resist
rearward motion of the foot. The knee restraint
represented (in combination with the Achilles
tension) the active muscular force in emergency
braking, allowing a controlled movement of the
specimen during impact. This was not equivalent to
the restraint that would be caused by pocketing of
the knee in the dashboard.

Anterior Draw Cable

Several of the specimens in the pilot series were
found to have physiological atrophy or attenuation
of the anterior cruciate ligament together with
varying degrees of degenerative wear of the knee
joint. These conditions resulted in a degree of
instability in the joint. As a result of this instability,
several of the pilot tests exhibited a posterior
subluxation of the femur at the knee joint whilst
setting the Achilles and knee restraint loads. In two
pilot specimens there was complete disruption and
posterior dislocation of the femoral condyles on the
tibia at impact.

To counteract the instability, a static anterior draw
stabilising cable was devised to supplement the
action of the anterior cruciate ligament. A cable was
looped around the exposed upper end of the tibia
and attached to the femur mounting block. The knee
retained a full range of physiological movement in
both flexion-extension and rotation, without
restriction.

Test Procedure

Specimen Selection

This PMHS study had full ethical approval1. The
PMHS specimens were recovered after consent had

1 This research was approved by the Ethical Committees
of the Queen’s Medical Centre, University of
Nottingham, UK, The North Nottinghamshire Health
Ethics committee and the National Ethical Committee of
the British Medical Association.



Hynd 6

been obtained and were treated and stored
according to the SAE adopted protocol for the
preservation of human surrogates for biomechanical
testing [Crandall, 1994]. Screening prior to
recovery excluded donations from individuals who
had a history of previous trauma, long standing
disease or period of prolonged pre-morbid bed rest.
Each specimen was inspected for suitability and
storage damage prior to its acceptance into the
program. Radiological imaging and bone mineral
density, using a Lunar-Expert DXA scanner, were
assessed prior to testing.

Mounting Procedure

The PMHS specimens were recovered as an above
knee amputation with a short (75 mm) femur
section. In order to attach the specimen to the sled,
a new attachment device had to be developed.
Because of the high forces involved, the device
consists of two attachments to the leg (see
Figure 6). The first is a knurled spigot that is
bonded into the medullary cavity of the femur (A on
Figure 6)) in line with the longitudinal axis of the
femur (B. The second attachment is a bar through
the femoral condyles parallel to the axis of the tibio-
femoral joint (C). The two attachments are joined
with an angled framework (D), which is then
attached to the sled via an articulated dummy femur
(E). This attachment method has proved to be very
robust, with only slight loosening of the femur bar
in one of the pilot specimens.

Figure 6. Detail of knee mounting bracket.

A crucial aspect of recreating a realistic impact in
this study is the position of the specimen. The angle
between the tibial axis and the axis of direction of
travel is critical in determining the relative increase
in inertial loading between the first and second
phases of the impact in each test. A survey of seated
drivers in cars was undertaken in order to determine
the range of joint positions and angles. Each driver
was requested to seat him or herself comfortably
according to their usual driving style (position one).

From this initial position, they were then requested
to brake heavily, depressing the brake through its
full excursion (position two). Then, each driver was
positioned as far forward in the seat as possible
until restricted by knee impingement with the
dashboard (position three). Hip height, knee angle,
ankle angle and the angle between the sole of the
foot and the floor of the car were recorded for each
driver in each of the three positions. The
measurements for each driver were repeated in a
range of mid-sized saloon cars. This produced
forty-three different combinations of drivers and
cars.

The position of the specimens was based on the
mean positions of the subjects when braking
heavily. The specimen was mounted to give initial
ankle and knee angles of 90° and 124° respectively
and a hip height above the top of the sled of 240
mm. The hip support system was adjustable to
allow this initial position irrespective of the size of
the specimen. The angle of the sole of the foot
relative to the horizontal was 53° for all tests. This
represented the position of the lower limb under
braking, thus correctly orientating the tibia relative
to the direction of intrusion.

Instrumentation

The sled was instrumented with two uni-axial
accelerometers, mounted on the sled and foot-plate,
as well as a string potentiometer to measure foot-
plate displacement. Data from the accelerometers
was used to tune the two deceleration pulses and to
ensure that the pulses were maintained and
repeatable throughout testing. Sled velocity was
measured using a track-side infra-red timing device.
Three tri-axial load cells were mounted under the
foot, two under the pedal and one under the heel, to
indicate the force exerted by the specimen and to
ensure that the specimen was balanced following
tensioning. Lateral and overhead high-speed cine
cameras (400 frames/sec) were run for two seconds
either side of impact.

A tri-axial accelerometer array was screwed to the
second metatarsal of the foot in a position of best
fit, within the proximal third of the bone. The
alignment was compensated so that the
accelerometers were aligned as they would be in a
THOR-Lx foot, with the x-axis parallel to the
ground. A bi-axial accelerometer was mounted at
the intersection of the distal third and proximal two
thirds of the tibia (the same position as in the
THOR-Lx). This was also adjusted so that the
alignment was the same as for the dummy leg. A
single uni-axial accelerometer was mounted on the
upper tibia, in the z plane on the sulcus behind the
patella tendon attachment. A single uni-axial
accelerometer was mounted on the dummy femur

B

C

D

E

A
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on top of a standard Hybrid III 6-axis load cell,
aligned to the x-axis of the femur.

In addition to this instrumentation, a 5-axis load cell
was implanted into the tibia for each of the first two
pilot specimens. This was undertaken using the
method documented by Manning et al. [1997a].
This was used to determine the relationship between
the force measured under the foot and the force at
the mid-tibia, so that the severity range for the main
test programme could be determined. This load cell
was not used for the main test programme to avoid
disruption of the tibia to maintain a biofidelic limb
mass and stiffness.

Test Protocol

The sled deceleration honeycomb used was
0.276 MPa with a 19 mm cell size, and was 320 mm
wide, 150 mm tall and 600 mm deep. The foot-plate
honeycomb was 1.793 MPa with a cell size 6.35
mm, and was 100 mm tall and 200 mm deep. The
width of the foot-plate honeycomb was varied
between 40 and 200 mm to give the range of foot
impact forces required. Eight elastic cords were
used with a pull-back distance of 5.0 m to give an
impact velocity of approximately 12 ms-1.

The potted specimen was attached to the femur load
cell and the lateral position of the hip joint adjusted
such that the tibia was in line with the direction of
travel and the natural angle of the femur was
preserved. Free flexion and extension at the hip was
maintained.

The slack in the knee brace was then taken up to
pre-load the specimen and the Achilles tendon was
tensioned to 500 N. This gave a combined load
under the foot of approximately 870 N, almost all of
which was applied through the pedal representation.
This is comparable to the pedal forces recorded in
emergency braking simulations in previous work
[Manning et al., 1997b; Palmertz et al., 1998]. The
stability of the foot on the pedal was then checked.
If necessary, the Achilles tension was removed, the
position of the foot on the pedal adjusted and the
loading sequence repeated. Once the position of the
foot was stable under load, the sled was winched
back and the test fired.

Statistical Design

Tests were performed at five impact severities.
These were chosen such that the highest and lowest
severities were likely to be predominantly injury
and non-injury producing, with the middle groups
providing a mixture of injury and non-injury data.
The number of specimens in each group was
unequal as the later tests were allocated to the
moderate severities that the earlier tests had

indicated would have a more uncertain outcome.
This adaptive approach has a greater statistical
power than testing at two severities (expected injury
and non-injury), although there is a greater chance
of it not providing a statistically significant result.
The specimens for each group were randomised
prior to any testing or bone mineral density (BMD)
analysis.

THOR-Lx Tests

The THOR-Lx was tested at the same severities of
impact with the same test configuration as the
PMHS specimens. The knee brace and external
Achilles tension were not used as these represented
active muscle tone that a human would have in a
crash, but which would not be simulated in a crash
test dummy in a full-scale car crash test. The
position of the THOR-Lx foot on the pedal and the
joint angles at the ankle and knee were the same as
for the PMHS tests. The tension of the Achilles
spring cable was adjusted as described in the THOR
user manual.

RESULTS
Table 1 (Appendix 1) shows the physical data for
the PMHS specimens used in this programme. The
mean age of the specimens was 75.8 years (σ 5.2
years - the age of one specimen was not known).
The mean tibia BMD was 0.653 g.cm-2 (σ
0.293 g.cm-2) and the mean large calcaneal BMD
was 0.500 g.cm-2 (σ 0.199 g.cm-2). The results of
the PMHS tests are shown in Table 2 (Appendix 1).
This shows the peak footplate accelerations and the
resulting forces measured under the foot in the
direction of the Z-axis of the tibia, along with a
description of the injuries generated.

The severity of impact (hereafter described in terms
of the width of foot-plate honeycomb used to load
the foot) is shown in Figure 7. The highest severity
(200 mm of foot-plate honeycomb) corresponds
well with the target pulse.

Foot-plate Acceleration for each Test Severity
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Figure 7. Variation of foot-plate deceleration
(test severity) for different widths of foot-plate

honeycomb.
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Figure 8 shows the mean mid-foot and heel forces,
together with the range for each, for moderate
severity tests with 100 mm of foot-plate
honeycomb. It shows that the force applied to the
heel was very low compared to the force applied to
the mid-foot. The ratio of heel to mid-foot force
varied with the test severity, but a minimum of two-
thirds of the force was applied to the mid-foot in all
the tests. The graph also shows the repeatability of
the PMHS tests. The initial load at the mid-foot
(between -10 and 0 ms) is due to the pre-loading
(Achilles tension and knee brace), simulating the
muscular forces in pre-impact braking.

Mean Mid-Foot and Heel Forces for Moderate Severity Tests
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Figure 8. Comparison of mid-foot and heel
forces at tests with 100 mm honeycomb

(moderate severity).

Most of the injuries generated were calcaneus
fractures, although other hard tissue injuries (talar
neck fracture, damage to the anterior margin of the
distal tibial cortex, fracture of the posterior spur of
the talus and damage to the lateral margin of the
articular surface of the talus) and a soft tissue injury
(rupture of the anterior talo-fibular ligament) were
recorded. Some injuries to the proximal tibia, knee
joint and a fracture of the second metatarsal at the
accelerometer mounting point were also identified,
but were not considered as injuries for the definition
of the ankle and foot injury risk curve. Figure 9
shows the injuries to specimen 2-05L, which
included a talar neck fracture and an intra-articular
fracture of the calcaneus. Damage to the distal tibial
cortex in this specimen was not visible on the x-ray,
but became apparent during the necropsy.

Table 3 (Appendix 1) shows the results of the
THOR-Lx tests at the same severities as the PMHS
tests. It shows mean peak forces, moments and
accelerations at each test severity. The repeatability
of the THOR-Lx responses are shown in Figure 10,
which shows the lower tibia Fz for three tests at the
same severity.

Figure 9. Specimen 2-05L - talar neck fracture (green) and intra-articular fracture of the calcaneus (blue).
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Two tests were undertaken with the THOR-Lx with
the force-limited knee restraint as used in the
PMHS tests and two with a flat foot-plate (no pedal
representation) in order to gauge the effect that
these changes had on the THOR-Lx measurements.
The knee restraint was found to increase moderately
the lower tibia Fz, with the effect being greater at
higher foot loading severity (Figure 11). The use of
the pedal representation had little effect on the
lower tibia Fz (Figure 12).

A probit analysis of average THOR-Lx
measurements at each test severity compared with
ankle and foot injuries in PMHS tests at the same
severity was performed. Additional factors such as
BMD were also included in the analysis, but these
did not yield statistically significant results. Only
upper and lower tibial axial force (Fz) yielded
statistically significant relationships with injury.
There was no correlation between specimen
physical characteristics (such as age and mass) and
injury or test severity.

The probability of ankle or foot injury versus
THOR-Lx lower tibial axial load (Fz) is shown in
Figure 13, along with the 95th percentile confidence
limits. The proximity of the lower tibial load cell to
the ankle makes it a logical choice for an injury
criteria for the foot and ankle, even though both
upper and lower THOR-Lx tibial Fz are
significantly correlated with injury and have similar
confidence limits.

THOR-Lx Lower Tibia Force (z-axis)
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Figure 10. Repeatability of the THOR-Lx lower
tibia Fz response in tests with 40 mm

honeycomb.

THOR-Lx Lower Tibia Force (Fz) with and without Knee Restraint
at High Severity (200 mm Honeycomb)
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Figure 11. THOR-Lx lower tibia Fz with and
without knee restraint.

THOR-Lx Lower Tibia Force (Fz) with and without Foot Pedal at
High Severity (200mm Honeycomb)
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Figure 12. THOR-Lx lower tibia Fz with and
without pedal representation.

DISCUSSION

One of the aims of this study was to produce a
series of foot and ankle injuries through axial
loading that would be representative of those
injuries observed in road traffic accidents that lead
to long term impairment. These were primarily
fractures to the os calcis, talus and distal tibia
(pilon). This was achieved with a dual-impact sled
system that reproduced both the vehicle
deceleration phase and the footwell intrusion phase
of a frontal impact. The deceleration pulse and the
load applied to the foot were highly repeatable with
dummy legs and with PMHS specimens.

In preliminary testing, it was demonstrated that
impacts with a flat foot-plate generated injuries not
consistent with those found in accident studies or
seen in clinical practice. High-speed film analysis
of these tests indicated that the foot had flattened
out when loaded, causing tension in the plantar
fascia and the long plantar ligaments. It is thought
that during the impact the tension became
sufficiently high that the attachment of the long
plantar ligament to the antero-inferior cortex of the
calcaneus was fractured. This fracture dramatically
weakened the calcaneus and allowed the impact to
cause further damage to the calcaneus.
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Figure 13. Probability of foot or ankle injury for the THOR-Lx lower tibia Fz.

As a result, the test rig was modified to apply loads
predominantly to the mid-foot, via a representation
of a brake pedal. Full-scale vehicle tests have
shown that the feet of the dummy move forwards
and upwards during the initial vehicle deceleration
phase such that the mid-foot is on the brake pedal at
impact. This is also similar to the foot position
found in studies that have been most successful in
generating talus and pilon fractures [Kitagawa et al.,
1998; McMaster et al., 2000]. However, both of
these used rigidly potted below-knee specimens,
which is not representative of the in-car situation. In
this test programme, using a sled system to
reproduce the vehicle deceleration and footwell
intrusion pulses to an above-knee specimen with
freedom to articulate normally, fractures of the
calcaneus predominate. Whilst clinical studies
report that fractures to the calcaneus commonly
occur, pilon fractures and Lis-franc fracture
dislocations are a significant proportion of foot and
ankle injuries [Morris et al., 1997; Funk et al.,
2001].

All the specimens used were assessed for bone
mineral density by dual-energy X-ray
absorbtiometry (DEXA). Density is a good
predictor of the stiffness of cancellous bone and
subsequently strength, provided the bone is
reasonably uniform [Hodgskinson and Currey,
1993]. Thus, lower failure thresholds for specimens
with low densities can be expected. The average
BMD for the cohort in the present study, with an
average specimen age of 76 years, was lower than
that found in the previous PMHS work by our

group, which had an average specimen age of 68
years. It is not known how the BMD values
compare with the population as BMD
measurements at the sites used are not commonly
taken. However, an injury criterion based on PMHS
tests with an elderly cohort should give a
conservative estimate of the risk of injury to the
population in general.

Two of the specimens fractured at a low threshold
of input loading and they recorded two of the three
lowest mineral densities of the sample. It is difficult
to know how significant these two results are in
such a small series of tests. It is suspected that their
failure was largely a result of the low mineral
density in each. Interestingly although they failed at
a low threshold, the fractures created were of less
clinical significance than those created at higher
peak forces.

The dominance of calcaneus fractures may be
because the bone mineral density of the distal tibia
was higher than that of the calcaneus for this sample
(0.653 g.cm-2 compared with 0.500 g.cm-2). It is
also possible that without recreating the dynamic
support for the arch of the foot, through the action
of all of the muscles that have this function, the role
of the fore-foot under load and its transmission of
that load to the distal tibia is being undervalued.
Previous tests have also indicated that pilon
fractures become more common as impact forces
and Achilles tension increase [McMaster et al.,
2000]. The relatively low impact and Achilles
forces used in some of the current tests may have
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been insufficient to stimulate pilon fractures.
However, a number of injuries to the talus
(including talar neck and articular surface fractures)
and many severe fractures of the articular surface of
the calcaneus were produced. These are associated
with poor outcome and long-term impairment
[Taylor et al., 1997] and are appropriate targets for
prevention using an injury risk criterion. It is
suggested that an injury criterion based
predominantly on calcaneus injury should be
conservative and offer protection from e.g. talus and
pilon fractures.

Injuries to the calcaneus have been attributed to
heel-slap, whereby the heel is not initially in contact
with the footwell but is loaded suddenly and
severely by the intruding footwell during the
impact. Figure 8 shows the mid-foot (pedal) and
heel forces measured in the moderate severity tests
with 100 mm of aluminium honeycomb to load the
foot. A similar pattern was seen in all tests, with a
minimum of two thirds of the total force being
applied to the mid-foot in all tests. No evidence for
heel-slap was found.

Previous work has suggested high forces for injury.
Kitigawa et al. [1998] reported an average failure
load, measured at the distal tibia, was 8.1 kN for
calcaneus fracture and 7.3 kN for pilon fracture.
These tests used a high rate of loading and a rigidly
mounted below-knee specimen that was unable to
move away from the impact. A 50% risk of injury at
an impactor force of 6.8 kN was reported by
Yoganandan et al. [1996]. Again, these used a
rigidly potted below knee specimen, impacted by a
pendulum, but the specimen was attached to a sled
that was able to react to the impact. Funk et al.
[2001] reported the axial loads at an implanted
tibial load cell. The above-knee specimens were
mounted horizontally in a rig with the knee at 90°
and constrained in an adjustable, padded block. This
allowed some movement of the specimen, whilst
allowing sufficiently high forces for injury
generation. The risk of injury for 45 or 65 year-old
males and females was given as a function of the
measured tibial load. The axial force associated
with a 50% risk of injury was as much as 2 kN
higher for a 45 year-old compared to a 65 year-old,
but was less than 4 kN for a 65 year-old female and
approximately 8 kN for a 45 year old male,
assuming no Achilles tension.

None of these results are directly comparable with
the THOR-Lx injury risk curve presented in this
paper as they all give the risk of injury in the
human. However, in our test series the mean peak
foot-plate force for those tests where a serious
injury was induced was 8.6 kN. The data obtained
in this study indicates a 50% risk of serious ankle or
foot injury at a THOR-Lx lower tibial axial force

(Fz) of 4.3 kN. It should be noted that all of the
PMHS specimens in this study were instrumented
such as to preserve the biofidelity of the specimens.

CONCLUSIONS

A sled rig has been developed that is able to load
the lower limb in a manner representative of the
loading in frontal impact car crashes.

The rig has been used to impact fourteen fresh-
frozen PMHS specimens at a range of severities to
investigate the tolerance of the foot and ankle to
axial loading.

A range of injuries has been generated, including
many that have been identified as a priority for
prevention such as calcaneus, talar neck and pilon
fractures.

The injuries have been predominantly intra-articular
fractures, which are difficult to treat clinically and
which are likely to lead to long-term impairment.

The tests have been repeated using a THOR-Lx
advanced lower extremity, which can be retro-fitted
to the existing regulatory frontal impact dummy, the
Hybrid-III.

An injury risk curve for the THOR-Lx, giving the
risk of severe foot or ankle injury for a given lower
tibia axial force (Fz) has been proposed.

A lower tibial axial force (Fz) in the THOR-Lx is
associated with a 50% risk of serious foot or ankle
injury.
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APPENDIX A

Table 1.
PMHS physical data

Specimen
ID

Sex Age
(years)

Mass
(g)

Knee centre
to ankle

center (mm)

Foot
length
(mm)

Heel flesh
depth
(mm)

Tibia
BMD

(g.cm-2)

L Cal
BMD

(g.cm-2)

S Cal
BMD

(g.cm-2)

2-05L F 82 2190 375 217 13 0.549 0.266 0.258

2-04L M 77 3427 418 284 18 0.602 0.468 0.449

2-07L M 68 3860 410 243 18 0.958 0.579 0.545

2-04R M 77 3640 415 272 18 0.726 0.484 0.451

2-01R F * 2362 328 225 11 0.687 0.479 0.44

2-14L M 79 4183 405 263 15 0.999 0.88 0.833

2-12R M 71 3256 415 253 18 0.329 0.515 0.508

2-05R F 82 2146 364 223 16 0.359 0.312 0.306

2-10L M 78 2440 367 229 14 0.212 0.225 0.209

2-10R M 78 2521 370 240 14 0.261 0.251 0.241

2-14R M 79 4421 403 265 16 1.127 0.817 0.762

2-11R M 67 4428 405 262 18 0.994 0.670 0.667

2-01L F * 2323 325 229 13 0.667 0.481 0.476

2-12L M 71 3314 418 248 15 0.669 0.566 0.536

Average 75.8 3179 387 247 16 0.653 0.500 0.447

Std Dev 5.2 846 32 21 2 0.293 0.199 0.188

* Age not known.
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Table 2.
PMHS test results

Specimen
ID

Honeycomb
Width (mm)†

Peak Axial
Foot

Force
(kN)‡

Peak
Foot-plate

Acceleration
(g)

Injury

2-05L 200 10.43 147.2 Comminuted intra-articular fracture calcaneus +
fracture neck and body of talus + damage to anterior
margin of distal tibial cortex and articular margin +
incomplete fracture medial malleolus + comminuted
fracture of lateral malleolus

2-04L 200 11.20 152.7 Intra-articular fracture calcaneus including sinus
tarsi

2-07L 200 11.72 147.7 Comminuted intra-articular fracture calcaneus +
fracture of posterior spur of talus

2-04R 150 9.87 122.6 Intra-articular fracture calcaneus + rupture of
anterior talo-fibular ligament

2-01R 40 4.25 43.1 No injury

2-14L 40 4.58 38.9 No injury

2-12R 70 6.23 73.6 No injury

2-05R 70 5.10 83.5 Comminuted intra-articular fracture calcaneus +
lateral margin of inferior articular surface of talus
damaged

2-10L 70 5.24 90.9 Comminuted intra-articular fracture calcaneus

2-10R 40 3.95 48.8 No injury

2-14R 100 9.59 91.6 No injury

2-11R 100 9.71 112.1 No injury

2-01L 70 6.65 70.3 Fracture posterior spur of the talus + intra-articular
fracture calcaneus + fracture of the proximal pole of
the cuboid

2-12L 70 6.63 68.5 No injury

† Analogous to foot impact severity
‡ Along the axis of the tibia
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Table 3.
THOR-Lx test results

Impact Severity

Low High

Honeycomb
width (mm) 40 70 100 150 200

Number of
tests 4 3 3 3 3

Av. Lower Tibia
Fz (kN) 1.93 3.82 5.09 6.43 6.25

Av. Lower Tibia
Fx (kN) 0.28 0.46 0.72 0.71 0.64

Av. Lower Tibia
My (Nm) 36.9 65.8 100.0 107.5 101.8

Av. Upper Tibia
Fz (kN) 1.23 2.58 3.61 4.59 5.37

Av. Upper Tibia
My (Nm) 29.4 50.2 77.7 86.4 94.9

Av. Lower Tibia
Ax (g) 34.8 62.1 98.1 119.7 120.0

Av. Upper Tibia
Az (g) 45.6 75.0 107.4 120.4 137.8

Av. Foot Az (g) 48.7 82.7 116.7 152.9 229.4

Av. Foot Ax (g) 62.9 104.8 162.9 262.3 358.8
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SIMULATION OF 2-WHEELED RIDER TO CAR ACCIDENT SCENARIOS, USING
AN ADAPTED LS-DYNA PEDESTRIAN HUMANOID.

W.M.McLundie,
School of Engineering,
Cranfield University, UK.
Paper Number 79

ABSTRACT

To provide a foundation for understanding 2-wheeled
accidents in greater detail, a pedestrian finite element
humanoid model developed by Ford is being adapted
to examine 2-wheeled rider to car crash scenarios.
The paper will describe the systematic approach to
construction and correlation of the total system, and
areas of interest that are worthy of further
investigation.

Bicycles and powered two-wheelers are mixing with
increasing numbers of cars and trucks in the
emerging markets of the world. The paper will show
the statistical relevance of 2-wheelers in global
transport terms. Additionally, if you include the
possibility of more people taking to two wheels in the
West (due to issues such as congestion charging), the
potential for a large increase in the already significant
numbers of rider casualties needs to be recognised by
all those involved in road transportation safety. This
paper will discuss the current situation in terms of
available accident statistics for 2-wheelers and the
societal trends that point to the need for more
research in this area.

INTRODUCTION

A World Bank study estimates that by 2020 Road
Traffic Accidents (RTA's) will have moved from 9th

to 3rd in the global table of the burden of disease1.
The total global figure is difficult to calculate
reliably, however one estimate suggests that 1 million
people are killed and between 23-34 million people
are injured every year2. From these 70% of those
killed or injured will be in the developing world, and
out of this proportion the majority are pedestrians,
cyclists or two-wheeled motor vehicle (TWMV)
riders3.

In the developed world, the reduction of death and
injury on the roads has been expedited by improved
trauma care, road infrastructure, legislation and
occupant protection to name but a few, however
approximately 43,000 deaths and 3.5 million injuries
occur in Europe alone. Figures 1 and 2 show the

proportion of killed and injured by road user group
across several countries. It is clear that in countries
with a strongly motorised culture, the majority of
injuries and deaths are still due to vehicle occupant
injuries. Generally pedestrians are the next most
important road user group, however when two-
wheelers are taken as a whole they are statistically
the next most relevant. The paper will describe the
trends in several countries and why two wheelers
should be considered in the West as well as in the
developing world.
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Figure 1 – Fatalities by Road User Group
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Figure 2 – Injuries by Road User Group

With the advance of computer-aided engineering
(CAE) the ability to model accurately both the
vehicle’s, and the occupants’ crash response has
developed greatly in the last 15 years. The use of
dummies, or anthropomorphic test devices, (ATD’s)
for occupant crash correlation purposes has made this
task easier to achieve, by having a specific
‘performance envelope’ to aim for. Obviously it is
impossible to predict the response of every different
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human being, however, these devices when used in
their most complex form give an acceptable
parametric response to an agreed international
standard for a specific test (e.g. side impact).

In the case of pedestrian and other “vulnerable road
user” (VRU) tests, a variety of different dummies
have been used, with differing results. Many have
used HYBRID II or III dummies (used as an
occupant device for frontal impact) as a basis and
then heavily modified the hips, and legs in order to
try and get a more representative kinematic response.
A new-generation dummy used in pedestrian
applications has been developed by Honda and
GESAC4. Called ‘POLAR’ it has a detailed knee
structure, and an on-board data acquisition system
(allowing the dummy to be used in a test and the
result not be affected by cables attached to
transducers). As for motorcyclists, some work in the
UK at TRL has used the OPAT dummy, however in
order to achieve a much better biofidelic correlation,
compared to existing occupant devices, the IMMA
(International Motorcycle Manufacturers
Association) funded a research programme5 that has
produced the Motorcyclist Anthropomorphic Test
Dummy (MATD). This is based on a HYBRID III
dummy, but has some important adaptations
including handlebar-grasping hands, a curved lumbar
spine section (in order to get a realistic rider position)
and an on-board data acquisition system (similar to
the POLAR dummy).

Work has been undertaken by TNO to look
specifically at cyclist injuries using HYBRID II 50%-
ile dummies, which showed that when compared to
tests on cadavers, the dummies showed significantly
less flexibility in the lateral plane6.

Underlying the use of all present dummies for
modelling VRU’s is their inability to give an
accurately repeatable result in a given vehicle impact
test regime. For this reason the decision was made to
move to a series of independent impactors for
pedestrian safety. In the WG107 and WG178 reports
produced by EEVC, full details are given of these
impactors and the parameters that vehicles should
achieve to mitigate injury at head and leg speeds of
40 kph. Cyclists were also included as a target group
of vulnerable road users, in this new set of standards
aimed at improving pedestrian safety.

The aim of this paper is to discuss the issues
surrounding the decision to specifically examine two-
wheelers as a subject for accident simulation and
suggest some reasons why this global accident
population will grow in the longer-term.

The paper will go on to discuss simulation methods
used in accidents involving vulnerable road users
(VRU’s), and the initial progress in accident
simulation for 2-wheelers using LS-DYNA, in terms
of approach, method, results and conclusions.

ACCIDENT AND INJURY TRENDS

Vehicle occupant statistics, particularly in the
Western world, are increasingly more reliable year on
year, with better detail to an agreed international
standard. For instance, a road traffic accident fatality
in the EU varied depending on the home country’s
definition of how long the injured party survived the
accident9

Data for two-wheeled riders is variable depending on
the country and due to the nature of the vehicle. For
instance in some countries, cyclist accident data is
included with that of pedestrian. Additionally,
because the accident scene is easier to clear than that
of the likes of a car to car accident, a great deal of
information can be lost from the accident location.
Measures have been taken by industry to improve the
understanding of these events, such as IMPAIR in
Germany10, or 'On The Spot’ Investigations
sponsored by the UK Department of Transport, Local
Government and the Regions (DTLR). However, the
best way in the future for mapping the exact
causation and effect of such crashes may be through
the use of inner-city CCTV cameras, suitably de-
sensitised by government authorities, for research
purposes.

Fatalities

From Figure 3, it is interesting to note that the
European average in particular, pedestrian fatalities
are declining at a rapid rate, even without any attempt
to introduce more 'pedestrian friendly' designs for
road vehicles. Even in the rest of the developed world
this trend is still downwards overall. This is possibly
due to better road infrastructure and improved
management of traffic in built up areas.

Figure 4, however, shows a different picture – cyclist
fatalities in the West do have a generally downward
trend over the last few years, but the rate of decline is
nowhere near that of pedestrians. In the case of the
UK, if you also include the fact that the cycling
riding populations have diminished

As far as TWMV's are concerned, Figure 6 shows the
trend has been downward until recently when the
fatality rate has either flatten or risen slightly. This is
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particularly marked in the case of the US where
pressure groups in several states (e.g. Arkansas) have
repealed state laws enforcing helmet use.

Pedestrian Fatalities 1979-2000 (IRTAD)
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Figure 3 – Pedestrian Fatalities 1979-2000
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Figure 4 – Pedestrian Injuries 1979-2000
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Figure 5 – Cyclist Fatalities 1979-2000
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Figure 6 – Cyclist Injuries 1980-1999
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Figure 7 – TWMV Fatalities

Two-Wheeled Motor Vehicle Rider Injuries
1980-2000 (IRTAD)
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Figure 8 – TWMV Injuries

Injuries

In the pedestrian case, the trend is relatively flat in
the West, and in fact there has been a slight increase
in Japan over the last few years. Generally on average
in Europe the trend is downwards.

The most interesting results of all these graphs is that
for cyclist injury. It would appear that not only the
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total numbers of injuries are higher, but also the trend
is flat at best and at worst (in the case of Japan) the
rate of injuries is increasing dramatically. Clearly this
is a worrying trend, and requires more investigation
to discover the underlying reasons.

For powered two-wheelers, there is even more
attention to address the lack of data, such that a
European project called MAIDS (Motorcycle
Accident In-Depth Study) is currently underway, and
is already yielding some very useful data11.

Although the lack of substantial information for two-
wheeled accidents is a recognised problem that is
being addressed in the west, the problem is more
acute in developing countries. In particular, most
developing countries use a large proportion of
powered two-wheelers (motorbikes and mopeds) as
well as bicycles as a major means of mass
transportation. As their economies expand, and
personal incomes increase, more of the population
will move towards improved individual transport
methods. By the time this occurs in large volumes, it
is likely that traditional fossil-fuel driven vehicles
may be superceded with new more environmentally-
friendly powerplants. The future mix of vehicles will
still have a high percentage of two-wheelers in the
developing world, (e.g. in China there is an estimated
450 million bicycles in use).

TYPICAL CRASH TYPES FOR CYCLISTS

The basis for simulation has to be based on real-
world accident scenarios. Some studies have been
undertaken in some detail from Western countries to
understand which orientations (in terms of cyclist to
passenger car or truck), are the most common. The
results of these are shown in Table 1in Appendix 1.

As can be seen junction-type crashes are the most
common, according to these studies, however it can
be noticed that there is a significant difference in the
types of crashes experienced between motorcyclists
and cyclists. In addition the data from DEKRA12

suggests that greater than or equal to 57% of all
accidents take place at speeds up to 40kph. On this
basis it would seem reasonable to concentrate
initially on CAE simulation of side collisions for
cyclists.

A great deal more understanding has been gained
from investigation of motorcycle crashes. This
culminated in the ISO standard ISO1323213 Although
this is relevant for all two-wheelers, as can be seen
from above, the reality for cyclists is different from
those of mopeds and motorcycles. Many of the

methods developed within the standard are still
applicable to cyclists and will be used accordingly.

Draft Adaptation of ISO 13232 For Cyclists

It is for this reason that an adaptation to the ISO
13232 standard is proposed to examine bicycle to
vehicle impacts, as can be seen in Appendix 2, Figure
10. This is still at a draft stage, as more detail needs
to be addressed in terms of vehicle speeds, however
taking the pedestrian studies as a template where the
'average' collision takes place at 40kph, this seems
justifiable as an initial basis for research and will be
refined in due course.

HUMANOID SIMULATION

The humanoid model used in the simulation has been
developed by Cranfield Impact Centre under a Ford
contract14 specifically for use in determining the real-
world effects of devices developed to improve
pedestrian safety. It is an LS-DYNA model using
elements from HYBRID III and EuroSID crash
dummies, and heavily modified to give the best
possible biofidelic performance (within reasonable
run-times). The material models were adapted to as
real-world a response as possible by using cadaver
data from published papers by Ishikawa15 et al.

In addition, the humanoid can be adapted into any
size or ethnic group by manipulating the 50%-ile
‘reference model’ by changing the regression
equations in the ‘GEBOD’ model16. For the purposes
of this initial study, a male 50%-ile humanoid will be
used as standard.

Most simulation of cyclist and motorcyclist accident
scenarios have been developed using rigid-body
methods (TNO’s MADYMO routine in particular).
This is an effective method to give a parametric
appraisal of the crash kinematics (particularly when
dummies have been used in a physical crash test),
however, when examining injury criteria, it has been
shown that a more complex FE model will provide
better biofidelic response in a complex crash case.

Results from the pedestrian use of the model have
been very promising, and it is hoped that further
development of this technique will yield a useful
design tool for examining real-world crash scenarios
when new deployable technologies become available.
The next step on from this is to examine how two-
wheeled crash events can be mitigated. It is hoped in
both cases that suitable real-world accidents can be
found that allow the model to be correlated.
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Vehicle Model

This is a mid-size family car model, as developed by
Howard17 , as part of the on-going development work
on pedestrian safety. Clearly the effect of geometry
on the crash event is a major factor in the results
obtained, however it was chosen to keep to this
vehicle, as this is a fully validated model for
pedestrian collisions at 40kph and is equally
applicable to the two-wheeler scenarios examined.

Individual components on the front of the vehicle are
modelled in detail and have been correlated to
individual impact tests aimed at pedestrian impact
speeds (40kph). It should be noted that the remainder
of the vehicle is modelled as a rigid item to reduce
processing time and model complexity.

An *INITIAL_VELOCITY card is used to provide
the 40kph vehicle speed, however a
*RIGID_BODY_MOTION card attached to the rigid
part at the rear of the vehicle provides a 1G
deceleration to simulate heavy braking.

Bicycle Model

Adaptation of the model began by creating the basic
geometry of a using a mountain bike that is generally
representative of those seen on the roads in the UK.
The geometry is based on a commercially-available
mountain bike, as shown in Figure 9.

The model was created with revolute joints in the
stock, and pedals. Materials cards in the DYNA
keyword file were used that replicate the materials
used in construction. Rigid elements were used in the
fork support bracket, and the pedals. The tyres and
rims were modelled using a generic steel card (since
the rims have the largest effect on the structure), and
the spokes were modelled using springs.

Impact tests on bicycle frames are planned in order to
correlate the model, however, experience has been
used to apply the correct material cards to the
structure in the first instance.

Adaptation of the humanoid

For the initial set of simulation runs, a 50th percentile
male humanoid was taken as a basis for the study. By
using an anthropomorphic mannequin, an assessment
of the correct joint angles was taken in the position
shown in Figure 9. The orientation of the humanoid
on the bicycle was adapted to suit a reasonable riding
position.

Figure 9. Adapted Humanoid and Bicycle FE
Model.

A *LOAD_BODY_Z card is used in the input deck
to allow the humanoid to “settle” into the required
position on the bike. The time it takes for this to
occur is around 10ms, and therefore the distance
between the vehicle and the first impact point (leg to
bumper) is then calculated according to the speed at
impact (i.e. 40kph is equivalent to 111mm). The
combined bike and humanoid model is then placed at
the correct distance according to the speed of the
vehicle.

Initial Results

Over the next few months, it will be possible to
examine the main accident scenarios involving pedal
cycles and cars, using the combined LS-DYNA
models, as shown. For the purposes of this paper, a
single preliminary scenario will be shown for clarity.

Figure 11 in Appendix 3 is a side crash at 40kph onto
the front of the vehicle, with the cyclist stationary in
front of the vehicle.

The overall kinematic performance is reasonable
when compared to the cadaver tests undertaken by
Janssen et al5, however more development is needed
to improve both the bicycle and the humanoid. In
particular, the rigid foot on the humanoid deforms the
bicycle frame unrealistically, which may lead to a
slightly different kinematic effect and therefore
influence the results. More details need to be
gathered from real-life incidents to see if the
deformation of the bicycle or the vehicle is accurate.
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In more detail, the model shows the right leg being
trapped within the structure of the bicycle frame and
the rest of the body impacting the windscreen /
bonnet. The head strikes in the upper centre of the
windscreen.

CONCLUSIONS

The global trend of accident data seems to point
towards the developing world taking an ever-greater
share of the cost both in physical and financial terms
for road traffic accidents. Indeed as more vehicle
types become limited in inner-cities in the West
(particularly Europe), it is highly likely that there will
be a higher proportion of cyclists on the roads in
highly-motorised countries as well.

The role of two wheeled riders in highly-motorised
and developing transport systems needs more
detailed analysis. Even with future segregation of
cyclists from motorised vehicles, crossing points and
junctions will always prove to be a problem. The
underlying data is still patchy and although it is
improving, there is still a lack of detailed information
(which, for instance, the motorcycling community is
addressing through the MAIDS project), other than
studies in the Netherlands.

As computer processing power improves each year it
is possible to make more detailed models that run in a
reasonable time. Through correlation of these models
it should be possible to get improved design solutions
for safety devices both on vehicles and also worn by
the rider.

Research needs to be aimed at cyclists specifically, in
order to account for the different circumstances that
occur in an impact compared to pedestrians. It is
hoped that this work will provide a basis for future
work within the scope of the author’s PhD –
particularly for children and investigation of the
effect of cycle helmets.
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APPENDIX 1

Table 1. Rider impact orientation
Source Front

Collision
Side
Collision

Side Swipe
Collision

Rear
Collision

Falling
Down

Others

For Motorcycles
BMW12 42% 4% 18% 2% 10% 24%
For Cyclists
DEKRA 20% 59% - 21% - -

APPENDIX 2

Direction of travel

Config 1 2 3 4
VOV 40kph 40 kph 40 kph 0 kph
VPB 0kph 0 kph 15 kph 20 kph
VOV = Velocity of other vehicle
VPB = Velocity of pedal bicycle

Figure 10 – Draft proposal for the adaptation of ISO 13232 for cyclists

APPENDIX 3
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Figure 11 – Side view of car to bicycle accident at 40kph.
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ABSTRACT

Designers of frontal car structures are faced with
conflicting requirements of the full, offset, severe and
moderate crashes. These conflicts impose a trade off
between stiff structure to reduce intrusion and softer
structures to prevent violating the G-limit of the
passenger compartment. Requirements for smart
structures to adapt to various crash conditions have
been demonstrated.

This research seeks to extend the deformation
properties of the frontal structure by introducing
‘hydraulic smart structures’ within the front part of
the main longitudinal members. This allows the smart
structure to increase its energy absorption capacity,
change its deformation properties and adapt to
varying collision conditions.

It is shown that Smart Structures is capable of
reducing agressivity of large vehicles towards small
cars. It is also shown that Smart Structures provides
further protection to the occupants incase of more
severe crashes. A Smart Vehicle involved in head-on
collision with standard passive vehicle produces
significantly lower intrusions than that of the partner
passive vehicle. Smart Structures proved superior to
the traditional passive structures by absorbing more
energy for the same crush zone distance, speed
sensitive and controllable structure.

INTRODUCTION

Fatal or serious injuries inflicted in frontal crashes
have been the focus of the research community for
decades. This has been the case because frontal
collisions represent the majority of real world crashes
involving occupants with fatal or serious injuries.
The problem is further exacerbated with severe
frontal impacts due to higher impact speeds, offset
impacts and agressivity of large vehicles towards
smaller cars.

Occupants of small cars risk more severe injuries
than those of larger vehicles when involved the two
incompatible cars are involved in head-on collision.
The occupants of the small car see more severe crash
than with larger vehicles of higher mass and stiffer
frontal structure. Offset crashes are other type of
crashes that usually result in more critical injuries.
Crash type and severity are two major and critical
parameters behind higher injury risks resulting from
frontal crashes.

Design compromise is often necessary to cope with
conflicting requirements of broad crash conditions
mainly in terms of crash type and severity. To
optimize crash performance in these cases frontal
structure need to adapt to crash conditions. Ideally,
stiffer structure is required on the impact side or with
severe crashes, and softer structure on the other side
or with moderate crashes.

The ideal material needs to have controllable yield
characteristics in order to adapt to changing impact
speed and type. The ideal structure for frontal
collisions needs to maximize the deformation zone,
and adapt to impact conditions by stiffening at severe
impacts and softening otherwise. Smart hydraulic
structures are proposed to meet these ideal
requirements. Full simulations of various scenarios of
frontal head-on crashes were investigated. Significant
reduction in the intrusion injury risk is expected with
the integral use of “Smart structures” within the front
part of the longitudinal members of the smart vehicle.
The simulation investigations covered variation of
crash severity in terms of mass, speed and overlap
ratio incase of offset crashes.

The above requirements set the need to optimize the
energy absorbing rails so that they perform under all
crash conditions. Using passive structures,
optimization is proved to be only possible under
specific crash conditions[12] . Smart Structures that
has the controllable yield characteristics and crash
length that can adapt to crash conditions offer a
better potential for optimized crash performance
under broad crash conditions. Earlier attempts to
employ hydraulic structure in vehicle front end was
doomed to failure because of attempting to replace
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the two longitudinals completely with old technology
resulting in high penalty of added mass and space[15].

A novel system of Smart Structures is introduced to
support the function of the existing passive structure.
The proposed Smart Structures consist of two
independently controlled hydraulic cylinders
integrated with the front-end rails. Smart Structures
proved superior to the traditional passive structures
by absorbing more energy for the same crush zone
distance, stiffening the impacted side and stiffening
the structure at more severe impacts. The results are
reduced injuries for severe crashes and structurally
in-compatible crashes while maintaining the
permitted G-level.

Deployable Smart Structures have not been
considered in this paper as this scenario was covered
in previous publication (9).

CRASH COMPATIBILITY

Mass and stiffness incompatibility are major
parameters behind the higher injury risks of
occupants of smaller cars when involved in head-on
collision with larger vehicles. There is not much that
can be done about mass incompatibility apart from
designing for geometric compatibility. The solution
does not lie in the small car design, but in the larger
vehicle design by reducing its aggressivity towards
smaller cars. Stiffness agressivity of the larger
vehicle may be reduced by softer primary stiffness
with longer crumple zone [8] . Fixing primary frontal
structure of heavy vehicles with soft stiffness is not a
viable option. Soft primary frontal structure in heavy
vehicles can only be viable with adaptable structure
to adjust crush characteristics to suit crash conditions
and improve compatibility with smaller cars.

Smart Structures can detect crash severity in case of
incompatible impact and adapt its deformation
characteristics to the instantaneous crash conditions,
thus maximizing energy absorption within allowable
G-levels. This will effectively shape the crash pulse
so that the smart structure stiffens at a slower rate
with small partner vehicle than the case with larger
partner vehicle.

CRASH SEVERITY

Crash severity is characterized by higher energy
absorption. This is usually either due to higher
impact speed or partial overlap offset impacts where
energy absorption is concentrated on one side of the
car, the impacted side. Excessive intrusion and higher
risk of injuries result from offset crashes. Structural
reinforcement has been used to control intrusion in a
soft offset impact without raising any concern of
exceeding passenger compartment pulse requirement
[1]. These constraints impose a trade-off solution
between full and offset crash requirements, thus,
making an adaptive solution an absolute necessity to
optimize performance in both full and offset crashes.

As conventional passive structures have fixed
deformation characteristics, impacted side and non-
impacted, sever crash and non-sever crash are
expected to offer the same crush behavior. Smart
Structures can adapt its deformation characteristics to
crash conditions and thus optimse energy absorption
within allowable G-limits. This will effectively shape
the crash pulse according to crash conditions and
thus reduce injury risks to occupants. The shaping
process requires thorough understanding of the
relationships between biomechanics of collision
injury, the crash pulse and the deformation
characteristics of the vehicle structure (3).

SMART STRUCTURES

Smart Structure is a term used to denote a
structure that can adapt its deformation
characteristics to impact conditions. This is best
achieved by use of hydraulic devices utilizing liquid
jet flow through orifice. The basic idea was first
tested by Rupp(7) in 1974. Rupp utilized hydraulic
buffers to obtain velocity-sensitive force-deflection
characteristics. Crush distance in excess of that
provided by the hydraulic buffers was provided by a
crushable passive structure supporting the buffers.
Rupp’s study was aiming at mitigating high-speed
frontal impacts. Five different strokes were used
ranging from 9” to 16”. Rupp concluded that the 14”
buffer was the preferred configuration for a 45 mph
frontal impact.

This is the actual control of the Smart Structures in
order to optimize its response to the particular crash
condition. An intelligent control is required to vary
the dynamic/stiffness characteristics to adapt to all
possible collision circumstances. Smart Structures
can achieve these adaptive deformation
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characteristics by integrating a hydraulic cylinder and
a piston with each of the front part of the longitudinal
lower rails of the structure.

The proposed Smart Structures consist of two
independently controlled hydraulic cylinders
packaged in the front section of the longitudinal rails.
The hydraulic cylinder walls can be crushable to
facilitate hybrid front structure system combining
passive and smart structures. Smart Structures proved
superior to the traditional passive structures by
absorbing more energy for the same crush zone
distance, stiffening the impacted side and stiffening
the structure at high-speed impacts.

SIMULATION MODEL

Ten degrees of freedom spring mass model of two
head-on colliding vehicles was developed. Each
vehicle in the model includes center mass,
engine/transmission mass and the body mass. One of
the vehicles has conventional primary and secondary
spring stiffness, while the second car includes hybrid
smart/passive primary stiffness and conventional
spring secondary stiffness. The model allows
adjustable partial overlap and assumes axial
movement of the vehicle’s body. A schematic
configuration of the model is shown in Figure 1.

Figure 1, Schematic diagram of the simulation
model of offset head-on crash

Ten second-order differential equations were solved
to simulate head-on crashes involving smart
structures. The input parameters considered in the
simulation are:
1. Speed of both vehicles
2. Offset overlap ratio of the crash
3. Mass of the two colliding vehicles

The model is capable of capturing deformation
displacement of the front and backup rail at the

impacted and non-impacted sides independently. The
model assumes that the two colliding structures
geometrically interact with each other. The front-end
structure deformation characteristics are represented
by a Smart Structure on the primary structure (front
of engine block) and a simplified trapezoid for the
secondary structure (rear of engine ).

INJURY RISK CRITERIA

The main injury criterion of interest in this
research is the intrusion criterion. Other injury
criteria have been considered like acceleration level
of the passenger compartment. Various criteria have
been used by different researchers [11],[13] depending
on the required accuracy and application. These
criteria range from simplified one based on the crush
dynamics to sophisticated criteria involving
occupant’s dynamics. This work does not simulate
occupant’s dynamics, thus the criteria must be readily
available in the simulation model.
Two criteria have been identified as most relevant for
this purpose:
i) Intrusion injury criterion measured as the
maximum length of deformation sustained by the
secondary part of the rail.
ii) Acceleration injury criterion measured as the
average dynamic acceleration pulse sustained by
the passenger compartment during the crash.

SIMULATION RESULTS

Two sets of simulation runs involving two
vehicles in head-on collision are used to compare
results. The first set uses ‘smart’ vehicle fitted with
Smart Structures for vehicle 1, while the second
vehicle uses ‘standard’ vehicle fitted with passive
structure for vehicle 2. The second set uses two
identical ‘standard’ vehicles with passive structures.

The objectives of this approach are to compare the
results of the two sets and assess the performance of
adopting Smart Structures in the first test compared
with that of conventional passive structure.
Each test results have three curves in one figure:
1. Curve 1: parameter of smart vehicle in

collision with standard vehicle - suffix 1. This
curve indicates the actual performance of
Smart Structures when compared to curve 3.

2. Curve 2: parameter of standard vehicle in
collision with smart vehicle - suffix 2. This
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curve is presented to indicate any
aggressivity of the smart vehicle upon its
partner vehicle.

3. Curve 3: parameter of standard vehicle in
collision with standard vehicle - suffixes 01,
02. This curve is presented as a reference for
comparison with curve 1.

PROTECTING SMALL CARS

Occupants of smaller cars are disadvantaged when
involved in head-on collision with larger vehicles.
Fundamental issues of Mass/stiffness incompatibility
prevent any solution in terms of the structural design
of the small car. Smart structures fitted to the partner
large vehicle involved with small car in head-on
collision offer a potential solution. Figures 2,3 show
simulation results of two head-on impacts. The first
is large vehicle with smart structure and stiff control
versus small car with conventional structure. The
second is the same large vehicle but with
conventional structure versus the same small car.

acceleration injury criterion
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Figure 2, Average acceleration signature

Mass: 12,000 kg versus 1500 kg. Speed 30 mph

Figure 2 shows results of the impact using Occupants
compartment acceleration as injury criterion. No
improvement is clearly demonstrated.
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Figure 3, Secondary rail displacement

Mass: 12,000 kg versus 1500 kg. Speed 30 mph

A clear improvement in intrusion injury risk
displacement is demonstrated in Figure 3.

Figure 4 is a repeat of the same test shown in figure
3, but using softer control of the smart structure. A
slightly improved intrusion injury risk is indicated.
The acceleration criterion is not shown as it offered
no change compared with that indicated in Figure 2.
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Figure 4, Secondary rail displacement

Mass: 12,000 kg versus 1500 kg. Speed 30 mph

SEVERE CRASHES – HIGH SPEED

As the Smart structure is speed sensitive, its
response presents ideal solution to severe crashes.
Crash severity conditions was investigated with 35
mph and 40 mph collision speeds using head on
collision between smart vehicle and conventional
vehicle in comparison to another collision of two
identical conventional vehicles.

Figure 5 shows results for acceleration criterion
indicating a clear instantaneous response to speed at
first contact with a peak of 30g settling down to an
average of 25 g. This peak may be shaped or even
eliminated by applying more sophisticated control of
the orifice. Once again the average acceleration show
no particular advantage of smart structures.
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Figure 5, Average acceleration signature

Mass: 1500 kg versus 1500 kg. Speed 35 mph.
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Figure 6 shows results for intrusion injury criterion
indicating a clear reduction in the secondary rail
deformation of the smart vehicle.
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Figure 6, Secondary rail displacement

Mass: 1500 kg versus 1500 kg. Speed 35 mph

Figures 7,8 show results for both acceleration
intrusion injury criteria respectively. These tests are
repeats of Figures 5, 6 but with higher impact speed
of 40 mph. Figure 7 indicates a more severe peak due
to higher impact speed. Figure 8 shows greater
reduction in the secondary rail deformation of the
smart vehicle.
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Figure 7, Average acceleration signature

Mass: 1500 kg versus 1500 kg. Speed 40 mph.

in trusion injury criterion

-50

0
50

100
150

200

250
300

350

0 20 40 60 80 100
tim e (m s)

se
co

n
d

ar
y

ra
il

d
is

p
la

ce
m

en
t

(m
m

)

c li1 c li2 c li01

Figure 8, Secondary rail displacement

Mass: 1500 kg versus 1500 kg. Speed 40 mph

The impact of collision speed on intrusion injury risk
is far greater than that of acceleration injury criterion.
This is mainly because of the sensitivity of Smart
Structure to speed. As evident from Figures 6, 8 the
secondary deformation of standard passive vehicles
colliding against each other increases from 200 mm
to 330 mm when the collision speed is increased from
35 mph to 40 mph. In the case of smart vehicle
colliding against ‘passive’ vehicle the secondary
deformation of the smart vehicle increases from 110
mm to 140 mm. This amounts to about 50% of
improvements, when averaging intrusion in smart and
standard vehicles, in secondary deformation distance
at high collision speeds.

SEVERE CRASHES - OFFSET

Crash severity is most crucial on the impacted
side of an offset crash. The impacted side of an offset
crash takes provide a path to most of the impact load.
Many simulations were carried out to test response of
the smart structures to offset crashes at various crash
conditions particularly impact speed. One sample of
offset crash simulation results is presented here.

Figures 9 and 10 show acceleration signature and
intrusion injury displacement of a 30 mph set of
offset impacts using soft smart hydraulic control. The
overlap ratio was taken to be 60%. The acceleration
pulse of the Smart Vehicle shown in Figure 9
presents no blip in the acceleration of the smart
vehicle because of moderate speed and soft control.
The average accelerations show no difference
between the smart vehicle and conventional vehicle.
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Figure 9, Average acceleration signature (offset)

Mass: 1500 kg versus 1500 kg. Speed 30 mph

The intrusion injury displacement shown in Figure 10
indicates clear reduction in intrusion displacement
from 180 mm to 130 mm. This reduction in intrusion
of the impacted side of the smart vehicle is made by
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stiffening the impacted side, thus diverting the load
path towards the non-impacted side.
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Figure 10, Secondary rail displacement (offset)

Mass: 1500 kg versus 1500 kg. Speed 30 mph

Figures 11 and 12 show acceleration signature and
intrusion injury displacement of a 35 mph set of
offset impacts using the same soft smart hydraulic
control as in Figures 9, 10. The overlap ratio was
taken to be 60% again. The acceleration pulse of the
Smart Vehicle shown in Figure 11 indicates very
small blip in the acceleration of the Smart Vehicle
due to higher impact speed. This is well within the
simulation limit.
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Figure 11, Average acceleration signature (offset)
Mass: 1500 kg versus 1500 kg. Speed 35 mph

The intrusion injury displacement shown in Figure 12
indicates a clear reduction in intrusion displacement
from 300 mm to 180 mm. The corresponding
reduction of intrusion injury at 30 mph is from 180
mm to 130 mm as shown in Figure 10. This amounts
to about 50% of improvements, when averaging
intrusion in smart and standard vehicles at both
impact speeds.
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Figure 12, Secondary rail displacement (offset)

Mass: 1500 kg versus 1500 kg. Speed 35 mph

DISCUSSION

The superiority of “ hydraulic smart structures” over
passive structures is based on three fundamental
characteristics of the “ hydraulic smart structures”:

1. Energy absorption capacity
2. Speed sensitivity
3. Load controllability

1. Energy absorption

The ability of “Smart Structures” to use more
distance available for crush, which is otherwise
occupied by the folded material of the passive
structure, makes it higher capacity of energy
absorption than passive structures. This feature is
clearly demonstrated by noting the lower intrusion
displacement of the “smart vehicle” compared with
that of the “standard vehicle”. The reason behind this
reduction in intrusion is that the front hydraulic
section absorbs higher proportion of the impact
energy leaving the backup section of the structure to
absorb less energy and produce lower intrusion.

2. Speed sensitivity

As shown in Figures 5, 6, 7 and 8, the collapse load
of Smart Structure is speed sensitive. The load is
expected to increase proportional to the square of the
impact speed. This feature is very important with
offset crashes where the impacted side suffers higher
local collision speed than the non-impacted side. The
implication in an offset frontal impact scenario is that
the impacted side produces higher resistance or
collapse load than the non-impacted side. The results
are diverted load path to the non-impacted side and
lower intrusion of the impacted side.
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3. Controllability of “SMART STRUCTURES”

The Smart Structure is controlled by orifice(s) of
adjustable sizes. The smart features are introduced
due to adjustment of orifice size as a function of
deformation distance and/or time, pressure or other
relevant parameters. The results is tailored or shaped
deformation characteristics of the Smart Structure
according to crash conditions or scenario. The
function of the orifice size in terms of the
deformation distance can be tailored to any particular
application. For the purpose of demonstrating the
principle of controllability, a straight-line orifice
variation with crush deformation distance has been
assumed in this investigation. The initial total orifice
size was assumed to be 500 mm2 and dropping down
at a rate of 0.6 mm2 per 1.0 mm of deformation
distance for soft control, and 1.2 mm2 per 1.0 mm of
deformation distance for stiff control. This variation
of orifice size with deformation distance must clearly
be optimized to conceivably produce a fine-tuned
deformation curve. No such optimization is
attempted in this paper. This is the subject of further
research in this area.

CONCLUSIONS

It is shown that Smart Structures employing two
hydraulic cylinders integrated within the front
longitudinal members is capable of reducing
agressivity of large vehicles towards small cars. It is
also shown that Smart Structures provides further
protection to the occupants incase of more severe
crashes. A Smart Vehicle involved in head-on
collision with standard passive vehicle produces
significantly lower intrusions than that of the partner
passive vehicle.

These objectives are achieved because of three
fundamental features of Smart Structures:

• Absorbing more impact energy for the same
crush distance and for the same maximum
load level compared with passive structures.

• Speed sensitivity of the Smart Structures
• Controllability of the Smart Structures
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ABSTRACT

The purpose of this study was to determine the
incidence of eye injuries resulting from frontal
automobile crashes and discuss the relevant injury
mechanisms. In order to determine eye injury
incidence, cases in NASS were selected from the
years 1993 through 1999 that include drivers and
front seat occupants only, while excluding ejected
occupants and rollovers. In addition, only frontal
impacts were considered, which are defined as
having a primary direction of force (PDOF) of 11, 12,
or 1 o’clock. The analysis included 10,770,828 front
seat occupants from 22,236 cases for the years 1993
through 1999. An analysis of the cases indicates that
3.1% of occupants exposed to an airbag deployment
sustained an eye injury, compared to 2.0% of those
occupants not exposed to an airbag deployment.
Moreover, there was a significant increase in the risk
of corneal abrasion for occupants exposed to an
airbag deployment (p=0.03). Although the risk of
eye injuries increases with airbag exposure, this study
illustrates that airbags reduce the incidence of orbital
fractures. To analyze this, A new four level eye
injury severity scale was developed that quantifies
injuries based on recovery time, need for surgery, and
possible loss of sight. A new finite element model
of the eye was created using the LS-Dyna dynamic
solver and was utilized to examine eye injury
mechanisms. The model has the cornea and sclera
defined as Lagrangian membrane elements and the
liquid aquous humor and vitereous defined and
Eulerian fluids. The model was validated using a
range of impacting objects as velocities ranging from
12 m/s to 55 m/s. This model is the first model
capable of correctly simulating the large deformation
mechanics of blunt ocular trauma. Using the model,
it was observed that highly localized strains in the
cornea and ciliary body were most closely related to
the severe injuries identified in the case studies.

INTRODUCTION

Although airbags have reduced the incidence of fatal
and severe injuries in automobile collisions, they
have been shown to increase the risk of less severe
injuries.[1] These associated minor injuries include
upper extremity fractures, skin abrasions, and eye
injuries. In particular, the medical literature is replete
with case studies on airbag induced eye injuries.[2-
63] In addition to airbag induced eye injuries,
Műller-Jensen et al. found broken windshield glass as
a serious eye injury mechanism with 40% of these
cases resulting in blindness in at least one eye.[60]

The majority of these case studies focus on only a
few occupants, however, four papers, in particular,
include numerous cases of airbag induced eye
injuries.[45,52,61,62] Duma, et al., present an
analysis of 25 airbag induced eye injury cases that
found the most serious injuries were a result of the
occupant being struck by the airbag during
deployment.[61] Ghafouri found bilateral injuries in
27% of 43 airbag induced eye injury cases.[62]
Vichnin et al. report 14 cases and note that the most
severe injuries were to occupants wearing eyeglasses,
all of which sustained permanent ocular damage.[52]
Stein et al. outline a detailed summary of the 97
published case studies that included a wide range of
ocular injuries from corneal abrasions to ruptured
globes.[45]

There exists a paucity of experimental data on airbag
induced eye injuries compared to the number of
individual case study publications. Fukagawa et al.
found that increased inflator aggressivity contributed
to increased endothelial cell damage.[13] The most
recent airbag related study examined the injury
potential of high-speed foam particles released during
airbag deployment.[63] This study illustrates the
compounding risk of eye injuries from not only
airbag contact, but also from particles released from
the module during deployment.

Orbital fractures have been reported in the literature
occurring in sporting and other accidents, as well as
in vehicle crashes.[64-67] Compared with the



Duma 2

number of individual case study publications, there
exists a paucity of experimental data on orbital
fractures. Several experimental studies have aimed
to elucidate injury mechanisms, to estimate fracture
tolerance, or to reproduce fractures similar to those
observed in real world case studies.[68-74] Although
case reports and experimental studies provide insight
into the mechanism of injury, the national rate of
orbital fracture incidence, type, and severity are
unknown for occupants in crashes with and without
an airbag deployment.

Although previous studies have provided insight into
the interaction between an airbag and the eye or
facial bones, the national incidences and relative risks
of airbag induced eye injuries and orbital fractures
are unknown for occupants in crashes with and
without an airbag deployment. The purpose of this
paper is to determine the overall risk of eye injuries
and orbital fractures in automobile crashes and to
discuss the injury mechanisms associated with these
injuries.

METHODS

In order to eliminate the inaccuracies associated with
small case study projections, a three part study was
performed that utilized the NASS database.[75] The
two primary advantages of using the NASS are that
the database includes an analysis of approximately
5000 cases per year, and the injuries are coded by
trained nurses using the Abbreviated Injury Scale
(AIS).[76] The AIS scale classifies injuries by body
region on a 6-point scale ranging from low severity
(AIS1) to fatal (AIS6). The AIS values are assigned
for each injury sustained and do not include
combined effects from multiple injuries to the same
patient. This coding allows for a consistent and
accurate distinction and identification of eye injuries.
Each crash scene is investigated by a group of trained
accident investigators that examine and document
vehicle damage, occupant injuries, and crash
dynamics. This investigation team also examines the
vehicle interior to look for signs such as tissue
transfer onto interior components that would indicate
mechanisms for each recorded injury. All occupants
in the study grant informed consent.

The NASS cases are collected from 24 separate field
research teams across the United States (US).
Crashes are considered for NASS investigation if
they occur on a traffic way, are reported to police,
involve a harmful event, and involve at least one
towed passenger car, light truck or van. Since it is
not practical to investigate every crash in the US
every year, each case investigated for the NASS

database is assigned a weighted value, which scales
the incidence of the particular crash investigated to a
number that represents actual occurrence of similar
non-investigated crashes that occur in the US each
year. The weighting factor is included in the NASS
database for each case. This procedure has been used
for national injury projection studies to analyze injury
severity and crash characteristics for topics such as
lower extremity injury patterns, upper extremity
injury patterns, and restraint effectiveness in motor
vehicle crashes.[1,61,77-82] The weighted occupant
and weighted injury numbers reported represent the
weighted numbers based on the actual raw cases.
Statistical analyses were performed using the
SUDAAN statistical software for weighted survey
data (SUDAAN, Research Triangle Park, North
Carolina).

Part 1: Eye Injury Incidence

For the eye injury study, cases in NASS were
selected from the years 1993 through 1999 that
include drivers and front seat occupants only, while
excluding ejected occupants and rollovers. In
addition, only frontal impacts were considered, which
are defined as having a primary direction of force
(PDOF) of 11, 12, or 1 o’clock. Eye injuries were
defined as damage to the periorbital skin, globe, or
orbital bones. Occupants with injuries and total
injuries to occupants were analyzed for trends in
injury incidence, type and severity. Eye injuries in
the NASS database were identified using the current
AIS injury codes.[76]

First, crashes with an airbag deployment were
considered. For all occupants who were exposed to
an airbag deployment, the number of occupants
sustaining an eye injury or orbital fracture was
compared to the total number who did not sustain an
eye injury. Next, an analogous search was performed
for crashes in which the airbag did not deploy.
Occupants exposed to an airbag deployment were
divided into two groups: Group 1 included all
occupants who received an airbag induced eye injury
or orbital fracture, and Group 2 included all of the
remaining occupants. The occupants in Group 2
could have sustained an eye injury or orbital fracture
in the crash, but the source would be something other
than the airbag. The groups were divided in this way
in order to identify occupant characteristics related to
incidence of airbag induced injury.

Part 2: Orbital Fracture Incidence

For the orbital fracture portion of the study, cases in
NASS were selected from the years 1993 through
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2000. Orbital fractures included: blow-in or blow-
out fractures, as well as orbital roof or floor fractures.
Fractures could be closed, open, displaced, or any
combination of these, and were identified in the
NASS database using the current AIS injury
codes.[42] Unfortunately, the AIS does not allow for
further characterization of the orbital fractures;
however, the purpose of this paper is to determine
whether or not airbags reduce the overall risk of
orbital fractures for similar exposure patterns, and in
this application, the comparative frequency of orbital
fractures is the critical factor. In particular, closed
orbital fractures are coded as an AIS 2 level, while
open or displaced or comminuted fractures are coded
as AIS 3 level. The study of eye injuries and orbital
fractures was divided into two parts:

Within the orbital fracture analysis, crashes with an
airbag deployment were considered first. For all
occupants who were exposed to an airbag
deployment, the number of occupants sustaining an
eye injury or orbital fracture was compared to the
total number who did not sustain an eye injury. Next,
an analogous search was performed for crashes in
which the airbag did not deploy. Occupants exposed
to an airbag deployment were divided into two
groups: Group 1 included all occupants who received
an airbag induced eye injury or orbital fracture, and
Group 2 included all of the remaining occupants.
The occupants in Group 2 could have sustained an
eye injury or orbital fracture in the crash, but the
source would be something other than the airbag.
The groups were divided in this way in order to

identify occupant characteristics related to incidence
of airbag induced injury.

Part 3: Eye Injury Severity Levels

A new eye injury grouping method was developed to
assess the severity of eye injuries based on both the
need for ocular surgery and the potential for loss of
sight. The AIS system does not address both of these
criteria, as it only considers the overall threat to life.
Eye injuries were divided into four new injury
groups: Level 1 includes minor injuries to the skin,
Level 2 injuries are minor injuries to the eye, evel 3
includes more serious eye injuries that may require
surgery and present a guarded long-term prognosis,
and Level 4 injuries are the most serious eye injuries
that would result in blindness.

RESULTS

Part 1: Eye Injury Incidence

A total of 10,770,828 weighted occupants from
22,236 cases were included in this study for the seven
year period from 1993 to 1999 (Figure 1). Each year,
there were more occupants who sustained an eye
injury in a non-airbag deployment crash than in a
crash with an airbag deployment. As the proportion
of airbag-equipped vehicles in the fleet is increasing,
the number of occupants who sustain an eye injury in
a crash with airbag deployment has also increased.
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Figure 1. Comparison between number of weighted occupants with eye injuries in
crashes with and without an airbag deployment (1993-1999) from 22,236 cases.
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For crashes where the occupant was exposed to an
airbag deployment, 60,112 weighted occupants (240
cases) sustained an eye injury out of 1,946,924 total
weighted occupants (4,789 cases) in similar crashes
(3.1%) (Figure 2). In contrast, for crashes without an

airbag deployment, 178,151 weighted occupants
(1,225 cases) sustained an eye injury out of 8,823,904
total weighted occupants (17,447 cases) in similar
crashes (2.0%). This difference was not statistically
significant (p=0.15).

If the occupants with an eye injury were exposed to
an airbag deployment, the airbag was the source of
the eye injury for 88% of the injuries. If an airbag
did not deploy, the top three sources for eye injury
were the windshield (34%), steering wheel (27%),
and instrument panel (14%). Regardless of injury
source, 76% of the occupants that incurred an eye
injury were drivers and 24% were right front seat
passengers.

It was found that females represented 65.4% of
weighted occupants that sustained an airbag induced
eye injury; however, this proportion was not
statistically significant (p = 0.19). Also, it was found
that 28.7% of weighted occupants who sustained an
airbag induced eye injury were wearing glasses,
while 25.3% of occupants who did not receive an
airbag induced eye injury were wearing glasses.
However, this variable was not found to be
statistically significant (p=0.81) in predicting risk of
airbag induced eye injury. A total of 46.0% of
weighted occupants who sustained an airbag induced
eye injury were wearing contact lenses, while 10.7%
of weighted occupants who did not receive an airbag
induced eye injury were wearing contacts. Contact

lens wear was not found to be a statistically
significant (p=0.31) variable in predicting risk of
airbag induced eye injury. In regard to seatbelt use, it
was found that 75.3% of weighted occupants who
sustained an airbag induced eye injury were wearing
a seatbelt, compared to 85.6% of weighted occupants
who did not receive an airbag induced eye injury.
This study indicated that the occupants who did not
sustain an airbag induced eye injury had a slightly
higher rate of seatbelt use; however, the difference
was not statistically significant (p=0.45).

Next, the 1,946,924 weighted occupants exposed to
an airbag were split into two groups: Group 1 was
made up of occupants who sustained an eye injury
from the airbag as source, and Group 2 was the
remaining set of occupants who were exposed to an
airbag deployment, but that did not have an airbag
induced eye injury (Table 1). Within a 95%
confidence interval, occupant height, age, and crash
∆V were all found to not be significant variables
correlating with the risk of incidence of airbag
induced eye injury. However, it was found that
lighter occupants were more likely to sustain an
airbag induced eye injury.
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Figure 2. Incidence of eye injury for weighted occupants who were or were not
exposed to an airbag deployment (1993-1999).
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Table 1: Comparison of weighted occupant and
crash characteristics for cases with eye injuries by
injury source as shown in the Group 1 and Group

2 populations

Group 1: Airbag
Induced Injury

Group 2: No
Airbag Induced

Injury
Mean Standard

Dev.
Mean Standard

Dev.

Occupant
Height
(in)

67.44 0.49 67.35 0.14

Occupant
Weight
(lbs)

144.06 5.21 160.56 2.84

Occupant
Age (yrs)

36.31 7.07 160.56 2.84

∆V
(mph)

11.73 1.68 13.68 0.29

Part 2: Orbital Fracture Incidence

A total of 12,429,580 weighted occupants from
25,464 cases were included in the orbital fracture
study for the eight-year period from 1993 to 2000. A
total of 24,605 weighted occupants sustained an
orbital fracture. Each year, there were more
occupants who sustained an orbital fracture when not
exposed to an airbag deployment than there were
occupants with orbital fracture when exposed to an
airbag deployment (Figure 3). The number of
occupants who sustained an orbital fracture in a crash
with airbag deployment also increased overall
through the years 1993-2000 in accordance with the
increased number of airbag equipped vehicles in the
driving fleet.

0

1000

2000

3000

4000

5000

6000

1993 1994 1995 1996 1997 1998 1999 2000

Year

O
cc

up
an

ts

Airbag Deployment

No Airbag Deployment

Figure 3. Weighted occupants with orbital fractures in frontal crashes that were or were not exposed
to an airbag deployment by crash year from 25,464 cases.
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For crashes where the occupant was exposed to an
airbag deployment, 2,156 weighted occupants (18
cases) sustained an orbital fracture out of 2,421,893
total weighted occupants (6,094) in similar crashes
(0.09%) (Figure 4). In contrast, for crashes without
an airbag deployment, 22,449 weighted occupants
(216 cases) sustained an orbital fracture out of
10,007,687 total weighted occupants (19,370 cases)

in similar crashes (0.22%). Although occupants who
were not exposed to an airbag deployment sustained
orbital fractures more than twice as often as
occupants who were exposed to an airbag
deployment, the chi square test of independence
showed that this difference is not statistically
significant (p=0.10).

For the total number of orbital fractures that
occupants sustained, 26% were to occupants who
were exposed to an airbag deployment, while the rest
were sustained by occupants who were not exposed
to an airbag deployment (74%). For the orbital
fractures to occupants who were exposed to an airbag
deployment, the majority of the injuries were induced
by contact with the vehicle interior (36.6%), followed
by the steering wheel (30.7%). Only 11 weighted
orbital fractures (1 case) were induced by the airbag
as source (0.5%). In contrast, the occupants who
were not exposed to an airbag deployment sustained
the majority of the weighted orbital fractures from
the steering wheel (34.3%), followed by the
windshield (32.4%), and the side pillar or other side
interior components (15.6%).

For all occupants exposed to an airbag deployment,
84.7% of the weighted occupants with orbital fracture
were drivers, while 15.3% were right front seat
passengers. When exposed to an airbag deployment,

0.06% of drivers sustained an orbital fracture,
compared with 0.24% of passengers. This difference
is not statistically significant (p=0.43). In addition,
83.0% of the weighted occupants exposed to an
airbag deployment with orbital fracture were male,
while 17.0% were female. Of all the males who were
exposed to an airbag deployment, 0.15% sustained an
orbital fracture, compared with 0.03% of female
occupants. Although male occupants sustained an
orbital fracture more often than females, occupant
sex is not a statistically significant factor in incidence
of orbital fracture (p=0.12).

Of all the weighted occupants exposed to an airbag
deployment with orbital fractures, 87.5% were
wearing a seatbelt, while the rest (12.5%) were not
wearing a seatbelt. In addition, it was found that
0.09% of belted occupants sustained an orbital
fracture, compared with 0.08% of occupants not
wearing a seatbelt. The risk of orbital fracture is not
dependent on the rate of seatbelt use (p=0.86).
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Figure 4. Incidence of orbital fractures for occupants in frontal crashes that were
or were not exposed to an airbag deployment for the years 1993 through 2000.
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Within a 95% confidence interval, occupant height,
weight, age, and crash ∆V were all found not to be
significant variables correlating with the risk of
incidence of orbital fracture. The average and
standard deviation for the height, weight, age and
crash ∆V for the orbital fracture injury group was
60.5 ± 5.6 in, 138.7 ± 20.7 lbs, 25.7 ± 7.6 years, 13.7
± 1.4 mph compared to 67.1 ± .3 in, 160.3 ± 2.3 lbs,
33.7 ± 0.6 years, and 13.7 ± 0.3 mph for the no
orbital fracture group.

Part 3: Eye Injury Severity Levels

Although airbag exposure was shown to increase the
incidence of eye injuries, more important is the
severity of the resulting eye injuries. Sorting the eye
injuries into the four newly defined levels, it was
shown that eye injuries from crashes without an
airbag deployment were distributed as 85.0% Level
1, 4.4% Level 2, 10.1% Level 3, and 0.4% Level 4

(Figure 5). This was a total of 10.5% of the injuries
being more serious, representing the categories of
Levels 3 and 4 combined. In contrast, the eye injury
distribution from crashes with an airbag deployment
was 75.3% Level 1, 17.5% Level 2, 7.2% Level 3,
and 0.0% Level 4. In these crashes with airbag
deployments, only 7.2% of the injuries were more
serious Level 3 and 4 injuries. There was a shift in
the severity of eye injuries depending on whether or
not the occupants were exposed to an airbag
deployment, with the lower severity injuries
occurring to occupants exposed to an airbag
deployment.

When examining the specific injury types, there was
a statistically significant (p=0.03) increase in risk of
corneal abrasions for occupants exposed to an airbag
deployment. Of the occupants exposed to an airbag
deployment, 0.53% sustained a corneal abrasion,
compared with 0.04% of occupants not exposed to an
airbag deployment.

DISCUSSION

Though more occupants were injured when exposed
to an airbag deployment, the airbag did provide a
beneficial exchange by decreasing the severity of the
associated eye injuries. A closer examination
factoring in the type of eye injury showed that there
was a statistically significant (p=0.03) increase in the
risk of corneal abrasions for occupants that were
exposed to an airbag deployment. Of particular
interest to this study is the realization that an
increasing proportion of the population will have had
corrective vision procedures performed in the years
to come. This, combined with the rising proportion

of airbag-equipped vehicles in the fleet, warrants
further investigation.

In order to understand the eye injury incidence data,
it is useful to discuss the mechanisms of eye injuries.
Broadly, there are two mechanisms of eye injuries.
The first is penetrating injuries from sharp objects,
and the second is blunt trauma. The majority of
research focuses on blunt trauma given the fact that
design changes can alter the risk of injury in contrast
to sharp objects which are going to cause injury as
long as they are sharp. In the area of blunt trauma,
the best tool for injury prediction is the recently
published eye model by Stitzel et al. (2002). [83]

Airbag Deployment

Level 4
0.0%

Level 2
17.5% Level 3

7.2%

Level 1
75.3%

No Airbag Deployment

Level 4
0.4%

Level 1
85.0%

Level 3
10.1%

Level 2
4.4%

(b)(a)

Figure 5: Severity levels of eye injuries sustained in crashes with an airbag
deployment (a), and without an airbag deployment (b).
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This is a model of the human eye and consists of the
cornea, sclera, lens, ciliary body, zonules, aqueous
humor and vitreous body (Figure 6A). Lagrangian
membrane elements are used for the cornea and
sclera, Lagrangian bricks for the lens, ciliary, and
zonules, and Eulerian brick elements comprise the
aqueous and vitreous (Figure 6B). Nonlinear,
isotropic material properties of the sclera and cornea
were gathered from uniaxial tensile strip tests
performed up to rupture. Dynamic modeling was
performed using LS-Dyna. Experimental validation
tests consisted of 22 tests using three scenarios:
impacts from foam particles, BB's, and baseballs onto
fresh eyes used within 24 hours postmortem. The
energies of the projectiles were chosen so as to
provide both globe rupture and no rupture tests.
Displacements of the eye were recorded using high
speed color video at 7100 frames per second. The
matched simulations predicted rupture of the eye
when rupture was seen in the BB and baseball tests,
and closely predicted displacements of the eye for the
foam tests. Globe rupture has previously been shown
to occur at peak stresses of 9.4 MPa using the
material properties included in the model. Because
of dynamic effects and improvements in boundary
conditions resulting from a more realistic modeling
of the fluid in the anterior and posterior chambers,
the stresses can be much higher than those previously
predicted, with the globe remaining intact. The
model is empirically verified to predict globe rupture
for stresses in the corneoscleral shell exceeding 23
MPa, and local dynamic pressures exceeding 2.1
MPa. The model can be used as a predictive aid to
reduce the burden of eye injury, and can serve as a
validated model to predict globe rupture.

Corneoscleral Shell

Ciliary BodyZonules

Lens

Anterior
Chamber

Posterior
Chamber

Figure 6A. Lagrangian mesh of eye showing
corneoscleral shell, lens, zonules, and ciliary body.

Initially filled
volume

Initially unfilled
volume

Globe

Figure 6B. Eulerian mesh showing initially filled
volume (dark gray) and initially unfilled volume
(light gray).

While a few studies show that there may be no
increased risk of injury associated with eyes that have
undergone photorefractive keratectomy (PRK),
automated lamellar keratoplasty (ALK), and laser
assisted in situ keratomileusis (LASIK), they are in
the minority.[84-87] Far more studies indicate that
these types of surgical procedures weaken the cornea
and make it significantly more susceptible to injury
for years after the procedure.[24,32,87-98]

CONCLUSIONS

This paper presents the most comprehensive eye
injury study to date as it investigates 10,770,828
weighted occupants from 22,236 cases for the years
1993 through 1999. An analysis of the cases
indicates that 3.1% of occupants exposed to an airbag
deployment sustained an eye injury, compared to
2.0% of those occupants not exposed to an airbag
deployment. Moreover, there was a significant
increase in the risk of corneal abrasion for occupants
exposed to an airbag deployment (p=0.03). The
current trend of increasing the number of airbags in
the fleet as well as the increasing percentage of the
population electing for corrective vision surgery is
potentially alarming. This vulnerability allows for
the current trend of reduction of more severe injuries
due to the airbag exposure to be reversed, a concern
that warrants the continued investigation of airbag
design, eye correction procedures, and eyewear
protection.

In addition, this paper presents an analysis of 24,605
weighted occupants from 25,464 cases that sustained
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an orbital fracture between the years 1993 and 2000.
It is shown that occupants who were not exposed to
an airbag deployment sustained an orbital fracture
more than twice as often as occupants not exposed to
an airbag deployment. While this difference is not
statistically significant (p=0.10), the low p-value does
indicate that 90% of the variance is explained by
airbag exposure. As more airbag cases become
available in accordance with the increased
implementation of airbags into the automotive fleet,
it is likely that this difference will become
significant.

Although airbags have been shown to increase the
incidence of some minor injuries, it appears that in
the case of orbital fractures, the airbag has a
protective effect. This can be attributed to the airbag
preventing the occupant’s face from contacting the
steering wheel or the windshield. In addition, of the
nearly 2.5 million weighted occupants exposed to an
airbag deployment, only 11 orbital fractures (1 case)
were a result of contact with the airbag components,
and in particular, the airbag cover. In summary, both
the incidence and the overall severity of orbital
fractures decreased with exposure to airbag
deployment as a result of the protective attributes of
the airbag design.
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ABSTRACT

In respect of manual control car navigation system,
control safety of in-vehicle device is assured by
restricting the driver's complex operations such as
setting or revising destination by operating cursor
switch while driving. Because the driver's workload
when using voice-controlled system is small, voice
operation is adopted as an effective operation method
to reduce the driver distraction. In this research paper,
voice control, a method of reducing driver’s
distraction, is investigated and researched by testing
under different driving and control conditions to
determine the influence of the loads.

INTRODUCTION

The number of car navigation systems in Japan
continues to grow each year. The total number of car
navigation systems shipped to Japan exceeded 10
million in 2002. Car navigation systems are
becoming standard equipment in the Japanese and
European automobile industry. Most car navigation
systems now manufactured for Europe and Japan
with advanced functions are equipped with voice
control systems.

The manual control system promotes safety by
restricting the driver's complex operations such as
setting or revising destination by operating cursor
switch while driving [1]. However, safety is not
ensured when using a voice-controlled system,
because there is no restriction on the number of
control functions the driver can request. The increase
in the driver’s workload when using a
voice-controlled system is minimal, but not
inconsequential.

During testing, the driver travels a simulated curved
course while using a voice control system. The road
curve rate for measuring driving workload and the
number of voice commands are controlled.

TEST

Device Outline

As shown in Figures 1 and 2, Flat belt driving

simulator is used to measure safety and to avoid
unnecessary influence from another vehicle. Main
features of this simulator are as follows;

By using an actual vehicle, steering reaction and
engine noise can be measured.

The simulation is completed using a 100-degree
cylinder shaped screen. (See figure 3)

Figure 1. Driving simulator block diagram.

Figure 2. Flat belt chassis dynamometer.

Figure 3. Picture of simulation test.

The navigation system used for this testing is a
standard voice-controlled system with a
remote-controlled switch.

Flat belt chassis dynamometer

Vehicle Dynamics
Calculator

Vehicle Attitude & Position

Image Generator

Computer-generated
SceneSteering Wheel Angle

& Vehicle Speed
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Figure 4 shows where the navigation system is
installed inside the vehicle. A push-to-talk switch for
voice control is installed in the steering wheel, and a
microphone is installed in the sun visor.

Figure 4. Picture of installed navigation system.

The procedure for using the voice control is as
follows:

1. Press push-to-talk switch.
2. State command.
3. Navigation system recognizes command and

pronounces recognized command by voice
synthesis.

4. Operation is performed.

The switch for the manual control is installed where
it can be most easily reached near the radio controls.
(Figure 4)

Test Method

Testing is performed based on the dual task method
in which the simulator test is the main task and the
car navigation control is the sub-task. The test result
is evaluated based on vehicle performance and driver
performance.

The sub-tasks are shown in Table 1. Limiting the
number of voice commands to two, four, or six
controls the data conclusions drawn from the testing
of the voice command system. In order to compare
manual control and voice control systems, voice
control sub-task 2 and manual control sub-task 2 are
developed. The workload of the main task is
controlled by four different curve rates as shown in
Figure 5.

Test Procedure
The driving course is composed of a straight road and
a curved road. The driver controls the starting time of
the sub-task when navigating the curved road.
Drivers are asked to increase driving speeds up to
100 km/h on the straight road and to keep driving

speed at 100 km/h on the curved road. In order to
evaluate the influence of the sub-task on the driver,
normal driving tests without the navigation system
are practiced as well.

Drivers are allowed to practice simulator driving and
navigation control before the test to ensure they are
familiar with the operation.

If the navigation system does not recognize the
driver’s command, the test is started over from the
beginning.

Subject drivers are four males ranging in age from
early 20s to late 30s.

Table 1.
Sub-task

Voice Control
Sub-task

Number of
command

Detail of
Command

Sub-task 1 2
1 [Wide area]
2 [Wide area]

Sub-task 2 4

1 [Menu]
2 [VICS]
3 [NHK VICS]
4 [Character

information]

Sub-task 3 6

1 [Menu]
2 [Destination]
3 [Search of

Destination]
4 [Address]
5 [Kanagawa

Prefecture]
6 [Yokohama

City]
Manual Control

Sub-task
Number of

Control
Context of

Control

Manual Control
Sub-task 2

4

Press [menu]
button once and
[action] button 3
times. (There is
not operation
with joystick)

Curve Rate Direction
R300(m)
R600(m)
R1000(m)
R2000(m)

Left turn
Right turn
Left turn

Right turn

Figure 5. Diagram of driving course.

Straight 1000m

Start Curve 940m

Manual Switch

Push-to-talk
Switch

Navigation display
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Measurement Item and Analysis Method

Behavior of Subjects
Sub-task completion times of voice control is
measured from the moment a driver pushes the
switch to the moment the final screen of the sub-task
is displayed on the navigation screen.

Sub-task completion times of manual control is
measured from the moment driver’s hand leaves the
steering wheel to the moment the final screen of the
sub-task is displayed on the navigation screen.

Subjective Evaluation
Anxiety levels during control testing was measured
in seven levels:

7: Extremely nervous
6: Very nervous
5: Nervous
4: Neither
3: Comfortable
2: Very comfortable
1: Extremely comfortable

Mental workload is evaluated based on the Japanese
version of the NASA Task Load Index
(NASA-TLX)[2]. In addition to the NASA-TLX, a
supplementary scale entitled, "overall workload" is
applied whereby the subject rates his stress level
overall.

Vehicle Behavior
The standard deviation of the steering angle and the
range of lateral positioning of the vehicle in the
driving lane are both measured during the sub-task
testing. Data is sampled every 50 milliseconds.

THE TEST RESULTS

The test results are evaluated based on the evaluation
indices for curve rate and sub-task influence.

Behavior of Subjects

Sub-Task Completion Time
Task completion time increases as the voice control
command number increases.

When comparing the same task completed via voice
control versus manual control (sub-task 2), voice
control tasks take longer due to the length of time the
driver speaks command.

Task completion time is not influenced by the curve
rate under the current curve rate range. This result is
measured when driving becomes stable. It also
explains that navigation control was not interrupted

by driving.

The data section without sub-task is defined as
follows. Starting time of data is eight seconds after
entering curve area. This is the same as the average
starting time of the sub-task. The data length is 23
seconds, the same as the sub-task completion time for
sub-task 3.

Figure 6. Task completion time.
(Graph shows average of all subjects. Error bar
shows standard deviation)

Table 2.
ANOVA (task completion time)

Subjective Evaluation

Anxiety during Control
Drivers noted no anxiety during use of the voice
control system, except during curve rate R300 of
Sub-task 3. This task constitutes the heaviest
workloads for both the main-task and the sub-task.
Anxiety was measurable on manually controlled
sub-task 2 regardless of curve rate.

This result proves navigation control systems can
reduce driver anxiety when utilizing the voice as the
control method versus manual control. However, as
the number of voice commands increases, anxiety
can also increase. If the number of voice commands
exceeds the number set in this test, an increase in
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anxiety is measured.

Figure 7. Anxiety during control.

Table 3.
ANOVA (anxiety)

Mental Workload
Subjects tend to feel the increase of mental
workloads as number of voice command increases.

There is no significant difference between mental
workload experienced with no task (no voice
commands) and two voice commands (Sub-task 1).
Therefore, it is assumed that subjects did not feel
much load under the condition with two voice
commands (sub-task 1).

There is no significant difference in workload
experienced between sub-task 2, sub-task 3 and
manual sub-task 2. Therefore, it is assumed that
subjects feel the load of voice control with more than
four commands and the load of four manual
operations to be similar.

Subjects tend to feel the increase of mental
workloads as curve rate decreases. There is a
significant difference in workload experienced
between R300 and R2000.

Overall Workloads
An evaluation index of overall workload and

NASA-TLX yields similar results proving the
effectiveness of NASA-TLX as an evaluation tool.

Figure 8. NASA-TLX.

Table 4.
ANOVA (NASA-TLX)

Figure 9. Overall workloads.

Source DF Sum-of-
squares

Mean-
square F-Ratio p-value

Curve(A)
Sub-task(B)
A*B
Error

3
3
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Difference between means p-value
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Voice 1 - No sub-task
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Voice 3 - Manual 2
Voice 3 -No sub-task
Manual 2 -No sub-task

-15.067
-18.050
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4.808
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Table 5.
ANOVA (overall workloads)

Vehicle Behavior

Standard Deviation of Steering Angle
There is a correlation between an increase in the
number of voice control commands and an increase
in the standard deviation of the steering angle. The
same correlation exists between an increase in
subject anxiety and an increase in the number of
voice control commands.

Voice control sub-task 3 indicates an increase in the
standard deviation of the steering angle and increased
steering instability in comparison with no sub-task
case. This fact indicates that even the case of voice
control, if the command number increases, the results
will have negative influence.

Steering control can be proved to be stable with voice
control by comparing manual sub-task 2 and voice
sub-task 2. This result supports subjective evaluation.

An influence in the curve rate can be seen between
R300 and R2000. A small curve rate increase widens
the standard deviation of the steering angle, and also
leads to steering control instability. Comparison to
other evaluation index, standard deviation of steering
angle reflects the influence of curve rate.

Range of Lateral Position
An increase in the number of voice-controlled
commands leads to an increase in the range of lateral

position, which causes poor driving performance.
This is the same phenomenon found with the
increases in anxiety, mental workloads, and the
standard deviation of the steering angle.

This finding indicates the number of voice-controlled
commands has a significant influence on vehicle
behavior and also shows drivers need to be careful to
limit voice-controlled commands while driving.

The range of lateral position in sub-task 3 is larger in
comparison to no sub-task. This data supports the
conclusion that even when commands are limited to
voice-controlled, if the command number increases
lateral positioning is influenced.

Figure 10. Standard deviation of steering angle.

Table 6.
ANOVA (S.D. of steering angle)

Source DF Sum-of-
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Mean-
square F-Ratio p-value
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-22.188
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26.688
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0.0007
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R 300 - R2000
R 600 - R1000
R 600 -R2000
R1000 - R2000
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19.750
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14.750
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0.9022
0.0780
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3.622
2.990
1.578
8.964

1.207
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8.082
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0.0001
0.0015
0.5712

Difference between means p-value
Voice 1 - Voice 2
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Voice 1 - Manual 2
Voice 1 - No sub-task
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Voice 3 -No sub-task
Manual 2 -No sub-task
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-0.273
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0.277
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0.0991
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Figure 11. Range of lateral position.

Table 7.
ANOVA (Range of lateral position)

CONCLUSIONS

The testing and analysis conclude that increased
numbers of voice-controlled commands lead to
increased anxiety and mental workloads.
Additionally, the analysis also indicates an increased
number of voice-controlled commands leads to a
negative influence on vehicle behavior.

Although anxiety workloads remain small when
operating a higher number of voice-controlled
commands, vehicle behavior is negatively influenced
same as the manual operation. When comparing
manual control and voice control, visual distraction
decreases with voice control, but overall distraction
does not decrease much.

The results conclude that mental workloads increase
when curve rate is small. Additionally, the test proves
steering control to be unstable when curve rate is
small in standard deviation of steering angle of
vehicle behavior index.
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ABSTRACT

This paper describes the results of a series of forty-
four dynamic sled tests simulating a 48 km/h frontal
impact. Three convertible child restraints installed in
the forward-facing mode were tested. The first used a
5-point harness system, the second a T-shield
configuration, and the third an overhead shield
system. The type of misuse was varied for each test
and included: the amount of shoulder harness slack
and/or twisting, seat belt and tether strap slack, seat
belt routing, shoulder harness location, shoulder
harness slot height, and chest clip use. An
instrumented child anthropometric test dummy was
installed in the restraints.

The results of the misuse testing showed that the
most important degradation of safety resulted from
pulling the test dummy’s arms through the shoulder
harness. The second most important degradation of
safety resulted from adding 3" of slack to the
shoulder harness, to the tether strap and to the seat
belt.

INTRODUCTION

In Canada, approximately 15,000 children aged
14 years and under are killed or injured in motor
vehicle collisions each year [1]. The proper use of a
child restraint is an effective method of preventing
these serious injuries and deaths. Studies have shown
that if a child is properly secured in a restraint that is
appropriate to the child’s development, height and
weight, the child is 87% less likely to die in the event
of a collision [2].

Up to one third of child restraints are not properly
installed [3]. Common misuses include: not tightly
securing the child restraint to the vehicle, having too
much slack in the shoulder harness designed to keep
the child within the restraint, improperly or not
attaching the chest clip used to keep the shoulder
harness straps together, and placing a child that is not
developmentally ready into a child restraint designed
for an older child [3].

This paper describes and gives the results of a series
of forty-four dynamic sled tests conducted to identify
the relative degradation of safety resulting from the
misuse of child restraints. Restraints sold in Canada
must comply with design and performance
regulations, including dynamic testing (described in
the Canada Motor Vehicle Restraint Systems and
Booster Cushions Safety Regulations (RSSR) [4]).
The results of this testing will be used to improve the
already high level of safety that the current
regulations maintain.

BACKGROUND

Convertible Child Restraint Protection and
Performance

There are three basic types of child restraints: infant
restraints (birth to ~ 9-10 kg), convertible restraints
(birth to ~ 18 kg), and booster seats (over 18 kg).
This report focuses on the misuse of convertible child
restraints.

Convertible restraints can be installed rear-facing for
a younger child (from birth to approx. 9-10 kg), or
forward-facing for an older child (from approx. 9-10
to 22 kg). In the case where a convertible restraint is
installed in the forward-facing mode, loading is
transferred to the harness, then to the shoulders as the
child moves forward in a frontal crash. Therefore, it
is important that children be developmentally ready
before moving to a forward-facing restraint – if their
bony structure is not sufficiently developed, it will
not be able to withstand the forces applied by the
harness in a crash.

Child restraints are very effective when used
correctly. In Canada, child restraint overall
effectiveness increased from 76% to 87% from 1984
to 1990 [2]. These figures were based on data
collected from New Brunswick, Nova Scotia, Ontario
and Prince Edward Island. Dalmotas and Krzyzewski
[5] placed the overall effectiveness of restraints in
preventing child fatalities in the range of 44% to
86%. These figures were based on children aged
between 0 and 4 years of age and depended on the
child’s seating location and on certain restraint usage
assumptions.

Misuse Data

There is considerable data which shows that child
restraint misuse is the most likely cause of child
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restraint safety degradation. The type of misuse
determines the potential reduction in child safety [2].

Through the use of observational surveys, data has
been collected on child restraint misuse. In a survey
of Canadian children (collected in shopping centre
parking lots), it was found that the child restraint
harness or shield was either not functional or not used
in 36% of observed cases. The chest clip was
incorrectly used, and was not functional or not used
in 12% and 37% of observed cases, respectively [3].
A more recent observational study found that 42% of
children (N=714) had 3" or more of shoulder harness
slack while installed in a forward-facing convertible
restraint [6]. The same study found that 2" of seat belt
slack was present for 35% of children.

Technicians at child restraint clinics, where parents
and caregivers learn how to properly install child
restraints, collect data on how the restraint was
installed when parents arrive at the clinic. However,
this data is not recorded in a standardized manner by
the different organizations that conduct the clinics
(hospitals and fire stations, for example) and is not
routinely collated.

Testing Objective

The objective of the project was to identify the
relative degradation of safety resulting from the
misuse of child restraint systems. The results of this
testing will be used to improve the already high level
of safety that the current regulations maintain.

With the large variety of child restraints on the
market (at any one time, there are typically over sixty
different child restraints available for sale on the
Canadian market), the complexity of many designs,
and the large number of different vehicle seats in
which to install them in, misuse is common. This
project studies the impact of misuse types similar to
those described in the Canadian surveys described
above [3], [6]. This project did not attempt to target
gross misuse such as failing to secure the child
restraint to the vehicle and not using the harness to
secure the child in the restraint. In these cases the
restraint provides no protection for the child.

TEST METHOD

Child Restraints

Test Samples Three convertible child restraints
were used in testing (Figures 1 – 3). The three
restraints were of similar design and were made by
the same manufacturer. The major difference

between the restraints was the way in which a child is
secured. The first restraint had a five-point harness
system (Figure 1), the second a T-shield
configuration (Figure 2), and the third an overhead
shield configuration (Figure 3). This make and model
was chosen for testing because of its large market
share in Canada, and because it was offered with
three harness system types. All restraints were
installed in the forward-facing mode for testing. In
this mode, the restraint was designed for a child
weighing between 9 and 18 kg.

Figure 1. 5-point Restraint.

Figure 2. T-shield Restraint.

Figure 3. Overhead Shield Restraint.

Features of Convertible Child Restraints Figure
4 shows the main components of a convertible child
restraint used forward-facing. The tether strap and
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hook anchor the top portion of the restraint to a tether
anchorage inside the vehicle, and are designed to
limit head excursion.

Shoulder Harness
Reinforced Harness Slots
for Forward-Facing Use

Non-Reinforced Harness Slots
for Rear-Facing Use

Tether Strap
and Hook

Chest Clip

Seat Belt Path
for Forward-Facing Use

Seat Belt Path
for Rear-Facing Use

Figure 4. Convertible Child Restraint
Components.

The shoulder harness secures the child to the
restraint, and limits motion during a crash. In all
restraints, it can be tightened and adjusted to provide
a snug fit.

The chest clip holds the two portions of the shoulder
harness together at the chest level and keeps the
harness snugly on the shoulders during regular use.
Good pre-impact harness strap position prevents the
child's narrow shoulders from squeezing through the
gap and potentially causing the child’s ejection in a
crash [7].

Convertible child restraints usually have two paths
where the seat belt can be routed through: one for
forward-facing use and one for rear-facing use. The
belt path used is always closest to the belt anchorages
to provide a secure fit.

Misuse Modes

The type of misuse was varied for each test and
included: the amount of shoulder harness slack and/or
twisting, seat belt and tether strap slack, seat belt
routing, shoulder harness location, shoulder harness
slot height, and chest clip use. Appendix A outlines
the tested misuse modes. Imperial units (inches) were
used in the field to measure the amount of slack in
the harness, seat belt and tether strap [6]. For this
reason, the misuse conditions were also measured in
inches. In addition to the misuse conditions, each
restraint was also tested in a baseline condition, i.e.
correctly installed according to the manufacturer’s
instructions. To minimize variability within each test,
there were strict procedures regarding the method by
which the misuse was introduced. These procedures
are included in Appendix A. In total, forty-four tests

were conducted, including four tests to ensure that
the tests were repeatable.

Test Dummies and Data Collection

The Hybrid III 3-year-old test dummy weighing
approximately 15.5 kg was used in all tests. To
quantitatively measure the relative degradation of
safety resulting from misuse, all dummies were
instrumented with load cells and accelerometers.
Table 1 gives the active data channels for each test
run. Due to the large number of data channels, only
those highlighted are analyzed in detail in this report.

Table 1.
Active Data Channels

Location Value Direction(s)
Max. Excursion XHead

Acceleration x, z, RESULTANT

Chest Acceleration x, z, RESULTANT

Loads X, y, Z, resultantUpper
Neck Moments x, Y, z, resultant

Loads x, y, Z, resultantLower
Neck Moments x, Y, z, resultant
Left

Shoulder
Loads x, z, RESULTANT

Right
Shoulder

Loads x, z, RESULTANT

Dynamic Crash Simulation

The testing was conducted on the HyGe Crash
Simulation testing sled, located at the Defence and
Civil Institute for Environmental Medicine in
Toronto, Ontario. The sled test procedure, test pulse
and equipment was identical to that used in RSSR
compliance testing. The sled simulated a frontal
impact of 48 km/h.

INJURY CRITERIA

The Motor Vehicle Restraint Systems and Booster
Cushions Safety Regulations (RSSR) [4] require the
use of a Hybrid II 3-year-old test dummy. Its head
acceleration must not exceed 80g, its chest
acceleration must not exceed 60g and its head must
not move forward more than 720-mm during the test.

Previous research has established child injury criteria.
The criteria of Planath, et al. [8], Trosseille and
Tarriere [9], Janssen et al. [10], and Yoganandan et
al. [11] are summarized in Table 2.
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Table 2.
Acceptable Injury Tolerances and Sign Conventions

Source Dummy
Size

Head
Ares
(g)

Head
Excur-

sion
(mm)

Chest
Ares
(g)

Upper
Neck

Fx
(N)

Upper
Neck

Fz
(N)

Upper
Neck
My

(N-m)

Lower
Neck

Fz
(N)

Lower
Neck
My

(N-m)
RSSR [4] 3 year < 80 < 720 < 60
Planath, 1992 [8] 3 year < 300 < 1000 > -30
Trosseille, 1993 [9] 6 month < 950 < 1200 > -41
Janssen, 1993 [10] 9 month < 800 < 850 > -41
Yoganandan et al.,
1999 [11]

3 year
>-2500,
< 2500

> -30,
< 100

>-2500,
< 2500

> -30,
< 100

Sign Convention for
Positive Output
(as per SAE J211)

N/A N/A
Head
For-
ward

N/A

Head
Rear-
ward
Chest
For-
ward

Head
Up-
ward
Chest
Down-
ward

Chin
Toward

Ster-
num

Head
Up-
ward
Chest
Down-
ward

Chin
Toward

Ster-
num

RESULTS

The following graphs give the results as a percent
difference between the baseline condition and the
misuse condition (1). Appendix A gives detailed
descriptions of the baseline and misuse conditions.

%100% ×










 −
=

baseline

baselinemisuse
diff (1).

Only the maximum value of each data channel for
each run was used in this analysis. The %-difference
was computed based on the absolute value of the data
so as to avoid any misinterpretation caused by sign
differences between the baseline and misuse
conditions. Positive %-difference indicates that the
dummy fared worse in the misuse condition than in
the baseline/correct condition. Conversely, negative
%-difference indicates that the dummy fared better in
the misuse than in the baseline condition.

For example, if the upper neck My channel recorded
15 N-m (flexion) in the baseline condition and
-16 N-m (i.e. 16 N-m extension), the %-difference
would not be –207%. This would give the false
impression that the misuse condition gave 200%
better results than the baseline condition. Instead, the
difference would be computed using the absolute
value of the data, and the %-difference would be
+6.7%.

Complete numerical results are given in Appendix B.

Figures 5, 6, and 7 show the effect of shoulder
harness slack on the performance of the 5-point,
T-shield, and overhead restraints, respectively.
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Figure 5. Effect of Shoulder Harness Slack,
5-point Harness, Baseline Condition: 0" Slack.
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Figure 6. Effect of Shoulder Harness Slack,
T-shield Harness, Baseline Condition: 0" Slack.
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Figure 7. Effect of Shoulder Harness Slack,
Overhead Harness, Baseline Condition: 0" Slack.

Figure 8 shows the effect of adding tether strap and
seat belt slack to a 5-point restraint.
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Figure 8. Effect of Tether Strap and Seat Belt
Slack, 5-point Harness, Baseline Condition:
0" Slack.

Figure 9 shows the compounded effect of adding
shoulder harness, tether strap, and seat belt slack to a
5-point harness.
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Figure 9. Effect of Shoulder Harness, Tether
Strap and Seat Belt Slack, 5-point Harness,
Baseline Condition: 0" Slack.

Figure 10 shows the effect of shoulder harness slack
and twisting for a 5-point harness.
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Figure 10. Effect of Shoulder Harness Slack and
Twisting, 5-point Harness, Baseline Condition:
0" Slack + No Twisting.

Figure 11 gives the effect of shoulder harness
location/placement for the 5-point, T-shield, and
overhead restraints.
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Figure 11. Effect of Shoulder Harness Location,
5-point, T-shield, and Overhead Harnesses,
Baseline Condition: Shoulder Harness Straps
Placed on Dummy’s Shoulders.

Figure 12 shows the effect of shoulder harness slot
height for the 5-point harness.
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Figure 12. Effect of Shoulder Harness Slot
Height, 5-point Harness, Baseline Condition:
Shoulder Harness Routed Through Top Slots.

Figures 13, 14, and 15 show the effect of proper chest
clip use with and without harness slack, for the 5-
point, T-shield, and overhead restraints, respectively.

-50%

-25%

0%

25%

50%

75%

100%

125%

HEAD
EXCUR

HEAD
ACCEL

CHEST
ACCEL

UP NECK
Fx

UP NECK
Fz

UP NECK
My

LOW
NECK Fz

LOW
NECK My

LEFT
SHOULD

Fr

RIGHT
SHOULD

Fr

%
D

if
fe

re
n

ce
(0

%
=

B
as

el
in

e
C

o
n

d
it

io
n

)

clip threaded backwards - tight harness
clip not attached - tight harness
clip threaded backwards - 2" harness slack
clip under chin - 2" harness slack
clip not attached - 2" harness slack

Figure 13. Effect of Chest Clip Use, 5-point
Harness, Baseline Condition: Clip Threaded
Correctly, At Armpit Level, 0" Harness Slack.
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Figure 14. Effect of Chest Clip Use, T-shield
Harness, Baseline Condition: Clip Threaded
Correctly, At Armpit Level, 0" Harness Slack.
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Figure 15. Effect of Chest Clip Use, Overhead
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Figure 16 shows the effect of improperly routing the
seat belt through the path for rear-facing use on the 5-
point restraint.
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Figure 16. Effect of Seat Belt Routing, 5-point
Harness, Baseline Condition: Belt Routed
Through Slots for Forward-Facing Use.

Repeatability Analysis

To ensure the repeatability of the tests, four extra
tests were conducted. These tests were paired to four
of the original tests: one using each of the three
restraint types with 2" of shoulder harness slack, plus
the 5-point restraint with the chest clip placed under
the test dummy’s chin. The repeated tests were set up
identically to the original tests, and the same data
channels were active.

Aside from some sign inconsistencies caused by test
dummy rebound, the repeated tests generally gave
relative variabilities of approximately 25%. The only
exception was shoulder loading, where up to 50%
differences were recorded.

Test Equipment

Right and left shoulder loads did not correspond for
many tests. Multiple noisy peaks in the right shoulder
data (particularly Fx) were a result of a mechanical
problem that required adjustment after each run. The
peak Fx and Fz values were most likely not recorded,
and therefore affected the resultant shoulder loading
which was analyzed.

SUMMARY AND DISCUSSION OF PRIMARY
FINDINGS

In the baseline condition, all data met the RSSR
injury criteria.

Reduction in Safety Resulting from Misuse

The effect of adding shoulder harness slack was
important (Figures 5, 6, and 7). For all three
restraints, child restraint performance worsened as
the amount of harness slack was increased. This was
the case especially for lower neck forces in the
Z-direction which increased to 80-100% with 3" of
harness slack. Both shoulders experienced increases
of up to 50% when harness slack was introduced. The
three restraint types gave similar results, except in the
case of head acceleration: while head acceleration
increased with respect to the baseline condition for
the 5-point and overhead restraints, the head
acceleration decreased with respect to the baseline
condition for the T-shield restraint. Shoulder harness
slack might have caused an even more important
effect on safety if the method used to introduce slack
was less conservative. Amounts of 1", 2", and 3" of
slack were chosen since these had been recorded in
the field [6]. However, the method of measuring
slack in the field was less precise than in testing. For
example, 1" in the field may have been 1.5" using a
stiff board.

The effect of adding tether and seat belt slack was
also important (Figure 8). While adding harness slack
had a more important effect on neck loading, tether
and seat belt slack affected head and chest
acceleration most. For 3" of slack, head acceleration
increased by 76% over the baseline condition, while
chest acceleration increased to 39%. The test dummy
experienced shoulder loading that was similar to
those experienced in the harness slack conditions.
Only the 5-point restraint was tested in this condition.

As expected, adding both shoulder harness and
tether and seat belt slack compounded the effects of
each condition alone (Figure 9). The variables most
affected were the the lower neck Fz, head excursion,
head and chest acceleration. Head excursion
increased to 34% in the 3" slack condition. Strangely,
head acceleration was higher for 1" slack (49%) than
for 2" and 3" of slack (27% and 22%, respectively).
Shoulder loading increased to almost 90% in the
3" slack condition. Only the 5-point restraint was
tested in this condition.

The effect of shoulder harness slack and twisting
was moderate. The addition of 2" of slack with
2 twists gave the worst performance, followed by 2"
of slack with 1 twist (Figure 10). The addition of
slack to the harness seemed to have a worse effect on
the restraint’s performance than the addition of
twisting while the harness was tight. Nonetheless,
performance worsened as the number of twists
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increased for a tight shoulder harness. The effect of
twisting on a loose (2" slack) harness is unclear. Low
neck Fz, shoulder loading and head acceleration were
most affected by harness slack and twisting. Notably,
the low neck Fz showed a 66% increase from the
baseline in the 2" slack + 2 twists condition. Only the
5-point restraint was tested in this condition.

The effect of pulling the dummy’s arms through
the shoulder harness was major for all three
restraints (Figure 11). This misuse condition resulted
in the partial ejection of the test dummy in the T-
shield and overhead restraints. All measured
variables increased significantly when the harness
was placed incorrectly versus in the baseline
condition, except for shoulder loading, chest
acceleration and low neck My which decreased. The
low shoulder loading reflects that when the dummy’s
arms are pulled through the harness, the straps are not
pressing down on its shoulders. Head excursion
increased by nearly 50% for the 5-point and overhead
restraints, and by 25% for the T-shield restraint. The
test dummy’s head acceleration increased by 110% in
the 5-point restraint. However, the most significant
decrease in performance occurred for the lower neck
Fz channel: it exceeded 250% in the 5-point restraint.

The effect of threading the harness straps through
the lower slots was also important (Figure 12). In all
cases, threading the harness straps through the lowest
slots gave the worst results. Notable values included
a 107%-difference for the low neck Fz in the lowest
slot condition. Head acceleration increased by 34%
and 39% for the middle and lowest slots,
respectively. Shoulder loading also increased
significantly (55% and 58% in the lowest slot
condition for the left and right shoulders,
respectively). When the slots were threaded through
the middle and lowest slots, the harness was lower
than the dummy’s shoulders. Although these slots are
not designed for forward-facing use, the restraint’s
plastic shell around the non-reinforced harness slots
did not fracture. Only the 5-point restraint was tested
in this condition.

The effect of chest clip use (with and without
harness slack) was also important, especially with
respect to neck injury (Figures 13, 14, and 15). When
the shoulder harness was tightly adjusted, chest clip
misuse did not significantly affect the performance of
the 5-point restraint, except low neck Fz (clip not
attached, 32%). Misuse of the chest clip was
compounded when 2" of shoulder harness slack was
added: 115% was recorded by the low neck Fz
channel in the “clip not attached” condition, and 85%
in the “clip threaded backwards” condition. Left and

right shoulder loads did not correspond. When a tight
shoulder harness was used in the T-shield and
overhead restraints, placing the chest clip under the
test dummy’s chin generally gave a better
performance than not using a chest clip altogether
with respect to neck loading. Adding 2" of shoulder
harness slack worsened both restraints’ performance.
Notable values included: up neck My in the T-shield
restraint when the chest clip was not used (73% and
86% for a tight shoulder harness and with 2" of
harness slack, respectively), and low neck Fz values
for both the T-shield and overhead restraints in all
chest clip misuse conditions. It should also be noted
that shoulder loading in all three restraints decreased
significantly when the chest clip was placed under
the dummy’s chin. This coincided with increased
lower neck loading.

Routing the seat belt through the incorrect path
also negatively affected the safety performance of the
restraint (Figure 16). Head acceleration was most
affected. It increased by 71% as compared with the
baseline condition. The low neck Fz channel was also
negatively affected (52%). Once again the left and
right shoulder loads did not correspond. The tether
strap was tightly installed for these tests and would
likely have offset any moment created by routing the
seat belt through the rear-facing path located further
away from the seat back. This is most likely the
reason why routing the seat belt incorrectly did not
have a major effect on all of the measured data
channels.

Test Equipment

The HyGe sled testing is non-destructive, repeatable
and less costly than full-scale crash testing in which a
vehicle is completely destroyed. However, the
current test bench set-up is also limited. For example,
it cannot account for the large number of different
vehicle seat and seat belt assemblies. The sled’s
bench seat is made of soft, compressible foam, and
does not have contours like those found in today’s
vehicles. Also, the seat belt buckle is mounted at the
seat bight on the sled’s seat, but in today’s vehicles,
the seat belt buckle is forward of the seat bight.

CONCLUSIONS

The most important degradation of safety resulted
from pulling the test dummy’s arms through the
shoulder harness. The second most important
degradation of safety resulted from adding 3" of slack
to the shoulder harness, to the tether strap and to the
seat belt.
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As expected, the addition of slack to any misuse
condition always worsened the performance of the
child restraint. This was the case in the shoulder
harness twisting and chest clip misuse conditions.

Although the lower shoulder harness slots were not
reinforced and are not recommended for forward-
facing use, the restraint’s plastic shell did not fracture
in the harness slot height misuse condition.

Incorrect seat belt routing also affected the safety
performance of the restraint. If the tether strap had
not been tightly installed for this condition, routing
the seat belt incorrectly would likely have caused an
even more pronounced degradation in safety.

The tests were repeatable to an acceptable tolerance,
except in the case of shoulder loading. In some cases,
the signs indicating the direction of loading may have
been reversed.

RECOMMENDATIONS

Shoulder harness, tether strap and seat belt slack are
common in the field and had an important
detrimental effect on the safety performance of the
child restraint. Therefore, it is recommended that
design and testing criteria be added to the Motor
Vehicle Restraint Systems and Booster Cushions
Safety Regulations to ensure that misuse is
minimized.

The measurement of child restraint misuse at child
restraint installation clinics should be standardized
and routinely collated. This would allow researchers
to accurately assess actual child restraint misuse in
the field by accessing a large sample of uniform data.

DISCLAIMER

The opinions expressed in this report are those of the
authors and are not necessarily those of Transport
Canada or of RONA Kinetics and Associates Ltd.
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APPENDIX A
Table A1.

Misuse Modes

Misuse Mode Photo Value How Misuse Was Introduced for Testing

See Figures
1, 2 ,3

baseline
as per mfg’s instructions: no more than a 1 finger gap
between the child and the harness

Amount of
shoulder
harness slack Figure A1 1, 2, or 3 inches

by placing a 1-, 2- or 3-inch board behind the test dummy
and removing before the test

See Figures
1, 2 ,3 baseline

as per mfg’s instructions: very tight so as to allow less than
1-inch of child restraint movementAmount of seat

belt slack
Figure A2 1, 2, or 3 inches

by placing a 1-, 2- or 3-inch board behind the child restraint
and removing before the test

See Figures
1, 2 ,3 baseline

as per mfg’s instructions: very tight so as to compress the
vehicle seat’s foamAmount of

tether slack
Figure A2 1, 2, or 3 inches

by placing a 1-, 2- or 3-inch board behind the child restraint
and removing before the test

See Figures
1, 2 ,3

baseline
as per mfg’s instructions: through the correct routing path
for a forward-facing child restraint

Seat belt
routing

Figure A3 improper by routing belt through the path for rear-facing installation
See Figures
1, 2 ,3

baseline as per mfg’s instructions: no twisting in shoulder harness

slack:
by placing a 1-, 2- or 3-inch board behind the
test dummy and removing before the test

Shoulder
harness slack
and twisting Figure A4

2" slack + 1 or 2
twists, tight + 1, 2, or
3 twists twisting: by twisting the harness straps before buckling

See Figures
1, 2 ,3

baseline as per mfg’s instructions: on the shouldersShoulder
harness location

Figure A5 arms out of harness by pulling the test dummy’s arms completely out of harness
See Figures
1, 2 ,3

baseline
as per mfg’s instructions: at the highest slots since these are
the only reinforced ones appropriate for forward-facing use

Shoulder
harness slot
height Figure A6 middle or lowest slots

by threading the harness straps through the middle or
lowest slots (only appropriate for rear-facing use)

See Figures
1, 2 ,3

baseline
as per mfg’s instructions: at armpit level and threaded
correctly

Figure A7 not attached by removing the chest clip completely
Figure A8 threaded backwards by threading the harness straps backwards through the clip

Chest clip use

Figure A9 under chin by placing the clip high under the chin of the test dummy

Figure A1. Figure A2. Figure A3.
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Figure A4. Figure A5. Figure A6.

Figure A7. Figure A8. Figure A9.

APPENDIX B
Table B1.

Test Results

Misuse Condition

Head
Excur
sion

(mm)

Head
Accele
ration

(g)

Chest
Accele
ration

(g)

Up
Neck

Fx (N)

Up
Neck

Fz (N)

Up
Neck
My

(Nm)

Low
Neck

Fz (N)

Low
Neck
My

(Nm)

Left
Sh Fr

(N)

Right
Sh Fr

(N)

Shoulder Harness Slack
5-point
tight (baseline) 686 49.1 40.1 837 1330 15.0 681 130.0 836 730
1" 749 66.1 41.4 674.7 1339 13.0 944 98.8 1061 762
2" 755 65.7 45.0 792 1484 16.1 1146 112.9 1212 992
3" 792 62.1 47.3 671 1618 20.9 1427 85.7 1296 1106
T-shield
tight (baseline) 709 67.3 38.9 699 1353 14.9 824 105.3 1126 988
1" 765 61.7 40.0 615 1462 15.6 862 90.4 1177 1021
2" 795 57.5 41.9 603 1599 20.1 1331 81.6 1311 1193
3" 838 62.5 44.6 596 1708 21.6 1586 68.8 1548 1261
Overhead
tight (baseline) 691 58.3 38.5 622 1251 14.4 845 108.0 1107 813
1" 737 57.9 45.4 607 1594 18.6 1075 107.2 1184 977
2" 780 63.0 44.9 620 1775 21.3 1360 98.3 1374 1120
3" 780 69.2 48.6 686 1880 22.8 1529 95.3 1500 1173
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Test Results (Continued)

Misuse Condition

Head
Excur
sion

(mm)

Head
Accele
ration

(g)

Chest
Accele
ration

(g)

Up
Neck

Fx (N)

Up
Neck

Fz (N)

Up
Neck
My

(Nm)

Low
Neck

Fz (N)

Low
Neck
My

(Nm)

Left
Sh Fr

(N)

Right
Sh Fr

(N)

Tether Strap & Seat Belt Slack
5-point
tight (baseline) 686 49.1 40.1 837 1330 15.0 681 130.0 836 730
1" 767 70.4 42.1 873 1326 12.0 580 135.5 886 821
2" 820 66.2 50.1 837 1231 15.8 757 115.4 1147 915
3" 841 86.4 55.7 715 1396 20.8 901 107.6 1210 1057

Shoulder Harness, Tether & Seat Belt
Slack

5-point
tight (baseline) 686 49.1 40.1 837 1330 15.0 681 130.0 836 730
1" 805 72.9 47.0 745 1250 16.4 881 109.2 1051 929
2" 861 62.4 55.4 828 1498 15.9 1065 105.3 1315 1278
3" 919 59.9 60.3 652 1583 17.7 1326 84.1 1552 1391

Seat Belt Routing
5-point
correct (baseline) 686 49.1 40.1 837 1330 15.0 681 130.0 836 730
improper 721 83.7 40.1 768 1504 15.1 1034 123.2 1048 845

Shoulder Harness Slack & Twisting
5-point
tight (baseline) 686 49.1 40.1 837 1330 15.0 681 130.0 836 730
tight + 1 twist 709 57.1 39.8 793 1277 12.2 706 127.3 901 863
tight + 2 twists 709 60.9 38.8 716 1269 13.9 800 113.2 934 847
tight + 3 twists 714 69.3 38.3 755 1352 11.3 619 112.1 746 925
2" slack + 1 twist 762 69.1 45.1 705 1461 12.4 868 94.3 1211 821
2" slack + 2 twists 777 57.2 45.7 732 1506 14.1 1132 110.8 1188 1167

Shoulder Harness Location
5-point
correct (baseline) 686 49.1 40.1 837 1330 15.0 681 130.0 836 730
arms out of harness 998 102.9 33.6 541 2223 22.6 2405 39.5 542 628
T-shield
correct (baseline) 709 67.3 38.9 699 1353 14.9 824 105.3 1126 988
arms out of harness 889 80.9 31.3 447 1558 18.6 1578 49.3 501 605
Overhead
correct (baseline) 691 58.3 38.5 622 1251 14.4 845 108.0 1107 813
arms out of harness 1013 85.2 33.3 608 2115 23.7 2265 78.2 451 596

Shoulder Harness Slot Height
5-point
highest slot (baseline) 686 49.1 40.1 837 1330 15.0 681 130.0 836 730
mid-slot 739 66.0 38.4 752 1266 14.0 850 108.6 1023 1034
lowest slot 810 68.2 42.7 631 1477 18.1 1413 88.0 1296 1152
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Test Results (Continued)

Misuse Condition

Head
Excur
sion

(mm)

Head
Accele
ration

(g)

Chest
Accele
ration

(g)

Up
Neck

Fx (N)

Up
Neck

Fz (N)

Up
Neck
My

(Nm)

Low
Neck

Fz (N)

Low
Neck
My

(Nm)

Left
Sh Fr

(N)

Right
Sh Fr

(N)

Chest Clip Use (w/o Shoulder Harness Slack)
5-point
as per mfg instructions (baseline) 686 49.1 40.1 837 1330 15.0 681 130.0 836 730
clip threaded backwards 688 55.1 38.5 784 1356 10.2 653 122.4 859 854
clip under chin
clip not attached 713 53.7 39.7 829 1424 15.3 902 132.7 845 815
T-shield
as per mfg instructions (baseline) 709 67.3 38.9 699 1353 14.9 824 105.3 1126 988
clip threaded backwards
clip under chin 739 66.6 35.8 530 1278 15.1 523 83.5 737 706
clip not attached 726 60.6 36.2 567 1438 25.7 1181 120.7 1068 1134
Overhead
as per mfg instructions (baseline) 691 58.3 38.5 622 1251 14.4 845 108.0 1107 813
clip threaded backwards
clip under chin 701 45.6 35.7 629 1150 13.1 361 104.1 462 493
clip not attached 713 54.5 40.3 596 1297 14.7 1058 108.9 1142 990

Chest Clip Use (with 2" Shoulder Harness Slack)
5-point
as per mfg instructions (baseline) 686 49.1 40.1 837 1330 15.0 681 130.0 836 730
clip threaded backwards 770 60.4 48.4 740 1641 16.8 1256 96.4 993 1073
clip under chin 765 61.8 39.8 558 1352 14.1 461 80.7 605 660
clip not attached 798 56.0 42.0 753 1581 22.3 1461 114.5 855 649
T-shield
as per mfg instructions (baseline) 709 67.3 38.9 699 1353 14.9 824 105.3 1126 988
clip threaded backwards
clip under chin
clip not attached 787 64.0 43.2 612 1675 27.7 1607 114.2 1319 1214
Overhead
as per mfg instructions (baseline) 691 58.3 38.5 622 1251 14.4 845 108.0 1107 813
clip threaded backwards
clip under chin
clip not attached 770 64.3 49.3 1180 1657 18.1 1541 85.5 1393 1296

Note: “X” indicates that this condition was not tested.



Edwards, 1

DEVELOPMENT OF TEST PROCEDURES AND PERFORMANCE CRITERIA TO IMPROVE
COMPATIBILITY IN CAR FRONTAL COLLISIONS

Mervyn Edwards
Huw Davies
Adrian Hobbs
TRL Limited (Transport Research Laboratory)
United Kingdom
Paper Number 86

ABSTRACT

Compatibility is now recognised as the next major
step forward for improved car occupant secondary
safety. The work reported here forms part of a
research project that was undertaken to understand
the current compatibility problems in car to car
collisions and develop crash evaluation procedures
that are suitable for consumer and legislative testing.
The research performed to date has focused on the
structural performance of vehicles in order to provide
a safe environment for the protection of the
occupants. This should also provide sufficient space
to allow intelligent restraint systems of the future to
operate effectively. This paper outlines the present
understanding of compatibility for frontal impact
collisions and reports the current state of
development of three possible test procedures to
address the fundamental issues, namely: structural
interaction, frontal stiffness matching and passenger
compartment strength. The development of a new
deformable barrier face and revised performance
criteria for the full width test to assess structural
interaction are described. Analysis of the load cell
wall data collected in EuroNCAP tests, to address the
frontal stiffness problem, is reported. Performance
criteria are suggested and future work necessary to
help set performance limits outlined. Initial work to
investigate the repeatability of the passenger
compartment strength test and possible performance
criteria are described. This research is being carried
out in co-operation with the European Enhanced
Vehicle-safety Committee (EEVC) and the
International Harmonisation of Research Activities
(IHRA) Working Groups, and is funded by the UK
Department for Transport (DfT).

INTRODUCTION

Compatibility is now recognised as the next major
step forward for improving car occupant safety and
reducing road casualties. Since 1995, research carried
out by TRL on behalf of the Department for
Transport (DfT) has changed focus from frontal
impact to compatibility. This ongoing work is being
used to support the European Enhanced Vehicle-

safety Committee (EEVC) and the International
Harmonisation of Research Activities (IHRA)
compatibility working groups.

Initially this research was aimed at gaining an
understanding of compatibility and the factors that
affect it. Having achieved this, more recent research
has focussed on developing test procedures able to
measure the most important characteristics that
influence compatibility. Prior to this research, the
conventional wisdom was that compatibility
problems were limited to crashes between cars of
different masses, where mass ratio had the dominant
influence. Now it is clear that it is the effect that mass
has on frontal stiffness that is primarily responsible
for this effect. Furthermore, the importance of good
structural interaction between impacting cars has
been highlighted (1). This aspect of compatibility
plays a part in virtually every road crash. Without
good structural interaction, the energy absorbing
capability of the frontal structure is compromised,
leading to compartment intrusion in severe accidents.
Once good structural interaction has been achieved,
frontal stiffness matching between vehicles,
combined with strong passenger compartments,
should ensure that the impact energy is absorbed with
minimal passenger compartment intrusion. Beyond
this, there is scope for better optimisation of the car’s
deceleration pulse to minimise restraint induced
deceleration injuries. With good compatibility, cars
should perform in a more predictable manner over a
range of impact configurations, enabling the
meaningful development of advanced restraint
systems.

For the year 2000, Great Britain’s national accident
statistics show that two-thirds of the road accident
casualties were in cars or light goods vehicles (2).
Occupants of these vehicles accounted for about half
of the fatalities and the seriously injured, which is
typical for recent years. Using values calculated by
the DfT for preventing a road accident casualty, the
cost to society of these casualties was about £6.3
billion in 2000. Although the improved structural
interaction aspects of compatibility are relevant for
virtually all car frontal impacts, the main benefits
from stiffness matching are expected in car impacts
with another vehicle. The GB national data show that
over sixty percent of fatal and seriously injured car
occupant casualties in 2000 were in frontal impacts.
Approximately two-thirds of these occurred in an
impact with at least one other vehicle, the type of
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accident in which improved compatibility should
offer most benefit (Table 1).

Table 1.
Distribution of car occupant casualties by first
point of impact for Great Britain in the year 2000

First point
of impact

Fatalities Seriously injured

No (%) No (%)
Front 1002 (60) 11931 (66)
Side 560 (34) 4123 (23)
Rear 65 (4) 1527 (8)
Other 38 (2) 473 (3)
Total 1665 (100) 18054 (100)

It is expected that improved vehicle compatibility
will result in far better occupant compartment
integrity in frontal impact accidents but precise
assumptions about how a compatible car will perform
are very difficult to make. A benefit analysis has been
performed for GB, which assumed that improved
vehicle compatibility would either, pessimistically,
eliminate injuries related to contact with intruded
parts of the vehicle interior, or optimistically,
eliminate injuries related to contact with the vehicle
interior whether it had intruded or not. It was then
assumed that removal of these injuries from the
existing accident data would quantify the benefits for
the applicable occupant population. With the
additional assumption that compartment integrity
would be maintained for all impact severities, it was
predicted that improved compatibility could save
between 37 and 55 percent of car occupant fatalities
in frontal impacts. This prediction can be regarded as
an upper estimate as it unlikely that compartment
integrity could be maintained for high speed impacts.
Repeating the analysis using the assumption that
compartment integrity would be maintained for
impact severities up to 56 km/h Equivalent Test
Speed, predicted that between 14 and 26 percent of
fatalities would be saved. It is expected that the actual
benefit lies somewhere between these predictions.

This paper summarises the current frontal impact
compatibility problems and describes the current
development status of three test procedures to address
the fundamental issues, namely, structural interaction,
frontal stiffness matching and compartment strength.

CURRENT COMPATIBILITY PROBLEMS
AND PROPOSED TEST PROCEDURES

Structural Interaction

In rigid wall crash tests, the wall controls the way the
impact deformation is distributed across the car’s
front, irrespective of the car’s stiffness distribution,
so ensuring good structural interaction. Cars designed
with limited numbers of frontal load paths that have
few interconnections can obtain good results in these
tests. Unfortunately, when such cars impact each
other the chances of their stiff structures interacting is
very limited. This reduces the chance that the impact
energy can be efficiently absorbed in the frontal
structure in the designed manner. In severe accidents
this leads to excessive compartment intrusion and
subsequent occupant injury. This poor interaction can
manifest itself as the lateral fork effect, where the
stiff members of one vehicle penetrate the soft areas
of the other vehicle, due to lateral misalignment, or
the over-riding of one car’s structure by that of the
other. With no control over the height of car
structures, geometrical mismatches can give rise to
over-riding from static misalignment. Even when
structures are aligned statically, dynamic over-riding
may occur.

An example of the static misalignment problem was
seen in a collision between a BMW 3 series and a
VW Sharan. The higher stiff structure of the Sharan
overrode the BMW lower rails leaving them virtually
undeformed. It directly loaded the less stiff area of
the BMW and subsequently pushed the engine onto
the firewall (Figure 1). This prevented the BMW
absorbing its share of the impact energy efficiently
and probably resulted in an undesirable ‘back loaded’
compartment deceleration pulse shape (3), i.e. a low
deceleration at the start of the impact leading to a
high deceleration at the end of the impact, as the
engine loaded the firewall.

The sensitivity of structural interaction with current
cars has been demonstrated previously (3). A 100
mm variation in ride height, in an impact between
two identical cars, resulted in significant over-riding
of the raised car over the lowered one. The energy
absorption capability of both cars was compromised,
as the structures were not loaded in the intended
manner. This resulted in greater intrusion for the
lowered car at facia level and in the raised car at
footwell level. Subsequent EUCAR simulation
modelling indicated that over-riding can occur with a
height difference of only 25 mm, with identical cars
(4). Even where structures are aligned vertically,
dynamic pitch or bending of the structure during the
impact can lead to misalignment.



Edwards, 3

Figure 1.  Comparison of damage to BMW (top)
to Sharan (bottom) showing that Sharan has
overridden BMW.

Detailed accident case studies performed using the
UK CCIS database found that structural interaction is
a major problem, with less than 2 percent of the 162
car to car frontal impact cases examined showing
good interaction.

In order to achieve good interaction, it is important
that the structures of each car meet something
substantial on the other car to react against. Current
views are that this is best achieved by utilising
multiple load paths, with good links between them.
These links may take the form of frontal inter-
connections or of shear connections set back from the
front. Such structures should provide a more
homogeneous front against which the other car’s
structure can react. In addition to the provision of a
homogeneous front, it is important that there is
adequate vertical alignment to ensure, for example,
that a low sports car could interact with the front of a
high off-road vehicle.

The Offset Deformable Frontal Impact test was
intended to encourage manufacturers to increase the
number of load paths and links between them.
Unfortunately, so far, few manufacturers have taken

advantage of the weight saving opportunities of this
approach. Most have simply increased the stiffness of
the car’s main rails. However, for load spreading, all
cars now have substantial crossbeams between the
main rails but few other frontal connections have
been improved. No cars currently have effective
lateral connections, at the bonnet latch platform level,
and few have any significant vertical connections
between the lower load path and any upper load path.

In summary, these aspects of compatibility are
general to all frontal impacts, not just car to car
impacts. Achieving good interaction will allow a car
to perform more predictably in accidents, in terms of
energy absorption and compartment deceleration.
Apart from the resulting reduction in intrusion this
would help advanced restraint systems to perform
correctly and predictably.

A Full Width Test for Structural Interaction has
been proposed that uses a load cell wall (LCW) to
assess and control the car’s frontal stiffness
distribution. The logic behind this is that cars with
more homogeneous fronts should offer greater
potential for good structural interaction. However,
there are some issues that generate problems when a
rigid faced load cell wall is used:

• The parts of the car that first impact the wall are
decelerated instantaneously giving rise to large
inertial forces. Such forces are not present in
impacts with deforming structures, such as other
cars.

• Similarly, when the engine impacts the wall, it is
brought to rest very rapidly generating high
inertial forces. In a car to car impact, the engine
can rotate or move slightly out of the way of the
other car’s engine, so reducing its deceleration.

• Localised stiff structures can form preferential
load paths to the wall and reduce the loading
from adjacent structures which are slightly set
back. This does not occur in impacts with other
cars.

• No relative shear is generated in the front
structure to exercise any shear connections
between load paths.

In order to overcome these problems, a deformable
barrier face is fitted to the front of the load cell wall.
As the test is also intended to function as a high
deceleration test for frontal impact, care has been
taken to ensure that the overall car deceleration has
not been significantly affected by the addition of the
deformable face.
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Frontal Stiffness

All current frontal impact crash tests place direct or
indirect controls on energy absorption and
deceleration of the car. If there is inadequate energy
absorption in the frontal structure intrusion occurs
which, at some level, will be detected by the
instrumented dummies. Similarly, the dummies are
sensitive to the car’s deceleration, which is detected
through such things as chest loading from the seat
belt. However, there are currently no requirements
controlling the frontal stiffness of the car. Indeed, the
tests encourage heavier cars to be stiff, in comparison
with lighter cars. As all the tests place a limit on the
car’s deceleration, through control of dummy
loading, all cars tend to have similar stopping
distances in the tests. The dummy’s experience of
deceleration is totally independent of the mass of the
car it is travelling in. Data from EuroNCAP tests
show that most cars, irrespective of size, have an
overall ride-down distance of 1200 (+/- 200) mm
(Figure 2). This includes the depth of the deformable
barrier face of 540 mm. As most manufacturers aim
to limit the length of the front structure, for a variety
of reasons, crush depths tend to be kept to the
minimum.
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Figure 2. Ride-down distances recorded from
EuroNCAP tests showing little variation with
increasing mass. Note: Ride-down includes
barrier depth of 540 mm.

With the energy absorbed being the integral of force
against distance, the only way to maintain the same
crush depth, whilst at the same time absorbing the
car’s kinetic energy, is for the frontal stiffness to
increase with vehicle mass. This means that, even
without other influences, current frontal crash tests
lead to a stiffness incompatibility between cars of
different mass.

Detailed accident case studies were performed using
the UK CCIS database to quantify the size of frontal
stiffness / compartment strength incompatibility
problem. This was achieved by identifying cases
where there was a significant intrusion difference

between the colliding cars from the 162 car to car
frontal impact cases examined. There were 78 cases
where at least one of the vehicles had intruded and
therefore it was possible to identify an intrusion
difference.  A significant intrusion difference was
identified in 68 percent of these cases indicating that
stiffness / compartment strength incompatibility
problem is large. However, it should be noted that the
extent to which poor structural interaction contributed
to this problem is unknown.

In order to overcome this aspect of compatibility, it is
necessary to control frontal stiffness by limiting the
force imposed by a car on its opponent, in an impact.
This may be less of a problem than it might at first
appear. Data from EuroNCAP tests is indicating that
the stiffness of some small cars has increased and
becoming more in line with that of larger cars.

In setting a force limit requirement for cars, there are
a number of factors to be considered:

• Whatever the force level is set to be, it will be
necessary for the passenger compartments of all
cars to be strong enough to resist this force
without suffering significant intrusion.

• If the force level is set to be low, heavy cars will
have to increase their available crush depth and
may require longer front structures.

• If the force level is set to be high, light cars will
have to become stiffer and the requirements for
passenger compartment strength will also be
high.

• A limit on how high the force level can safely be
set will come from the potentially increased risk
of deceleration induced injuries from the
restraint system. A worst case situation would be
where a low mass car had a full width frontal
impact with a high mass car and the occupants
were frail or elderly. For these occupants, the
velocity change and deceleration of their cars
will be high and there will be a limit to the
ability of even advanced restraint systems to
provide an adequate ride down.

• With a high force limit, the need to understand
the influence of deceleration pulse shape, in
combination with advanced restraints, will
become more urgent.
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A 64 km/h Offset Deformable Barrier (ODB) test
for frontal stiffness has been proposed that uses a
LCW to assess and control the force generated by the
car. This requirement could simply be added to the
current EuroNCAP type test. As previously reported
(5), the load measured is a combination of the force
coming from the deceleration of the passenger
compartment (structural component) and the force
coming from the deceleration of the mainly rigid
masses ahead of the firewall (mechanical
component), a large proportion of which is due to the
engine and gearbox. In setting a limit for this force, it
is necessary to consider the extent to which the
engine force needs to be taken into account. In a car
to car impact some of the engine load directly acts on
the engine of the other car and has little effect on the
structure. The remaining load does act on the
structure, either directly or indirectly. The deformable
face can attenuate the force to decelerate the engine
and this may allow the maximum total force
measured by the load cell wall to be used.

There may also be a need to set a minimum force
level for the car front, so producing a range for the
acceptable forces. This would prevent the design of
small cars with excessively soft fronts, where the
deceleration pulse might have to increase rapidly,
when the front structure bottoms out on the strong
passenger compartment. Such deceleration pulses are
known to be injurious. It is unlikely that a minimum
force requirement would come into play for larger
cars, as there is no indication that any manufacturer
has an interest in producing a long soft fronted car.

Compartment Strength

The frontal stiffness test effectively sets a limit for
the force that one car can impose on its opponent.
However, it gives no guarantee that the passenger
compartment can sustain the load imposed by another
car. For example, where a car, which generated a
force well below the limit in the frontal stiffness test,
impacted one which generated a force near to the
limit, there could be no confidence that its passenger
compartment would survive. Furthermore, any slight
variation in the impact configuration might affect the
force levels. For these reasons, it will be necessary to
have a requirement for the strength of the passenger
compartment, ensuring that it can resist forces greater
than those used to control frontal stiffness.

It is clear that the strength of the passenger
compartment is dependent upon the load paths used
to transmit forces to it. In a frontal impact the most
important load paths are the main rails, the upper
rails, the engine subframe, via the road wheel to the

sill and via the engine to the firewall. The upper rails
and / or engine subframe may or may not be present.
The way the loads are distributed between these load
paths is dependent upon the car design, the impact
configuration and the characteristics of the object hit.
As the distribution of loads between the load paths
varies, so the effective strength of the passenger
compartment also varies. In order to ensure survival
of the passenger compartment, cars should be
designed to be tolerant of the distribution of the
impact load. In principle this could be achieved by
having a passenger compartment which is strong
enough, irrespective of some variation in load path
use, or by having a frontal structure that controls the
way loads are distributed to the various load paths.
The indications are that good structural
interconnections control adjacent load paths to
deform together and help to achieve this.

An 80 km/h ODB test to measure the compartment
strength has been proposed that uses a LCW to assess
and control the force generated by the car. It should
be pointed out that there is no intention to require that
cars provide a survivable performance for the
occupants, at this severity. The test is simply
designed to measure the strength of the passenger
compartment.

If the passenger compartment becomes unstable in
the impact, it will be necessary to ensure that the
strength measured is prior to any major intrusion
occurring. Once the passenger compartment becomes
unstable, the measured load can be expected to
reduce but it might again increase if subsequent
structural blocking occurs. However, with
conventional car designs this is unlikely.
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CURRENT DEVELOPMENT STATUS OF
TEST PROCEDURES AND ASSOCIATED
PERFORMANCE CRITERIA

Full Width Deformable Barrier Test

This section describes the development of a new
deformable barrier face, the modification of a current
car to improve its structural interaction compatibility
and the revised performance criteria for this test.

Development of a new deformable barrier face.
Initial development work for this test was performed
with a deformable face that consisted of 150 mm
deep aluminium honeycomb element with a
longitudinal crush strength of 0.34 MPa. A series of
full width tests using this face were performed with
current cars varying in size from small family to an
off-road vehicle, using an impact velocity of 56 km/h.
High resolution load cell wall measurements were
recorded using a wall, which consisted of 128 load
cells of size 125 mm by 125 mm arranged in a 16 by
8 matrix. These results have been reported previously
(6).

Unfortunately, the results of some of these tests have
shown that localised stiff structures on the car can
form preferential load paths, which dramatically

reduced loading from adjacent structures leading to
an incorrect assessment of the stiffness homogeneity
of the car. An example of this effect was seen with a
family sized car, which has several such structures,
namely a towing eye and radiator mount brackets
located on the engine subframe (Figure 3).

Figure 3.  View of family sized car structure
showing towing eye and radiator mount bracket
protruding structures.
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in columns F and K caused by preferential loading of these cells by radiator mount brackets.
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Examination of the deformed car and barrier face
showed that the front crossbeam of the engine
subframe applied load to row 7 of the load cell wall
(LCW) with over 50 percent of this load being
applied to the two cells in columns F and K (Figure
4). This was caused by the radiator mount brackets
penetrating the deformable barrier face to make direct
contact with the LCW to form preferential load paths.
These unloaded the adjacent crossbeam structure.
Unfortunately, this load distribution was not
representative of the stiffness homogeneity of the
crossbeam structure.

In order to resolve this problem the barrier face was
redesigned. Following several iterations, the new
barrier face design has two layers, each 150 mm
deep. The front layer consists of a 0.34 MPa crush
strength honeycomb element, the same as the original
face, and the rear layer consists of a 1.71 MPa
honeycomb element. The rear layer is segmented into
individual blocks the same size as the load cells so
that each block can be aligned with a load cell behind
the barrier face. The reason for segmenting this layer
was to reduce its shear strength to prevent the
bridging of recessed load cells. Bridging can cause a
redistribution of the load measured on the LCW

leading to an incorrect representation of the stiffness
homogeneity of the car being assessed.

It was proposed to repeat the test with the family
sized car that showed the preferential load path
problem using this new barrier face. However, due to
technical difficulties in the manufacture of this face,
which were later overcome, a face with a rear layer
depth of 85 mm instead of 150 mm was used to
repeat the test. The LCW results from this test are
shown in Figure 5. Comparison of the LCW results
from this test with those from the original single layer
face (Figure 4) show that the revised face gives a
much more even force distribution along the row
which was loaded by the engine subframe crossbeam
(row 7). This load distribution is a much better
representation of the stiffness homogeneity of the
crossbeam structure. Examination of the barrier face
following the test showed that the radiator mount
brackets had penetrated the stiffer rear layer of the
face but had not made direct contact with the LCW,
which allowed the rest of the crossbeam to load the
wall.

One of the requirements of the barrier face is that,
compared to a rigid wall test, it should have a

Figure 5. Load (scale 0–50kN) / time (scale 0-150ms) curves for complete load cell wall with double layer
barrier face with 85 mm deep segmented rear layer showing even distribution of load on row 7 from engine
subframe crossbeam.
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minimal effect on the occupant compartment
deceleration pulse so that the test could be used as a
high deceleration frontal impact test similar to US
FMVSS 208. A comparison of the compartment
deceleration pulses from equivalent rigid wall and
deformable barrier tests shows that the new face
meets this requirement (Figure 6).
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Figure 6.  Comparison of compartment
decelerations from rigid wall and deformable
barrier tests showing minimal effect of
deformable face. Note: single layer face (150mm,
0.34 MPa), and double layer face (1st layer 150mm
0.34 MPa, 2nd layer 85 mm 1.71 MPa, segmented).

In summary, a new barrier face was developed which
overcame the preferential load path problem while
still meeting the requirements of the original face.
These were, compared to a rigid wall test, a) to
attenuate the initial high decelerations at the front of
the car and reduce the magnitude of the engine
loading to make the test more representative of a
vehicle to vehicle impact and b) to minimise the
effect of the face on the compartment deceleration
pulse for the reason mentioned above.

Modification of a car to improve its compatibility
A current European mid-sized car was modified to
improve its compatibility and hence demonstrate the
principles of how a car’s compatibility performance,
in particular its structural interaction potential, can be
improved. The approach taken was to identify a
suitable car to be modified, that not only exhibited
poor structural interaction in a car to car crash test,
but also would allow for additional load paths and
vertical and lateral connections to be added to its base
structure to improve its compatibility. A repeat car to
car crash test with modified cars would then be
performed and compared to the test with unmodified
cars to demonstrate the improved crash performance.
The car chosen for modification had lower rails
which extended significantly further forward than the
other load paths (Figure 7). This type of single level
load path design is much more susceptible to under /

override problems than a multi level one because of
its smaller frontal interaction area.

Subframe

Lower Rail

Upper Rail

Crossbeam

Figure 7.  Side, front and bottom view of mid sized
car structure showing forward extent of lower
rails compared to other load paths.

The modifications made were the addition of a lower
load path and additional frontal vertical and
horizontal connections to provide a structure with a
more homogeneous stiffness distribution to improve
structural interaction. The additional lower load path
was made by attaching an extension to the engine
subframe. The extension consisted of two arms with a
deep front crossbeam horizontal connection. It had a
large thin walled box section design to maximise the
proportion of energy absorbed in axial crush
compared to bending (Figure 8).

Figure 8.  Engine subframe extension consisting of
two arms and front crossbeam. Extension was
attached to engine subframe via mounting plates.

The subframe extension was attached to the lower
rails by vertical shear connections, which were
formed from metal plate with additional ribs to
increase their shear capacity (Figure 9). The
modifications added a total mass of 16 kg to the car.
The mounting plates accounted for 6 kg of this.

Crossbeam

Mounting plates
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Initially, it was also proposed to include additional
shear connections between the lower and upper rails.
However, this was not done because supporting finite
element analysis work showed that this would most
likely increase the load through the upper rails, which
could not be supported by the door aperture.

Figure 9.  Modified car showing subframe
extension and vertical shear connection to lower
rail.

The results from a car to car impact test between
unmodified cars were compared with those from an
identical test with modified cars. The test
configuration was 50 percent overlap with a 112
km/h closing speed. Also one car was raised to give a
60 mm ride height difference between the cars to
promote any under / override that was likely to occur.
The deformation of the lower car from each test
shows that the occupant compartment deformation
was substantially less for the modified car especially
above waist rail level, indicating that less under /
override has occurred with the modified cars (Figure
10). For the raised cars the modified car had less
compartment deformation than the unmodified one
but the difference was not as great as for the lower
cars (Figure 11). Furthermore, the modified car had
had less floorpan and sill deformation even though it
had an additional load path at this level.

Unfortunately, the structural interaction performance
for the modified cars was not improved as much as
expected because the vertical shear connections
between the engine subframe extension and the lower
rails failed on the impacted side of the car for both
the lower and raised cars. This was caused by spot
weld failure.

In summary the crash performance of the modified
cars was better than the unmodified ones because of
the improved structural interaction and increased
energy absorption of the frontal structure given by the
additional load path and frontal connections.

Unmodified Car

Modified Car
Figure 10.  Comparison of lower cars from car to
car impact tests showing reduced occupant
deformation of modified car.
.

Unmodified Car

Modified Car
Figure 11.  Comparison of raised cars from car to
car impact tests showing the reduced sill
deformation between the B and C pillars for the
modified car.

Subframe extension
Vertical connection
to lower rail
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Development of revised performance criteria. Full
width deformable barrier tests using the new face
were conducted with an unmodified and modified car
to check that the test and assessment technique could
correctly distinguish the improved stiffness
homogeneity of the modified car given by its
additional load path. Unfortunately, it was found that
although a subjective assessment of the load cell wall
results correctly ranked the modified car as having a
better homogeneity than the unmodified car the
Coefficient of Variance assessment technique
reported previously (6) incorrectly ranked the cars.
Because of this failure a new technique to objectively
assess the force homogeneity was developed.

The revised homogeneity criterion is based on the
difference between peak cell loads and an ideal or
target load level over a specified assessment area or
footprint. The calculation of the homogeneity
consists of the following steps, which are described,
in more detail below:
• LCW data smoothing.
• Determination of peak cell loads.
• Definition of assessment area.
• Calculation of target load level.
• Calculation of homogeneity criterion.

A small variation in the test configuration, such as
the alignment of the car with the barrier, may change
the number of load cells that a main structure, such as
a lower rail, loads. This can alter the homogeneity
assessment causing problems with the repeatability
and reproducibility of the test. To overcome this
problem the entire LCW data set is smoothed. The
smoothing process involves averaging the output of
four adjacent load cells and allocating this value to
the centre point of these cells in a stepwise manner
for each of the load cells at each time step. Following
this, the maximum load recorded on each cell of the
smoothed data set is determined.

The methodology to determine the assessment area is
still under development. To ensure good structural
interaction, this area should be defined to include the
main structure of the vehicle and to ensure that there
is adequate geometrical overlap, both vertically and
horizontally, for all vehicles. Currently, to define the
area vertically, a methodology based on defining a
minimum vertical extent and controlling the average
height of force (AHOF) is being investigated.

A simple way to determine the target load level to
achieve homogeneity within the assessment area
would be to sum the peak cell forces within the area
and divide by the number of cells in the area.
However, to encourage all loads applied to the wall to

be applied within the assessment area the target load
was defined as the sum of all the smoothed data set
peak cell forces (whether inside or outside the area)
divided by the number of load cells in the assessment
area.

The homogeneity criterion is based on the square of
the difference between the peak smoothed data set
cell load levels and the target load level. The reason
for this was to additionally penalise loads that varied
significantly from the target load level.  The
homogeneity is calculated for cells, rows and
columns of the smoothed data set as defined in the
equations below. The row and column measures are
included to assess the force homogeneity between
rows (vertically) and columns (horizontally),
respectively. The reason for this was that although
the cell assessment provides an indication of the
global cell force homogeneity, it did not take into
account the relative position of the cells. The overall
homogeneity criterion is calculated by summing the
individual cell, row and column assessments.
However, if, in the future, it is determined that one
assessment measure was more important than the
others were, then weighting could be applied to bias
the homogeneity criterion appropriately.
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where:
L = Target load level.
f = Peak cell force.
nc = Number of cells in the assessment area.
ncl = number of columns in the assessment area.
nr = number of rows in the assessment area.
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This revised homogeneity assessment technique has
been shown to correctly rank the unmodified and
modified cars described previously (Figure 12). The
assessment area was determined from a subjective
examination of the LCW data. It is interesting to note
that the modified car’s additional load path results in
a much improved row (vertical) homogeneity
assessment.
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Figure 12.  Homogeneity Criterion for unmodified
and modified European mid sized car broken
down into cell, row and column assessment.

Frontal Stiffness Test

The potential of controlling a car’s stiffness by using
the peak LCW force measured in a 64 km/h ODB test
has been demonstrated and reported previously (6). A
50 percent overlap car to car test, with a closing
speed of 112 km/h, was conducted between two small
cars with a mass ratio of 1.01. Intrusion
measurements showed that the car, which had
recorded a lower peak load cell wall measurement
(240 kN c.f. 310 kN) in the 64 km/h ODB test,
suffered relatively more intrusion in the car to car test
than in the ODB test.

As mentioned previously, the LCW force is a
combination of the force coming from the
deceleration of passenger compartment (compartment
component) and the force coming from the
deceleration of the mainly rigid masses ahead of the
firewall (mechanical component), a large proportion
of which is due to the engine and gearbox. For a
typical car, the ‘mechanical’ component is relatively
constant, as the engine and gearbox decelerate
gradually, as the car deforms the barrier (Figure 13).

However, in a small number of cases, the magnitude
of the mechanical force component increases
significantly towards the end of the impact, which
increases the peak LCW force recorded (Figure 14).

This is caused by the engine ‘bottoming out’ the
deformable barrier face and directly loading the wall.
It would be more difficult for cars that exhibit this
behaviour to comply with a LCW force maximum
limit. However, it is not believed that this would be
detrimental as, generally, these cars have little
structure ahead of the engine, making them more
aggressive. On the other hand, small cars could use
this approach to help comply with a minimum force
requirement. Further work is necessary to determine
if this could be a significant problem.
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Figure 13. Load Cell Wall force showing
passenger compartment and mechanical
components for a typical car in a 64 km/h ODB
impact.
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Figure 14. LCW force measured for a 64 km/h
ODB test of large family car showing large
mechanical force component towards end of
crash.

As part of the continuing development of this test
procedure, LCW peak force measurements have been
taken for many recent EuroNCAP tests (Figure 15).
Examination of the data shows that the peak forces
lie in the range from 200 to 500 kN. From this
information a first estimate for a maximum force
limit could be 400 kN and for a minimum 300 kN. To
determine whether these suggested values are
appropriate and practicable much further work is
necessary to address the issues mentioned previously.
These are passenger compartment strength,
deceleration pulse and the need to increase the crush
depth in heavier cars.
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Figure 15. Peak Load Cell Wall measurement for
EuroNCAP tests.

Compartment Strength Test

Typically in an 80 km/h ODB test, towards the end of
the impact the engine has ‘bottomed out’ the
deformable barrier face and stopped decelerating so
that the LCW force consists mainly of the passenger
compartment force component (Figure 16). The LCW
force at this point is termed the ‘end of crash force,’ a
phrase first used by Renault (7). This force represents
the load imposed on the compartment and hence can
be used as an indication of a minimum load that the
compartment can withstand for this loading
configuration. From the limited number of tests
performed, it appears that the time at which the
difference of the compartment deceleration and
average engine deceleration records a maximum can
be used to determine the time at which the ‘end of
crash force’ should be measured. It is possible that
the end of crash force requirement may be achieved
with just one load path, for example via the road
wheel to the sill. To ensure this does not occur,
intrusion limits may also be necessary, in particular at
waist rail level. Further work is necessary to address
this issue.
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Figure 16. LCW force showing compartment and
mechanical components for 80 km/h ODB test.

Some concern has been expressed about the possible
repeatability of this test especially if the passenger
compartment becomes unstable (4). Two similar tests

have been performed for a super mini size car with an
impact speed of 80 km/h.  These show good
repeatability for the LCW force (Figure 17) and the
car’s deformation (Figure 18) even though the load
path through the door beam has become unstable.
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Figure 17. Load Cell Wall force for two 80 km/h
ODB tests with a super mini size car showing good
repeatability.

Figure 18. Deformation for two 80 km/h ODB
tests with a super mini size car showing good
repeatability.

The compartment strength measured in this test will
be dependent on the load paths used. One possible
concern, which requires further investigation, is that
the wheel to sill load path is used more in this test
configuration than it would be in accidents.

If a maximum force level of 400 kN is set for the
frontal stiffness test, a suggested minimum limit for

End of
crash force
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the end of crash force to control the compartment
strength may need to be somewhat greater, say 450
kN. However, it may be possible to set the limit
lower and still allow a sufficient safety margin. In a
car to car impact some of the engine load acts directly
on the engine of the other car and does not act on the
passenger compartment. It is possible that not all of
the engine component of the LCW force measured in
the frontal stiffness test acts on the passenger
compartment in a car to car collision, so this may
allow a sufficient safety margin to set the limit lower.
One advantage of a lower limit would be to minimise
the risk of car designs where the deceleration pulse
might have to increase rapidly when the front
structure bottomed out on the strong passenger
compartment. Further work is required to check that
the suggested value of 450 kN is appropriate and
practical.

CONCLUSIONS

The first requirement for frontal impact compatibility
is to ensure good structural interaction. It helps to
address problems seen in all frontal impacts and
without it any control of stiffness would have limited
effect. With good structural interaction, it will then be
possible to control frontal stiffness and passenger
compartment strength. An inevitable consequence of
these actions to reduce passenger compartment
intrusion is that car deceleration will increase along
with associated injuries, unless they are mitigated by
improved restraint systems. Although any increase in
injuries from deceleration is likely to be small
compared with the decrease due to improved
passenger compartment survival, there is going to be
a growing need to understand the importance of and
potentially control the shape of the deceleration
pulse.

To address these issues and improve compatibility
three test procedures are under development. It
should be noted that two of these are modifications of
current tests. The tests are:
♦ A full width test at 56 km/h (the current US

NCAP test) with a deformable barrier face and
high resolution load cell wall (LCW) to assess
and control structural interaction. This will be
achieved by controlling the force distribution
measured on the LCW, to encourage the
development of structures that behave in a more
homogeneous manner.

♦ A 64 km/h Offset Deformable Barrier (ODB) test
(the current EuroNCAP frontal test) with a high
resolution LCW. From the load cells, the car’s
frontal stiffness could be controlled by
specifying that the peak force recorded should lie

within a specified range.  In the future, some
control of the pulse shape could be used to
manage the passenger compartment deceleration
and restraint loading.

♦ An 80 km/h ODB test with a LCW to assess the
strength of the passenger compartment. This test
would not require instrumented dummies.

One advantage of this set of tests for frontal impact is
that the full width test would generate a ‘hard’
deceleration pulse on the vehicle and restraint system,
whereas the 64 km/h ODB test would generate a
‘soft’ pulse. This would ensure that restraint systems
are better able to deal with both types of pulse.
Another advantage is that, assuming the full width
and 64 km/h ODB tests are specified for frontal
impact world wide, only one additional test would be
required for compatibility.

The current state of development of these test
procedures has been reported, covering issues such as
the development of a new deformable barrier face
and a revised homogeneity assessment technique for
the full width test. A car has been modified to
demonstrate the principles of how a car’s
compatibility performance, in particular its structural
interaction potential, can be improved. It has been
shown that the full width test procedure with the new
barrier face and revised assessment technique
correctly ranks the better structural interaction of the
modified car above that of the unmodified car. Some
performance limits for the frontal stiffness and
compartment strength tests have been tentatively
suggested. However, further work is required to
ensure that these suggestions are appropriate and
practicable.

In addition, the benefit of improving compatibility
for the UK has been estimated and shown to be
substantial.

This is an evolving area and much further work is
required to complete the development of these
procedures to a level suitable for consumer and / or
legislative use.
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ABSTRACT
 
Accident studies show that incompatibility has 
become the main cause of fatal injury in car to car 
accidents. There is a general agreement today that 
improving compatibility is one of the most effective 
ways to reduce the number of road accident victims. 
Therefore, structural car design must take into account 
other road users without decreasing self protection 
level supplied by all new passenger cars. In addition 
to these safety considerations, the front unit structural 
design has to account for an increasing number of 
constraints: improvement of real world performance 
in safety, fulfil current and future regulations like 
“CAFE” or pedestrian, reducing utilisation costs and 
so on.  
Furthermore, European fleet is changing in mass and 
in size, as the world’s ones, and new fashion vehicles 
appear different than the previous one. 
This paper deals with the development of a more 
comprehensive approach in order to better take into 
account safety requirements coming from real life 
accidents and the work done over the past years on 
understanding the physic of compatibility. The aim of 
this paper is to propose a better assessment procedure 
and a new test methodology in a standard approach 
for improving compatibility. 
 
 
INTRODUCTION 
 
40 000 people die each year in Europe due to traffic 
accidents. In France there were 5 000 fatalities in a car 
and 2700 involved in car to car or car to vehicle 
accident. This figure represents more than half of 
people that die in a car collision. Our approach has 
been for many years to study real world accidents and 
try to understand what were and are the mechanisms 
of injury causation. Accident studies during the last 
twenty-five years clearly showed that car to car head-
on collision is a major impact configuration to take 
into account in order to improve safety on the roads. 
With new self protection ratings all cars offer 
equivalent behaviour against a fixed obstacle. So, in 
the future, it is expected that the main progress will 
have to be made in car to car compatibility. 

Compatibility between cars has for a long time been 
reduced to the simple image of heavy against light cars. 
Over the past ten years vehicle stiffness has been 
increased thanks to improved restraint systems. We also 
have a better understanding of the front end design 
energy absorption. Front end design is at the cross road 
of numerous contradictory constraints: self protection of 
occupants, protection of vulnerable users such as 
pedestrians, reparability, styling, aerodynamics, engine 
cooling and so on.  
Therefore, each manufacturer has developed its own 
solution to solve this difficult equation which resulted 
in a wide variety of front end designs, structure and 
stiffness regardless of the overall mass of the vehicle.  
Solutions however have been optimized against a rigid 
wall or soft obstacle but not in car to car configuration. 
The problem was first to understand the physics of car 
to car interaction then, to set design rules, to design for 
an improved compatibility. And finally, to find a test 
procedure and a set of relevant criteria in order to keep 
under control front end and passenger compartment 
design over the market production.  
Whereas self protection can be achieved through a wide 
variety of structural design, compatibility (partner and 
self protection) can only be achieved through 
cooperative work and common design rules amongst 
manufacturers. This is what makes improvements in 
compatibility so difficult. To be effective in terms of 
lives saving, the procedure must absolutely take into 
account: 

- accident research analysis  
- heavy an light vehicles 
- current self protection requirements 
- current and future fleet 
- current and future vehicle design. 

 
 
CURRENT AND FUTURE EUROPEAN FLEET 
 
In addition, research into compatibility must take into 
account the time taken to renew the fleet (figure1). 
Measures proposed for new vehicles must not create 
dangers for existing ones because the European market, 
as the other ones, is a mixture of old and recent cars.  
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Figure 1: Age distribution of European fleet in 2000 
and 2010 (estimate). 
 
In marge of the global increase in weight, due to new 
fashion in car design, the vehicles segment 
distribution is changing into multi purpose or four 
wheel drive vehicles higher and heavier than the 
previous ones. 
 
 

 
Figure 2: European mass and segment distribution 
change 
 
It is necessary to point out that the procedure should 
last for a long time to avoid rupture effect in the 
vehicle fleet due to change in the rules. It is therefore 
better even if it takes some time, to opt directly for the 
best way of evaluating the compatibility, before 
adopting any standards.  
So the future standards approach must be stable to 
avoid inhomogeneous fleet as we can see today. If 
not, the overall benefit of such measures may be 
severely compromised. 
 
 
ACCIDENT RESEARCH FINDINGS 
 
Accident configurations 
 
Several generations of vehicles are now together on 
the same road network. By this term, we mean cars 
with different stiffness, in other words different crush 

force deformation. The introduction of ratings and 
reparability test over the past decade has led to stiffer 
cars and has increased the discrepancy between “old” 
and “new” generation of cars. There are now on the 
roads light cars which can be aggressive for heavy cars. 
There are also cars of the new generation which are 
aggressive for the same size of the old generation.  The 
major difference between these cars is the stiffness of 
their compartment and front unit. This has clearly to be 
put under control through common assessment test. 
 
 
Overlap and angle of collision  
 
Thanks to the introduction of numerous actives safety 
systems helping the avoidance of crashes (ESP…), the 
overlap seems to decrease. However, the average is 
around fifty percent giving by current data. In the future 
we may need to consider decreasing this overlap.   
 

 
Figure 3: overlap distribution  in head-on collision 
 
 

 
Figure 4: angle distribution in head on collision 
 
This data (0° and 50% overlap) are largely accepted by 
the scientific community. Whether it be car to car 
ratings (ADAC, AMS), tests performed by different 
working groups (PREDIT, CEVE, EUCAR), by car 
manufacturers or states (Australia), all were carried out 
at fifty percent and zero degree angle. So, the future 
standard must take into account this point to be close 
from accident data and car to car test configuration.  
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Closing speed 
 
The future frontal European regulation at 60 kph is 
linked to the fact that the improvement of the 
compatibility cannot be done to the detriment of self 
protection (especially heavy vehicle). It brings us to 
set the limit at 100 kph closing speed. Accident 
studies show us that 60% of people involved in the 
light car are covered (figure 5). It should be specified 
that these progress will be also applicable for higher 
closing speeds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: gravity rate covered vs closing speed 
 
Breaking front unit clearance 
 
In forty percent of cases, one of the two vehicles is in 
breaking (with the introduction of ABS, this 
information becomes more difficult to collect). The 
front structures are lowered (about 150mm) compared 
with the static position. Only a geometric treatment of 
frontal structures is therefore not sufficient to cover 
these cases.  
 
 
STUCTURAL POINTS TO INVESTIGATE 
 
The front end is collapsible whilst the occupant 
compartment must keep its integrity and play its role 
of survival cell. As a result, the intrusion into the 
occupant compartment has been greatly reduced thus 
reducing the risk of contact injury. Car design for 
front crash reflects also the ability to balance intrusion 
reduction which means stiff front structures and 
acceptable deceleration from the occupant point of 
view. Recent developments in restraint systems such 
as seat belt with load limiters, airbags and so on, have 
helped to make level of compartment deceleration 
acceptable, which would have killed people some 
years ago. 
In order to reach the desirable intrusion level, the 
engine compartment has to absorb a certain amount of 
energy. Usually this is achieved through different load 
paths which absorb energy and transmit the load from 
the front to the occupant compartment. These load 
paths are designed and tuned against two types of 

obstacles: rigid barrier or deformable barrier. So far test 
s carried out on deformable barrier showed bottoming 
out phenomenon. This means that the front end design 
is not controlled by the barrier stiffness because the 
structure collapses with the help of the rigid wall behind 
the barrier. In each case the obstacle is far from 
representing a car front unit. That’s why structural 
behaviour in car to car accidents are different due to bad 
connexion between load paths (figure 6), bad spreading 
surface in front of the load paths (figure 7 and 8) that 
cause fork effects, insufficient engagement and weak 
structural interactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Rupture of the connexion between subframe 
and longitudinal  
 

 
Figure7 : Undeformed longitudinals  
 

 
Figure 8: severe intrusion in side impact due to local 
stiffness of the striking car. 
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Finally the amount of vehicle deformation should a 
least put under control. The total length of the frontal 
unit must be tested to detect structural behaviour and 
even the farthest away from the front end structures 
(figure 9). Sometimes, these structures help for a 
better engagement and structural interactions. The 
future procedure must be severe in order to check the 
front unit at least up to the compartment 
 

 
Figure 9 : Front unit area often involved in car to 
car accident  
 
 
Energy absorption principles 
 
Looking at real world car to car accidents, it is clear 
that the first cause of occupant death is due to 
intrusion of aggressive structural parts into the 
passenger compartment (figure 10). Unfortunately, 
structural behaviour and intrusion mechanism are 
completely different from those observed against in 
test with rigid wall or soft obstacle (EEVC barrier).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Overloaded  compartment 
 
This is where incompatibility arises. One definition of 
incompatibility between two cars is when one of the 
two cars is absorbing most of the crash energy whilst 
the other remains mostly undeformed. 
The scientific community now agrees that mass does 
not play a direct role in compatibility. Its indirect role 
is through the stiffness or the deformation force.  

In order to reach the same level of self-protection, the 
level of intrusion is roughly the same regardless of the 
vehicle mass. The increase in length of the car size does 
not usually compensate for the increase in energy to be 
absorbed. As a result the front end and the compartment 
deformation forces as to be increased to reach a higher 
stiffness. In addition, design against deformable barrier 
with bottoming out results directly in even stiffer heavy 
cars because this test is more severe for large car than 
for small ones. The fraction of energy absorbed in the 
barrier is roughly the same regardless of the car mass 
resulting in a higher fraction of energy to be absorbed 
by the large vehicle than by the small one.  
 

  
Figure 11: Current bottoming out phenomenon on 
EEVC barrier 
 
 
FRONT END DESIGN AND COMPATIBILITY 
LIMITS 
 
Front design limits 
 
Front end design is at the cross road of a large number 
of conflicting requirements such as: aerodynamics, 
engine cooling, styling, pedestrian protection, accident 
protection or reparability. There are also some other 
constraints which at first sight does not appear related to 
crash performance but which could have an effect: 
overall length (cars have to fit into cities and allowed to 
be parked easily). In addition, the lower lip of the front 
bumper cannot be too low with respect to the front 
overhang in order to avoid difficult access to ramps.  
 
 
Compatibility limits 
 
Compatibility has two aspects: on one hand, self 
protection, which is controlled trough test against 
barrier. This can be achieved trough a variety of 
compartment force and design. On the other hand, 
partner protection is very seldom addressed. There is no 
agreed test methodology, neither regulation. This is 
typically a safety subject which has to be solved on an 
international cooperative basis as compatibility usually 

Intrusion : 400 mm 

BOTTOMING OUT AREA 
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involves two cars of different manufacturers. So there 
is only limited interest at designing its own range to 
be compatible. 
Due to the requirement for self-protection and the 
wide range of vehicle’s size, mass and stiffness, we 
have to define a limit for compatible design. For 
example, a car can only be made compatible up to a 
certain speed. Furthermore, this limit must be in line 
with other regulations. Then, if we take for instance 
an MPV of 1800kg at 60kph against the EEVC barrier 
(future ECE94 regulation), the corresponding EES is 
around 55kph. The intrusion level set by the 
regulation will make heavy cars much stiffer than 
small ones. One might think that we could always 
increase the length of the heavy cars but we have 
already seen that it is impossible before. The result is 
that heavy cars cannot be made compatible, in term of 
stiffness, with small ones at EES55 without 
decreasing their self protection. Thus, we have to 
choose a lower limit at EES50 which corresponds to a 
closing speed of 100kph. In such a crash 
configuration, two cars can be said compatible if the 
intrusions observed on both side are close to those 
observed in ODB test at 60kph.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Car to car energy distribution 
 
Structural improvements 
 
As mentioned above, stiffness is one part of a 
compatible design. In order to take advantage of all 
the potential for energy absorption of both cars, their 
structure must interact correctly. This goes along with 
preventing over-ridding which is a specific aspect of 
energy deficiency. Improving energy deficiency is 
now something which is generally accepted.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 : Compatible front end 

The problem now is to find common test procedure and 
criteria which will be representative of this phenomenon 
in order to put this item under control.  
In term of design, one way to achieve structural 
interaction is to offer a front surface which is 
homogeneous in stiffness over a surface which is large 
enough. To illustrate this point, we have to imagine that 
we put a wall between both cars. The concept of the 
wall is to have a homogenous stiffness over a large 
surface. To achieve this result, the stiffness on the front 
block must be distributed along multiple load paths. 
Having this is not enough, as they cannot ensure that the 
stiffness is homogeneously spread over the front 
surface.  The additional requirement, which is also 
confirmed by real world accident analysis, is that the 
different load paths must have strong connection both 
vertically and horizontally. To finish with, this result 
avoid to have localised load paths on small surfaces. 
Equal stiffness also means corresponding deformation 
forces. Theses forces must be as close as possible for 
both cars in order to allow an equal deformation for 
both. As seen previously, this “compatibility” force is 
different from the self protection one. 
 
 
PROPOSAL FOR A RELEVANT 
COMPATIBILITY ASSESSMENT 
 
There are no effective proposed improvements unless 
they are applied by all manufacturers and for all 
passenger cars. The only way to reach that target is to 
define and apply a new standard project.  
Several international task forces are working in that 
direction. Some orientations resulting from the 
preceding principles are proposed and can be discussed 
in that context.  As we have seen before, the two main 
principles for a better compatibility are first to enforce a 
minimum resistance of the compartment, then check its 
stability and finally put under control the energy 
absorption and the force level of the front end of the car 
(called Bulkhead Principle by some compatibility 
experts);  
We consider at the present time that one test is needed 
to cover these two issues. This procedure is a little bit 
different than the previous one proposed by Renault. 
 
The procedure must check: 

• load path positions and stiffness 
• structural links among them 
• global front unit and compartment  force 
• compartment stability 
 

The procedure must generate: 
• local and global longitudinal shears 
• local and global horizontal shears 
• compartment strength (overloading) 
• large deformation depth 
 

The procedure must be in line with: 
• current and future regulations 

CAR TO CAR 
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• light and heavy vehicles 
 

The assessment could be based on: 
• barrier deformation  
• force load measured behind the barrier 
 

In other words, to cover the maximum of cases the 
procedure must reproduce a frontal car to car accident 
structural loading. 
 
Several test procedures are proposed for compatibility 
assessment: against different rigid wall or soft 
obstacle (with bottoming out phenomenon) and 
different overlaps (between 40 to 100%). 
Unfortunately, as we have seen before against a rigid 
wall or soft barrier, the various load paths are not 
working the same way as they do in car to car 
interaction. The deformation process is at imposed 
displacement, whereas in car to car, the deformation is 
at imposed pressure or force.  
A rigid wall might seem simpler; unfortunately it is 
not representative of a car front block and far from 
real world accident observations. 
 
 
Test procedure 
 
The objective is the ability to quantify: 

• the capacity of the front unit to absorb 
energy corresponding to an 100 kph closing 
speed  

• the capacity of car compartment to resist and 
be stable. 

 
We have seen that heavy cars are stiffer than light 
ones due to their design only. Today we have to take 
into account the non aggression for the other car users 
(80% of cases). So, it is important to develop a testing 
procedure to put under control the energy absorbed by 
each car before reaching its self protection force. A 
car designed to be very stiff can reach the self 
protection force in an early phase of the crash and be 
very dangerous because it has not enough energy 
absorption capacity.  
We are able to propose a new test procedure for all car 
range, after having analysed real world accidents, 
considered new and future generation of cars and 
current European regulation and all the work done by 
international experts.  
If we focus on what we want to control in the test 
design the following configuration is proposed: 
 
• offset :For controlling the strength of the 

lateral connections between the different load 
paths and generates global shears.  
Proposed offset: 50%  
 

• obstacle : Progressive Deformable Barrier 
(PDB) is aiming at checking front unit in 

stiffness and geometry, generating shears in the 
vertical and the horizontal 
 

• Mobile barrier  (second step): 
The mass is supposed to be that of a medium car 
in Europe. The test progressively switches from 
a light car overload to a heavy car partner 
protection test. 
Proposed mass in Europe: 1300kg. Mass can be 
adapted with the continent fleet. 
 

• Test severity : to be defined  
To be in line with 100 kph closing speed, 
current and future regulation. 
Fixed barrier: around 60 kph to 64 kph 
Mobile barrier:  closing speed around 90 kph  
 

In other words, the test procedure is fully representative 
of real world accident. Test dummies are employed – It 
could become a restraint-system dimensioning test also, 
but further investigation is required. 
 
 
Barrier 
 
The barrier is now well known (derived from ADAC 
barrier). The main difference is a progressive increase 
in stiffness in the depth, and two height dependant 
stiffnesses, which contribute to its name: PDB as 
Progressive Deformable Barrier (Figure 14). The barrier 
allows to checking the thrust surface of the vehicle, and 
the links between the transfer paths. Its dimensions and 
stiffness make the bottoming-out phenomenon very 
unlikely.  
In car to car there is no bottoming out, thus the barrier 
must be designed in such a way as to prevent this 
phenomenon (figure 14). 
Thus, the compression on the front block exhibits an 
increasing stiffness. Furthermore car force distribution 
in height should be represented; the lower front load 
path is usually stronger than the upper one.    
    

                                     
 
Figure 14: PDB barrier version 7 - Vehicle collapse 
without the help of the rigid wall behind 
 
Measurements  
 
All criteria and investigation are based on the 
deformation of the barrier and the global force 
deflection measured behind. It looks like car to car 
accident or test analysis, except that in this case, the 
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barrier deformation is investigated instead of the car. 
An aggressive vehicle would be identified by large 
and non homogeneous deformation. 
The PDB barrier is able to detect local stiffness but 
also transversal and horizontal links among load 
paths. The barrier represented on figure 15 clearly 
shows front cross member, lower cradle subframe and 
pendants that improve vehicles compatibility. That is 
the reason why the assessment is based on 
deformation in height and in depth. 
 

 
Figures 15: Footprint of the car front unit recorded 
by the PDB barrier- deformation is far from the wall 
 

 
Figures 16: Contour plot representing front unit 
force distribution  
 
Since the use of the last PDB version 7 with improved 
front sheet, localised tearing disappeared. Digitisation 
and interpretation is become easier.  
Two limits are considered in the assessment: 
geometric in height and stiffness in depth. Both limits 
can be adapted with the fleet and what kind of cars we 
want to protect. The formula describes each colour 
surface weighted by its height (Z position) and its 
deformation (X position).  
 
Load cell wall measurements 
 
Before eventually using load cells wall behind the 
PDB, several tests have been performed to validate 
and control the accuracy of the measurement. 
Unfortunately, force measurement doesn’t work well. 
In fact, the force distribution was not the expected 
one. The expected result could have been a 

homogeneous pressure because tests were performed 
with a rigid plan wall.  
Unfortunately, the force was concentrated on one load 
cell (figure 17). The flatness of the multi load cell 
seems to be responsible for that result. Furthermore, the 
force measurement distribution seems to be better and 
more accurate without honeycomb. Further work is 
needed to clarify this point.  
 

 
Figures 17: Force distribution corresponding to a 
plane rigid wall impact. 
 
 
Tests already performed / Assessment 
 
More than thirty tests have already been performed all 
around the world and the results confirm the previous 
ones. Vehicles have been selected for their front units in 
terms of design and stiffness, different size and mass, 
different generation and different driving position. 
These tests are often accompanied with a car-on-car test 
in order to validate the PDB assessment. The figure 18 
shows the result vs kerb weight of the car. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 18: PDB assessment at 60 kph 
 
 
Heavy vehicle performances 
 
Some heavy cars have a better rank than small ones, 
because only the front unit behaviour is responsible for. 
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It is not a mass dependant test. Let’s take for example 
a 1950 kg light commercial vehicle fitted with lower 
load paths (figure 19). 
 

       

         
Figures 19: PDB assessment corresponding to a 
1950 Kg Light Commercial Vehicle. 
 
Multiple and moderate load paths force and good 
connexions among them allow to this vehicle getting 
acceptable compatibility assessment even if kerb 
weight is close from 2000 Kg. 
  
FE model development 
 
To complete the study, a numerical approach is 
needed. That’s why, a Finite Element model of the 
PDB is under development. Actually, new test 
proposal must be easy to simulate. It will become a 
help to design the future compatible car.  
  

 
Figures 20: Family vehicle against PDB  
 
The first approach is encouraging, however, further 
development are needed to tune the FE PDB. After 
that, the model will be marketed. 

PROPOSAL TO ASSESS COMPATIBILITY 
 
First step proposed by France – Mid term 
 
The possibility to check both self and partner protection 
against PDB barrier was investigated. First results are 
encouraging to continue in this way. Up to now, two 
cars have been performed in this configuration.  
 
 
 
 
 
 
 
 
 
 
Figures 21: PDB assessment vs speed  
 
The test speed was higher than 60 kph. We have seen 
that in both cases, the barrier was able to keep in mind 
the front unit footprint because the PDB assessment 
didn’t change (figure 21). It means that the barrier 
seems not to be linked to the speed.  
The French proposal (PSA Peugeot-Citroën, Renault 
and UTAC) is to replace the EEVC barrier by the PDB 
one (figure 22). The test speed could be eventually 
higher than the future regulation (60kph) and fixed for 
all cars. Furthermore, this proposal could generate 
higher deceleration pulse and could be able to combine 
both acceleration and intrusion. However, further 
researches are needed to set the optimal test speed. 
 

   
Figures 22: New PDB test proposal with instrumented 
dummies. 
 
 
 
 
 
 
 
 
 
Figures 23: First step proposal to assess compatibility 
Second step proposal – long term 
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To be closer to real life accident and be able to answer 
both partner protection especially for heavy cars and 
self protection especially for light cars with only one 
test. The PDB could be fixed on a mobile trolley as 
Australia investigated last year (figure 24). A quick 
energetically approach shows clearly than this test due 
to conservation of momentum associated to different 
energy absorbed in the barrier allows to progressively 
switch from a light car overload to a heavy car partner 
protection test (figure 25).  We think that test answer 
all compatibility test configuration problems. 
However and before proposing this test as a standard, 
we have to investigate it.   
 
 
 
 
 
 
 
 
 
 
 
Figure 24: Second step proposal closer from real life 
accident 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 25: EES severity between future regulation 
at 60 kph and compatibility test vs mass  
 
 
 
CONCLUSION 
 
Improving compatibility is the most effective way to 
reduce the number of road accident victims. The study 
we made and the tests we conducted have showed that 
the front-end stiffness and compartment have an 
influence on compatibility. 
 
A good structural interaction is a prerequisite to obtain 
a well balanced energy. It is not possible to separate 
stiffness and geometry of the front end. Furthermore, 
improvement that could be made on future vehicles 
for front impact will also produce benefit for side 
impact. 

To answer these statements, the design constraints 
described (self protection, heterogeneous vertical 
distribution of stiffness and high local stiffness in front 
end) lead to define two compatibility targets: 
• First of all, partner protection: vehicles should 

have an homogeneous front end and absorb a 
certain amount of energy before reaching self-
protection force 

• Then, self protection: vehicle should have a certain 
compartment crush force capacity and stability. 

The development of future vehicles with respect to 
these targets would result in a compatible fleet of new 
vehicles. Moreover, considering the time taken to renew 
all the vehicles, it is necessary to propose measures that 
will limit dangers for existing vehicles and doesn’t 
change every time to avoid rupture in the fleet. 
 
The PDB test procedure already showed its capacity to 
verify the behaviour of new vehicles in regard to the 
partner protection targets. Aggressiveness assessment is 
allowed. The studies in progress confirm that statement. 
The concept, close from real life car to car accidents, 
clearly show the capacity of the front unit to be 
aggressive or not. Thanks to the propriety of the 
deformable element and the test configuration. 
Furthermore, interpretation is become easier with the 
current PDB version 7 that avoid rupture and tearing.  
 
However, this test doesn’t control the overload of 
compartment and nor answer the question of self 
protection. That is the reason why doing both self and 
partner protection with this test is investigating.  
In a first step, that kind of evaluation could be 
introduced as a fixed barrier. 
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ABSTRACT 
A protocol has been proposed for testing seats for 
whiplash protection, however injury criteria were not 
chosen. Assuming that whiplash symptoms arise 
from non-physiological motions of vertebral 
segments, we determined the ability of proposed 
criteria to predict peak individual vertebral 
displacements. Volunteers were subjected to rear 
impacts while seated in a car seat with head restraint, 
mounted onto a sled. Then, the seat was replaced by 
a platform onto which were mounted cadaveric 
cervico-thoracic spines. Head and T1 accelerations 
and individual vertebral sagittal (XZ) plane rotations 
and translations were obtained. Proposed injury 
criteria were tested for their ability to predict peak 
intervertebral displacements. Cadaveric specimens 
had chest and head X (horizontal) and Z (vertical) 
linear accelerations similar to volunteers whose heads 
hit the head restraint. The best predictors were: Nd 
shear and peak posterior translation (0.80), Nd 
extension and peak extension angle (r2 = 0.70), and 
Nd distraction and peak distraction (0.51). Therefore 
consideration should be given to a displacement 
based injury criteria such as Nd. 
 
INTRODUCTION 
 
An average of 805,581 whiplash injuries occurred 
annually in the United States from 1988 to 1996, 
with an estimated cost of $5.2 billion dollars [1]. 
Whiplash may result in a chronic condition, though 
its diagnosis is often confounded by a general lack of 
objective symptoms [2-5].  Since whiplash derives 
from the occupant's response to the forces applied 
during a rear impact, the intersegmental 
displacements of the cervical vertebrae and  tissue 
deformations resulting from abnormal motions most 
probably produce whiplash symptoms. Since testing 
of new devices to prevent whiplash is performed with 
crash dummies, spinal intersegmental motions and 
tissue deformations cannot be readily determined.  
Injury parameters, measurable from the dummy,  
have therefore been used to predict whiplash injury. 

In this study we measured intersegmental motions in 
cadaveric specimens and correlated these motions to 
injury parameters proposed in the literature, to 
determine the best predictors of vertebral motions. 
 
The response of an occupant to a rear-end impact has 
been well documented [6-20]. During the collision 
the vehicle and seat are pushed towards the occupant.  
The occupant’s torso contacts the seat back first, and 
is thrust forward underneath the momentarily 
stationary head. The head retracts and extends 
rearward, contacting the head restraint, resulting in 
cervical spine shearing, tension, and extension.  At 
this point the vehicle-to-vehicle impact is over.  The 
occupant’s torso continues to move forward, and the 
head  starts to rebound forward from the head 
restraint. The torso forward motion is stopped by the 
shoulder belt while the head continues forward over 
the torso flexing the neck. The shoulder and lap belt 
arrest the occupant's torso and he or she falls back 
into the seat. Several recent studies, most performed 
using cadaveric cervical spine preparations, have 
identified an initial transient “S” shape to the cervical 
spine in response to a rear-end impact due to the 
lower cervical spine being thrust forward with the 
torso by the seat while the head and upper cervical 
vertebrae remain initially stationary due to the inertia 
of the head.  This “S” shape was related, in different 
reports, to nonphysiologic extension of the lower 
cervical segments [14], pinching instead of gliding of 
the facets [6,13], increased facet capsular tissue 
strains [7], and transient compression of the neural 
tissues [8]. Any or all of these nonphysiologic 
vertebral intersegmental deformations may account 
for symptoms experienced by victims of rear impact.  
All of these tissue related strains result from 
abnormal kinematics of the cervical vertebrae. 
 
Recently, a protocol has been proposed for testing 
seats and head restraints [21] however, the authors 
stated that more work was required to validate 
criteria for whiplash injury risk. A number of injury 
parameters and thresholds have been proposed for 
whiplash injury. Bostrom, et al [22] defined NIC, the 
neck injury criteria, which is calculated from the 
acceleration and velocity of the head in relation to the 
neck. Schmitt, et al [23] proposed Nkm based on 
neck shear force and flexion/extension moment. 
Viano and Davidsson [24] suggested Nd which 
considers head rotation at the occipital condyles, and 
occipitial condyle to T1, along with X (shear) and Z 
(tension-compression) displacements.  Kleinberger, 
et al [25] used Nte  a subset of the Nij criterion which 
considered both extension moment and neck tensile 
force. Jacobson and Norion [26], suggested using  
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head rebound velocity along with some of the 
previously proposed criteria.  The goal of our study 
was to determine how the criteria proposed by others 
correlated with spinal peak intersegmental motions 
that were measured using cadaveric cervical spines 
subjected to rear impacts. The results suggest which 
of the proposed criteria may best predict abnormal 
cervical spinal kinematics and indirectly, the 
potential for whiplash injury. 
 
METHODS 
 
Study Design and Limitations 
 
The general setup is described here and details are 
given in following paragraphs. Data from a set of 26 
human volunteer rear impact experiments [20] was 
used to develop response corridors for occupant head 
and sternum accelerations. Using the same crash 
pulse time, sled, head restraint, and head to restraint 
distance (backset), from that study [20] a set of 11 
cadaveric spine preparations was tested so that 
intersegmental motions could be determined at each 
cervical vertebral level. The weight of the impact 
pendulum was adjusted until the accelerations at 
cadaveric spine level T1 were within the corridors for 
sternum accelerations of volunteers. Cadaveric 
specimens used were limited to C1-T4 segments with 
the same instrumented skull replica attached to each. 
Spinal intersegmental sagittal plane rotations and 
translations were recorded by high speed video.  
 
Using cadaveric spines has recognizable limitations 
but were necessary to allow measurement of inter-
segmental motions.   Since our cadaveric spines had 
no supporting musculature, these tests represent the 
worst case, that of the unprepared occupant. The 
volunteer tests, by their nature, do not simulate the 
unaware occupant, so muscle tension may be larger 
than that exhibited by an unprepared occupant in an 
actual crash. Considering both volunteers and 
cadavers probably covers the bounds of the responses 
due to level of preparedness and resulting neck 
muscle tension. 
 
Although the complete thoracic spine was not present 
in the cadaveric tests, there were a sufficient number 
of mobile segments to observe straightening of the 
spine and resulting vertical head accelerations, 
similar to those described in volunteer studies. The 
sternum accelerations of cadaveric specimens were 
matched to those observed by volunteers. This is 
probably the best indicator that the interaction of the 
seat with the torso of the volunteer was being 

replicated in our cadaver experiments, in which the 
head restraint was present, but not the seat. 

We chose to attach the same  instrumented replica of 
a skull to each specimen instead of maintaining the 
head of the specimen. Since head weight affects 
cervical spines forces in rear impact, this resulted in 
smaller variations in responses while allowing us to 
instrument the head replica with the same 
accelerometers for all tests. All cervical joint motions 
were maintained. No joints were fused or altered by 
attachment of the head replica.           

Volunteer testing 

One of the 19 seats previously tested for impact 
properties [20] was selected as having midrange 
stiffness and energy absorption properties. It was 
mounted on a 6 wheeled sled running inside guide 
rails and had an impact absorbing bumper 
constructed of two aluminum channels separated by 
two sets of rubber doughnuts.  Energy was provided 
by the same pendulum used to test the seats in the 
prior study but with more weight added (total 
pendulum mass was about 73 kg).  Its drop height 
produced a velocity of the pendulum at impact of 
about 6.4 kph (4 mph) and  bumper compression 
resulted in an impact with an acceleration rising 
linearly to a peak of about 2.5g in about 66 msec, Fig 
1, followed by a deceleration  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Mean input acceleration pulse in 
volunteer testing, including deceleration of sled by 
frictional contact with rails. 
reaching a peak of –1.3g at 103 msec due to 
frictional interaction of the wheels of the sled with 
the frame rails. Overall the sled traveled about 40 cm 
after impact reaching a peak velocity of 3.9 kph.  
This represented both the acceleration and 
deceleration components in a rear end impact against 
a stopped 
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vehicle with the brakes applied. Testing was 
performed with the approval of the Institutional 
Review Board of the University of Washington.  A 
total of 28 subjects were tested from which 26 intact 
data records were analyzed. The subjects were 
recruited from hospital employees and included 14 
females (age range 22-64 yrs) and 12 males (age 
range 28 to 50 years).  Each subject was seated in the 
sled, shown in Figure 2, and restrained with lap and 
shoulder belts.  A light plastic headband was secured 
on the subject’s head with an elastic strap under the 
chin. It contained 5 accelerometers (PCB 
Piezotronics Inc, Depew, NY), 2 uniaxial, measuring 
X (forward-backward) and Z (upward-downward) 
accelerations at approximately the level of each ear, 
and one triaxial, located  at the apex of the head 
forming a vertical plane with the accelerometers at 
both ears. The accelerometers at ear level were 
located approximately at the estimated center of 
gravity of the volunteer's head, in the sagittal plane 
[12,28].  
 
In a previous study [19], the motions of the head and 
chest of volunteers in simulated rear-end impacts 
were observed to occur primarily in the X (forward-
backward) and Z (upward-downward) directions or 
in the sagittal plane, so only X and Z accelerations 
were measured in this study.  Signals were sampled 
using a laptop computer (Powermac G3, Apple 
Computer Co, Cupertino, CA) with an A/D card and 
software (Labview, National Instruments, Austin, 
TX) and were filtered according to SAE J 211 using 
a 5th order 4 pole Butterworth digital filter 
implemented in Labview. The instrumentation on the 
head was located on the same rigid body, however 
the head translated and rotated in the XZ (sagittal) 
plane.  The resultant motion at each of the three 
measurement locations was independent of the 
orientation of the accelerometers (the local 
coordinate system) since the resultant can be 
expressed in an infinite number of coordinate 
systems. To describe the translation and rotation of 
the subject’s head in the XZ plane, it was 
transformed into a translation with reference to the 
lower part of the ear near the TMJ joint and an XZ 
plane rotation about this point. The actual origin for 
each accelerometer pair was at the intersection of the 
axes of the X and Z accelerometers. 
 
Cadaveric testing 
 
Fresh frozen cadaveric preparations were thawed  
and dissected into a cervical and upper thoracic spine 
unit. Muscle and soft tissues were removed 
maintaining the discs, facet capsules, and ligaments 

intact. Each spine was examined by manual palpation 
and with lateral and AP radiographs. Two 
experienced observers used the radiographs to score 
disc degeneration at each level in the cervical spine, 
with the following grades; Grade 1: end plate (EP) 
uniform thickness, vertebral body (VB) rounded 
margins, Grade 2, EP irregular thickness, VB pointed 
margins, Grade 3, EP focal defects, VB 
chondrophytes, Grade 4, EP fibrocartilage, VB < 
2mm osteophytes, Grade 5, EP diffuse sclerosis, VB 
> 2mm osteophytes, [29]. A mean score for each 
spine, averaging scores for each level, was 
determined. Those with significantly restricted, 
degenerated, or hypermobile segments were not used. 
Eleven cervico-thoracic specimens were selected 
from a total of 16 available. Table 1 lists the 
characteristics of the specimens.  
 
The sled previously used for testing volunteer 
response to rear-impact [20]  was modified by 
removing the seat and replacing it with a frame and 
platform. The sled frame, bumper, wheels and guide 
rails remained unaltered from the volunteer 
experiment. The head restraint of the seat used in that 
experiment was mounted onto the platform, shown in 
Figure 3.  The lower end of the specimen was firmly 
mounted in a clamping box with rubber pads 
contacting the thoracic vertebrae. This arrangement 
was used because in prior (unpublished) work where 
the thoracic spine was fixed in a rigid material, it was 
observed that a high stress concentration developed 
and the spine fractured at the junction between the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Cadaveric test arrangement showing (a) 
skull replica attached to cervical spine,  (b) head 
restraint, (c) vertebral and lateral mass video 
markers on C3-T1. 

a 

b 

c 
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unsupported and the fixed regions.  A load cell 
(WSM Industries, Inc) mounted under the specimen 
mounting box was used to measure spinal shear force 
during impact. A plastic  replica of a human skull 
(Anatomical Chart Co, Skokie, IL) was instrumented 
with a triaxial accelerometer (Kistler Instrument 
Corp, Amhurst, NY) placed at its estimated center of 
gravity and was filled with jelly to mimic the weight 
and mass distribution of the brain. The center of 
gravity had been determined by balance weighing of 
the skull.  The plastic skull was attached to a segment 
of bone remaining from the base of the skull of the 
specimen. All cervical spinal joints remained intact.  
Using a standardized plastic skull removed some 
variability from responses of the specimens due to 
different head weights and allowed the use of a head 
mounted accelerometer. A stop was placed forward 
of the head to prevent excessive forward motion after 
impact since no muscles were available to control 
and arrest head motion. 
 
Local vertebral kinematics were determined from 
high speed video (Kodak, EktaPro, Rochester, NY) 
of markers placed onto each vertebra, from C3 to T1, 
taken at 1000 frames/sec.  Pins placed anteriorly into 
each vertebral body were used to determine vertebral 
orientation and two 3.5 mm screws placed into each 
lateral mass allowed determination of facet 
orientation and relative displacement, Figure 3.  
Imaging software (WINanalyze Mikromak GmbH, 
Erlangen, Germany), accurate to 0.01 pixels, was 
used to determine marker coordinate positions in the 
video frames. This analysis was limited to the sagittal 
plane. Vertebral intersegmental angulation and facet 
displacements were determined. A marker was filmed 
in each video and was used for calibration. 
 
By adjusting the weight of a pendulum, to 267N, and 
raised to a height of about 38 cm, a chest 
acceleration, detected by a uniaxial accelerometer 
mounted to the body of vertebra T1 of the specimen, 
was generated that was similar to accelerations 
detected at the sternums of volunteers in a previous 
study [20], Figure 4.  Head acceleration was detected 
by the triaxial accelerometer mounted in the skull.  
Shear force was determined by a transducer mounted 
between the base of the specimen mounting box and 
the platform of the sled.  Sampling was performed at 
3 KHz using a laptop computer (Macintosh 
Powerbook G3, Apple Computer Co, Cupertino, CA) 
with an analog to digital signal card and Labview 
software (National Instruments Co, Austin, TX). The 
accelerometer data was forward and reverse filtered 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Forward (X) accelerations of volun-
teers, at the sternum, (n = 26, +/- 1 sd) and 
cadavers, at T1 (N = 11, +/- 1 sd). 
 
The head restraint from the previous volunteer study 
[20], was mounted about 4 cm behind the skull. A 
switch triggered a high speed video camera and the 
data collection system just before the pendulum 
impacted the sled bumper. After head rebound from 
the head restraint, a stop was used to prevent 
excessive forward excursion of the head. After the 
first test, at about 2g peak chest acceleration, the 
head restraint was moved backward until  the head-
to-restraint gap was doubled to about 8 cm (twice 
that of the volunteer tests) and the impact repeated. 
Then, the head-to restraint distance was decreased to 
4 cm, and the pendulum weight increased to 1068N. 
The impact was repeated, doubling the chest 
acceleration to about 4g.  The head restraint was 
removed and replaced with a different head restraint.  
Finally, to determine whether whiplash testing had 
altered the properties of the spine being measured, 
the pendulum weight was decreased to 267N, the 
standard head restraint put back in place, and the 
lower acceleration test, similar to the first test, was 
performed. Varying the test conditions for each 
specimens increased the data available for 
correlation. 
 
Calculation of injury criteria 
 
Injury criteria were calculated as described in the 
literature. NIC is a criteria using relative acceleration 
and velocity of T1 with respect to the head and is 
based on the hypothesis that these relative kinematics 
induce injurious pressures in spinal neural tissues. 
NIC was determined from  [22]: 
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NIC (t) = 0.2 *Arel (t) + (Vrel)2 , where,  (1). 
 

Arel (t) = AT1X (t) - AheadX (t) 
Vrel (t) = integral (Arel(t) dt) 
 

Both minimum and maximum NIC values were used. 
 

Nte is part of the general Nij criterion and considers 
the combination of neck extension moment and 
tensile force during the extension phase of the rear 
impact. It was calculated by [25]: 
 
Nte = (Fz/Fcrit) + (Mext/Mcrit), where,  (2). 

Fcrit = 3600 N 
Mcrit = 125 N-m 
Fz = Wh * Az   (N) 

       Az = peak z acceleration of head (g) 
Wh = head weight = 42.15N 
Mext = SQRT (Fz 

2 + Fx
 2) * r 

Fx  = Wh *Ax    (N) 
Ax = peak x acceleration of head (g) 
r = head cg to occipital condyles dist = 0.076m 
 

Nkm is a modification of the approach of combining 
both force and moment but uses shear force instead 
of tensile force. It was calculated by [23]: 
 
Nkm (t) = Fx (t) / Fint + My (t) / Mint, where,   (3).  

Fint = maximum shear force, 845 N 
Mint = 47.5 N-m, extension 
My = Mext   (N-m) 

 
Nd considers maximum displacements instead of 
forces [24]. To provide numerical values, it was 
modified to allow calculation of ratios as with Nte 
and Nkm, and was computed from: 
 
Nd total = Nd ext + Nd shear + Νd dist,  (4). 
 where, 
 
Νd angle =    Θoc/Θoc max extension 
Nd shear =  Xoc-T1/Xoc-T1 max 
Nd distraction =  Zoc-T1/Zoc-T1 max, and 

 
Θoc max < 25o  
Xoc-T1 max < 35 mm  
Zoc-T1 max < -15 mm 

 

RESULTS 
 
Volunteer and cadaveric head accelerations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5  Head acceleration (g) vs time (msec) 
(upper) individual X traces for volunteers, and 
mean X accelerations with corridors, +/- 1 sd 
(blue), and cadavers mean (red), (lower) mean Z 
accelerations 
 
The comparisons of head accelerations from 
cadaveric tests at the approximate c.g of the head, 
(identical head restraint, 4cm head-to-restraint gap) 
and volunteers for the same conditions are shown in 
Figure 5 for both X and Z directions. The collection 
of time histories shows the variations among 
volunteers. Tests in which the volunteer did not hit 
the head restraint were not used because they indicate 
significant muscle tensing and preparedness for the 
impact and it would be unreasonable to compare 
those tests to cadavers. They also do not simulate the 
typical crash in which the occupant is unaware and 
surprised by the impact.  

Head X accelerations cadavers vs 
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Peak acceleration occurred at about the same time for 
both volunteers and cadavers but cadaver mean peak 
acceleration reached about 2.9g while volunteer 
accelerations ( peak + 1 sd) was about 2.6g. In fact, 
considering only peak acceleration  values, 
disregarding the time at which they occurred, the 
average peak head cg X acceleration was 2.6g for 
volunteers. The rebound peak (negative) acceleration 
was higher for cadavers since the heads of the 
cadavers all hit the flexion stop, which did not occur 
in volunteer tests. However, the intervertebral 
motions, which will be described in the following 
section, coincided with peak accelerations at the time 
of head restraint contact, so the rebound phase was 
not significant for our analysis.  Peak Z accelerations 
in cadavers reached a mean of -1g, while volunteer 
accelerations (mean -1 sd) were about -0.9g. For both 
head X and Z accelerations, peaks occurred at similar 
times for volunteers and cadavers. Although the 
cadaveric mean accelerations were greater than 
volunteer mean accelerations, they fell within the 
mean +/- 1 sd of the volunteer responses and there 
was no significant difference in mean values. Since 
there was no attenuation of head motions by muscles 
in cadaveric specimens, the somewhat higher 
accelerations were not unexpected. Therefore, the 
cadaveric tests can be considered to reasonably 
replicate the kinematics of unprepared volunteers. 
 
Cadaveric intersegmental cervical spine motions 
during impact 
 
Figure 2 shows representative time history data along 
with frames from the high speed video of the 
cadaveric testing, and from a representative 
volunteer, to demonstrate the position of the head and 
neck at the time of peaks in the values measured. For 
this case, the chassis impact acceleration peak 
occurred at 64 msec, followed by the chest (actually 
at T1) acceleration, which peaked at about 4.3g at 82 
msec. The head acceleration peaked later, 4.9g at 122 
msec. Peak accelerations occur when the seat back 
impacts the back of the torso and the head restraint 
impacts, at a later time, the back of the head. This 
time lag probably represents the basic mechanism 
which causes differential motion across the vertebral 
segments. At C5-6 a small degree of flexion occurred 
initially, just as the chest and head accelerations 
started to rise, then the motion segment extended, 
with its peak just following the peak head 
acceleration. The change in intervertebral posterior 
shear corresponded to the change in extension 
angulation, with its peak occurring at about the same 
time as peak head acceleration. 
  

Figure 6  (upper) Comparison of relative flexion  
(-) and extension (+) angles at each motion 
segment (lower) intervertebral posterior shear (X) 
displacements (mm), from one specimen in one 
test  

Figure 6 (upper) demonstrates relative intersegmental 
motions which occurred in a representative specimen, 
along with peak head acceleration. There was a 
considerable difference in magnitude of the posterior 
shear displacements along the spine, with the 
greatest, at C3-4, being about double that at C6-7, 
although all displacements increased and decreased 
with a similar time course. The reason for the 
difference, although the bending load of the head was 
the same along the spine, is that depending on its 
degree of degeneration, each motion segment had 
different stiffness. In fact, considering that specimen 
3 had greatest degeneration  
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at levels C5-6 and C6-7 (Table 1) its is not surprising 
that these levels show the least displacement. As 
shown in Figure 6 (upper) there was reasonably 
uniform extension at each motion segment along the 
spine. Flexion has been described at the head and 
upper cervical levels, but in this study, C0-1-2 
displacements were not measured since is was 
difficult to place markers at these levels.  

 
Table 2 

Correlation coefficients (r2) between 
intersegmental displacements, extension angle 
(deg), posterior shear (mm), distraction (mm), 

mean, sum or total displacement, peak or 
maximum value 

 
The different displacements at each intervertebral 
segment were correlated, using linear regression, to 
determine whether there were any significant 
relationships among them. The only two 
displacements that showed a modest correlation, r2 = 
0.35, were total posterior shear (sum of all levels of a 
specimen) and total extension angle, as shown in 
Table 2. Therefore the intersegmental displacements 
were essentially unrelated indicating that a spinal 
motion segment can have significant shear 
displacement without much angulation, or distraction 
without shearing. 
 
Relationship of spinal motions and injury criteria. 

 
Table 3 

Correlation coefficients (r2) between mean, sum or 
total intersegmental displacements, (extension 
angle (deg), posterior shear (mm), distraction 

(mm)), and injury predictors. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7  Relationships between injury predictors 
and (upper) facet posterior shear displacement 
(mm), (middle) extension angulation (deg), and 
(lower) facet distraction. 
 
Table 3 provides the linear correlation coefficients 
that were derived between various injury predictors 
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Tencer   8 

and the mean, total or sum, and peak intervertebral 
displacements. Considering that the peak 
displacement might indicate the location of injury in 
a specimen, the best injury criterion for predicting 
peak posterior shear was Nd shear (r2=0.800) with 
significant but poor correlations with Nd total 
(0.288), NIC min (0.225), and Nkm (0.221). For 
peak extension angulation, the best correlation was 
found with Nd angle (0.696) followed by Nd total 
(0.122) and Nd shear (0.122). For facet distraction, 
the best correlation was with Nd distraction (0.505) 
followed by Nd total (0.221). The correlations are 
presented graphically in Figure 7. All the data used in 
constructing these relationships is given in Table 4. 
 
DISCUSSION 
 
In this study we addressed the relationship of injury 
predictors, measurable by crash dummies, and peak 
intervertebral displacements within the cervical 
spine. The best predictor for all three peak 
displacements considered was Nd, a displacement 
based criteria. The force based criteria probably 
performed poorly because the displacement response 
to an applied force, even within the same spine, is 
quite variable, as shown in Figure 6. As shown in 
Table 1 there was variation in degeneration at 
different vertebral levels in each specimen. Although 
the specimens donors were old, variable degeneration 
in the cervical spine is common in the population.  
 
Relating intervertebral displacements to injury 
requires knowledge of the normal range of motion in 
the cervical spine. From a survey of radiologic 
studies of patients, White and Panjabi [30] suggested 
a limit of cervical spine combined flexion and 
extension angular range of motion of between 6 and 
26 deg. and about 3.5 mm for the upper limit of 
normal sagittal plane intersegmental translation. If 
any joint, including those of the spine, exceed their 
normal range of motion, damage to the 
interconnecting soft tissues may result. The soft 
tissues of the facets, including the capsules [7,16,31]  
and articular cartilage [6,13] have been proposed as 
locations where damage could occur from 
intervertebral displacements. Lord, et al, [32] in a 
double blinded study of patients, showed that 60% of 
a population with chronic pain after whiplash had 
symptoms relieved by facet joint injections. These 
studies give support to the concept that reducing 
spinal intersegmental motions can reduce the 
potential for whiplash injury. 
 
Eichburger, et al [8] have proposed that acceleration 
induced pressure variations occur in the spinal cord 

during rear impact. However, few victims of 
relatively low speed rear impact complain of 
symptoms that might be related to spinal cord 
pathology. Reported pathologies, from post mortem 
examination, encompass disc and facet joint lesions. 
Barnsley, et al [2] performed an extensive review of 
the pathology of patients with whiplash. They 
described, facet joint damage, disc injuries, muscle 
tears, myofacial pain, ligament tears, occasional 
fractures, and brain hemorrage, with occasional 
injuries to cervical nerves and the spinal cord. The 
Quebec task force did identify a level of whiplash 
associated disorders which included those with 
neurologic signs [33].  
 
In a study recently presented of 432 low speed rear 
end impacts, [34], 84 (19%) described arm pain or 
numbness indicating the possibility of cervical nerve 
injury. Therefore, as part of this study, but reported 
elsewhere, we used miniature pressure transducers 
inserted into the foraminal spaces of the cadaveric 
specimens at C4-5, C5-6, and C6-7. As with 
intervertebral displacements, transient pressure 
changes along the nerve root ganglions during impact 
were determined and peak pressures correlated with 
NIC and other measures. However, significant 
correlations did not result. 
 
These experiments have limitations which have been 
outlined previously. The specimen donors were quite 
old and some degeneration was present in all, which 
caused nonuniformity in the motion response, with 
some segments being hypermobile and others quite 
restricted in motion. On the other hand, it is known 
that the great majority of older adults have some 
degree of cervical spinal degeneration. A second 
limitation was not having the torso and seat in the 
cadaveric tests. We purposely isolated the cervical 
spine and head restraint by not using a complete 
cadaver and seat. This reduced the confounding 
potential of other variables such as how the torso 
interacted with the seatback. We did tune the impact 
accelerations so that at the base of the spine they 
were similar to those experienced by volunteers, and 
we found that head X and Z accelerations and chest 
X accelerations of our cadaveric specimens were 
very similar to those of the volunteers tested on the 
same apparatus. A third limitation was that we 
elected to use the same plastic skull for all 
specimens. Using a plastic skull allowed us to place 
an accelerometer in its interior at its approximate 
center of gravity and reduced the variability that 
would result from having skulls of different weights 
loading the spines.  
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In summary, we found the following (i) a cadaveric 
model using the same head restraint and similar rear 
impact acceleration does provide responses which are 
quite similar to less prepared volunteers whose heads 
hit the head restraint, (ii) spinal intersegmental 
motions, posterior shear, distraction, and extension 
angulation are not directly related in the same spine, 
and (iii) a displacement based criteria, such as Nd, is 
best for predicting spinal intersegmental motions.  
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Figure 2  (upper) time history of intersegmental displacements at C5-6, (middle) motion of cadaveric 

specimen during impact, from left to right, 0 msec, 33 msec, 66 msec, 198 msec, (lower) motion of 
volunteer at same impact acceleration and approximately the same times.   
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Table 1. 

 Characteristics of donors of the cervical spine specimens used in this study. 
 

 
Specimen     Gender          Age at        Degeneration  Levels with degeneration 
 number                               death (y)              score1              score of 4 or 5 
1  F  63   1.00   
2  F  77   1.33  
3  F  59   2.50  C5-6, C6-7 
4  M  82   1.83  C6-7 
5  M  85   2.67  C2-3, C3-4 
6  F  66   1.00 
7  F  83   3.33  C3-4, C4-5, C6-7 
8  F  85   1.83 
9  M  83   4.00  C4-5, C5-6, C6-7 
10  M  80   1.17 
11  F  84   1.83 
 

1 Grade 1: end plate (EP) uniform thickness, vertebral body (VB) rounded margins, Grade 2, EP irregular thickness, 
VB pointed margins, Grade 3, EP focal defects, VB chondrophytes, Grade 4, EP fibrocartilage, VB < 2mm 
osteophytes, Grade 5, EP diffuse sclerosis, VB > 2mm osteophytes 
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Table 4 
Complete set of data used in correlation of injury predictors. 

 

PEAK PEAK PEAK Nd ND ND ND NIC NIC Nte Nkm
SHEAR ANGLE DIST angle shear dist MAX MIN

-6.07 8.270 3.060 1.94 0.78 0.69 0.47 3.76 -8.97 0.12 0.13
-0.48 11.440 0.580 1.18 1.13 0.01 0.04 5.01 -10.33 0.12 0.15
-4.27 5.380 2.500 1.41 0.55 0.53 0.33 6.86 -5.42 0.09 0.13
-8.18 7.250 2.470 1.80 0.81 0.61 0.38 3.69 -10.36 0.13 0.16
-3.72 9.960 1.790 1.16 0.66 0.30 0.20 3.22 -5.17 0.11 0.14
-5.75 13.620 2.780 2.12 1.30 0.49 0.33 4.44 -8.76 0.11 0.13
-5.87 5.250 2.000 1.31 0.56 0.53 0.22 3.52 -9.79 0.09 0.13
-6.74 6.750 2.610 1.42 0.69 0.55 0.19 4.27 -10.79 0.10 0.15
-6.27 5.670 1.400 1.34 0.42 0.59 0.32 4.67 -8.34 0.09 0.13
-8.40 9.330 1.520 1.85 0.84 0.77 0.24 4.76 -9.49 0.09 0.13
-5.45 11.320 3.400 1.70 0.97 0.41 0.32 3.06 -9.77 0.09 0.13
-9.84 11.970 2.320 2.59 1.10 0.92 0.58 4.16 -9.79 0.11 0.14

12.480 1.21 1.21 0.00 0.00 4.46 -9.60 0.11 0.13
-5.63 4.730 2.060 1.77 0.54 0.69 0.53 3.96 -6.64 0.06 0.09
-7.76 13.870 2.210 2.34 1.26 0.60 0.48 3.98 -12.51 0.12 0.17
-3.46 25.870 1.850 1.79 1.28 0.31 0.21 4.51 -2.38 0.09 0.12
-2.54 15.240 0.370 1.79 1.69 0.07 0.02 4.43 -9.38 0.11 0.13
-7.37 4.190 1.350 1.43 0.55 0.63 0.25 3.51 -9.30 0.09 0.13
-7.99 9.440 2.610 1.75 0.91 0.64 0.20 4.24 -9.42 0.09 0.13
-6.43 7.720 1.580 1.46 0.49 0.59 0.38 3.62 -9.33 0.08 0.12
-8.55 12.570 2.440 2.38 1.22 0.79 0.37 4.16 -9.26 0.09 0.12
-6.26 11.670 2.580 1.88 1.16 0.38 0.33 2.92 -9.72 0.08 0.12
-10.11 10.220 2.990 2.60 1.04 1.01 0.55 8.82 -16.06 0.23 0.27
-2.29 18.430 2.900 1.86 1.60 0.07 0.19 6.67 -7.76 0.20 0.20
-6.55 6.760 4.380 2.16 0.63 0.80 0.73 6.39 -7.50 0.11 0.16
-10.57 8.840 1.720 1.97 0.85 0.84 0.28 7.69 -14.58 0.22 0.28
-6.20 10.270 2.730 2.04 1.09 0.59 0.37 9.66 -8.63 0.17 0.22
-8.56 18.080 4.250 2.90 1.39 0.79 0.72 8.07 -8.18 0.19 0.20
-8.09 6.770 2.130 1.90 0.88 0.73 0.30 6.90 -13.36 0.15 0.22
-7.10 6.540 2.680 1.71 0.78 0.71 0.23 9.80 -12.52 0.15 0.21
-8.09 7.620 2.430 1.60 0.37 0.83 0.40 7.03 -8.88 0.13 0.18
-12.39 11.800 2.370 2.63 1.04 1.17 0.42 9.40 -15.53 0.18 0.26
-8.76 13.560 2.790 2.04 1.14 0.63 0.28 7.22 -14.93 0.18 0.26
-9.03 9.280 2.800 2.26 0.85 0.88 0.54 6.16 -4.87 0.12 0.14

11.190 1.04 1.04 0.00 0.00 4.57 -5.91 0.10 0.10
-5.61 4.770 4.130 1.83 0.50 0.69 0.64 6.77 -2.34 0.07 0.11
-10.56 5.610 1.800 1.56 0.48 0.76 0.32 6.71 -9.64 0.17 0.21
-5.67 11.330 3.270 2.02 1.17 0.45 0.39 4.97 -3.24 0.14 0.15
-7.55 10.720 4.720 2.51 1.11 0.66 0.74 5.45 -4.65 0.12 0.12
-6.35 5.800 2.500 1.45 0.72 0.50 0.23 5.54 -7.98 0.13 0.19
-7.92 7.290 3.080 1.82 0.91 0.68 0.24 6.88 -7.66 0.11 0.16
-7.27 7.060 2.220 1.07 0.33 0.50 0.25 6.36 -3.15 0.07 0.10
-8.27 4.690 2.000 1.59 0.42 0.82 0.35 6.14 -4.48 0.07 0.11
-7.38 13.190 2.330 1.90 1.18 0.48 0.23 4.72 -8.96 0.12 0.18
-8.71 6.950 3.050 2.09 0.69 0.77 0.63 4.14 -10.18 0.15 0.16

18.740 1.48 1.48 0.00 0.00 4.14 -8.68 0.10 0.13
-4.20 3.670 2.660 1.44 0.45 0.52 0.47 5.75 -5.21 0.08 0.12
-8.75 11.490 1.330 1.88 0.98 0.64 0.26 4.05 -11.18 0.14 0.18
-3.61 10.520 3.050 1.41 0.79 0.32 0.30 3.69 -7.89 0.13 0.13
-5.52 12.650 1.530 1.99 1.27 0.45 0.27 4.73 -7.44 0.11 0.13
-5.63 4.570 1.890 1.48 0.68 0.49 0.32 3.89 -8.17 0.08 0.11
-7.13 6.780 2.260 1.47 0.69 0.58 0.20 4.68 -10.07 0.10 0.14
-6.21 6.780 1.930 2.16 1.17 0.61 0.39 3.95 -7.54 0.09 0.12
-10.04 14.940 2.780 2.58 1.25 0.92 0.41 4.89 -11.05 0.11 0.16
-6.05 11.790 2.090 1.79 1.14 0.42 0.23 3.28 -9.99 0.10 0.14
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ABSTRACT

As in-vehicle safety technology becomes more
prevalent, the corresponding fitment of side airbags
in the United Kingdom is now more commonplace.
This study adds to the body of knowledge on real
world impacts by presenting initial cases of
deployment from the UK, including examples
where there is some suggestion that side airbag
deployment may have contributed to injury
outcomes.

With the introduction of new restraint devices into
the vehicle fleet, manufacturers and engineers are
not only eager to quantify their benefit and injury
mitigation effectiveness but to also consider the
performance and application in the real world.
Whilst there are presently insufficient numbers of
cases to fully evaluate injury benefit in side
impacts, individual case evaluations can provide an
initial assessment of side airbag field performance.

In this study, data from 47 crashes in which the side
airbag deployed were available for analysis. Of
these, 19 occupants sustained a MAIS ≥ 2 injury.
Case reviews have identified 2 occupants where
serious (AIS 3) thoracic injuries may have occurred
through interaction with the deploying side airbag
and a further case involving upper extremity
fracture (AIS 3) was also thought to have been
associated with side airbag deployment. In these 3
cases, crash severity and compartmental
deformation were not considered to be extensive.
However in the majority of cases, side airbag
deployment did not cause injury to the occupant
and a general overview of these cases is given.

KEYWORDS: Side Airbags, Side Impacts,
Injury Severity, Head, Thorax, Restraint Injury

INTRODUCTION

Due to a large number of case data it is possible to
carry out overall benefit analyses to evaluate frontal
crash injury protection from European steering
wheel airbags (Frampton et al, 2000, Kirk et al,
2002). However, such analyses are presently not
possible for side airbags, due to small numbers of
case data. However individual case reviews are
possible and these allow a preliminary assessment
in the first instance.

This work utilises the most recent data from the UK
Co-operative Crash Injury Study (CCIS) for an
initial investigation of side airbag deployments.

Where possible comparison of individual cases is
made with the experimental work.

Laboratory Studies

Much laboratory work has examined the injury risk
to out of position (OOP) occupants from side airbag
deployment. However there are at present only
limited field data that examine injury outcome in
real world crashes. Recent laboratory and field
study work is summarised below.

Kallieris et al (1997) observed one humerus
fracture in five cadaver tests where the forearm was
placed on the door rest and the (seat mounted) side
airbag deployed. The study suggests that this
fracture occurred due to cushion fabric failure,
leading to abnormal gas distribution, a focused
impact force, and brittleness of the bone. Tests
were also carried out with Hybrid III dummies and
the study concludes that a more biofidelic Hybrid
III dummy arm is needed.

Schroeder et al (1998) examined both seat mounted
and door mounted side airbag systems in static
inflation and dynamic sled tests but did not find
significant upper extremity injuries amongst post-
mortem human subjects through interaction with
the side airbag. However, they did observe bony
injuries to the chest (particularly rib and sternum
fractures) in the sled test series. Age of the subject
was thought to be a major factor in thoracic injury
outcome.

Jaffredo et al (1998) found that upper extremity
forces measured on both the Eurosid-1 (with
Hybrid III arms) and cadavers were lower than
those required for fracture and in fact, no major
injuries were observed in the four cadaver tests.
However, as with other studies, upper extremity
kinematics between dummy and cadaver were
found to differ and no correlation could be found
between forces measured on the dummy and
cadaver injuries.

Tylko at al (2000) performed both static and
dynamic out of position tests using child dummies
to evaluate potential side airbag related injury.



A.Kirk Page 2

Both thoracic and head side airbags were assessed.
There was some suggestion that airbags could cause
serious and/or fatal neck and chest injuries for out
of position children. Further work (2001) suggested
that properly restrained children in appropriate
child seats/restraints would receive some protective
benefits from side airbags.

Duma et al (2001) report upper extremity response
to (seat mounted) side airbag loading using
computer simulations, dummy experiments and
small female cadavers. When the cadaver forearm
was placed on the armrest, all six of the cadaver
tests resulted in upper extremity injuries. In 4 of
the tests, elbow joint surface fractures occurred
whilst 2 tests resulted in comminuted mid-shaft
humerus fractures (AIS 3). Wrist injuries were also
found in 2 tests.

Field Studies

There are a number of limited field studies that
have been reported on to date.

Langwieder et al (1998) found contusions and a
sprain to the right arm of a passenger that may have
developed due to side airbag contact.

Baur et al, (2000) present cases in which side
airbag systems (thoracic and head) have helped to
prevent serious injuries. Roselt et al. (2002) further
report on 19 cases of driver side airbag deployment
where detailed injury descriptions were available.
No injuries were associated with side airbag
deployment in either paper.

Morris et al (2000) describe a real-world case in
which 84-year-old male driver was involved in a
low severity side impact crash with negligible
intrusion of the door structure. The side airbag
(housed in the door) was found to have deployed
through the door cap. The driver sustained right
side rib fractures, with haemothorax and liver
laceration, which were thought to have been
associated with deployment of the side airbag. The
age of the driver and his seating position at the time
of the crash are thought to have been factors in
injury outcome.

NHTSA report one serious injury related to side
airbag deployment (Chidester 2001). He describes
a side impact crash with subsequent deployment of
a door mounted thoracic airbag which resulted in
closed fractures of the 6,7 and 8th left lateral ribs
with left anterior pneumothorax. Abrasion to the
left lateral chest was also stated.

Dinas et al (2002) conducted an observational
roadside study of vehicle occupants and their
seating position relative to the side of the vehicle.

They found that a significant number of occupants
were seated in positions that offered potential for
injury from side airbag deployment. This was
particularly found to be the case when the vehicle
was turning and cornering.

METHODOLOGY

In-Depth Data

The data for this work were collected as part of the
UK Co-operative Crash Injury Study (CCIS) and
the analysis covers cases investigated from 1998 to
2002. The CCIS study uses in-depth retrospective
procedures involving vehicle examination and
hospital medical data. The study also adopts a
stratified sampling system such that nearly all
‘fatal’ accidents, 80-90% of the ‘serious’ accidents
(usually admission to hospital) and 20-30% of
‘slight’ accidents are investigated in selected
regions of the UK. For a crash to be investigated,
at least one of the vehicles must be less than 7 years
old, towed from the scene and contain at least one
injured occupant. Injury outcome is assessed using
the Abbreviated Injury Scale (AAAM, 1990). As
the CCIS sample is biased towards more serious
injury outcomes, only inferences of relative injury
risk can be made about the whole UK population as
a whole. A more detailed methodology can be
found in Hassan (1995). Drivers sit on the right in
the UK.

Data Selection: Cases in this study were selected
if a side airbag (thoracic or head) had deployed
adjacent to a vehicle occupant.

RESULTS

Characteristics of the Sample

Number Of Cases: For the study 50 occupants,
who were sitting adjacent to at least one deploying
side airbag in 47 crashes, were available for
analysis. Occupant positions are shown in Table 1.

Table 1. Occupant Position and Airbag Types

Head airbag present
(cant rail mounted)

No Yes

Door 6 8Driver

Seat 27 1

Door 2 1Front Seat
Passenger Seat 4 -

Door - 1Rear
Passenger Seat - -
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Table 2 shows seat belt use in the crashes
investigated. Whilst the seat belt is not thought to
play a significant role in injury prevention in
perpendicular side impacts, it is more important in
oblique angled crashes.

Table 2. Seat Belt Use

Seatbelt Use n=50

Belted 41 82%

Unbelted 2 4%

Unknown 7 14%

Although it is not always possible to be wholly
accurate about the impacts that vehicles have
sustained, (particularly if they involve multiple
events), classification of a lateral element of the
crash has been applied in all cases. These are
shown in Table 3. A lateral impact has been
defined as a 2 to 4 o’clock impact (60 to 120
collision angle) to the right and 8 to 10 o’clock (-
120 to –60 collision angle) to the left.

Table 3. Lateral Element to Impact

Lateral No roll
Roll
After

impact

Roll
Without
impact

Roll
Between
impacts

Total

No 16 1 4 1 22

Yes 26 2 - - 28

Total 42 3 4 1 50

More detailed information is shown in the
individual case reviews but the overall analysis
shows that 32% of the side airbag deployments in
this study occurred in crashes with no lateral
element in the crash. Table 3 also shows that some
crashes are rollovers, with 6 of the 22 ‘non lateral’
crashes involving an element of roll.

Collision partners are shown in Table 4. It is
interesting to note the high numbers of wide
roadside objects involved, the majority of which
were found to be trees and poles.

Table 4. Collision Partner

Lateral
Collision Partner No Yes

Car / car-derivative 4 10

MPV / LGV 1 -

HGV / PSV 2 5

Pole / narrow object <41cm 1 1

Wide roadside object >41cm 10 12

No impact 4 0

Total 22 28

INJURY ANALYSIS

Whole Body Injury Severity

The distribution of the maximum AIS (MAIS) of
the sample is given in Table 5. As can be seen from
the table, the majority of cases involved ‘no’ or
‘minor’ injury.

Table 5. MAIS Distribution

MAIS n=50

0 – No injury 3 6%

1 – Minor 25 50%

2 – Moderate 8 16%

3 – Serious 7 14%

4 – Severe 2 4%

5 – Critical 1 2%

6 – Maximum 1 2%

Unknown 3 6%

Case Review Methodology

Each case with side airbag deployment was
individually assessed to determine as far as possible
cases where,

• Deployment had no influence on occupant
injuries;

• Crash severity was too high to expect
injury mitigation;

• Deployment prevented injury; and
• There was a possible causal relationship

between the injuries to the adjacent
occupant and deploying side airbag.

As the case studies presented here are amongst the
first real-world evaluations of side airbag
deployment, comments are also directed towards
the issues of deployment thresholds (including
direction of impact).

In the total sample, there were many different
combinations of crash types and injury outcomes.
The sample was therefore split into a number of
broad categories based on crash type and injury
outcome.
These were as follows;

(a) No expected benefit of airbag deployment
due to crash type or low crash severity;

(b) No expected benefit of airbag deployment
due to high crash severity;

(c) Perceived injury prevention benefit
through airbag deployment in side
impacts;

(d) Unexpected injury with airbag
deployment; and
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(e) Benefit difficult to assess due to crash
complexity.

These are discussed in turn and illustrative
examples are included.

(a) No expected benefit of airbag deployment
due to crash type or low crash severity

This category included a number of cases in which
the crash type was such that the occupant was not
likely to contact the side of the vehicle due to the
likely human kinematic response to the impact.
These cases included non-struck side crashes,
primarily frontal crashes, non-horizontal impacts,
rollover crashes and sideswipe crashes. 16 out of
50 occupants were judged to have been involved in
such crashes.

A further 7 occupants were involved in crashes
where it is likely that interaction with the side
airbag had occurred but it is unlikely that in a low
severity crash it has been of benefit to serious
injury prevention.

Case Example 1

The vehicle lost control on a bend, leaving the road
and becoming airborne, colliding with a tree, a non-
horizontal impact. The driver’s injuries were loss
of consciousness (AIS 2), multiple fractures of the
right hand (AIS 2) and right femur facture (AIS 3),
from crushing to the legs under the facia region.
The deployment of side airbag did not prevent or
cause injury, since the non-horizontal impact was
not in the area of the side airbag. The driver was
trapped by the collapse of the facia onto the legs.
Both head and door mounted thoracic side airbags
deployed.

Case Example 1

Case Example 1

Case Example 2

The vehicle was struck on the left side by another
car whilst turning right with an impact delta-V
calculated in the region of 29km/h. The 30 year old
female belted driver on the non-struck side received
only slight bruising and lacerations to the face (AIS
1). As the driver was moving away from her door
it is not likely that deployment of the side seat
airbag prevented any injuries to the driver. Both
frontal and left side airbags also deployed. There
was no front seat passenger.

Case Example 2

Case Example 3

The vehicle was struck on the left side, forward of
the passenger compartment by another vehicle at a
crossroads. The Equivalent Barrier Speed in the
case vehicle was in the region of 13km/h but with
no intrusion of the passenger door. The seat-
mounted passenger thoracic side airbag was the
only airbag deployment in the vehicle. The 28-year
old belted female front seat passenger (weight
61kg, height 1.65metres) sustained neck strain and
bruising to the right knee and left shin (all AIS 1).
Neck strain is reported for the driver.
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Case Example 3

Case Example 3

(b) No expected benefit of airbag deployment
due to high crash severity

This category included a number of high-speed
crash events in which the side airbag would be
expected to offer little benefit to the adjacent
occupant due to the severity of the crash. An
example is shown below.

In total 4 out of the 50 occupants in the sample
were involved in such crashes.

Case Example 4

The driver of this vehicle lost control and the
vehicle sustained two subsequent impacts with a
tree, the main impact being to the left side of the
vehicle. The impact delta-V was calculated to be in
the region of 67km/h and there was substantial
crush across the width of the vehicle with major
residual intrusion (116cm) of the passenger
compartment. The belted driver of the vehicle, a
48-year old male (weight 87kg, height 1.88metres)
sustained catastrophic injuries to the chest (MAIS
6, ISS=75) together with serious head and
abdominal injuries.

Case Example 4

Case Example 4

(c) Perceived injury prevention benefit through
airbag deployment in side impacts

In this category, some injury mitigation benefit of
the deploying airbag was determined. Such
assessment was based on consensus of available
information about each crash. Examples are shown
below.

In total, 9 out of 50 occupants were involved in
crashes whereby the injury outcome was
determined to have been less severe than might
have been otherwise expected.

Case Example 5

In this example, the case vehicle emerged from a
junction and was struck in the driver’s side by a
truck. The Equivalent Barrier Speed in the case
vehicle was in the region of 22km/h and there was
some 32cm of crush to the driver door. The seat-
mounted thoracic side airbag was the only airbag
deployment in the vehicle. The 28-year old belted
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female driver (height and weight unknown)
sustained neck strain and some general bruising
(MAIS=1) but no other reported injury.

Case Example 5

Case Example 5

Case Example 6

The vehicle sustained a side impact to the driver’s
side with a brick wall, although from the intrusion
profile it is evident that a brick column in the wall
was involved. The Equivalent Barrier Speed was
calculated to be in the region of 18km/h with
intrusion of 29cm to the driver’s door.

No AIS ≥ 2 injuries were sustained by either
occupant, even though the front seat passenger was
not belted. The driver’s thoracic side airbag was
the only airbag in the vehicle to deploy and is likely
to have helped prevent serious injuries to the 25
year old male belted driver.

Case Example 6

Case Example 6

(d) Unexpected injury with airbag deployment

In this category, unexpected injury outcomes were
observed. Of the 50 occupants in the sample, there
were 3 cases where it is considered that the airbag
contributed (at least in part) to injury outcomes.
These are shown below.

Case Example 7

The driver of this case vehicle lost control of the
vehicle on a left hand bend and the vehicle
sustained a subsequent impact with the central
reservation barrier. Residual damage occurred to
the nearside of the vehicle with 23cm of crush
depth to the front nearside region (but no residual
intrusion in the passenger compartment). The front
passenger’s seat-mounted side airbag deployed in
the crash. The Equivalent Barrier Speed was
calculated to be in the region of 29km/h.

The driver was not injured. However, the belted
passenger, a 25 year-old female (weight 55kg,
height 1.63metres) sustained fractured left 7th, 8th

and 9th ribs with haemo/pneumothorax (AIS=3), a
pulmonary contusion to the left lung (AIS=3) and a
splenic tear (AIS=2, overall ISS=14).

Case Example 7

Case Example 8

In this case, the vehicle left the road for no apparent
reason and subsequently rolled (1/2 turn) down an
embankment before coming to rest on its roof.
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There was little by way of residual crush to the
vehicle and a maximum residual roof intrusion of
some 4cm.

The driver of the vehicle was a belted 28-year old
female (weight 59kg, height 1.68metres). The seat-
mounted thoracic airbag deployed during the crash.
The driver sustained fractures of the 6th, 7th and 8th

right-side ribs with haemo-pneumothorax (AIS=3).

Case Example 8

Case Example 8

Case Example 9

The driver of this vehicle lost control on a left-hand
bend and collided with the side of a building.
There was little overall damage to the passenger
compartment and calculation of crash severity was
not possible due to the nature and type of impact.
The direction of force was predominantly ‘frontal’,
however the main area of damage was to the right
side of the vehicle.

An unbelted male front seat passenger was not
injured in the crash. The unbelted driver of the
vehicle, a 21-year old male (height and weight
unknown) who was sat adjacent to a deployed seat-
mounted head-thorax side airbag sustained
numerous minor injuries (AIS=1) as well as a
comminuted mid-shaft fracture of the right humerus
with distal fragment with a resulting adduction of
40-45 degrees and proximal shift of 2-3cms
(AIS=3). This injury was deemed to have occurred
through interaction with the deploying side airbag.

In this case the side airbag pierced through the door
cap (the door interior at the base of the window).

Case Example 9

Case Example 9

(e) Benefit difficult to assess due to crash
complexity

Of the 50 cases in the sample, there were 11 cases
in which an assessment of benefit or dis-benefit
could not be determined due to complexity of the
event. Such cases usually involved complicated
crash conditions with multiple series of events in
which it was difficult to fully determine the precise
point of airbag deployment.

Case Example 10

The vehicle in this crash was travelling on a dual
carriageway when the driver lost control and the
vehicle struck the central reservation barrier. The
vehicle then rotated across the carriageway and
struck a concrete wall on an emerging slip road.

The vehicle was equipped with thoracic side
airbags in the rear doors and a full-length curtain
head side airbag. There was deployment of all side-
airbags on the driver’s side only.

The belted front seat occupants (driver, male 24
years; front seat passenger, female 23 years)
sustained only slight bruising and the rear left-side
occupant was not injured.
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The crash severity calculations were not made due
to the nature of the damage but the vehicle
sustained a maximum damage crush of 35cm from
the first impact (to the right front of the vehicle)
and 25cm (to the right rear of the vehicle) from the
second impact. However there was negligible
intrusion (maximum of 3cm) in the passenger
compartment. The right rear passenger, a 50-year
old female (height and weight unknown) sustained
severe injuries to the head (sub-dural haematoma
and small intracranial haemorrhage, both AIS 4)
and fracture of the pelvis (both superior and inferior
pubic rami on the right and distribution of sacro-
iliac joint on the left side, AIS 2). The right arm
was also bruised (AIS 1).

The deployment of the side airbag did not prevent
AIS 4 head injury to the rear passenger but the
source of the injury could not be fully determined.
Further confounding factors include the complexity
of occupant kinematics in the crash and
determination of the point of deployment in the
crash (i.e. did deployment occur during the first or
second impact).

Case Example 10

Case Example 10

DISCUSSION

Any restraint system carries a certain risk of injury
from the system itself. It is therefore vital to know
the balance of that risk compared to the overall
benefits of the system.

To set the benefits of side airbags into context a
much larger dataset is required. However, the
authors feel that it is important to present these
initial findings to identify initial benefits and
potential problems with side airbag technology.
When looking at the bigger picture in overall
benefit analyses using mass data, it is usually very
difficult to identify specific details of individual
crashes as have been presented here.

It would be interesting if further work in this area
investigated cases where side airbag deployment
would be expected but did not occur, this was
outside of the scope of this present study.

A number of cases in this study have been
identified where benefits of side airbag deployment
are apparent. However, it is almost certain that the
overall benefits of side airbags are larger than
reported in this study since the sample includes
crashes involving injury to at least one vehicle
occupant. Therefore cases involving no reported
injury are not sampled and not subjected to in-depth
review in the UK CCIS study. In the future there
may be the possibility of investigation using no
injury occupants in injury cars from the CCIS study
or cases from the UK ‘On the Spot’ study, which
includes damage only vehicles. It is likely that case
numbers would be small though.

As expected the published information on side
impact deployment cases is scarce although it is
interesting to compare the cases here with the few
found in the literature and the findings of laboratory
work.

A review of the published literature reveals that
upper extremity injuries can be induced through
interaction with deploying side airbags using
experimental procedures but that the laboratory
conditions necessary to induce fracture were
considered to be not often met in real-world
situations. Furthermore, in certain situations where
fractures were induced experimentally, the
condition of the subjects used was such that the
possibility of fracture was increased due to changes
in bone mineral content or the presence of other
underlying physiological degeneration. Whilst the
results indicate a low risk of upper extremity injury,
on balance, some risk still exists. For example, in
two of the six cadaver tests conducted by Duma et
al (2001), comminuted mid-shaft humerus fractures
occurred. The data presented in this paper contain
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one anecdotal case to support this injury outcome
(case example 9). It is worth considering that the
risk of upper extremity injuries through interaction
with side airbags would not be detected in
regulatory compliance testing using crash-test
dummies since no dummy currently exists with
instrumentation capable of identifying such a risk.

A lack of correlation between cadaver and dummy
tests is reported in some of the papers, which may
have implications in the modelling of side airbag
deployments, especially regarding deployment
induced injury.

In two of the cases investigated where injury was
suspected due to airbag interaction, the injury
outcome was very similar. In case example 7, the
main injury outcome involved fractures to 7th, 8th

and 9th ribs together with haemo-pneumothorax
(AIS=3). In case example 8, the main injury
outcome involved fractures to 6th, 7th and 8th ribs
together with haemo-pneuomthorax (AIS=3). Both
these cases involve similar injury outcomes to a
case investigated by Morris et al (2000) in which an
elderly driver sustained multiple rib fractures
together with haemo-pneumothorax and also to a
case reported by Chidester (2001) where 6th, 7th and
8th rib fractures were observed. Whilst the
anecdotal nature of such cases is acknowledged, the
injury outcomes suggest a need for future
monitoring and evaluation through real-world crash
research. It should also be noted that similar injury
levels have been observed and induced
experimentally in static inflation conditions,
particularly with door mounted side airbag systems
(Schroeder et al 1998).

In addition to cases of unexpected thoracic injury,
one case is reported in which unexpected severe
head injury occurred to a rear seat passenger (case
example 10). It should be noted that the crash
involved a complex series of events and therefore a
full assessment cannot be made.

In this study, some side airbags appear to have
deployed in crash circumstances where benefit of
such systems would not be expected, notably
impacts involving a largely frontal direction of
impact force. However, there may be benefit of
deployment in such crashes particularly if there is a
subsequent rotation of the vehicle following initial
impact. Determining such benefit would be difficult
in practice though, especially the timing of
deployment.

In a few cases crash severity was very severe and
beyond the protection capabilities of most if not all
safety systems. Such cases illustrate that in certain
types of crashes it is difficult to provide any real

benefit to vehicle occupants given current design
constraints.

Unlike the range of frontal steering wheel airbags,
which are essentially similar in design and deploy
in a similar manner, side airbags differ in shape,
size and location in relation to the occupant’s body.
To aid this type of work in future in-depth studies,
investigators should strive to ensure that the
information recorded is as complete as possible.

Limitations of the Study

In this study, there were no identified cases of
children adjacent to a deploying side airbag in this
initial sample. It would be worthwhile in the future
for any such cases to be compared with the
laboratory work carried out by Tylko (2000, 2001).

It is difficult to determine using retrospective crash
investigation techniques at what point in the impact
sequence that the side airbag has deployed. It is
also difficult to determine the position of the
occupant in relation to the deploying airbag during
the crash. This is especially the case in multiple
impacts.

As the CCIS study is essentially an injury-based
study with a sample biased towards serious and
fatal injury severity crashes, it is inevitable that
some ‘success’ stories are missed.

CONCLUSIONS

This paper may pose more questions than it
answers, as it is a first look at side airbag
deployment. However, the authors feel that by
consideration of individual cases including aspects
such as impact type, airbag deployment, intrusion
and occupant injury, these cases offer a first
indication to restraint engineers on deployment
circumstances in real world accidents.

Main Points for consideration:
• Side airbag deployments are preventing
injuries in the real world.

• Side airbag deployment is taking place in
cases where it would not be expected.
Especially when the deployment is on the non-
struck side and in some frontal impacts.

• As expected cases have been found in this
initial sample in which the crash severity
exceeded the protection capabilities of most
modern safety systems.

• Some cases are presented in which the side
airbag deployment may have caused serious
injury where it would not otherwise have been
expected. Future consideration should be given
to possible injury mechanisms and further
studies of side airbag deployments are essential.
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• As case numbers increase, statistical analysis
should be used to establish any difference in
injury patterns between side airbag equipped and
non-equipped vehicles.
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ABSTRACT

The 2000 United States Census counted 35 million
residents aged 65 years old or older. Projections
indicate that this number will increase to 63 million
by 2025. This increase is important for those
concerned about vehicle safety because older drivers
and passengers are vulnerable road users. Much of
the previous research concentrates on the role of the
aging process on crash involvement among older
drivers, but these lines of questioning overlook the
fact that vehicle and crash factors may be a
significant part of why older occupants suffer higher
injury and fatality rates.

This paper demonstrates the role that vehicle and
crash factors play in explaining differences in injuries
across age groups. Important vehicle and crash
characteristics include the number of vehicles
involved, the body type of the occupant’s vehicle as
well as body type of the other vehicle in two vehicle
crashes, the initial point of impact, and the total
change in velocity experienced by the occupants.

The types of vehicles driven by the coming older
generation, together with higher average speeds and
the recent shifts in vehicle mix on the road, are cause
for even greater concern for the protection of older
occupants. The results demonstrate that variation in
the types of crashes and vehicles across age groups is
important for explaining injuries. Examination of
these factors provides information for consideration
of possible regulatory changes needed to protect
older drivers and passengers. The results also may be
informative to automotive manufacturers who are
considering modifications to accommodate older
occupants.

INTRODUCTION

According to a recent study by the United States
Census Bureau, the world’s population of age 65 or
older grew by more than 795,000 people each month
during 2000. This rate is expected to increase so that
the older population will grow by more than 847,000
a month during 2010. By 2030 more than 60 nations
are expected to have more than 2 million people aged

65 or older, which is twice the number of nations
reaching this benchmark in 2000 [1]. In the United
States alone the number of people 65 and older was
35 million in 2000. By 2030 this number is expected
to double to over 70 million [2].

A significant number of the older population will
continue to drive, and those who do not are likely to
be vehicle occupants. This projected increase in the
number of older road users has spurred public debate
as well as scholarly research. When examining US
vehicle occupant fatality rates per 100,000
population, people aged 65 to 74 have rates similar to
those aged 35 to 44. Although the fatality rate
increases for those 75 and older, it is still below the
rate for people aged 16 to 24. Occupant injury rates
per 100,000 population appear to diminish with age.
For people over 75 the rate is about half of its value
for those 35 to 44 and one-quarter for people aged 16
to 24 [3].

While these numbers are informative, many traffic
safety researchers argue that these statistics may be
misleading because they do not account for exposure.
In other words, older people may have a lower
fatality and injury rate per person because they do not
travel as often or as far as younger people. One
frequently used approach to control for differences in
exposure is to examine driver fatality rates per 100
million vehicle miles traveled (VMT). This analysis
produces a U-shaped curve where the highest fatality
rates are for the youngest and oldest drivers [4].
However, this approach does not fully capture
exposure either because it focuses on drivers rather
than all occupants. Previous research has shown that
people over 65, especially women, have a higher
proportion of miles traveled as non-drivers than all
younger adults except teenagers [5].

Even though a significant amount of vehicle travel by
older occupants occurs as a passenger, the existing
literature mainly focuses on the fatality risk of older
drivers. One line of research aims to explain why the
fatality rate per mile is higher for older drivers. Two
possible explanations are higher crash involvement
and higher fragility. Higher crash involvement
means greater potential for injury caused by a crash,
and higher fragility means greater chance of injury
given that a crash occurred. While crash involvement
per VMT does increase appreciably after age 70,
research indicates that fragility is a more important
explanation [6,7]. This conclusion fits with research
showing that older occupants have higher fatality risk
from similar impacts than younger occupants [8]. It
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also is supported by studies from Canada and the
United States showing that age is an important
predictor of older driver injury severity even when
controlling for vehicle and crash characteristics
[9,10]. A related analysis demonstrated that fatal
crash rates per 100,000 population still differ by age
after controlling for urban versus rural through
population density [11]. Fatality rates, along with
assumptions about changes in population, licensure
rates, and annual miles traveled, have also been used
to make future projections. One such study claims
that by 2030 drivers 65 and older will account for 25
percent of driver fatalities compared to the 14 percent
in 1999 [6].

Another set of studies compares crash scenarios
across age groups. This type of analysis helps
provide information regarding how crash situations
involving older drivers differ from those involving
younger drivers and offers suggestions for improving
safety for older drivers. Overall, older drivers are a
relatively safe group. They are less likely to have
crashes involving alcohol or high speeds than
younger drivers [12]. However, studies of crashes in
both Finland and the United States have shown that
older drivers are over-represented in crashes at
intersections, particularly in collisions with crossing
vehicles, and are more likely to be at fault in these
crashes [12,13]. A close examination of intersection
crashes revealed that uncontrolled and stop-sign
controlled intersections represent the highest fatality
risk for older drivers relative to younger drivers [14].
Research also has found that older drivers are more
likely to be involved in collisions while making turns,
particularly left-hand turns [12,15]. The most
frequent policy recommendation from this line of
research is light-controlled intersections with
protected left-turn signals.

While all of these previous studies help us to
understand the interaction between age and crash
factors, there is more that can be learned. The focus
on drivers, for example, tends to overlook the
frequency with which older people, especially
women, are vehicle occupants. Furthermore, the role
of vehicle and crash characteristics can be expanded
to account for other potentially important factors such
as the types of vehicles driven by older drivers,
differences in the point of impact in a crash, and the
vehicle mix on the road.

METHODS

This paper uses a variety of methods and data sets to
understand the relationship between age and
important crash characteristics. The analysis seeks to

provide information on the factors that influence
vehicle safety outcomes for the oldest segment of the
population, and their importance. They cover the
issues of exposure, crash involvement, and severity
outcomes.

Exposure - Travel

The first approach is to examine differences in
exposure across age groups and time using the
preliminary release of the 2001 National Household
Travel Survey (NHTS) and the most recent version of
the 1995 Nationwide Personal Transportation Survey
(NPTS). Over 26,000 households reported their
travel behavior via telephone interview from April
2001 to May 2002 for the 2001 NHTS. The 1995
NPTS includes reported travel behavior from over
42,000 households. The travel data presented are for
day trips, defined as “any time the respondent went
from one address to another” in a designated 24-hour
period, completed in privately owned motor vehicles
[16]. Only day trips are included for comparison
because the full set of data for the 2001 survey was
not available at the time of preparation for this paper.

The private vehicles category in these surveys
includes cars, vans, sport utility vehicles, pickup
trucks, motorcycles, large trucks, and motor homes,
but it does not differentiate between light and large
vehicles using vehicle weight. These surveys also
contain weighting factors to produce national travel
estimates. The age groups used are 25 to 44, 45 to
64, 65 to 74, and 75 and older. The decision to focus
on occupants 25 and older is to make the comparison
groups more appropriate by excluding the most
inexperienced drivers. Older occupants also are split
into two categories (65-74 and 75+) to distinguish
between the younger old and the rapidly growing
group of the oldest occupants. This approach will
provide evidence of how exposure patterns, measured
by estimated annual miles traveled, are affected by
age and temporal trends.

Exposure - Crash Involvement

The second approach is to examine whether crash
involvement patterns for occupants differ across age
groups. For crash involvement, we rely on the five
most recent years of the National Automotive
Sampling System - General Estimates System
(NASS-GES or GES 1997 to 2001). GES is based on
a nationally representative sample of about 57,000
police-reported crashes per year. GES crashes must
have a police accident report, which is the basis for
all coded values, must “involve at least one motor
vehicle traveling on a trafficway,” and “must result
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in property damage, injury, or death” [3]. GES also
contains a weighting factor to produce annual
estimates of the characteristics of police-reported
crashes. This approach will enable us to address the
effect of crash exposure for explaining differences in
injury patterns across age groups.

Crash Outcomes - Fatalities and Injuries

The third approach is to examine the variation across
age groups for the vehicle and crash characteristics
that produce fatal and serious injuries. For fatal
injuries, we rely on the most recent five years of the
Fatality Analysis Reporting System (FARS 1997 to
2001). FARS is a census of all crashes involving a
motor vehicle on a public roadway that resulted in at
least one fatality within 30 days of the incident.
While FARS contains information on non-motorist
fatalities, this analysis focuses on vehicle occupant
deaths. Because FARS is a census, the results reflect
national totals and do not require a weighting factor.

For non-fatal injuries, we return to the GES. Injury
severity in GES is measured on a police-reported
injury scale with values of none, possible, non-
incapacitating, incapacitating, and fatal. While
police-reported injury severity serves some purposes,
there are potential measurement issues because
police-reported severity may not reflect real injuries,
especially at lower levels of severity. Police-reported
severity is likely to be more accurate for
incapacitating and fatal injuries. Our GES analysis of
serious injuries focuses on incapacitating injuries
because they should accurately represent the most
serious non-fatal injuries and does not examine fatal
injuries because they are covered by FARS. It should
be noted, however, that incapacitating injuries from
police-reported injury severity are not necessarily the
same as serious injuries from the Abbreviated Injury
Scale (AIS) discussed in the next section, which is
not available in GES. Because GES is a sample of
crashes, we used the weighting factor to produce
national estimates. Our analysis of fatal and
incapacitating injuries by age and crash scenario uses
the age groups previously discussed.

Crash Outcomes - Modeling Injury Severity

The fourth method involves predicting the degree of
injury severity resulting from change in velocity
(delta-V), age, and other important factors. This
analysis requires the use of the National Automotive
Sampling System - Crashworthiness Data System
(NASS-CDS 1997 to 2001). NASS-CDS is a
probability sample of police-reported crashes
involving at least one towed light vehicle and either

property damage or personal injury. Selected crashes
are investigated by a NASS team. The focus on more
severe crashes and the detailed scrutiny of crash sites,
vehicles, and medical records leads to the
investigation of about 4,000 crashes per year. While
the sample is smaller, NASS-CDS contains two
important variables for predicting injury severity that
are not included in GES. NASS-CDS measures
injury severity using the Abbreviated Injury Scale
(AIS) and contains a variable for the maximum
known AIS for towed vehicle occupants as well as
those in vehicles with air bag deployment. The
NASS-CDS also contains the total change in velocity
(total delta-V) for investigated vehicles, which is
often strongly correlated to occupant injury severity.

The technique used to predict the effects of age,
delta-V, and other factors on injury severity is
ordered probit. Ordered probit is an extension of the
more common dichotomous probit and closely
related logit analysis [17]. In dichotomous probit, the
variable that the researcher is trying to explain takes
two possible values (such as yes or no, success or
failure, etc.). The explanatory variables are then used
to estimate the unobserved probability of an
observation taking a particular value (such as the
probability of a respondent answering yes). Because
the approach is multivariate, a researcher can isolate
the effect of one variable on the estimated probability
while controlling for other explanatory variables.

Ordered probit is an extension used when the variable
that the researcher wants to explain takes more than
two ordered categorical values. Consider the case of
the effect of age on injury severity. If injury severity
were measured with two values such as no injury
versus injury, then dichotomous probit would
produce the estimated effect of age on the probability
of an occupant injury. Now suppose that injury
severity is measured by the maximum injury on a
scale such as none, minor, moderate, serious, and
severe. These five categories have order because
they represent increasing injury severity, and ordered
probit would be an appropriate tool for analyzing the
effect of age. Ordered probit would produce
estimates of the effect of age on the probability of an
occupant suffering a maximum injury of each
severity level. Thus ordered probit would produce
five estimated probabilities, one for each severity
level, and these estimated probabilities would sum to
one because they cover all possible outcomes. It is
highly unlikely that age would be the only factor
affecting injury severity, and our analysis contains
other important control variables, such as delta-V, to
isolate the effect of age on injury severity. We also
use an appropriate weighting factor to reflect national
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estimates of the distribution of crash scenarios,
occupant characteristics, and injuries.

RESULTS

The results are divided into four sections. The first
section explores how exposure, in terms of miles
traveled and crash scenarios, differs by age groups
and how it has changed over time. The second
section examines how fatal injuries vary by age and
crash characteristics. The third section presents
incapacitating injuries in a similar fashion. The
fourth section demonstrates the relationship between
the severity of injury, the age of the occupant, and the
change in velocity (delta-V) in various crash modes.

Exposure

We measure exposure both in terms of miles traveled
and crash involvement. The results for miles traveled
are based on early results from the 2001 NHTS, in
which over 26,000 households reported their travel
behavior via telephone interview. As previously
discussed, the preliminary release includes
information on travel day trips, defined as “any time
the respondent went from one address to another” in
a designated 24-hour period, by various
transportation modes including private motor
vehicles. Travel day trips aim to capture everyday
travel patterns in the United States, and the
designated days assigned to respondents cover an
entire year. Using a weighting factor, the survey
responses can be used to produce national travel
estimates. These estimates are then used by
researchers to compute the total number of miles
traveled as well as the number of miles per person.
Table 1 provides an overview of the changes in these
statistics from 1995 to 2001. Table 2 presents the
percentage distribution of the miles traveled by
gender, driver status, and vehicle type across the
various age groups.

While person miles per person for day trips increased
for all age groups, there have been striking
differences - from less than 1% for 25 to 44 year olds
to 20% for the 75 and older population. The
differences in total day trip miles are even more
dramatic, with total miles traveled by the oldest
Americans increasing by over 50%. The difference
between the increase in total miles traveled and in
miles traveled per person reflects that changes are
occurring both in the size of older population as well
as in their behavior. These results are a more
inclusive picture of changes in exposure than
previous work based exclusively on driving behavior

[6,18]. However, the results are similar in that they
reflect the importance of the increasing population
size on future older driver target population
estimates.

Table 1.
Changes in Total Person Miles Traveled

in Privately Owned Vehicles by Age
(1995 NPTS and 2001 NHTS Day Trips)

Age 1995 2001 Percent
Change

Total Person Miles (billions)
25-44 1,352 1,360 1%
45-64 764 931 22%
65-74 191 211 10%
75+ 66 100 51%

Person Miles per Person
25-44 15,780 15,856 <1%
45-64 14,854 15,312 3%
65-74 9,796 11,312 15%
75+ 5,659 6,772 20%
Note: Sample sizes for youngest to oldest age group:
1995 Person sample
unweighted: 32,533; 23,227; 8,014; 4,677
weighted (in millions): 85.7; 51.4; 19.5; 11.7
2000 Person Sample
unweighted: 16,080; 16,533; 5,313; 4,139
weighted (millions): 85.8; 60.8; 18.7; 14.8

Table 2.
Distribution of Person Miles Traveled

by Age and Other Factors
(1995 NPTS and 2001 NHTS Day Trips)

25-44 45-64 65-74 75+
1995: Gender/Driver
Male: Driver 48 50 46 36
Male: Passenger 7 7 8 13
Male Subtotal 55 57 54 49
Female: Driver 31 26 24 23
Female: Passenger 14 17 22 28
Female Subtotal 45 43 46 51
Total 100% 100% 100% 100%

2001: Gender/Driver
Male: Driver 48 50 47 41
Male: Passenger 6 6 6 10
Male Subtotal 54 56 53 51
Female: Driver 31 28 22 21
Female: Passenger 14 16 26 28
Female Subtotal 56 54 47 49
Total 100% 100% 100% 100%
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1995:Vehicle Mode
Car 59 62 73 84
Van 11 10 8 4
Utility Vehicle 9 8 4 3
Pick-up 16 16 14 7
Other 4 4 1 1
Total 100% 100% 100% 100%

2001:Vehicle Mode
Car 52 55 71 77
Van 13 11 9 10
Utility Vehicle 16 13 5 3
Pick-up 17 18 14 7
Other 3 3 1 3
Total 100% 100% 100% 100%
Note: Person sample sizes same as Table 1.

There was little change between 1995 and 2001 in the
driver versus passenger shares of total person miles
traveled by age groups except for some shift from
miles by male passengers to male drivers in the 75
and older age group. If this pattern continues, it
suggests a growing need for crash avoidance
countermeasures for older drivers. However, on the
crashworthiness side, there has been some shift in
miles traveled by the oldest population from
passenger cars into vans. This shift works in a
positive direction with regard to vehicle compatibility
issues because vans have a lower vulnerability
metric, defined as deaths in struck vehicles per 1000
police reported crashes, than passenger cars in side
impact crashes [19].

The changes indicated by these early results from the
2001 NHTS survey provide evidence that mobility
for older people of current and future generations of
older people (i.e. baby boomers and beyond) may be
significantly different than for previous generations,
which underscores the need for increased attention to
older occupant safety.

Another common way of addressing exposure is to
examine driver involvement in crashes by age. Crash
involvement is computed as the number of drivers in
a certain age category per 100,000 licensed drivers.
These numbers are contained in Table 3.

Table 3.
Exposure Measured by Driver Crash

Involvement and Annual Miles Traveled (2001)

Driver
Age

All
Crashes

per
100,000
Licensed
Drivers

PDO
Crashes

per
100,000
Licensed
Drivers

Injury
Crashes

per
100,000
Licensed
Drivers

Fatal
Crashes

per
100,000
Licensed
Drivers

Annual
person

miles per
person
[day
trips]

25-44 5880 3923 1928 29.30 15,856
45-64 4248 2874 1352 21.52 15,312
65-74 3170 2094 1056 19.75 11,312
75+ 2928 1844 1056 28.11 5,659

Change from older group
45-64 27.8%↓ 26.7%↓ 29.9%↓ 26.6%↓ 3.4%↓

65-74 25.4%↓ 27.1%↓ 21.8%↓ 8.2%↓ 26.1%↓

75+ 7.6%↓ 12.0%↓ 0.0%↓ 42.4%↑ 40.1%↓

Note: Licensed drivers from Federal Highway
Administration [20], PDO and injury crashes from GES
2001, fatal crashes from FARS 2001, and person miles
from NHTS 2001.

While crash involvement rates per licensed driver in
all crashes are lower for the oldest drivers than for
any other age group, they do not fall as dramatically
as driver exposure, based on annual person miles per
person. This comparison is incomplete, due to
missing data for longer trips, however, Table 3
indicates that there are some crash incidence factors,
as well as “survivability” factors, at work. While
driver involvement rates in Property Damage Only
(PDO) and injury-producing crashes also follow this
consistent downward trend by age, the driver
involvement rate in fatal crashes for the oldest age
group is over 30 percent higher than the next oldest
group. Along with the results for occupant crash
involvement by severity (see next section), this
speaks to the strong influence of higher crash
consequences for the oldest population group.

Another way to address age differences in exposure
is to analyze the crash scenario to which an occupant
is exposed given a crash. This analysis uses the GES
estimates of all police-reported crashes for the most
recent five years (1997-2001). Table 3 summarizes
these results. The results are presented as
percentages within each age category to facilitate
comparison across the columns. Light vehicles are
defined as vehicles having a Gross Vehicle Weight
Rating (GVWR) of less than 10,000 pounds and
include passenger cars, utility vehicles, light vans,
and most pickup trucks. Large vehicles have a
GVWR greater than 10,000 pounds and include
trucks, buses, and large vans. The table focuses on



Austin, page 6

light vehicle occupants crashes but also contains the
percentage for other vehicle types.

Table 4 demonstrates that older occupants involved
in a crash are more likely to be in a light vehicle than
a large vehicle. Even more telling, older occupants
are much more likely to be in a car than an LTV.
This result agrees with exposure by vehicle type
based on miles traveled from the NHTS and NPTS.
The results also indicate that older occupants have a
higher exposure to side impact crashes, particularly
side impacts where they are in the struck vehicle,
than younger occupants.

Table 4.
Occupants in Police-Reported Crashes by

Vehicle Type and Crash Mode (GES 1997-2001)

Type of Occupant
and Crash Mode

Percent of All
Crash Occupants

By Age Group
25-
44

45-
64

65-
74

75+

Light Vehicle Occupants
Single Vehicle Crash

Rollover 2 1 1 1
Fixed Object Collision 5 6 6 6
Other and Unknowns 6 4 4 4

Single Vehicle Subtotal 13 11 10 11

Two Vehicle Crash
Rollover Vehicle <1 <1 <1 <1
Two Light Vehicles

Frontal 2 2 3 3
Side: Struck 11 12 17 20
Side: Striking 12 11 14 16
Rear-end 26 25 23 18
Other and Unknowns 12 12 14 14

With Large Vehicle 2 3 3 3
With Other Type 2 2 2 3

Two Vehicle Subtotal 68 69 75 78

Three or More
Vehicle Crash 11 12 11 9

Car Subtotal 57 57 70 82
LTV Subtotal 35 35 27 16
Light Vehicle Subtotal 93 92 97 98

Large Vehicle Occupants 4 5 1 <1
Motorcycle Occupants 1 1 <1 <1
Other and Unknown 2 3 2 2
Note: Sample sizes for youngest to oldest age group:
Unweighted: 247,158; 121,541; 25,834; 18,145
Weighted (in millions): 27.2; 13.4; 3.1; 2.2

These findings further confirm the continued over-
involvement of older occupants, particularly drivers,
in side impact collisions at intersections and while
making turns. Interestingly, exposure to rear-end
crashes appears to diminish with age. This change
would work against lower fatality rates for older
occupants because rear-end crashes rarely produce
fatalities.

Crash Outcomes - Fatal Injuries

This section examines whether fatality patterns differ
across age groups. Table 5 contains the distribution
of fatal injuries to vehicle occupants recorded in
FARS from 1997 to 2001 by age and by occupant
type and crash mode.

Table 5.
Occupant Fatalities by Age and Crash Mode

(FARS: 1997-2001)

Type of Occupant
and Crash Mode

Percent of All
Occupant Fatalities

By Age Group
25-
44

45-
64

65-
74

75+

Light Vehicle Occupants
Single Vehicle Crash

Rollover 25 19 12 7
Fixed Object Collision 17 14 14 13
Other and Unknowns 3 3 2 2

Single Vehicle Subtotal 45 36 29 22

Two Vehicle Crash
Rollover Vehicle 4 5 4 3
Two Light Vehicles

Frontal 10 13 16 17
Side: Struck 7 10 18 27
Side: Striking 1 2 2 3
Other and Unknowns 2 2 3 4

With Large Vehicle 7 8 11 11
With Other Type 1 1 1 1

Two Vehicle Subtotal 33 41 55 65

Three or More
Vehicle Crash 7 9 11 11

Light Vehicle Subtotal 84 86 95 98

Large Vehicle Occupants 3 4 1 <1
Motorcycle Occupants 12 8 2 <1
Other and Unknown 1 1 1 1
Note: Sample sizes for youngest to oldest age group:
59,369; 34,234; 12,592; 16,753
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As expected, there is a strong relationship between
age and occupant type. For the 25 to 44 age group,
84 percent of the vehicle fatalities occurred in light
vehicles. This number rises to 98 percent for the 75
and over age group. The higher percentage of light
vehicle fatalities for older occupants reflects the
substantial drop in the proportion of motorcycle
fatalities and, to a lesser extent, large vehicle
occupant fatalities after 65.

Age is also strongly related to the crash mode for
light vehicle occupant fatalities. The proportion of
fatalities in single vehicle crashes drops from 45
percent for the youngest group to 22 percent for the
oldest group. When examining only light vehicle
fatalities, the drop is from over one-half for the
youngest group to under one-quarter for oldest group.
This drop occurs mainly because single-vehicle
rollovers appear to be a young person’s crash. This
crash mode accounts for one-quarter of the vehicle
occupant fatalities for those aged 25 to 44. By
comparison, it only accounts for 7 percent for those
75 and older. The proportion of fatalities occurring
in single-vehicle fixed object collisions also
diminishes with age, but the drop is not as substantial
as for rollovers.

As the role of single-vehicle crashes in explaining
fatalities decreases with age, the importance of
crashes involving two or more vehicles increases.
Two vehicle crashes account for one-third of the
fatalities for the youngest group and almost two-
thirds for the oldest. This increase is reflected in the
large proportions of older occupant fatalities in light
vehicles stuck in the side by the front of another light
vehicle and in frontal crashes involving two light
vehicles. Where single-vehicle rollovers can be
described as a young person’s crash, side impact
appears to be an old person’s crash. Fatalities
occurring in light vehicles struck in the side account
for over one-quarter of the total occupant fatalities
for those 75 and older but only 7 percent for those 25
to 44. The proportion of fatalities from a frontal
crash involving two light vehicles also increases with
age from 10 percent for the youngest group to 17
percent for the oldest. The proportion of light vehicle
fatalities occurring in crashes involving a large
vehicle or three or more vehicles also increases with
age.

Table 5 demonstrated that light vehicle occupant
fatalities in two vehicle crashes accounted for a
majority of the fatalities for those 65 and older.
Furthermore, one reason that side impact may be
particularly important for explaining older occupant
fatalities may be that the type of light vehicle differs

by occupant age. Using the 2001 FARS, the ratio of
driver fatalities in striking versus struck vehicles in
side impact collisions is 1 to 8 for a car striking
another car but 1 to 29 for a light truck or van (LTV)
striking a car.

Table 6.
Light Vehicle Occupant Fatalities

in Two-Vehicle Non-Rollover Crashes
by Age and Crash Mode (FARS 1997-2001)

Type of Light Vehicle
Occupant and
Crash Mode

Percent of All
Occupant Fatalities

by Age Group
25-
44

45-
64

65-
74

75+

Car Occupants
Frontal with Car 12 12 13 12
Side Struck by Car 8 9 12 16
Striking Side of Car 1 2 1 2
All Other with Car 2 2 2 2
Car with Car Subtotal 24 25 28 33

Frontal with LTV 14 12 12 10
Side Struck by LTV 13 15 18 23
Striking Side of LTV 1 1 2 2
All Other with LTV 3 2 3 2
Car with LTV Subtotal 31 30 35 37

With Large Truck 16 14 14 13
With Other Body Type 1 1 2 2
Car Occupant Subtotal 72 69 78 85

LTV Occupants
Frontal with Car 3 4 3 2
Side Struck by Car 1 2 2 1
Striking Side of Car 1 1 1 <1
All Other with Car 1 1 1 <1
LTV with Car Subtotal 5 7 5 4

Frontal with LTV 7 7 4 2
Side Struck by LTV 3 3 3 3
Striking Side of LTV 1 1 1 <1
All Other with LTV 1 1 1 1
LTV with LTV Subtotal 11 13 9 6

With Large Truck 10 10 7 4
With Other Body Type 1 1 1 <1
LTV Occupant Subtotal 27 30 22 14

Note: Sample sizes for youngest to oldest age group:
16,956; 12,432; 6,461; 10,400
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Given the importance of light vehicles overall and of
the distinction between passenger car and LTV
occupants, Table 6 provides more detailed
information regarding light vehicle fatalities in non-
rollover crashes. For all age groups, car occupant
fatalities outnumber LTV occupant fatalities.
However, the proportion increases from 69 percent
for the 45 to 64 group to 85 percent for the 75 and
older group. Correspondingly, the proportion of LTV
occupant fatalities decreases with age in almost every
crash scenario. The other significant difference
occurs in the proportion of fatalities from side
impact. From the youngest to the oldest age group,
the proportion of fatalities involving a car striking a
car in the side increases by 8 percent and those
involving an LTV striking a car in the side increases
by 10 percent. For those 75 and older, almost 1 in 4
occupant fatalities occur when an LTV strikes the
side of a car.

Crash Outcomes - Incapacitating Injuries

This section examines incapacitating injuries in a
manner similar to the previous section. As discussed
in the methods section, this analysis uses police-
reported incapacitating injuries for the five most
recent years of GES (1997 to 2001). Table 7 presents
the results for all vehicle occupants, and Table 8
presents the results for light vehicle occupants in
two-vehicle non-rollover crashes.

For the most part, the results in Table 7 are similar to
those for fatalities. The proportion of incapacitating
injuries from single-vehicle crashes diminishes with
age. There appears to be an increase in
incapacitating injuries from fixed object collisions in
the oldest age group, but more work needs to be done
to determine if this result is substantive or mainly
sampling error. The likelihood of an incapacitating
injury resulting from a two light vehicle frontal crash
is almost the same across age groups. However, the
likelihood of an incapacitating injury for light vehicle
occupants struck in the side increases substantially
with age.

Table 8 presents a closer look at incapacitating
injuries for light vehicle occupants involved in two-
vehicle non-rollover crashes. Similar to the case for
fatalities, there is a substantial increase in the
proportion of light vehicle occupant incapacitating
injuries in cars struck by other cars and LTVs as
occupant age increases. Another similarity between
Tables 6 and 8 is that car and LTV subtotals reflect
the exposure data where older occupants are more
likely to travel in cars than LTVs. Finally, the
proportion of light vehicle collisions with large trucks

is lower for all age groups when compared to
fatalities.

Table 7.
Vehicle Occupants with Incapacitating Injuries by
Age and Crash Mode (weighted GES 1997-2001)

Type of Occupant
and Crash Mode

Percent of
All Incapacitating

Injuries
By Age Group

25-
44

45-
64

65-
74

75+

Light Vehicle Occupants
Single Vehicle Crash

Rollover 12 7 6 3
Fixed Object Collision 15 11 9 14
Other and Unknowns 2 1 2 1

Single Vehicle Subtotal 28 20 17 18

Two Vehicle Crash
Rollover Vehicle 3 2 3 2
Two Light Vehicles

Frontal 7 7 8 7
Side: Struck 14 16 20 28
Side: Striking 11 12 14 12
Other and Unknowns 14 16 16 14

With Large Vehicle 3 4 4 3
With Other Type 1 1 1 1

Two Vehicle Subtotal 52 58 66 67

Three or More
Vehicle Crash 10 13 14 13

Light Vehicle Subtotal 91 90 97 99

Large Vehicle Occupants 2 2 <1 <1
Motorcycle Occupants 6 6 1 <1
Other and Unknown 1 2 1 1
Note: Sample sizes for youngest to oldest age group:
Unweighted: 9,968; 5,158; 1,163; 1,038
Weighted: 639,862; 322,811; 82,106; 72,890
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Table 8.
Light Vehicle Occupants

with Incapacitating Injuries
in Two-Vehicle Non-Rollover Crashes by

Age and Crash Mode (weighted GES 1997-2001)

Type of Light Vehicle
Occupant and
Crash Mode

Percent of All
Incapacitating

Injuries
by Age Group

25-
44

45-
64

65-
74

75+

Car Occupants
Frontal with Car 6 6 6 6
Side Struck by Car 13 13 17 23
Striking Side of Car 11 9 13 9
All Other with Car 12 11 11 8
Car with Car Subtotal 41 38 47 47

Frontal with LTV 3 3 3 3
Side Struck by LTV 9 9 12 15
Striking Side of LTV 5 5 5 5
All Other with LTV 9 10 9 9
Car with LTV Subtotal 26 27 29 32

With Large Truck 5 5 4 3
With Other Body Type 1 2 <1 2
Car Occupant Subtotal 73 72 81 84

LTV Occupants
Frontal with Car 2 2 3 1
Side Struck by Car 3 4 2 4
Striking Side of Car 4 4 2 1
All Other with Car 5 4 3 2
LTV with Car Subtotal 14 14 10 8

Frontal with LTV 2 2 1 1
Side Struck by LTV 3 3 1 1
Striking Side of LTV 3 3 3 3
All Other with LTV 3 4 2 2
LTV with LTV Subtotal 10 11 7 6

With Large Truck 2 2 1 1
With Other Body Type <1 1 1 <1
LTV Occupant Subtotal 27 28 19 16

Note: Sample sizes for youngest to oldest age group:
Unweighted: 4,807; 2,693; 719; 692
Weighted: 317,512; 178,074; 51,775; 47,843

Crash Outcomes - Severity of Injury

This section uses the ordered probit method,
discussed in the methods section, to estimate the
effect of delta-V, age, gender, belt use, and the type
of other light vehicle on the probability of a particular
maximum AIS for each car occupant. The data are
weighted by the national inflation factor, which has
been normalized to reflect the actual number of cases.
While this approach does not capture all of the
complexity of the NASS multistage sampling design
when computing standard errors, it does provide a
good first approximation of the hypothesized
relationships. The restriction to car occupants makes
modeling simpler because it restricts the vehicle type
combinations and reflects the fact that few older
occupants travel in LTVs. Given the exposure data,
these results will reflect the injury risk faced by most
older occupants.

Two particular occupant crash scenarios are
examined using data from the 1997 to 2001 NASS-
CDS: two-vehicle frontal crashes involving a car and
another light vehicle, and nearside impact crashes
where the front of the striking light vehicle hits the
side of a car on which the occupant is seated. Belt
use was dropped from the nearside impact analysis
because it did not achieve statistical significance in
the expected direction. This may reflect the fact that
safety belts are more effective in frontal than side
impacts. A variable attempting to capture problems
with vehicle compatibility was also tried by including
an indicator variable when the other vehicle was an
LTV. This measure is included in the model of
nearside injury severity because it achieved statistical
significance in the expect direction, but it was
dropped from the analysis of frontal crashes. Finally,
the handful of cases with values of delta-V greater
than 100 kilometers per hour were dropped to prevent
overly influential outliers.

Tables 9 and 10 summarize the effect of age at
various levels of delta-V on the predicted probability
of each injury severity. The results in Table 9 also
control for gender differences (women are more
likely to have a higher maximum AIS than men) and
safety belt use (occupants not using a safety belt are
more likely to have higher maximum AIS than those
who do use a safety belt.) The results in Table 10
control for gender differences and whether the other
vehicle is an LTV. The middle two sets of results in
Table 10 further illustrate that car occupants struck
by LTVs are more likely to have a higher maximum
AIS than car occupants struck by another car. The
complete results, including probit coefficients and
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statistical significance, are contained in the
Appendix.

Table 9.
Predicted Probabilities of Maximum Injury

Severity to Car Occupants by Age and Delta-V in
Non-Rollover Two-Light Vehicle Frontal Crashes

(NASS-CDS 1997 to 2001)

Probability of
Maximum AIS

30 year
old

55 year
old

70 year
old

(prediction for belted female)
Total Delta-V of 20 KMPH
None (0) 0.46 0.33 0.22
Minor (1) 0.48 0.55 0.58
Moderate (2) 0.05 0.08 0.11
Serious (3) 0.02 0.03 0.06
Severe (4+) 0.00 0.01 0.02

Total Delta-V of 35 KMPH
None (0) 0.18 0.13 0.10
Minor (1) 0.58 0.56 0.53
Moderate (2) 0.13 0.16 0.18
Serious (3) 0.08 0.10 0.13
Severe (4+) 0.03 0.04 0.06

Total Delta-V of 50 KMPH
None (0) 0.04 0.04 0.03
Minor (1) 0.42 0.40 0.38
Moderate (2) 0.21 0.21 0.21
Serious (3) 0.20 0.21 0.22
Severe (4+) 0.13 0.14 0.16

Tables 9 and 10 present probabilities of injury levels
for particular scenarios. To illustrate interpretation
consider the top sub-table within Table 9. The
predicted probabilities are for a 30 year-old belted
female car occupant in a frontal crash with another
light vehicle with a total delta-V of 20 KMPH. As
one moves across the columns, the only assumption
that changes is the age of the car occupant. As one
moves down the column to the second sub-table, the
only assumption that changes is that total delta-V
increases to 35 KMPH. One could construct other
tables for males or unbelted occupants, but the effect
of age would stay essentially the same because the
model explicitly controls for these two factors.
Looking once again at the first sub-table in Table 9,
the column for the 30 year-old says that the
probability of no injury in this crash scenario is 0.46
(46 percent). However, the most likely outcome is a
minor injury, which has an estimated probability of
0.48. For the 70 year-old occupant, the probability of
no injury drops to 0.22. Instead, the probability of
injury at all levels increases. The probability of an

injury rated moderate or more severe rises from about
0.07 for the 30 year-old to 0.19 for the 70 year-old.

Table 10.
Predicted Probabilities of Maximum Injury

Severity to Car Occupants by Age, Delta-V, and
Other Vehicle Type in Non-Rollover Two-Light

Vehicle Nearside Crashes
(NASS-CDS 1997 to 2001)

Probability of
Maximum AIS

30 year
old

55 year
old

70 year
old

(prediction for female)
Total Delta-V of 25 KMPH (other vehicle car)
None (0) 0.26 0.20 0.15
Minor (1) 0.61 0.62 0.62
Moderate (2) 0.07 0.09 0.11
Serious (3) 0.05 0.07 0.09
Severe (4+) 0.01 0.02 0.04

Total Delta-V of 35 KMPH (other vehicle car)
None (0) 0.12 0.05 0.02
Minor (1) 0.60 0.51 0.38
Moderate (2) 0.12 0.16 0.17
Serious (3) 0.11 0.17 0.23
Severe (4+) 0.05 0.10 0.20

Total Delta-V of 35 KMPH (other vehicle LTV)
None (0) 0.08 0.03 0.01
Minor (1) 0.56 0.44 0.30
Moderate (2) 0.15 0.17 0.16
Serious (3) 0.14 0.21 0.25
Severe (4+) 0.08 0.16 0.27

Total Delta-V of 45 KMPH (other vehicle car)
None (0) 0.04 0.01 0.00
Minor (1) 0.48 0.27 0.11
Moderate (2) 0.16 0.16 0.10
Serious (3) 0.19 0.25 0.23
Severe (4+) 0.13 0.31 0.55

Table 9 indicates that in the relevant frontal crashes,
both delta-V and age have an effect on the occupant’s
maximum known AIS. However, the largest effect
occurs in crashes involving a relatively low delta-V.
Frontal crashes at a delta-V of 50 KMPH look similar
for the three ages in that they are likely to produce
injuries at a moderate or higher level. This result is
different from that found in Table 10. In Table 10,
the effect of age is strong at all three levels of delta-
V, but it becomes stronger as delta-V increases. The
biggest effect of age can be seen when delta-V equals
45 KMPH. In this case, the probability of a serious
or higher injury is 0.13 for the 30 year-old but 0.55
for the 70 year-old. Table 10 also shows the higher
predicted injury when a car is struck in the side by an
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LTV than by a car. The probability of minor injuries
and less decreases and the probabilities of moderate
or greater injuries increases when comparing the
middle two sub-tables in Table 10.

DISCUSSION

Taking into account important factors for the safety
of older occupants – growth in population, increasing
travel exposure, crash involvement rates, and fragility
– there are clear warning signs for the future safety of
the oldest segment of the traveling public. This paper
documents at least two important and related areas
where the growth in the older population, their travel
patterns and crash types could lead to substantial
increases in target populations.

The first is that a significantly larger share of travel
(in day trips) by the oldest occupants is by passenger
car versus other types of vehicles. This passenger car
concentration is also indicated by overall crash
involvement rates. As discussed earlier, the fatality
risk for passenger car drivers is greater than the risk
for LTV drivers in two-vehicle frontal crashes. The
fatality risk for car drivers struck in the side by an
LTV is also substantially greater than the fatality risk
for car drivers struck in the side by another car.
These numbers are particularly meaningful for older
occupants because they are more likely to crash with
another light vehicle and less likely to be in single-
vehicle crashes than younger occupants.
Furthermore, this study shows that the predicted
maximum injury level is higher for a car occupant
struck by an LTV than another car even when
controlling for age, gender, and delta-V. The small
shift in the 75 and older group into vans from
passenger cars would help to diminish this particular
effect on target population projections, but a strong
relationship between the percent of light vehicle
miles traveled in car and the age of the occupant still
exists.

The second factor is the importance of crash mode,
particularly side impact crashes, in explaining
injuries for older occupants. Side impact crashes,
both from a crash involvement and survivability
standpoint, are of the greatest concern. The review of
previous literature suggested that older drivers are
more likely to be involved in side impact crashes than
younger drivers, and Table 4 demonstrated that older
occupants are more likely to be in side impact crashes
than younger occupants. For those 25 to 44, struck
side impact crashes account for 11 percent of
occupants involved in crashes, 7 percent of occupant
fatalities, and 14 percent of seriously injured
occupants. For those aged 75 and above, struck side

impact crashes increase to 20 percent of occupants
involved in crashes, 27 percent of fatalities, and 28
percent of those seriously injured. The increase in
crash involvement explains some of the increase in
the proportion of fatalities and serious injuries in
struck side impact crashes, but survivability and
frailty also play an important role. The results
presented in this paper demonstrate that the expected
maximum injury severity in side impact crashes
where the car is struck on the occupant’s side of the
vehicle increases greatly with age, especially in
crashes involving relatively high values of delta-V.
This effect holds even when controlling for whether
the other vehicle is an LTV.

Although not as important as side impact crashes,
frontal crashes also play a role in explaining age
differences. Involvement in two light-vehicle frontal
crashes increases slightly with age, and the
proportion of serious injuries from frontal crashes is
about the same across age groups. However, the
proportion of fatalities from frontal crashes increases
substantially with age. Because there is little change
in crash exposure, the explanation could be one of
frailty. This argument is supported by the ordered
probit results where the probability of a maximum
AIS of 4 or greater increases with age, but age still
does not have as strong an effect as it does in side
impact crashes.

Increases in the population and vehicle travel by
older occupants could exacerbate the compatibility
problem related to the vehicle mix on the road since
travel and crash involvement of the oldest population
occurs disproportionately in passenger cars compared
to younger age groups. In frontal impact crashes, the
fact that older occupants are more likely to be in cars
than LTVs increases their fatality risk. Several
factors work together to increase the compatibility
problem for older drivers in side impact crashes. The
increase in older drivers will likely lead to an
increase in side impact collisions. Also, the fact that
older occupants involved in a side impact collision
are more likely than younger occupants to be in
struck cars, particularly cars struck by LTVs,
increases the fatality and injury risk for older
occupants. The results further suggest that problem
is best addressed in terms of both crash avoidance
and crashworthiness countermeasures.

Interestingly, an increase in the proportion of miles
traveled by older occupants compared to younger
occupants also suggests that some issues may not be
as important in the future. For example, a larger
proportion of older occupants would probably result
in a smaller proportion of miles traveled by
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motorcycle. It also appears that single-vehicle
rollovers diminish in importance as a cause of
fatalities and incapacitating injuries as age increases.
Therefore, a larger proportion of miles traveled by
older occupants could result in fewer rollover
fatalities and injuries per mile traveled. Also, as
more older individuals move from pedestrians to
vehicle occupants, pedestrian fatalities among the
oldest population may fall. This change may help
explain why total pedestrian fatalities decreased
among those aged 70 and above between 1991 and
2001 even though the population increased
substantially [15].

CONCLUSIONS

Based on the results of this analysis, vehicle safety
issues for the oldest segment of the population should
be carefully examined over the next several years.
While occupant protection in crashes presents
significant challenges due to physiological issues in
the oldest population and crash dynamics, solutions
can be sought to ameliorate the damage they will
sustain in a crash. These could include new safety
belt technologies as well as increased side impact
occupant protection. These results also echo the
concerns of researchers regarding the crash
compatibility of vehicles on the road and show that
increased attention to vehicle engagement in side
impact crashes would be particularly helpful for older
occupants. Shifts in the proportion of the population
by age will be an increasingly important determinate
of future benefits for analyses of changes in vehicle
safety standards. A greater body of research also is
needed on vehicle technologies that can help older
drivers avoid collisions. Research aimed at crash
avoidance while making turns and while navigating
intersections would help older occupants by reducing
side impact crashes.

While programs aimed at reducing driving exposure
should be continued and strengthened, it is likely that
the oldest population will continue to have an
expectation and level of mobility that is different
from their parents and grandparents. Furthermore,
this paper demonstrates that the issues involve non-
drivers as well as drivers because growth will
continue in older passenger exposure even if all
driving ended. As a result, greater attention to
vehicle safety issues, as well as behavior change, is
needed.
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APPENDIX

Table 11.
Complete Order Probit Results

for Predicting AIS Injury Severity

Variable Coefficient Standard
Error

Pr > Chi-
Square

Frontal
Crashes
Intercept 1 -1.8884 0.1912 <.0001
Intercept 2 -1.6279 0.0496 <.0001
Intercept 3 -2.1709 0.0620 <.0001
Intercept 4 -2.8618 0.0893 <.0001
Age 0.0248 0.0034 <.0001
Sex
(0=male,
1=female) 0.5290 0.0592 <.0001
Delta-V 0.0666 0.0066 <.0001
Belt Use
(0=no,
1=yes) -0.3462 0.0680 <.0001
Age *
Delta-V -0.0004 0.0001 0.0002
N=1,648

Nearside
Impact
Intercept 1 -0.3473 0.2142 0.1049
Intercept 2 -1.7691 0.0610 <.0001
Intercept 3 -2.1972 0.0759 <.0001
Intercept 4 -2.8549 0.1116 <.0001
Age -0.0165 0.0047 0.0004
Sex
(0=male,
1=female) 0.1310 0.0639 0.0404
Delta-V 0.0221 0.0107 0.0380
Striking
Vehicle LTV
(0=no,
1=yes) 0.2418 0.0705 0.0006
Age *
Delta-V 0.0011 0.0002 <.0001
N=1,350
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ABSTRACT

This paper presents a CCD based stereovision algorithm
(called the ”v-disparity” algorithm [1]) for onboard road
obstacles detection (pedestrians, vehicles, motorbikes,
etc.) in night condition. The algorithm is explained, and
then evaluated towards different obstacles. The theore-
tical good properties of the ”v-disparity” algorithm - ac-
curacy, robustness, computational speed - are experimen-
tally confirmed. Experiments show that obstacles are de-
tected in a precise manner with high confidence values, at
frame rate (25 Hz) using no special hardware.

1 INTRODUCTION

In the context of Intelligent Transportation Sytems, on-
board road obstacles detection is an essential task, in both
day and night condition. Various sensors can be used in
this purpose. Radar or Lidar constitute one possibility but
present some drawbacks : they are expensive and delicate
devices, and send electromagnetic waves into the environ-
ment. For night vision, infrared cameras can be used but
remain expensive. CCD based stereovision is a cheaper
passive sensor for detecting road obstacles, but most stere-
ovision based algorithms are designed for detecting obsta-
cles in day condition. This paper presents a stereovision
based algorithm (called the ”v-disparity” algorithm [1])
that can detect generic obstacles (pedestrians, vehicles,
motorbikes, etc.) in both day [2] and night condition, us-
ing two CCD cameras. Experimental results of detection
in night condition are presented : obstacles are detected
in a robust and precise manner in the area located under

the lighting of the equiped vehicle (up to 40 meters from
the vehicle). The paper stresses the theoretical and exper-
imental properties of the algorithm that allow its efficient
use in the automotive context where lighting conditions
are difficult. The paper is organized as follows.

Section 2 presents our experimental protocol. Section 3
deals with the description of our algorithm (called the ”v-
disparity” algorithm), and the method used for robustly
detecting generic obstacles. A disparity map is computed
and a geometric representation of the road scene is de-
duced in an original manner. Section 4 presents experi-
ments that evaluate the efficiency of the ”v-disparity” al-
gorithm for detecting different obstacles in night condi-
tion. All tested obstacles are detected with a good con-
fidence value. Section 5 evaluates the robustness of the
method against difficult meteorologic conditions (rain in
night condition) and against noise. Computing time is
also evalutated : the detection process is performed within
40 ms using a 733 MHz Pentium III processor. Eventu-
ally, Section 6 deals with future work.

2 EXPERIMENTAL PROTOCOL

Fig. 1 presents the stereo sensor used for the experiments
(top), the left CCD camera (bottom left), and the configu-
ration area used for the evaluation of the obstacle distance
accuracy (bottom right), shown in day light. After config-
uration, the image planes are parrallel : the epipolar ge-
ometry is rectified (epipolar lines correspond to scanning
lines in the images of the stereo pair). The parameters of
the stereo sensor areb = 1:03 m, h = 1:4 m, � = 11:3Æ,
f = 8:5 mm, tu � tv = 7:2 �m. The resolution of each
image is380� 288 pixels (1

4
PAL). ComputarTM auto-

iris lenses and aMatroxTM Meteor II board are used for
grabbing images on aPIII 733 GHz PC computer run-
ning under Microsoft Windows 2000c. With this config-
uration the disparity range investigated is[0; 150] pixels.

Labayrade 1
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Figure 1: Stereo sensor (top). Left camera (bottom
left). Configuration area (bottom right).

3 THE ”V-DISPARITY” ALGO-
RITHM

3.1 Algorithm overview

A framework for our obstacles detection process is pre-
sented in Fig. 2 (left). Our current implementation of this
framework is as follows (see Fig. 2 (right)): first, a pair of
stereoscopic images is grabbed. A sparse disparity map
is then computed. The ”v-disparity” image is build and
global surfaces are extracted. The position of obstacles
on the road surface are then deduced. This algorithm is
detailed in the next part of this section.

3.2 Modeling of the stereo sensor

The two image planes of the stereo sensor are supposed
to belong merely to the same plane and are at the same
height above the road (see Fig. 1). This camera geometry

Grabbing the right and left
images

Computing a disparity map

Computing the « v-disparity » 
image

Extracting global surfaces

Deducing all needed
information (obstacles, 

horizon, longitudinal profile, 
obstacle-road contact points)

Grabbing the right and left
images

Computing a disparity map

Computing the « v-disparity » 
image

Extracting global surfaces

Deducing all needed
information (obstacles, 

horizon, longitudinal profile, 
obstacle-road contact points)

Grabbing the right and left
images

Grabbing the right and left
images

Computing a disparity mapComputing a disparity map

Computing the « v-disparity » 
image

Computing the « v-disparity » 
image

Extracting global surfacesExtracting global surfaces

Deducing all needed
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horizon, longitudinal profile, 
obstacle-road contact points)

Deducing all needed
information (obstacles, 

horizon, longitudinal profile, 
obstacle-road contact points)

Figure 2:Framework (left) and exemple of implemen-
tation (right) of the ”v-disparity” algorithm.

means that the epipolar lines are parallel.

In what follows we will need to perform positioning in
three coordinate systems shown in Fig. 1:Ra (absolute),
Rcr (right camera) andRcl (left camera).Ra is the road
coordinate system.

The other parameters on the figure are as follows:

� � : is the angle between the optical axis of the cam-
eras and the horizontal,

� h : is the height of the cameras above the ground,

� b : is the distance between the cameras (i.e. the
stereoscopic base).

In the camera coordinate system, the position of a point
in the image plane is given by its coordinates(u; v). The
image coordinates of the projection of the optical center
will be denoted by(u0; v0), assumed to be at the center of
the image. The intrinsic parameters of the camera aref
(the focal length of the lens),tu andtv (the size of pixels
in u andv). We also use�u = f=tu and�v = f=tv. With
the cameras in current use we can make the following ap-
proximation:�u � �v = �.
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Using the pin-hole camera model, a projection on the im-
age plane of a point (X,Y,Z) inRa is expressed by:(

u = �u
X
Z
+ u0

v = �v
Y
Z
+ v0

(1)

On the basis of Fig. 1, the transformation from the ab-
solute coordinate system to the camera coordinate sys-
tem is achieved by the combination of a vector translation
~t = �h~Y + "i

b
2
~X (with "i = �1 in Rcl or 1 in Rcr), and

a rotation around~X by an angle of��. LetTi denote the
translation matrix,R the rotation matrix andD i = RTi.
In homogeneous coordinates, the different transformation
matrices are therefore:

Ti =

0
B@

1 0 0 �"i
b
2

0 1 0 h

0 0 1 0
0 0 0 1

1
CA (2)

R =

0
B@

1 0 0 0
0 cos � � sin � 0
0 sin � cos � 0
0 0 0 1

1
CA (3)

wherei is equal tor; l (right or left).

It is necessary to perform a perspective projection in order
to express fully the coordinates of the points in the image
plane coordinate system. The perspective projection ma-
trix Mproj is expressed as follows:

Mproj =

 
�u 0 uo 0
0 �v vo 0
0 0 1 0

!
(4)

Finally, we obtain the matrix of transformationTri from
the absolute coordinate systemRa to the image coordi-
nate systemi (i is equal tol or r):

Tri = MprojDi (5)

If P is a point with homogeneous coordinates
(X;Y; Z; 1)T in Ra, its homogeneous coordinates
in the image coordinate systemi are:

p = TriP = (x; y; z)T (6)

We can then compute the non-homogeneous(u; v) coor-
dinates ofP as: (

u = x
z

v = y

z

(7)

3.3 Modeling of the road

In what follows we will consider that the road is modeled
as an horizontal plane with equationY = 0.

3.4 Modeling of the obstacles

In what follows we will consider that any obstacle is char-
acterised by a vertivcal plane with equationZ = d.

Thus, all planes of interest can be characterised by a single
equation:Z = aY + d.

3.5 The image of planes of interest in the ”v-
disparity” image

Let P be a point with coordinates(X;Y; Z; 1)T in Ra.
From system (7), the ordinate of the projection of this
point on the left or right image isvl = vr = v :

v =
[v0 sin � + � cos �](Y + h) + [v0 cos � � � sin �]Z

(Y + h) sin � + Z cos �
(8)

Moreover, the disparity� of the pointP is:

� = ul � ur =
�b

(Y + h) sin � + Z cos �
(9)

From (8) and (9), the plane with the equationZ = aY +d
in Ra is projected along the straight line of equation (10)
in the ”v-disparity” image:

�M =
b

ah� d
(v�v0)(a cos �+sin �)+

b

ah� d
�(a sin ��cos �)

(10)
N.B: whena = 0 in equation (10), we have the equation for the
projection of the vertical plane with the equationZ = d:

�M =
b

d
(v0 � v) sin � +

b

d
� cos � (11)
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Whena ! 1, we have the equation of the projection of the
horizontal plane with the equationY = 0:

�M =
b

h
(v � v0) cos � +

b

h
� sin � (12)

3.6 ”V-disparity” image construction

Figure 3: Construction of the grey level ”v-disparity”
image from the disparity map. All the pixels from the
disparity map are accumulated along scanning lines.

We suppose that a disparity mapI� has been computed from
the stereo image pair. For example, this map is computed with
respect to the epipolar geometry; the primitives used are hori-
zontal local maxima of the gradient; matching is local and based
on normalized correlation (in order to be more robust to global
illumination changes) around the local maxima.

Let H be the function of the image variableI� such that
H(I�) = Iv�. We call Iv� as the ”v-disparity” image.H
accumulates the points with the same disparity that occur on a
given image linei. For the image linei, the abscissauM of a
point M in Iv� corresponds to the disparity�M and its grey
level iM to the number of points with the same disparity�M on
the linei : iM =

P
P2I�

ÆvP ;iÆ�P;�M whereÆi;j denotes the
Kronecker delta (see Fig. 3).

OnceI� has been computed,Iv� is built by accumulating the
pixels of same disparity inI� along the~v axis.

3.7 Robust determination of the plane of
the road

With the mean values used for the parameters of the stereo sen-
sor, the plane of the road is projected inIv� as a straight line
with mean slope0:70. The longitudinal profile of the road is

therefore a straight line inIv�. Robust detection of this straight
line can be achieved by applying a robust 2D processing toIv�.
In our application we use a Hough transform, the bounds of
Hough space depending on the extreme values ofh and� that
are tolerated.

When the road is not planar, the longitudinal profile of the road
can also be estimated. The method used is described in details
in [1].

3.8 Robust determination of the obstacle lo-
cation

With the mean values used for the parameters of the stereo sen-
sor, the plane of an obstacle is projected inIv� as a straight
line nearly vertical. Thus we just have to extract vertical straight
lines in Iv� in order to extract obstacles. In this purpose, we
build an histogram that accumulates all the grey values of the
pixels for each column of theIv� image and then we search for
maxima in this histogram.

It is then possible to compute the ordinate of the contact point
between the obstacle and the road surface. The distanceD be-
tween the vehicle and the obstacle then given by:

D =
b(� cos � � (vr � v0 ) sin �)

�
(13)

wherevr is the ordinate of the road-obstacle contact point in the
image.

3.9 Theoretical good properties of the algo-
rithm

It should be noticed that the algorithm is able to detect any kind
of obstacles since the detection is generic. Furthermore, all the
information in the disparity mapI� is exploited and the accumu-
lation performed increases the density of the alignments inIv�.
Any matching errors that occur whenI� is computed cause few
problems as the probability that the points involved will generate
coincidental alignments inIv� is low. As a matter of fact, the
algorithm is able to perform accurate detection even in the event
of a lot of noise or matching errors, and when there is only a few
correct matches or a few amount of correct data in the images:
in particular in night condition when the majority of the pixels
are very dark. Finaly, the algorithm works whatever the robust
process used for computing the disparity map or for processing
the ”v-disparity” image.
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Figure 4:The five obstacles used for evaluation of dis-
tance computation accuracy, located at 5 meters from
the vehicle (see text).

4 DETECTION OF VARIOUS
TYPES OF OBSTACLES IN
NIGHT CONDITION

Five types of obstacles are used for the evaluation of the dis-
tance computation accuracy and for the confidence value com-
putation in night condition: a 1.70 m high pedestrian, a 1.70 m
high cyclist, a 1.50 m high vehicle, a fallen motorbike, and a
0:70 � 0:40 � 0:40 m box. Every obstacle is positioned along
the axis of the vehicle, at the following distances : 3 m, 5 m,
10 m, 15 m, 20 m, 25 m, 30 m, 35 m, 40 m. Fig. 4 shows a
stereoscopic pair of each obstacle in night condition at 5 meters
from the stereoscopic sensor. The images are very dark because

the exposure time is low.

For each obstacle at every distance, a disparity map is computed
(each pixel with horizontal gradient above3 is taken into ac-
count). Then, the ”v-disparity” image is computed, the obstacle
is detected, the road plane is evaluated, the road-obstacle con-
tact point is computed and its distance from the stereo sensor is
computed from (13). It should be noted that the markings of the
road and the structures located on the road surface are hardly
visible because the images are dark. As a matter of fact, in some
cases it is difficult to evaluate the road plane geometry. If it is
the case, the straight line corresponding to the road is approxi-
mated thanks to the knowledge of the geometric features of the
stereo sensor (cf. Section2), using the equation (12).

Fig. 5 and 6 show the distance computation results. Since the
disparity precision is currently one pixel, the two theoretical
curves that define the theoretical range (upper and lower) of the
distance evaluation are drawn on the figure. Concerning this the-
oretical range, the maximum difference between the reference
distance and the computed one is0:7% at3 m and14% at40 m.
It should be noted that the actual computed distance values are
mostly in the theoretical range. The out-of-range values concern
distances less than20 m, where the plane characterisation of the
obstacles is not precise enough; it is also the case of the cyclist:
indeed it is positionned so that the reference distance measures
the wheel position whereas the algorithm measured the back of
the cyclist position, which is more visible in the images. How-
ever, the error between the reference distance and the computed
distance does not exceed7%. Other stereo systems has been ex-
perimentaly evaluted in [3], [4] and [5]. Qualitative evaluation
in night condition has been carried out for this last algorithm.

The confidence value is computed by adding all the ”v-
disparity” grey values for pixels belonging to the same obstacle.
In order to avoid any false detection, an obstacle is considered
to be detected only if the confidence value is above a threshold
set to 20 in our system.

Fig. 7 and 8 show the confidence value results for all the obsta-
cles. This confidence value increases the higher is the obstacle,
when the obstacles distance decreases, and when the number of
non-vertical edges of the obstacles increases. It should be no-
ticed that the confidence value of the box (respectively the mo-
torbike and the cyclist) is under 20 when the distance is above
20 m (respectively 30 m). This is mainly because the height of
the box and the motorbike is low and because they are out of the
ligthning area of the car when their distance increase. Concern-
ing the cyclist, it is because the number of non-vertical edges in
the images is lower than the one of the other obstacles.
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Evaluation of distance computation for dif ferent obstacles at various distances

0
5

10
15
20
25
30
35
40
45

0 10 20 30 40 50
Reference distance (m)

M
ea

su
re

d
 d

is
ta

n
ce

 (
m

)

vehicule

pedestrian

cyclist

lower range

upper range

Figure 5:Distance computation accuracy.

Evaluation of distance computation for different obstacles at various distances
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Figure 6:Distance computation accuracy.

5 DETECTION UNDER AD-
VERSE CONDITIONS

The system has been tested intensively under adverse metero-
logic conditions (rain in night condition). Experiments show
that the system is merely affected by such conditions. In fact,
the results are exactly the same at night whatever is the weather
(rainy or not rainy). This is because the rain does not have any
effect on the images at the windscreen level when there is no
light. The only effect is a mirror effect on the road surface. How-
ever this mirror effect does not affect in any manner our system
since we look for obstacles above the road surface and since the
artefacts caused by the mirror effect are localised under the road
in the ”v-disparity” image (see Fig. 9).

The system has also been tested intensively under various and

Confidence value of the detection for different obstacles at various distances
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adverse meterologic conditions in day condition (glowing ef-
fects due to sun, rain) [2]. Experiments show that the system
is merely affected by such conditions until the obstacle is visi-
ble.

Moreover, experiments of gaussian noise addition and good
matches removal (replaced by randomized false matches) in the
disparity map show that the ”v-disparity” algorithm goes on
working efficiently even when there is 97% noise addition or
60% good matches removal (see Fig. 10. top: the reference
disparity map and corresponding ”v-disparity” image - middle:
97% gaussian noise addition - bottom: 60% good matches re-
moval) for a vehicle located at20 m, in night and rainy condi-
tion. In both cases, relevant information can still be extracted
and the obstacle detection process is efficient. These experi-
ments do not represent perfectly the real noise that can affect
the disparity map (which is more likely to be correlated noise)
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Figure 9:The ”v-disparity” image for a vehicle located
at 20 m in night and rainy condition. There is a mirror
effect under the straigth line of the road which does
not affect our algorithm since obstacles are researched
above the road surface.

but gives an idea about the robustness of the algorithm. These
experiments confirm the ones carried out in day condition [2].

For all the experiments, the tests and the evaluations carried out,
computation time does not exceed 40 ms using aPIII 733
GHz PC computer. It should be noted that the computation
time is even shorter than the one observed in day condition [2].
This is mainly because there is fewer information in the images
in night condition (the images are very dark and the environe-
ment is hardly visible). As a matter of fact, there are less pixels
to match and the matching process is faster.

6 FUTURE WORKS AND CON-
CLUSION

This paper has presented an experimental evaluation of the ”v-
disparity” algorithm for obstacle detection in night condition.
The experimental results confirm the theoretical good properties
of the ”v-disparity” algorithm [1]. Distance computation accu-
racy and confidence have been evaluated. Robustness to noise
and adverse conditions has been stressed. Thus, the presented
experiments show that stereovision can be used as an efficient
perception process for obstacles detection, in night condition

Figure 10:Top: the original right image of a vehicle at
20 m. Bottom: robustness towards gaussian noise and
false matches in the disparity map (see text). Relevant
information can still be extracted.

Labayrade 7



using CCD cameras, as long as the obstacles are in the light-
ing area of the car. However the obtained images are very dark.
Additionnal tests using an higher exposure time should be car-
ried out. It would be also interesting to evaluate the algorithm
performance using CMOS cameras whose dynamic is far higher.
The stereo system will be tested as the perception process of an
emergency braking and collision avoidance system, in both day
and night condition. Future work will also be concerned with
the use of the algorithm in a multi-sensors perception applica-
tion featuring stereovision, laser-scanner and radar data fusion.
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ABSTRACT

Test procedures to assess vehicle compatibility
were investigated based on a series of crash tests.
This paper summarizes the research reported by
Japan to the IHRA Compatibility Working Group.

Based on full frontal impact tests, the force
distributions to evaluate homogeneity were
examined by a crash test of a large car as well as
JNCAP tests. The AHOF has a correlation with
longitudinal member heights and vehicle mass.

A PDB test was carried out using a large car, and
the deformation of the barrier was a good indicator
for structural interactions. The shear connections of
the front structures could be evaluated compared
with ODB and full frontal tests.

The results of three overload tests were examined.
The maximum force and end of crash force in
overload tests has a correlation with those in
car-to-car crash tests, which indicated the
effectiveness of this test method.

INTRODUCTION

Compatibility is defined as the ability to protect not
only the occupants, but also other road users as well.
Analyses of global accident data of car-to-car
collisions from various countries have indicated
that there are vehicles with low compatibility, such
as cars with poor self-protection and cars with high
aggressivity with respect to other cars. The
aggressivity of sport utility vehicles (SUV) has
become an issue in the United States and Australia,
as has the self-protection of small cars in Europe. In
Japan as well, vehicle sizes vary widely, and
compatibility is considered an important problem. It
is therefore necessary to evaluate and improve
compatibility performance based on crash tests.

Test procedures for evaluating and improving the
compatibility of passenger cars are currently under
discussion in the International Harmonized
Research Activities (IHRA) Compatibility

Working Group [1]. Japan considers the activities
of the IHRA to be a significant way to that will
inform future legislation and regulation, and has
conducted research with the aim of making an
active contribution to these activities.

This paper summarizes the results of crash tests that
Japan has conducted and reported to the IHRA
Compatibility Working Group from 2001 to 2003.
The test series includes full frontal rigid barrier tests,
progressive deformable barrier (PDB) tests, offset
deformable (ODB) tests and overload tests. Each
test evaluates the different features of compatibility
performance. Structural interactions are evaluated
by full frontal test and PDB test, energy control are
by ODB tests and compartment strength by
overload tests. Criteria of each test were examined
as a means to improve compatibility.

FULL FRONTAL IMPACT TEST

In full frontal tests, the barrier force distributions
are measured from load cells, and structure
alignment and homogeneity, which are effective for
structural interactions, are evaluated. At present,
Japan has a full rigid barrier crash requirement in
the regulation, which will be useful if the
compatibility can be evaluated in this test. In the
present study, force distributions in full rigid barrier
tests were examined in a test using a large car and
JNCAP (Japan New Car Assessment Program)
tests.

Crash Test
A large car (Toyota Crown, TA-JZS171-AEPSH,
curb mass 1545 kg) was impacted against a rigid
barrier with high resolution load cells. The size of
the load cell is 125 mm x 125 mm, and a wood plate
is attached on each load cell (Figure 1). The impact
velocity of the car was 55 km/h. The structure of
this car model consists of longitudinal members,
bumper beam and shotguns without subframe.

Figure 2 presents a side view of the impacted car.
The front structures deformed flat. Figure 3 shows
the time histories of barrier, mechanical, structural
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force and the sum of the mechanical and structural
forces. The mechanical and structural forces are
calculated based on the acceleration of the engine
and the side sill, respectively. The barrier force
coincides well with the sum of the mechanical and
structural forces. The barrier force has a peak at 40
ms, at which the mechanical force reaches
maximum.

Figure 4 shows the barrier force distributions
obtained by load cells. The bumper beam can be
seen in the first 5 ms. After that, the force
concentrations by the longitudinal members
emerged. Forces from shotgun are shown at 25 ms,
those of the engine at 30 ms, and those of the tire at
35 ms. The footprint by the longitudinal structures
can be easily seen, however the lateral structures
can be seen only in the limited time. Judging from
the footprint, the effect of engine impact was large.
The forces of longitudinal structures emerged
individually, and the shear connections between
them may be difficult to evaluate directly.

The center of force (COF) and average height of
force (AHOF) were obtained from the force
distributions. The COF is the height weighted by
the force in each time [2]. AHOF is calculated
based on the COF weighted by the total barrier
force over impact duration. Figure 5 shows the
AHOF and COF. After impact, the COF increases
because the force distributes from the bumper area
to the upper area due to the engine and shotgun
impact. COF has a peak around 30 ms. After 60 ms,
the car separated from its upper part of the front end,
then the COF decreased. AHOF is 464 mm, and this
value is almost the same as COF when the impact
force is largest at around 40 ms.

8 16 24 32 40 48 56 64 72 80 88 96 104 112 120 128

7 15 23 31 39 47 55 63 71 79 87 95 103 111 119 127

6 14 22 30 38 46 54 62 70 78 86 94 102 110 118 126

5 13 21 29 37 45 53 61 69 77 85 93 101 109 117 125

4 12 20 28 36 44 52 60 68 76 84 92 100 108 116 124
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Figure 1. High resolution load cells

Figure 2. Car deformation in full rigid barrier
crash tests.
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Figure 3. Force-time histories in a full rigid
barrier crash test.
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Figure 4. Barrier force distributions in full rigid
barrier crash test (55 km/h).
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Figure 5. COF and AHOF in a full rigid barrier
crash test.

JNCAP Test Results
In 2003 JNCAP, the high resolution load cells were
attached on the rigid barrier to measure the barrier
force distributions in full frontal impact tests. An
impact velocity was 55 km/h. Totally 22 cars were
tested, which consisted of 6 minicars, 6 small cars,
4 midsize cars, 5 MPVs (multi-purpose vehicles)
and 1 SUV (sports utility vehicle). The geometries
of the front structures such as longitudinal members,
bumper beam, subframe and engine were measured,
and the relation between these locations and force
distributions were examined.

Vehicle structures and force distributions The
force distributions of cars with different structures
such as a bumper beam, lower cross member
(radiator support) and subframe were examined.
Figure 6 shows force distributions with typical
structures before the total force reached maximum.
For the minicar without a bumper beam, the forces
concentrated around longitudinal members. For the
medium car with bumper beam and lower cross
member (without subframe), the forces extended
from longitudinal members to the center of bumper
beam. There was also force concentration from the
center of the lower cross member. However, the
attachment locations of the lower cross member
cannot be seen because these members are not so
stiff in the longitudinal direction. It is considered
that the lower cross members will be difficult to
identify in the force distribution when these
members are not connected rigidly. For the SUV,
which also has a subframe, the forces distributed
more widely around subframe attachment locations.
These results demonstrate that, in evaluating the
structural force, the force distributions in full rigid
barrier crash tests are useful.

AHOF by vehicle model The AHOF of each
vehicle model in JNCAP are shown in Figure 7. The
AHOF averaged for all tested vehicles is 443 mm.
The AHOF averaged for each car size is 415 mm for
minicars, 442 mm for small cars, 433 mm for
medium cars, 473 mm for MPVs and 488 mm for
SUV. The AHOF is higher for MPV and SUV,
though there is a variation among vehicle models.

(a) Minicar without bumper beam (10 ms)

(b) Medium car with bumper beam and lower cross
member (30 ms)

(c) SUV with bumper beam, lower cross member
and subframe

Figure 6. Typical force distributions for vehicles
with various structures.
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Figure 7. AHOF in JNCAP.

AHOF and vehicle parameters The vehicle
parameters examined were vehicle mass, the
heights of the longitudinal member, bumper, lower
cross member, and engine. In these parameters, the
vehicle mass, longitudinal member height, engine
top height and bumper top height have a correlation
with AHOF (Figures 8, 9 and 10).
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Figure 11 presents the force distribution of MPV
which showed the highest AHOF (500 mm) in the
JNCAP 2003 test. There are force concentrations
from longitudinal members and engine. In this way,
the heights of longitudinal member and engine top
can affect the AHOF.

The AHOF in the tests was formulated by the
vehicle mass and longitudinal member height using
a linear expression based on the least-squares
method. Using two parameters, the AHOF can be
expressed with a relatively higher coefficient of
correlation than using only vehicle mass. This result
indicates that not only vehicle mass but also
longitudinal member height affects the AHOF.
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Figure 8. Vehicle mass and AHOF.
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Figure 11. Force distributions at the time of
maximum force (37.8 ms) of MPV which had the
highest AHOF in JNCAP 2003.
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Figure 12. AHOF formulated by vehicle curb
mass and longitudinal member mid height.

Subframe footprint A subframe can be one
solution to provide a lower load path which
constitutes a multiple load path, and can prevent
override of the vehicle in a car-to-car crash. In
vehicles tested in JNCAP 2003, 6 cars had a
subframe, and the force distributions by that
subframe and its effect on CV (coefficient of
variation) were examined.

The distance of the subframe from the car front end
is 290 mm for minicar B, 330 mm for MPV A, 410
mm for medium car A. For the minicar A, C and
SUV, the subframe is just in front of the car and
connected with the lower cross member.

Figure 14 presents the force distributions at the
maximum force. The force around subframe
attachment can be seen. However, lateral traces of
the force due to the subframe are difficult to
identify. Thus, it may be difficult to identify the
subframe itself from the force distribution.
However, the subframe can make the force
distribution in a lower area more homogenous.
Thus, proper criteria will be necessary to evaluate
the force distribution by these lower structures.
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(a) Minicar A

(b) Minicar B

(c) Minicar C

(d) Medium car A

(e) MPV A

(f) SUV A

Figure 13. Subframe.

(a) Minicar A (11.6 ms)

(b) Minicar B (26.6 ms)

(c) Minicar C (15.1 ms)

(d) Medium car A (32.1 ms)

(e) MPV A (27.2 ms)

(f) SUV A (29.5 ms)

Figure 14. The force distributions at the time of
maximum force for vehicles with subframes.
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The coefficient of variation (CV) is one of the
parameters used to evaluate the structural
homogeneity [3]. In the first phase of a crash, the
CV is large because only limited structures such as
longitudinal members contact the barrier. The CV
decreases with time and becomes almost constant at
the time of the engine impact. However, at that time,
the force from the engine is so large that the effect
of the subframe on the force distribution can be
small. Thus the CV at the time before the engine
force emerges was examined. When difficult to
identify this time, the time when the total barrier
force reached half of the peak force due to engine
impact was used. Figure 15 shows the CV with and
without a subframe. Cars with a subframe have
smaller CV than those without one. Medium car A
had a large CV, possibly because the subframe is
located behind the car front end, and the footprint of
the subframe did not emerge in the first phase of
crash (Figure 13). Therefore, the force of the
subframe may be evaluated using some criteria like
CV before engine impact.
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Figure 15. CV before engine impact.

PROGRESSIVE DEFORMABLE BARRIER
TEST

PDB tests are the offset impact tests which have
been proposed by Renault [4]. PDB is a barrier
which has stiffness distributions in the longitudinal
and vertical directions based on the stiffness of a
small car. The impact velocity is 60 km/h. The
aggressivity of the car can be evaluated by the
deformation of the barrier. In this research a PDB
test was carried out using the Toyota Crown
(TA-JZS171-AEPSH, curb mass 1547 kg). Though
usually no dummies are seated in the PDB test, a
driver dummy was used in this research, and the
injury criteria were also compared with those in an
ODB test.

Deformation of the car and honeycomb are shown
in Figure 16. In the PDB test, the shear deformation

occurs in a longitudinal and vertical direction,
similar to the case of a car-to-car crash test. The
deformation modes of the longitudinal member and
shotgun were different from those in full rigid
barrier crash test (see also Figure 2). The
deformation of the PDB was relatively uniform but
the trace of the bumper beam can be seen, which
indicated the bumper beam effectiveness of this car
in offset impacts. Thus, based on the deformation of
the honeycomb, lateral members such as the
bumper beam, lower cross member and subframe
can be evaluated by the PDB test more directly than
full rigid barrier impact tests based on the PDB
deformation. From a high-speed video, the effect of
car rotation around z-axis in a final stage of impact
on the barrier deformation was not so large because
the barrier did not bottom out.

Figure 16. Car and barrier deformation in a
PDB test (60 km/h).

The force distribution with time is shown in Figure
17. Although the footprint from the engine can be
seen, the forces were dispersed by the thickness of
the PDB honeycomb, and the footprint of the front
structures was difficult to identify. Due to the
honeycomb shear stiffness, the barrier force appears
even outside the car exterior. Thus, it is difficult to
assess the force distributions based on the loadcells
behind the barrier.

COFs of the PDB test and full rigid barrier are
shown in Figure 18. The COF is similar between
these tests before 40 ms, and the COF of the PDB
test is smaller than full rigid barrier test during
engine impact into the barrier from 40 to 100 ms.
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0 ms 20 ms 40 ms

60 ms 80 ms 100 ms

Figure 17. Barrier force distributions in PDB
test.
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Figure 18. Center of force determined from PDB
and full frontal rigid barrier crash test.

Comparison between PDB and ODB Test
The deformation and acceleration were compared
in the PDB (60 km/h) and ODB 64 km/h tests
(JNCAP). The overlap ratio of the car in the ODB
test is 40%. In PDB tests, the overlap of the car
front is 750 mm and the overlap ratio is almost 40%
for the tested car. Since the impact velocities are
different in these tests, the test results can not be
compared directly.

Figure 19 presents the deformation of the car and
the ECE R94 honeycomb. Because of bottoming
out of honeycomb, the car front deformation
became more flat in the ODB test. In the PDB test,
the front edge of the fender deformed rearward
relative to the bumper, where shear connections
between them can generate, which may be similar
to car-to-car crashes. In the ODB test, the barrier
bottomed out, and the honeycomb bumper
separated from the barrier, thus the deformation of
the barrier became complicated. On the other hand,

the PDB honeycomb had a continual deformation,
which made easier for deformation measurement.

Acceleration-time histories in the PDB and ODB
test are shown in Figure 20. The acceleration of the
compartment is similar between these two tests.
The engine accelerations are similar in the initial
stage in both tests, and after 60 ms the engine
acceleration in the ODB test is higher than the PDB
test because of the bottoming-out of the ECE R94
honeycomb.

The injury criteria of driver dummy in the PDB test
were HIC 300, chest acceleration 380 m/s2, chest
deflection 30.6 mm, femur force 0.75 kN (right),
1.27 kN (left) and tibia index 0.35 (right lower) and
0.46 (left lower). In the ODB test, HIC was 269,
chest acceleration 421 m/s2, chest deflection 34.8
mm, femur force 2.46 kN (right), 2.41 kN (left),
tibia index 0.85 (right lower), and 0.29 (left lower).
The injury criteria of the driver were more severe
for ODB 64 km/h test due to the high acceleration
and large deformation of the car, particularly the
injury criteria for the lower extremities.

The acceleration and deformation show the
possibilities that the ODB test may be carried out
with PDB instead of ECE R94 honeycomb. But a
high impact velocity can lose the benefit of the PDB
barrier because the bottoming-out of the PDB
honeycomb can occur.

Figure 19. Car and honeycomb deformation in a
64 km/h ODB test.
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Figure 20. Acceleration-time histories in PDB
(60 km/h) and ODB (64 km/h) test.

ODB TEST

In the ODB test, the force-deformation
characteristics and maximum force will be the
important criteria to evaluate the compatibility
performance. The barrier force has the potential to
evaluate vehicle stiffness, and corresponds to the
crash force of the interface in car-to-car crashes.
The maximum barrier forces were determined form
JNCAP offset impact test data (2001-2002). Figure
21 shows the linear relation between vehicle mass
and the maximum barrier force which can be
aggressivity metric. Some MPVs and medium cars
have high force levels above 400 kN. An upper
limit will be necessary for the maximum barrier
force to control aggressivity.

Stiffness distributions were also examined based on
the barrier force and the honeycomb deformation.
In the JNCAP offset impact tests, only 6 load cells
are attached behind the honeycomb. Thus in the
present research, the barrier forces from the upper
and lower part were examined. Figure 22 shows the
barrier force-time histories averaged for the vehicle
class. In minicars and small cars, the upper force
tended to be smaller than the lower force, possibly
because these cars did not have effective upper load
paths.

The barrier force-time histories and honeycomb
deformation of car A and car B, both of which are
small cars with a similar mass, are presented in

Figure 23 and Figure 24. The maximum force was
about 250 kN for both car A and B. In car A, the
upper and lower forces were balanced, and the
honeycomb deformation was uniform. In car B, the
upper force was smaller than the lower force, and
the lower part of the honeycomb bottomed-out
while the upper part showed no large deformation.
These results indicated that the car A stiffness
distributions in the upper and lower parts were
homogeneous, and the upper part had a resistant
force which could prevent underride in a collision
with various vehicles.

These results demonstrate that the maximum force
or the stiffness distributions in the upper and lower
area vary significantly in vehicle models. The
barrier deformation in PDB tests or force
distributions in full frontal tests can clarify the
stiffness distributions more clearly. However, the
ODB tests can reflect the actual condition of vehicle
stiffness distributions.
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barrier deformation of car model B in ODB test
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OVERLOAD TESTS

Test Method
An overload test is a high-velocity ODB test
causing a large intrusion into the compartment. In
the present research, overload tests were conducted
using the Move, Wagon R and Civic models. An
impact velocity of 80 km/h with 40% overlap on the
ECE R94 barrier was used to collapse the passenger
compartment completely. A barrier force and an
average acceleration of both B pillars were used to
measure the passenger compartment strength. The
force and deformation were compared with crash
tests into the Toyota Crown (Move x Crown,
Wagon R x Crown, Civic x Crown).

Table 1 Test matrix in overload tests

Car model
Model
year

Velocity
(km/h)

Curb
mass
(kg)

Test
mass
(kg)

Overlap
ratio

Rema
rks

Daihatsu Move
(minicar)

2000 80.0 845 845 40%
Without
dummies

Suzuki Wagon R
(minicar)

2002 80.3 822 822 40%
Without
dummies

Honda Civic
(Small car)

1998 80.0 1094 1095 40%
Without
dummies

Force-Time Histories
Figure 25 shows force-time histories of the barrier
force, mechanical force and structural force. The
barrier force reached its maximum when the
mechanical force peaked due to the engine impact
against the barrier. This maximum barrier force was
almost the same as the sum of structural and engine
forces. At this time, the engine bottomed out the
barrier, and at the same time contacted the fire wall,
presumably beginning the intrusion into the
passenger compartment.

After the engine stopped, the floor and side sill
began to deform and buckle, which resulted in the
collapse of the passenger compartment. At this final
stage of the passenger compartment collapse, the
deformation became large, especially when the end
of the crash force obtained from the barrier was low,
as with the Civic. The Wagon R and Civic indicated
the low end of the crash force in the overload test,
though the Move maintained a high end of crash
force. In a crash into the Crown, the passenger
compartment intrusion became large for the Wagon
R and the Civic, both of which had the low end of
crash force in the overload test.

The acceleration curve of the Civic shows vibration.
With the passenger compartment collapse and
consequent destabilization of the Civic, the
acceleration curves measured at the right and left
sills and rear cross member showed an observable
deviation. The Move accelerations at these
locations are similar, which indicates the stability of
the passenger compartment of this car.
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Figure 25. Force-time histories in overload tests.

Force-Displacement Characteristics by Impact
Velocities
The structural force curves with displacement are
shown in Figure 26 for the Move, Wagon R and
Civic, respectively, according to impact velocity.
Since the structural force-displacement
characteristics described a similar curve, regardless
of velocity, the car deformation mode at 80 km/h
may be considered to match those at lower
velocities.

The Move maximum force was 330 kN in the
overload test, which was higher than that in the
ODB test (220 kN). Thus, whereas the force of the
Move and Wagon R did not reach their passenger
compartment strength at 64 km/h ODB test, the
overload test could determine the actual passenger
compartment strength. The maximum forces of the
Civic in the overload test and in the 64 km/h ODB
test were very similar at around 250-280 kN.
However, the low end of crash force could be
detected from the overload test. Although a large
intrusion into the passenger compartment was
found in the ODB 64 km/h tests of the Wagon R and
Civic, the 64 km/h ODB test might be insufficient
to evaluate the threshold of the criteria for
passenger compartment strength.
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Figure 26. Force-displacement curves in ODB
tests according to impact velocities.

Evaluation of Passenger Compartment Strength
Based on the force-time histories, two criteria can
be considered in evaluating the strength of the
passenger compartment. The first is ‘the maximum
force level’ which basically makes for the
comparable deformations of both cars, and also
reduces the intrusion of the bulkhead into the
passenger compartment. The second criterion is the
‘end of crash force’, the resistance force that
prevents the collapse of the passenger compartment.
This criterion will have a relation with
life-threatening injuries with sufficient survival
space in the final stage where an excessive load is
applied to the car structures. In the present research,
the end of crash force was determined as the
maximum barrier force after the engine stopped.
For the Move, Wagon R and Civic, the maximum
force level was 313, 299, 295 kN, and the end of
crash force was 234, 152, 115 kN, respectively.

Comparison of Force between Overload Tests
and Car-to-Car Crash Tests
The intrusion into the passenger compartment is
shown in Figure 27. The deformation and intrusion
were most severe in an overload test. This kind of
test can therefore be used to evaluate the passenger
compartment strength of the kind when a large
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crash transmits a massive load to the compartment.
The intrusion of Wagon R was not so large
compared with the overload test, possibly because
the longitudinal member of this car is relatively
high with large section thickness, and the structural
interaction was good in crash into a Crown.

The maximum force level and end of crash force
determined for car-to-car and overload tests are
shown in Figure 28. In the car-to-car test, the end of
crash force was determined from the structural
force since barrier forces could not be determined.
The maximum force level is likely to show a
correlation between the overload test and the crash
into the Crown. Consequently, overload tests can
predict the maximum force levels in car-to-car
crashes. In Figure 28, the end of crash force of the
Civic is seen to be higher in the car-to-car test than
the overload test. The main reason is that the force
applied to the passenger compartment crashing into
the Crown did not reach the severity of the end of
crash force determined from the overload test.
However, with the Move and Wagon R, there also
seem to be some correlations of the end of crash
force between the car-to-car and overload tests.

Based on the test results, the overload tests are
effective to predict the compartment integrity based
on the maximum force level and end of crash force
in a crash into a large car. The threshold of
maximum force level may be 300 kN and that of the
end of crash force may be 250 kN, at least given the
performance of the Move when crashing into a
large car. In order to determine the criteria or their
threshold, more research will be necessary to
confirm the effectiveness of the overload test of the
compartment integrity in car-to-car tests.

The force path or deformation mode can be
different between the overload test and the
car-to-car test because the structural interaction
varies in both tests or the bottoming-out of the
honeycomb occurs in the ODB tests which can
make for a different force path around the engine.
For example, lateral and vertical mismatches can
occur in car-to-car tests, which cannot be predicted
in ODB tests. Irrespective of these differences, the
maximum force level and end of crash force will be
evaluated from the overload tests, which can predict
the performance of the passenger compartment
integrity in a crash into a large car.

To improve the compartment strength of minicars
or small cars, a first priority will be to maintain the
end of crash force at a high level. In this stage of the
end of the crash, the floor of the car buckles,
possibly causing life-threatening injuries to the
occupants. The high level of the end of crash force
can prevent the passenger compartment from
collapsing. The second priority will be increasing

the maximum level of the structural force, which
ensures balanced deformation between cars in a
crash.

The passenger compartment strength seems to be
most crucial because it involves the survival space.
Furthermore, the compartment strength is most
effective when the structural interaction is good,
where the occupants can be exposed to the
deceleration optimized in ODB tests.
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DISUSSION

We examined test procedures for the assessment of
compatibility. Many studies reported in the IHRA
Compatibility Working Group confirm that good
interaction is essential in preventing override and
vertical mismatch of longitudinal members to
ensure energy absorption for both cars. After good
structural interaction, it is necessary to control the
absorption of energy by the vehicle front structure
and maintain the passenger compartment integrity.

Test procedures must be selected with these
considerations in mind also to improve vehicle
compatibility without lowering levels of
self-protection. Therefore, we consider it important
to use the following combination of three test
procedures:
(1) Full frontal impact test with high resolution

load cell measurement
(2) ODB test
(3) Overload test

Full frontal tests can assess the structural
homogeneity based on the barrier force
distributions. The AHOF is an important parameter
to assess the potential override. Other criteria will
be examined which are effective in predicting the
structural interaction in car-to-car crashes. It has
been proposed that a honeycomb be attached to the
rigid wall [5]. Using this honeycomb, shear
connections between the vehicle structures may be
evaluated. The footprint of a lateral member like a
lower cross member or subframe will also be
investigated using this barrier.

PDB tests have the capability to evaluate the
structural interaction and force level by the PDB
deformation. In particular, these tests can assess the
effectiveness of lateral members directly compared
with full frontal rigid barrier crash tests. Research
on the above test procedures will continue.

CONCLUSIONS

A series of crash tests are carried out to assess the
vehicle compatibility. The results are summarized
as follows:
1. In full rigid barrier crash tests, barrier force

distributions are useful to evaluate the
structure. The AHOF is an important criterion
for force distributions, and has a correlation
with vehicle mass and longitudinal member
height. The force of subframe attachment
point seen in footprint of the barrier force.

2. PDB test can clarify the effectiveness of
lateral members more directly from the barrier
deformation. The car acceleration in the PDB
test is similar to that in the ODB test.

3. In ODB tests, the maximum barrier force is
proportional to the vehicle mass, which may
be a parameter to evaluate the aggressiveness.

4. From current ODB tests, some vehicles show
balanced upper and lower barrier forces, and
others have a large lower barrier force
compared with the upper barrier force.

5. Overload tests are effective for the assessment
of the passenger compartment strength. The
end of crash force and maximum force can be
criteria for overload tests. These forces have
correlations with those in a crash into a large
car where excessive load is applied on the
passenger compartment.
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ABSTRACT

This study is concerned with the mechanical properties
of knee joint ligaments, which are frequently injured in
car-to-pedestrian collisions. Because of the lack of
knowledge of the dynamic properties of these ligaments,
there are some difficulties in finite element simulations
of a car-to-pedestrian accident. Thus, we conducted
tensile tests on the rabbit medial collateral ligament
(MCL) and anterior cruciate ligament (ACL) to
evaluate the strain-rate dependence of their mechanical
properties. The failure stress of the MCL increased with
the strain rate. The avulsion load of the MCL tibial
insertion was lower than the failure load of the MCL in
all conditions tested. Three types of failure patterns
were observed in the femur-ACL-tibia complex. The
tangent modulus and the maximum stress of the ACL
complex increased with the strain rate. The strain-rate
dependence of the mechanical properties of knee
ligaments was evaluated quantitatively. The results are
expected to be useful for discussion of the injury criteria
for the knee joint and its protection.

INTRODUCTION

Knee ligaments contribute to the stability of knee joint
by controlling excessive motions. When the knee joints
are injured in car-to-pedestrian collisions or sports
accidents, the ligaments are frequently damaged
because of the large external force exerted on the joints.
Such injuries lead to many disabilities in actions in daily
life and require a long time for healing and
rehabilitation. Moreover, it is not easy to recover
ligament the original functions when they have been
ruptured. Thus, to clarify the mechanism of knee injury
is important for pedestrian protection and better QOL
from the viewpoints of orthopaedics and injury
prevention engineering. Recently, dynamic finite

element analysis is coming into considerable use in
studies of injury prevention, for example Takahashi et
al[1]. However, few data have been reported on the
mechanical properties of knee joint ligaments at the
high strain-rate found in car-to-pedestrian collisions.
For example, Woo et al. [2] performed tensile tests for
rabbit medial collateral ligaments (MCL) and showed
that the failure stress, strain and tangent modulus
increased with strain-rate. Yamamoto et al. [3] found that
failure stress and strain increased with strain-rate but
that the tangent modulus did not show rate dependence.
As mentioned above, the strain-rate dependency of the
mechanical properties of the ligament is not sufficiently
understood. Therefore, the mechanical properties of
medial collateral ligament (MCL) and anterior cruciate
ligament (ACL), which are frequently injured, must be
elucidated for more accurate simulations.
In light of this background, we evaluated the strain-rate
dependence of the mechanical properties of knee joint
ligaments in the rabbit. We conducted tensile tests on
the rabbit MCL at various strain rates and discussed the
strain-rate dependence of mechanical properties of the
substance and tibial insertion of the MCL. We also
performed tensile tests on the femur-ACL-tibia
complex and evaluated its failure.

MATERIALS AND METHODS

Preparation of MCL

The mechanical properties of the MCL were evaluated
in two regions: ligament substance and tibial insertion
of the MCL. The mechanical properties of the ligament
substance were evaluated by tensile tests using
femur-MCL complex specimens. The strength of tibial
insertion of the MCL was evaluated using MCL-tibia
complex specimens.
Specimens of the ligament substance were obtained
from 16 Japanese white rabbits (female, 2.8 ± 0.17 kg,
mean ± S.D.). The animals were sacrificed by injecting
an overdose of pentobarbital sodium. The MCL was
then removed together with the distal femur and
proximal tibia. Next, the femur-MCL-tibia complex
was attached on a laser width meter type cross-sectional
area meter[4], and its cross-sectional area was measured
under 0.5 N loading. The tibial insertion of MCL was
then detached to avoid avulsion. The distal end of the
MCL was fixed on a metal jig with cyanoacrylate
cement. The femur was embedded in resin to make the
femur easy to fix for the tensile test. Two dot markers
were added at a 5-mm interval on the surface of the
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MCL substance using nygrosin to measure the MCL
strain.
Specimens of the tibial insertion were obtained from 13
Japanese white rabbits (female, 3.0 ± 0.13 kg, mean ±
S.D.) and prepared by a procedure similar to that for the
ligament substance specimens. The femoral insertion of
the MCL was detached and the proximal end was fixed
on a metal jig with cyanoacrylate cement. The tibia was
embedded in resin. It is not easy to define the strain and
cross-sectional area at the tibial insertion because the
insertion is attached on the flat part of the medial side of
the proximal tibia. Thus, the markers using nygrosin
were omitted for the tibial insertion specimens.
During all preparation procedures described above, the
MCL was kept in wet condition by appropriate
drip-application of physiological saline solution.

Preparation for ACL

Seven Japanese white rabbits (female, 3.0 ± 0.17 kg,
mean ± S.D.) were used for ACL tests.
Femur-ACL-tibia complex (FATC) specimens were
used for the ACL tensile tests.

Figure 1. Frontal view of femur-ACL-tibia
complex

First, a femur-knee joint-tibia complex was removed
and then attached on a plastic jig to define the geometry
of the knee joint in the maximum extended position.
Because of the twisted and inclined ACL structure
shown in Figure 1, attention must be paid to the
geometry of the knee joint. Woo et al. reported that the
loading direction influences the failure properties of
ACL[5], making the flexion angle of knee joint the most
important geometrical parameter. Since our main focus
is pedestrian protection, the human standing posture
should be simulated in the experiments. To evaluate the

knee joint geometry of the rabbit corresponding to the
human standing posture, the angle between the femur
and tibia was examined in the maximally extended
position as shown in Figure 2. The joint angle was
defined as the angle between the line passing through
the malleous lateralis and lateral condyle of the tibia and
the line passing through the

Figure 2. Maximum extended posture of rabbit
knee joint

Figure 3. Femur-knee joint-tibia complex fixed on
a jig at maximum extended knee angle

trochanter terius and lateral condyle of the femur. The
maximum joint angle of a sacrificed rabbit was about
150°, so this value was used for the experimental set up
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of the femur-ACL-tibia complex. The femur-knee
joint-tibia complex was extended and fixed at a 150°
joint angle on the jig. Two line marks were then put on
the frontal and lateral surfaces of the femur and tibia
using nygrosin (Figure 3).
These line markers were used as a reference to adjust
the geometry of the knee joint when the specimen was
chucked on the tensile test system. The surrounding soft
tissue, the proximal femur and the distal tibia were then
removed. The cross-sectional area of the ACL
midsection was measured in a non-twisted position by
the measuring system[4] described above. The medial
condyle and lateral condyle of femur were removed for
the laser width meter measuring. A schematic drawing
of the shape of the distal femur is shown in Figure 4.

Figure 4. Schematic drawing of shaped femur
condyle of specimen

The length of the ACL and width of its tibial insertion
were also measured at the maximum joint angle by a
vernier caliper. The definitions of these morphological
parameters were shown in Figure 5. Then the distal
femur and proximal tibia were embedded in resin.
Finally, two dot markers were added on the frontal
edges of the femoral and tibial condyle using nygrosin
to measure the strain of the ACL. The ACL was kept in
a wet condition by appropriate drip-application of
physiological saline solution.

(a) Medial view (b) Frontal view

Figure 5. Definition of ACL morphological
parameters

Set up for MCL tensile tests

A previously-developed dynamic/quasi-static tensile
test system[4] was used. A schematic diagram of the
system equipped with an AC servomotor and an N2 gas
actuator is shown in Figure 6. The velocity ranges of the
servomotor and gas actuator are sequential, i.e., the
servomotor works as the actuator for quasi-static tests
when the elongation rate is between 0.01 mm/sec and
10 mm/sec, and the N2 gas actuator is used for dynamic
tests when the elongation rate is over 100 mm/sec. The
force applied to a specimen was measured by a load cell
on the piston.
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Figure 6. Schematic diagram of tensile test system
for MCL substance and tibial insertion.

The signals of the load cell and rotary encorder mounted
on the piston are stored on a digital oscilloscope (Sony
Techtronix, TDS420A). The relative displacement
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between the markers on the MCL was recorded by a
high-speed video camera (Kodak, HS-4540) for the
dynamic test or a CCD camera (Hamamatsu Photonics,
C5405) for the quasi-static test. The strain of the MCL
substance was measured by a VDA (Hamamatsu
Photonics, C3162). Both femur-MCL and MCL-tibia
complexes were fixed on the test system in the position
in which the longitudinal direction of MCL was aligned
with the loading direction. The extension-rate
conditions were set as 0.01, 0.3 and 10 mm/sec for
quasi-static tests and 100 and 300 mm/sec for dynamic
tests. All experiments were performed in 37˚C
physiological saline solution.

Set up for ACL tensile test

The same tensile test system used for the MCL
experiments was employed for the ACL tensile test.
Only the strain measuring method was changed. The
relative displacement of the markers was recorded using
a digital video camera recorder (DCR-VX2000, SONY)
in quasi-static conditions and a digital high-speed video
camera (MEMRECAM fx-K3, NAC Image
Technology) in dynamic conditions, and analyzed using
a video analyzing software (Movious Pro, MIRA). All
of the tests were performed in 37˚C physiological saline
solution.
The specimen was chucked with reference to the line
markers on the frontal and medial surface of the
femur-ACL-tibia complex with 0.5 N preloading. The
loading direction was defined as shown in Figure 7, and
the extension rate was set at 0.01 mm/sec and 200
mm/sec.

Figure 7. Definition of loading direction for
femur-ACL-tibia complex

RESULTS AND DISCUSSION

Mechanical properties of MCL substance

The measured strain rate for each extension-rate
condition is shown in Table 1. The extension rate was
estimated as the cross-head velocity for quasi-static
tests and the piston velocity for dynamic tests. The
strain rate was calculated as the relative velocity
between the two nygrosin markers.
The stress-strain curves of the MCL substance with
various strain-rate conditions are shown in Figure 8. For
the curves with 0.055 and 1.2%/sec strain rate, we could
see typical toe regions in low strain range and convex
shape in the strain range over 5%, however linear
relations were observed in the stress-strain curves with
27.4, 653 and 1007%/sec strain rate.

Table 1.
Extension-rate conditions and corresponding

strain-rate conditions for ligament substance of
MCL
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Figure 8. Stress-strain relation of MCL ligament
substance

Extension Rate (mm / sec) Strain Rate (% / sec)

0.01 0.055 ± 0.019

0.3 1.202 ± 0.106

10 27.4 ± 5.76

95.6 ±�9.6 653 ± 118

278 ± 27 1007 �� 256

(Mean ± S.D.)
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The tangent moduli were evaluated in Figure 9 and
defined as the moduli in the section between 3 to 7% for
quasi-static tests and in the section between 2 to 6% for
dynamic tests. The result of statistical analysis with
one-way ANOVA did not show a significant difference
among tangent moduli in each strain-rate condition (p >
0.05). On the other hand, the failure stress increased
with the strain rate and showed a statistically significant
difference (p < 0.05, one-way ANOVA). This
correlation is the same as that of the maximum stress of
the femur-MCL-tibia complex[4].

0

500

1000

1500

2000

0.055 1.2 27.4 653 1007

T
an

ge
nt

m
od

ul
us

(M
P

a)

Strain Rate (% / sec)

ANOVA (p > 0.05)
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Figure 10. Strain-rate dependence of failure stress
of MCL ligament substance

Figure 10 shows the correlation between strain rate and
failure stress in MCL substance. We obtained a
logarithmic regression function with a high multiple
correlation coefficient. This function shows the
strain-rate dependence of the failure stress of the MCL
substance. In contrast, the failure strain did not show a
significant difference among each of the strain-rate
conditions (p > 0.05).

Strength of tibial insertion of MCL

The failure loads of tibial insertion in each
extension-rate condition are shown in Figure 11, which
also shows the failure loads of the MCL substance at
various extension-rates. The failure load of the tibial
insertion increased with the strain rate, and a
statistically significant difference was observed with
each experimental condition (p < 0.05). Thus, the
strength of tibial insertion appears to depend on the
strain rate just as with the failure stress of the MCL
substance. The failure load of the tibial insertion is
smaller than that of the MCL substance in all
extension-rate conditions. This suggests that the tibial
insertion is the most dangerous site in the
femur-MCL-tibia region. However, an MCL rupture
was observed at a high strain-rate condition in our
former study in which femur-MCL-tibia complex used
for a specimen[4]. In the present study, we removed the
femoral insertion of the MCL in the preparation. That
manipulation can cause loosening and inhomogenous
tension of the collagen in the MCL, leading to possible
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Figure 11. Comparison between failure load of
MCL tibial insertion and ligament substance at
various strain rates
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underestimation of the failure load of the tibial insertion.
In the experiments with the MCL substance, no fracture
and avulsion were found in the femoral insertion of the
MCL. The collagenous tissue of the MCL inserts into
the medial condyle of femur and is tightly connected.
On the other hand, the tibial end of the MCL is attached
on the periosteum of the medial side of the proximal
tibia. Such a structural characteristic causes a difference
in the strength between the femoral insertion and the
tibial insertion of the MCL. In the results of the cadaver
test in which a car-to-pedestrian accident was simulated,
an avulsion fracture of the femoral insertion of MCL
was observed[6] [7]. This type of injury was not observed
in the current study. Thus, it is considered that such an
avulsion fracture of the femoral insertion can be
simulated by a lateral loading experiment.
Experiments in which the loading condition in a real
accident is considered are therefore needed.

Failure properties of femur-ACL-tibia complex

The measured strain rate for each extension-rate
condition is shown in Table 2. Three types of failure
patterns were observed: avulsion fracture at femoral
insertion, avulsion fracture at tibial insertion and
epiphysiolysis of femoral distal condyle. These three
failure patterns can be seen in traffic or sports accidents.
Photos of typical failure patterns are shown in Figure
12.

Table 2.
Extension-rate conditions and corresponding
strain-rate conditions for femur-ACL-tibia complex

The ratios of the frequency of each ACL failure pattern
are shown in Figure 13. In quasi-static tests,
epiphysiolysis was the major failure pattern. On the
other hand, the frequencies of every failure pattern were
equal in the dynamic test condition.
Figure 14 shows load-elongation curves of the
femur-ACL-tibia complex in each test condition. With
both extension rates, the load-elongation curves showed
the nonlinear relation typically seen for biological soft
tissue. The failure load tends to increase with the
extension rate.

(a) Avulsion fracture at femoral insertion of ACL

(b) Avulsion fracture at tibial insertion of ACL

(c) Epiphysiolysis of femoral distal condyle

Figure 12. Photos of typical failure patterns of
femur-ACL-tibia complex

Extension Rate (mm / sec) Strain Rate (% / sec)

0.009 0.155 ± 0.020

173.6 ± 13.4 2249 ± 294

(Mean ± S.D.)
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Figure 13. Distributions of failure patterns of
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Figure 14. Load-elongation curves of
femur-ACL-tibia complex at various extension rates

The stress–strain relation was evaluated based on the
load-elongation relation and the cross-sectional area at
the ACL midsubstance as shown in Figure 15. It must
be noted that these stress-strain relations do not indicate
the exact mechanical properties of the ACL because the
loading direction is not parallel to the longitudinal axis
of the ACL. This figure indicates an apparent
stress-strain relationship. To discuss the strain-rate

dependence of stress-strain relation, the tangent
modulus was calculated in the 20 - 25% strain range for
dynamic tests and in the 6 - 10 MPa stress range for
quasi-static tests. The tangent modulus for each
condition was shown in Figure 16. The tangent modulus
showed a statistically significant difference in strain
rate (P < 0.05, Student's t test). The tangent
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Figure 15. Stress-strain curves of femur-ACL-tibia
complex at various strain rates
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Figure 16. Tangent moduli of stress-strain curve of
femur-ACL-tibia complex at various strain rates
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modulus of the ACL was about twice of that of the MCL.
Woo et al.[8] showed the tangent modulus of ACL is half
as that of MCL in a quasi-condition. To discuss these
two different results the actual stress-strain relation of
ACL must be evaluated. The maximum stress and strain
were also analyzed statistically. As shown in Figure 17
and 18, the maximum stress significantly increased with
the strain
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Figure 17. Maximum stress of femur-ACL-tibia
complex at various strain rates
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Figure 18. Maximum stress of femur-ACL-tibia
complex at various strain rates

rate (P < 0.05, Student's t test) but the maximum strain
did not depend on the strain rate (P > 0.05, Student's t
test).
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Figure 19. Strain-rate dependence of failure stress
of femur-ACL-tibia complex and MCL ligament
substance
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Figure 20. Strain-rate dependence of failure load of
femur-ACL-tibia complex and MCL ligament
substance

Figure 19 shows the correlation between the strain rate
and maximum stress of the femur-ACL-tibia complex.
It also contains the data on the MCL substance. In a
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comparison between the rate-dependence of the ACL
and MCL, the coefficient of logarithmic regression
function for the ACL was smaller than that of MCL. But
when we compare the maximum load of the
femur-ACL-tibia complex and the failure load of the
MCL substance, the difference in the coefficient of
regression functions decreases (Figure 20).
The strain-rate dependence of the failure properties of
the femur-ACL-tibia complex looks similar to those of
the MCL substance. However, the maximum stress and
strain discussed here may underestimate the failure
properties of ACL because epiphysiolysis of the
femoral distal condyle occurred with high frequency in
this study. The cause of this high frequency could be the
immaturity of the experimental animals. This
disturbance may disappear with a more suitable
experimental set up.
No rupture in the ACL was observed in the tensile tests,
unlike the case for traffic accidents. In a real-world
accident, while axial tensile load is rarely applied, the
shearing or bending load is likely to be applied.
Therefore, other types of loading test, for example
medial-lateral shearing or anterior drawer test, must be
performed.

CONCLUSIONS
Mechanical properties of knee ligaments were
discussed in the present study as a means to contribute
to pedestrian protection. The strain-rate dependence of
these properties was evaluated by quasi-static and
dynamic tensile tests on the rabbit knee joint, and the
following results were obtained.
(1) The failure stress of the MCL ligament substance
significantly increased with the strain rate, but the
failure strain and the tangent modulus did not depend on
the strain rate.
(2) The failure load of the tibial insertion of the MCL is
lower than that of the MCL ligament substance.
(3) Three types of failure, avulsion fracture at the
femoral and tibial insertion of the ACL and the
epiphysiolysis of femoral distal condyle, were observed
in the tensile tests on the femur-ACL-tibia complex.
(4) The tangent modulus and maximum stress of the
femur-ACL-tibia complex showed a significant
strain-rate dependence.
(5) No rupture in the ACL substance was observed. To
simulate the actual loading conditions in real-world
accidents, other types of loading test, for example a

medial-lateral shearing or anterior drawer test, should
be performed as the next step.
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ABSTRACT 
 
This paper firstly describes how the finite element 
models of the Ford BA Falcon and the Subaru 
Legacy were combined so that a parametric study 
varying design features of each vehicle could be 
conducted to determine their effect on compatibility. 
The Ford Falcon is a front engine, longitudinal 6-
cylinder, rear wheel drive sedan.  The Subaru Legacy 
is a front engine, horizontally opposed, all wheel 
drive sedan.  The two vehicles are not in the same 
mass and size category.  The paper then reports on 
how the compatibility of the two vehicles, in an 
offset frontal crash, is affected when the following 
design features are changed: 
 
• Ride height 
• Stiffness of main longitudinals 
• Stiffness of upper load path 
• Stiffness of lower subframe 
• Stiffness of passenger compartment 
• Strength of vertical connections between load 

paths 
• Strength of lateral connections between load 

paths 
• Changes to improve the structural interaction 

between the two vehicles. 
 
INTRODUCTION 
 
Frontal crashes are the cause of the majority of 
serious injuries and fatalities on the roads.  Vehicle 
compatibility involves trying to minimise the injury 
outcomes of occupants when vehicles of different 
mass, stiffness and geometry crash into each other. 
 
One of the main goals in improving vehicle 
compatibility is to design vehicles which maximise 
the structural interaction of vehicles with different 
geometry, mass and stiffness.  Any compatibility test 
procedure must be able to assess the shear 
connections of the vehicle front structure as well as 
providing for correct energy management between 

dissimilar crash partners so as to guarantee passenger 
compartment integrity, which is particularly 
important in smaller vehicles.  This paper details part 
of the research conducted by the Australian 
Department of Transport and Regional Services 
(DOTARS) which will be provided to the IHRA 
Vehicle Compatibility Working Group to consider in 
its deliberations to develop a vehicle compatibility 
test.  This research has been done with cooperation 
between Ford Motor Co of Australia Ltd, DOTARS 
and Subaru. 
 
The aim of this research project was firstly to 
combine the validated Finite Element (FE) models of 
the Ford BA Falcon and Subaru Legacy that have 
been used in the development of the respective 
vehicles.  Once the combined FE model was shown 
to successfully run, a parametric study was conducted 
by changing several design parameters to investigate 
their effect on the frontal offset crash compatibility of 
the two vehicles.  An offset frontal car-to-car test of 
the two vehicles at 50 km/h, 50% overlap was 
conducted to validate the combined baseline FE 
model. 
 
The scope of this project was to use the FE model to 
study the structural response of the sedans.  
Occupants were not included in the model to keep the 
computational task to a practical limit. Parameter 
changes were made to the Falcon model while 
keeping the Legacy model constant.  Both models 
were analysed for structural response.     
 
FE MODELLING 
 
The combined FE model of the two vehicles 
amounted to approximately 720,000 elements.  The 
model was solved using the Massively Parallel 
Processing (MPP) version of LS-DYNA 960 on a 
SGI Origin 3000 supercomputer.  Computational 
time with 32 CPUs was typically 35 hours for each 
run simulating a 130-millisecond event. 
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Figure 1. Overall view of the combined FE model. 

 
For comparison, specifications of the two vehicles are 
shown below in Table 1. 
 

Table 1. 
Table comparing vehicle specifications 

 
 Falcon Legacy 
Kerb mass (kg) 1694 1365 
Width (mm) 1864 1695 
Wheelbase (mm) 2829 2650 
Length (mm) 4916 4605 
 
Each of the vehicle models was exercised and 
developed in the European offset frontal test mode 
(96/79/EC directive) before merging into one model.  
The mass of two Hybrid III 50th percentile dummies, 
(i.e. 152 kg) was included in each vehicle.  For the 
50% overlap, centreline of the Legacy was aligned to 
the widest point of Falcon, which is near the rear 
wheel arch. 
 
Figure 1 is an overall view of the complete model.  
Both vehicles are of right hand drive. For each 
vehicle, structural deformation was monitored at 45 
points for eleven main items as follows: 
 
• Front rail crush 
• Spring cap at suspension structure 
• Dash panel opening at steering column 
• Foot well intrusion 
• Power train intrusion 
• Cowl intrusion 
• Steering column mounting 
• Driver seat attachment 
• Passenger compartment rail crush 
• A pillar deformation 
• Rocker panel crush 
 

 
These items nominally indicate deformation in the 
engine or passenger compartment.  The dash panel 
opening at the steering column was monitored as a 
risk to steering column stability.  Global coordinates 
axis are defined as X for longitudinal axis, Y for 
lateral and Z for vertical. 
  
ANALYSIS 
 
Ride Height Factor 
For the overlap alignment, at its respective standard 
ride heights; the front rails of the two vehicles were 
well matched in geometry. Alignments in the plan 
and side views were good for full engagement. This 
is shown in Figure 2. 
 

 
Figure 2.  Alignment of front rails occurred in 
baseline model. 
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Ride height of the Falcon model was raised and 
lowered by 100 mm from standard, as two levels of 
this factor. Appendix 1, Fig A shows that at these 
new configurations, the front rails would override 
each other. 
 
Results For Ride Height Factor 

 
Figure 3.  Deformation of Falcon in X direction 
for Falcon at different ride heights. 
 
     Falcon Response 
In Figure 3, for the Falcon with a ride height increase 
of 100 mm, there was little change in the deformation 
of the Falcon structure except for front rail crush and 
spring cap.  Override by the Falcon was observed but 
unexpectedly, its front rail crush was more for this 
condition.  Examination of the model showed that  
Falcon rail engaged the suspension housing structure 
of Legacy and this caused the Falcon rail to crush and 
bend downwards. 
 
In the baseline condition, rail-to-rail engagement of 
the vehicles diminished from about 42 milliseconds.  
Engagement with the suspension housing was 
observed to prolong the interaction of the Falcon 
front rail and increase its deformation.   
 

When the Falcon ride height was reduced by 100 mm 
below standard, the Legacy was seen to override.   
Unexpectedly, the Falcon rail deformation was more 
than baseline but most of this occurred at mid span 
due to the Legacy rail engagement with the Falcon 
suspension housing structure.  This load acted on the 
Falcon rail to cause the mid span crush.  The battery  

 
Figure 4.  Deformation of Legacy in X direction 
for Falcon at different ride heights. 
 
in Falcon was located in front of the RH suspension 
housing and this contributed to a solid stack-up with 
that sheet metal structure.  It appears that this stack-
up may have acted to transmit loads to the crushable 
rail as soon as possible.   Despite an override 
condition by the Legacy; passenger compartment 
metrics appeared to have only increased slightly.  
 
     Legacy Response 
Figure 4 shows that in the case of Falcon override  
(+100 mm), deformation of the Legacy had only 
increased moderately.  Of particular interest, power 
train intrusion increased from 149 mm to 192 mm 
and A pillar intrusion increased from 29 mm to 63 
mm.  The model showed that as well as engagement 
of the Legacy suspension housing with the Falcon 
rail, the horizontally opposed engine of the Legacy 
also engaged the impacting Falcon tyre as an 
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additional load path.  This resulted in an increase in 
power train displacement in Figure 4.   Despite the 
override by Falcon, rail deformation of Legacy was 
similar to baseline results.  This was due to 
deformation occurring at the rear of that rail when 
that suspension housing was bearing the significant 
impact load. 
 
In the case of Legacy override, the deformation had 
not changed much except for a reduction in power 
train displacement.  This was due to a lesser extent of 
its engine engagement in this condition.  Rail crush 
was maintained at a similar level because of 
engagement with the Falcon suspension housing 
structure.  It was also noted that the Legacy structure 
deformed differently in the lateral direction; more 
toward the left hand side of that vehicle. This could 
have moderated intrusion into the Falcon structure.  
 
Main Longitudinal Stiffness Factor 
 
For the factor of main longitudinal stiffness, the 
Falcon front rails were changed in strength and 
thickness.  Compared to the standard rail, this 
effectively gave a rail compression strength of about 
50% and 250% for the minus and plus levels 

 
Figure 5.  Deformation of Falcon in X direction 
for Falcon with different front rail stiffness. 

respectively 
 
Results For Main Longitudinal Stiffness Factor 
 
     Falcon Response 
Figure 5 shows that with the exception of the front 
rail, this factor did not change the deformation of the 
Falcon significant levels.  Front rail deformation in 
the stiffer (plus) level was negligible while for the 
minus level it more than doubled.  It was interesting 
to note that despite a large increase in rail crush, the 
other deformations were not affected significantly.  
This would suggest that the backup structure in the 
Falcon engine compartment was not sensitive to this 
range of load inputs.  Within this factor of study, an 
impacted vehicle with higher stiffness may produce 
higher deformations in the Falcon. 
 
     Legacy Response 
Figure 6 shows that deformation in the Legacy was 
affected by the Falcon rail stiffness.   Rail 
deformation of the Legacy changed inversely with 
that of the Falcon.  It was noted that in each case, the 
sum of their rail deformation is about 750 mm to 800 
mm.  When the Falcon rail stiffness was decreased, 
only small changes occurred in the passenger  

 
Figure 6.  Deformation of Legacy in X direction 
for Falcon with different front rail stiffness. 
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compartment metrics.  
 
In the case of the stiffer Falcon rail, moderate 
increases in deformation were shown. However, the 
FE model showed that the Legacy right hand engine 
compartment had crushed extensively close to its 
limit.  In addition, this extent of crush also minimised 
the interaction of Legacy engine with the Falcon tyre. 
 
Upper Load Path Stiffness Factor  
 
Variation for this factor was provided by changing 
thickness and material strength in the components of 
shotgun brace, spring cap and upper radiator cross 
member.  In the high stiffness level, thickness was 
typically increased by 70% and yield strength was 
typically increased from 200 MPa to 300 and 400 
MPa. 
 
Results for Upper Load Path Stiffness Factor 
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Figure 7.  Deformation of Falcon in X direction 
for Falcon with different front upper load path 
stiffness. 
 
     Falcon Response 
The plot in Figure 7 shows negligible change in 
deformation with the exception of the spring cap.  

This is due to the substantial attachment of the 
stiffened spring cap to a stiffened shotgun brace.   
Investigation into the model suggested that this 
structure would have to be further developed to 
sustain longitudinal loads if it were to be effective in 
this study.  Longitudinal section members here 
tended to have a high slenderness ratio. 
 
     Legacy Response 
Figure 8 shows that the Legacy was not sensitive to 
changes in this particular configuration of upper load 
path in the Falcon.  A small change in spring cap 
displacement could be detected as a direct result of 
higher stiffness in the Falcon shotgun brace but this 
did not have any significant effect elsewhere. 
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Figure 8.  Deformation of Legacy in X direction 
for Falcon with different front upper load path 
stiffness. 
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Passenger Compartment Stiffness Factor 
 
To provide variation in this factor, the strength and 
thickness of key passenger compartment structural 
components in the Falcon were increased and 
decreased and compared to the base model. The 
components in the upper and lower a-pillar, roof rail, 
rocker panel and underfloor member (sled runner) 
were typically up-gauged by 30% and upgraded to 
have most parts with yield strengths in the vicinity of 
400MPa (for the stiffened run). For a reduction in 
stiffness, these components were down-gauged by 
about 25% and the yield strengths of all parts were 
reduced below 250MPa.  
 
 
Results For Passenger Compartment Stiffness 
Factor 
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Figure 9.  Deformation of Falcon in X direction 
for Falcon with different passenger compartment 
stiffness. 
 
     Falcon Response 
In Figure 9, it can be seen that when the stiffness of 
the Falcon passenger compartment was reduced, 
there was increased deformation for all points, 
although there was little change in the power train 

and seat attachment points. The passenger 
compartment rail and upper A-pillar region deformed 
noticeably more than the baseline, resulting in an 
increased intrusion in the passenger compartment. A-
pillar intrusion increased from 10mm to 85mm and 
foot well intrusion increased from 78mm to 136mm. 
Rail crush was similar, while the spring cap, although 
being displaced further in vehicle for this run, did not 
intrude further into the dash and cowl area. 
 
When the stiffness of the components was increased, 
little change was seen in the measurements. This 
suggested that benefits of adding stiffness in the 
passenger compartment may have plateaued for the 
Falcon. There was a small reduction of measurements 
across all points, except the rails, where there was a 
slight increase in crush over the base. This could be  
 

 
Figure 10.  Deformation of Legacy in X direction 
for Falcon with different passenger compartment 
stiffness 
 
expected due to the increase in stiffness of the backup 
structure to the rail. 
 
     Legacy Response 
Figure 10 shows that changes in the Falcon passenger 
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compartment stiffness had little effect on the 
measurements for the Legacy. There was a slight 
increase in the spring cap deflection when the Falcon 
passenger compartment was stiffened. 
 
The reduction in Falcon passenger compartment 
stiffness had no significant effect on the Legacy, with 
the initial deformation modes caused by the Falcon 
rail producing similar deformation to the baseline 
run.  
 
Effects were low in the Legacy for this factor because 
the Falcon passenger compartment was too rearward 
in the structure to contribute as an input into the 
interaction.  
 
Strength Factor of Lateral Connections Between 
Load Paths 
 
For this parameter, the strength and gauge of the 
Falcon bumper beam and upper radiator cross 
member were increased.  In addition, two members of 
beam elements were added in a cross brace format to 
diagonally connect main longitudinals from the dash 
panel area to just below the front seats. There was  

 
Figure 11.   Deformation of Falcon in X direction 
for Falcon baseline and with lateral connections 
between load paths. 

typically a 30% up-gauge from baseline thickness in 
the sheet metal components mentioned above. Upper 
cross member yield strength was increased to 400 
MPa. The added beams were of hollow tubular 
section, with an outer diameter of 30mm, wall 
thickness of 3 mm and material yield strength of 
approximately 250 MPa.   
 
Results For Strength Factor of Lateral 
Connections between Load Paths 
 
     Falcon Response 
In Figure 11, it is shown that increasing the stiffness 
of the baseline lateral connections between main 
longitudinals and between upper load path, as well as 
adding diagonal connections between underfloor 
members, had only small effects on the Falcon 
metrics. The rail crush had increased by 48mm and 
the foot well intrusion had increased by 18mm, while 
the driver seat attachment points have displaced by 
27mm instead of the base 36mm.  As seen in the 
crash animation, this indicated a reduction in the 
shearing of the floor pan and dash panel as the 
response of left and right hand main longitudinals 
were more aligned.  

 
Figure 12.   Deformation of Legacy in X direction 
for Falcon baseline and with lateral connections 
between load paths 
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The forward attachment point of the diagonal brace  
impeded rail crush in this area, resulting in further 
rotation of the passenger compartment rail (about the 
y axis) near dash panel.  This in turn caused increased 
foot well intrusion. The extra rail crush was in the 
forward convoluted section of the rail where some 
crush and downward bending occurred. The forward 
rail crush developed from 33 milliseconds. Unlike the 
baseline model, the front rails remained engaged for 
the entire crash event. 
 
The increased stiffness bumper beam did not change 
the deformation of the left front rail, but may have 
assisted in maintaining the front rail engagement with 
the Legacy rail. 
 
     Legacy Response 
Figure 12 shows there was 32 mm more rail crush in 
the Legacy, due to the increased interaction of the 
Falcon and Legacy rails. The deformation modes of 
the rail were notably different to the baseline with 
increased bending about the y-axis. The full event rail 
engagement also contributed to a reduced spring cap 
deflection. 
 
There was a small decrease in the foot well intrusion, 
while the power train displacement increased slightly. 
Crash animation showed that this might be due to 
increased rail crush, which allowed the Legacy 
engine to engage the Falcon upper structure 
indirectly. 
 
DISCUSSION AND CONCLUSION 
 
The aim of this research project was to successfully 
combine FE models of two vehicles with different 
power train configurations, mass and size, and to 
conduct a parametric study of the effect of various 
design features on compatibility. 
 
This analytical method undertaken with the two 
vehicles yielded insights into compatibility issues 
whilst being lower in cost and having quicker turn-
around times than physical crash testing. The Ford 
Falcon was the varying input into the simulations by 
using a range of changes from different ride height, 
materials and gauges to added parts. The Subaru 
Legacy model was unchanged throughout all the 
simulations. 
 
Several conclusions have been developed after the 
analysis of simulation results and comparison with 
the baseline model. 
 
It was important to have compatible geometry. Where 
there was incompatible geometry and a misalignment 

of major load carrying members, the resulting 
structural response showed that secondary structure 
(such as the suspension housing and upper load path ) 
was required to absorb large amounts of energy. 
Within the limitation of these two vehicles, this was 
sustainable, resulting in moderate increases in 
passenger compartment intrusion. 
 
The stiffness of the main longitudinals significantly 
contributed to the structural response of both crash 
partners. An overly stiff longitudinal that was unable 
to crush efficiently in the forward section would 
create the response of early rail disengagement.  This 
resulted in excessive loading of secondary structures 
and increased intrusion into the passenger 
compartment. The decision on longitudinal stiffness 
would also greatly affect the vehicle performance 
when impacting very rigid surfaces or structures.  
The requirements of rigid surface protection may 
contradict those required to improve compatibility. 
 
The strength of the passenger compartment, and the 
method of energy distribution throughout the 
structure will affect compatibility performance. A 
stronger passenger compartment would allow more 
energy absorption in the front-end structure, whilst 
also promoting continued interaction of longitudinals 
of the crash partners, and reduced structural intrusion. 
 
The ability to involve other non-impacted structure, 
such as the non-struck side main longitudinal, may 
also assist performance.  This could be achieved by 
adding to the structure absorbing energy or by 
providing geometric assistance to maintain rail 
engagement. 
 
For crashes that involve vehicles of different mass, 
stiffness and geometry, this study suggested that a 
vehicle which could protect its occupants would 
have: 

• Main longitudinals that could provide 
suitable forward crush 

• A stiff passenger compartment 
•  Multiple load paths that can be placed in 

compression to absorb energy 
•  Geometry to allow continued robust 

longitudinal interaction. 
  
To date, this project did not draw conclusions on the 
effect of a stiffened lower sub-frame, vertical 
connections between load paths, or a combination of  
parameters to study the interaction between factors.  
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FURTHER WORK 
 
With a better understanding for each of the vehicle 
models under such impact conditions, this project 
would benefit from further work.  For example,  

• Study of the effect of varying several factors 
simultaneously to gauge the interactions of 
these factors.   

• In depth analysis of strain energy 
distribution to identify components that 
could be improved.  

• Larger or different type of partner vehicle 
• Improved upper load path design to enhance 

the balance of energy absorption  
• Sensitivity study into overlap ratio. 
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APPENDIX 1 
 

 
Figure A.  Misalignment of front rails when Falcon ride height is raised by 100 mm. 
 

 
 
Figure B.   Typical deformed shape of the combined FE model.  
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PROPOSITION OF A MAETHOD TO EVALUATE ACTIVE SAFETY HANDLING QUALITIES

Eric Fenaux
PSA Peugeot Citroen
France
eric.fenaux@mpsa.com

ABSTRACT

Primary safety is briefly defined using an accident
model.
The difficulties to evaluate the efficiency of active
safety devices using only accidents statistics are
recalled and a method based on accident causation
statistics is proposed.
It is explained how main accident scenarios are
used to defined handling test procedures. Examples
are given , some of them are adaptation of ISO test
procedures with specific initial conditions.
It is then explained why during emergency
situations the vehicle should be stable and should
not scare the driver. A method to derive metrics to
evaluate objectively these former qualities is
shown. The improvement introduced by specific
safety devices can be measured and the qualities of
a car considered as a system as well.
Some idea to improve this method in the future
(new tests procedures and/or new metrics) are
listed.

1 DEFINITION OF PRIMARY SAFETY.

To define active or primary safety, the model of
figure 1 will be used 1 . It gives the detailed phases
of an accident

Definition of the 3 pre – impact phases could be :
•Phase 1, “Normal Driving” – The risk of accident
is minimal, the driver is carrying out routine driving
tasks.
•Phase 2, “Danger Phase” – The risk of accident is
increased but can be avoided if a good decision
and/or action is taken by the driver or if he is
assisted by devices on the car.
•Phase 3, “Crash Unavoidable” – The crash is
now unavoidable but the car can be “prepared” for
the crash by reducing the crash severity (and pre-
arming the passive safety systems).
With this model it is easy to understand the
sequences of the different phases that may lead to
an accident. However separation between the
phases is too simple. To better understand this let’s
take an every day example :
In a lane, a driver follows another car, at a distance
corresponding between to 1 second. This situation
will be classified as phase 1.

1 In the following primary safety will be used

• If one car in the lane brakes, a crash is then
unavoidable. The situation was in fact a hidden
phase 2.

• If all the cars travel without braking, the
situation will revert to phase one. Fortunately
all phase 2 situations do not result in a crash.

2 VEHICLE QUALITIES INVOLVED
WITH PRIMARY SAFETY.

Figure 2 gives a model of the vehicle – driver
system during a driving task. The different numbers
given to the driver are here only to underline the
diversity of control actions to be implemented :

For task one , visibility and lighting are the most
important factors. They condition the driver’s
perception of the environment and therefore his
decisions.
Concerning visibility the lowest occultation of the
useful zone is recommended i.e. to the front, to the
rear and also above (signs)
Concerning lighting, the selected light intensity and
distribution shall :
- enable the driver to see as far ahead as possible
- provide a good beam width at 50 m (regulation
limit) in order to anticipate change of direction
- provide a good close distance openness for
manoeuvres

For task two, braking and handling are the most
important. On a day to day use of the car, the driver
builds up a knowledge of the dynamics of his car
and learns the laws of control. Here are some
characteristics of this learning.
1) If the laws of control are linear (no pure delay

or friction) and the phase lag (for instance
between steering wheel angle and yaw speed)
small the learning will be easy and the
performance of driving loop will be good.

2) The laws of control acquired in normal driving
conditions shall enable the driver to control the
car in emergency situations. Day to day driving
is carried out with moderate accelerations :
frequently up to 2 m/s² in longitudinal and up
to 4 m/s² in lateral. The car behaviour is linear
in this domain. During emergency situations
acceleration may be very high (up to 7 or 8
m/s² or even higher with modern ABS and
EBA).Because of physical phenomena the car
behaviour is no longer linear.

The driver faces two difficulties
a) The stress of an emergency situation
b) Control the vehicle in a situation where he

has no knowledge of the laws of control.
In the following paragraphs we shall see how the
car can help the driver in such situations.
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For task 3 the driver has to fell the motion of the
car. This point is very interesting and is developed
in paragraph 3.

Ergonomics are always present for all the tasks. If
comfort devices, an HMI (Human Machine
Interface) that is easy to learn and simple to use
will leave the driver free for driving tasks. In
addition, controls designed to ease the changeover
from gas pedal to brake pedal and to keep driver’s
hand on the steering wheel will make it easier to
obtain a better performance in the driving loop.

3 HANDLING AND PERCEPTION

3.1 Handling and primary safety

For primary safety, important variables are those
related to trajectory definition and car’s attitude
related to the trajectory. The different variables of
interest are vehicle speed, yaw rate, longitudinal
and lateral acceleration and side slip angle. An
other interesting value is the error between actual
and desired trajectory.

3.2 Human perception and driving loop.

The human body has sensors for these different
variables and to fell the driving instruments
(steering wheel, brake pedal) see table 1.
For the explanation of the driving process the task
will be detailed as a sequence but in the real world
this is a continuous process.

Table 1.
Human sensors

Variable Human sensor

Lateral acceleration
Longitudinal acceleration

Vestibular
apparatus

Vehicle speed
Side slip angle
Yaw rate
Path error

eyes

Steering wheel torque and angle hands
Brake pedal force and
displacement

foot

3.2.1 Lateral driving
The driver gives a command using the steering-
wheel. The effort perceived by the driver must be a
reflection of the tyre forces. Via the relationship
between these two variables, the vehicle informs
the driver that he is executing the command and
that the trajectory will be modified. A decrease of
effort on a slippery road is a warning before the
manifestation of path error.
If we go back to the model in figure 1, a good
steering feedback will be a warning of a transition

between normal driving and the danger phase. This
information is useful as all the drivers will have a
good perception of effort variations.
In the following of the manoeuvre, the driver
checks the execution of his command. Lateral
acceleration is the first sign. Normal driver very
often have a poor perception of this variable, on the
contrary professional drivers will use this
information.
After that, as a consequence of acceleration, speed
parameters ( side slip angle, yaw rate) are modified.
These modifications occur later. During an accident
situation, they occur when the danger is already
happening. These variables are well perceived by a
normal driver.
Finally the driver sees the difference between the
desired and the actual trajectory. This difference is
very well perceived by a normal driver.

3.2.2 Longitudinal driving
The command is given using the brake pedal. To
initiate a fast motion (as in the case of an
emergency braking) the driver decides to apply a
displacement or speed. This first phase lasts
between 100 to 500 ms and is called ballistic phase
[1]. After that the driver will perform a regulation
loop. Once again, if the pedal force and
displacement reflect the steady state deceleration,
the driver will be informed that his command will
be executed. Here also the quality of information
will avoid transition into the danger phase.
In the following, the driver checks the execution of
his command. Longitudinal acceleration is the first
sign. For a normal driver the perception is only
qualitative.
After that, as a consequence of acceleration, the
speed is modified, this variable is well perceived by
a normal driver. For a normal driver the most
intuitive information is processed from speed, it is
the Time To Obstacle [2].

3.2.3 Consequence
Some points have to be highlighted :
1) Quality of braking and handling are very
important for

• Anticipation and avoidance of dangerous
situations

• Completion of driving tasks in normal and
dangerous situations

2) The quantity of visual information used by the
driver in order for him to
• Understand his environment
• Complete the driving tasks

Highlights the importance of visibility and lighting
qualities.

The role of these qualities in relation with the
different phases of an accident is shown in figure 1.
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4 PRIMARY SAFETY ASSESSMENT

In the following only handling and braking will be
treated.
In order to improve primary safety it is necessary to
define repeatable measurement procedures and the
associated objective criteria.

4.1 Specific difficulties

For secondary safety, with a given accident
configuration it is easy to analyse the consequences
on a dummy.
The problem is more complex for primary safety.
When an accident is avoided what is due to the
behaviour of the car and what is due to the driver ?
Simple comparison between accidents statistics is
not the answer. Some vehicles may be over
represented because of a grater use, use by a
specific population (younger drivers), specific use
(on secondary roads). In addition it is very difficult
to obtain data about accidents which have been
avoided.

In the following a methodology is proposed to
select

• Test procedure
• Performance criteria

4.2 Evaluation situations

We have no data on accidents which have been
avoided but we do have data on danger phases that
have resulted in an accident. Therefore we know of
some situations where an improvement to the car
could lead to accident avoidance.
RENAULT and PSA PEUGEOT-CITROEN
sponsor a common laboratory : the L.A.B.
(Laboratoire d’Accidentologie et de Biomécanique
or Laboratory for Accidentology and Biomechanics
) who produces three kinds of studies :
1) Statistics on all accidents
2) Detailed accident analysis (EDA) with

trajectory and speed reconstruction of the
vehicles involved, interviews of the persons
involved in order to better understand the
accident circumstances and measurement of
coefficient of friction of the road.

3) Specific studies where an accident situation is
simulated to study driver behaviour

Due to these studies, two kinds of situations appear
as very important.
• Front to rear crashes are important because of

their occurrence and risks of injury
• Accidents in a curve that represent 46% of fatal

accidents in France.
The question is now how to evaluate the vehicles
in these situations.

4.3 The tests to evaluate primary safety
handling qualities

The desired qualities should help the driver to
perform the driving tasks. The performance will be
measured during an open loop manoeuvre but the
criteria will indicate a good performance of the
driver – vehicle system in a closed loop.

4.3.1 Front to rear crashes
a) General
The main quality for the vehicle is a short stopping
distance at various speed. In order to magnify the
difference between cars we prefer to compare
stopping distance from 130 km/h which is the top
legal speed in France.
b) Brake actuation
One of the LAB studies was designed to observe
emergency braking in real-world crashes [3]. Figure
4 is issued from this study. We see that :

• only 5% of emergency braking are made
with a pedal speed smaller than 300 mm/s,
and conversely 95 % of normal braking are
made with a pedal speed smaller than 300
mm/s. So the speed of the braking pedal
characterises very well emergency
braking.

• The medium speed of emergency braking
is 500 mm/s

In order to be repeatable during the steady state
phase of braking, the effort on the pedal should be
constant.
Finally the characteristics of the brake actuation
are:

• During the first 100 ms the pedal speed
shall be greater than 500 mm/s for at least
50 ms

• After the first 100 ms pedal effort shall be
400 N +/-100 N.

On the cars that were tested, those equipped with an
emergency braking assistance had this feature
activated.
c) The criteria
This is the stopping distance measured from the
beginning of the brake actuation (starting when the
effort becomes greater than 40 N). The elimination
of the transient at the beginning is not realistic for
an emergency braking in the real-world and an
important part of vehicle performance can be lost.

4.3.2 Accident in a curve
Thanks to the Detailed accident analysis EDA we
can obtain the characteristics of the typical fatal
accident in a curve [4]:

• Radius between 80 and 130 m
• Entry speed between 80 and 130 km/h
• Maximal lateral acceleration between 5

and 7 m/s².
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In such a situation a driver can have three types of
reaction :
• Power off without braking (power off in a

curve)
• Power off plus braking (braking in a curve)
• Turn the steering wheel (radius change).
For all these situations RENAULT and PSA
PEUGEOT CITROEN have defined the initial
radius and speed to test cars. For the radius change
the most sever case (radius reduction) has been
chosen.

We began the work with braking in a curve. This
test is detailed below.

4.3.3 Braking in a curve
The starting point is the ISO test procedure [5].
a) Selection of initial conditions
During a subjective test of a various group of
different vehicles we could see that the
performance of some cars were similar on small
radius although very different at higher radius. The
same is valid with speed. So we tested various radii
and speeds in order to find the minimum values for
these two parameters that enabled us to find the
differences between vehicles. The selected values
are : Radius 150 m and Speed 120 km/h. This
corresponds to the higher limit of actual fatal
accidents (we have to remember that an important
part of these accidents occur on slippery roads).
b) deceleration level
It is well known that when ABS is active the car is
stabilized. So the area of interest is for the small
deceleration before ABS actuation. We found no
rules to select it for all cars so we apply two level of
deceleration, one must be between 2 and 3 m/s²
and one must be between 3 and 4 m/s² (average
deceleration is calculated between 0.5 s and 1.25 s
after the beginning of the power off).
c) precision of initial conditions
During this test vehicle behaviour is highly non
linear. So small differences of initial conditions
lead to great differences between on the parameters
observed.
A difficult task was to find the necessary
constraints on the initial conditions in order to
obtain repeatable measurements. For each variable
we had to define a minimum time where it is kept
constant, these conditions are given in table 2. The
time is only 1.5 s thanks to a low steering wheel
rate to reach the desired radius.
d) necessary qualities
In order to ease driving two main qualities are
necessary
Limit driver panic
The driver is in a situation never experienced
before. Under panic he can make a manoeuvre that
will lead to an even worse situation. So driver panic
must be avoided as far as possible. To measure the

risk of panic we decided to measure the side slip
angle.

Table 2.
Initial conditions for brake in a turn test

Condition during
1.5 seconds

Mean value Standard
deviation

Speed 120
+- 3 km/h

+- 2%

Steering wheel
angle

Chosen value
+- 4°

+- 5%

Throttle position
(last second only)

Value needed
+- 10%

+- 10%

Lateral
acceleration

7.5 m/s2 +-
0.1 m/s2

+- 0.1 m/s2

Vehicle stability
As the driver does not know the vehicle behaviour
in this situation he must not be asked to stabilize the
driving loop. As a consequence the car has to be
stable in open loop (without modification of the
control). This stability must be clear for normal
driver so we chose the yaw rate to express it.
e) The criteria
For a group of cars we search for a correlation
between the measured variables and the subjective
assessment. As stated previously the criteria will be
an aggregate of yaw rate and side slip angle. Details
are given below. In this section origin of time is the
lift off from gas pedal (1s in figure 4).
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figure 4. Illustration of side slip angle criteria

Side slip
We chose the rear side slip angle (i.e. at the rear
axle) as this point is not dependent on loading
conditions.
Maximum side slip βmax (vertical line) and time of
side slip variation ∆t (horizontal line) are defined in
figure 4. With the correlation studies we determined

that value of interest is
t∆

2
maxβ

Yaw rate
The stability criterion proposed by Otto [6]is based
on the variations of yaw velocity :

∆t

βmax
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- First the way the change of trajectory occurs
directly after braking. This is given by a
comparison between the measured yaw
velocity and the ideal yaw velocity of a vehicle
following the ideal trajectory (150 m radius
circle) and slowing down at the same rate.

The reference yaw speed 0ψ& is defined

by :
0

0

)(
)(

R

tv
t x=ψ&

where vx(t) is the instantaneous longitudinal
velocity and R0 is the reference radius : 150 m.
And then first part of the criterion is

)75.0()75.0(, 0ψψψ &&& −=∆ mref

- The way the car stabilises itself soon after
braking. This is measured by the mean yaw
acceleration (i.e. yaw speed variation).

5.0

)5.0()1( ψψψ
&&

&&

−=m

The values had to be changed because time origin is
the lift off from gas pedal and to have a better
description of yaw acceleration so we have :

- )9.0()9.0(, 0ψψψ &&& −=∆ mref

-
2

)9.0()9.2( ψψψ
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&&

−=m

and the yaw velocity criterion is m
mref ψ
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figure 5. Comparison between calculated and
subjective marks

The correlation between the aggregate and the
subjective marks is show on figure 5. The group of
cars include all segments, tractions and propulsion.
A point is still to be solved. Some cars are not
stable at 120 km/h before the braking. We propose
that these cars are tested at 110 km/h. The offset
criteria to apply is undetermined at present.

4.3.4 Other situations
Power off in a curve
Here also the starting point is the ISO test
procedure [7].
As there is a smaller deceleration than in the
braking in a turn, a 100 m radius is sufficient.
The correlation work is unfinished at present. It
seems that the same criteria as braking in a curve
can be applied.
Radius change
There is no ISO test procedure corresponding to
this case. RENAULT and PSA PEUGEOT
CITROEN propose the design shown in figure 6.
The corridor is very narrow in order to avoid driver
dependent trajectory. With this test it is possible to
make significant subjective assessment of different
cars.
The measured criteria is unknown at present.

5 CONCLUSION
This paper discusses the main difficulties involved
in assessing the primary safety performance of
cars.
General accident statistics suggest the following :
stopping distance, braking in a turn, power off in a
turn and radius change.
It shows how detailed analysis of real accidents
and knowledge of the driver action during
emergency situations can be used to specify test
procedures for this purpose. The corresponding
procedures are shown.
Examples of measured criteria are also given.
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ABSTRACT 
 
A Finite Element (FE) model of a convertible 
forward-facing Child Restraint System (CRS), 
presented in a 2001 ESV paper has been combined 
with a Hybrid III 3-year-old dummy model and an 
ECE44R test bench model. The combination will 
replicate the last ISO proposal for side impact tests of 
CRS in order to analyze the influence of the 
longitudinal acceleration pulse seen during FMVSS 
214 tests. This influence is shown to be limited, as 
long as the dummy is confined within the CRS shell. 
In agreement with previous crash investigations, the 
simulated intruding door in the ISO proposal is 
responsible for a large share of the loads acting on the 
child dummy. The validation of the virtual model and 
limitations of the child dummy FE model are 
discussed. Simulation results are compared with an 
actual frontal test using the same CRS model. 
 
INTRODUCTION 
 
Laboratory testing has been the traditional approach 
when it comes to automobile safety research. 
However, one of its disadvantages is that laboratory 
dynamic testing focuses on a single crash type and 
crash severity, while real-life crashes tend to be a 
complex phenomenon with pre and post crash 
relevant events. Furthermore, data measured on 
dummies allow only limited conclusions about real 
world crash behavior and potential injuries of 
children. Finally, laboratory conditions are limited 
and therefore coping with the widespread CRS 
misuse seen in the real world is difficult [1]. 
 
Simulation represents a useful complementary tool to 
traditional testing both in industry and research 
environments. In industry, the main purpose of 
simulation is to test designs at an early stage in the 
pre-prototype development process and before they 
are actually crash tested. Simulation can reduce the 
number of tests required to evaluate the performance 

of a system. As for the research community, 
simulation can be invaluable when analysing an 
existing or hypothetical scenario or design. In 
connection with a recognized present and future 
problem, simulation can improve the former and 
solve the latter. More complex scenarios can be 
approached in the computer without having to 
develop and validate expensive laboratory devices. 
 
A limited number of computer simulations using 
rigid body based MADYMO software [2] has been 
reported in related literature [3, 4, 5]. Rigid body 
simulations are not computationally expensive. They 
present themselves as a valuable tool in gaining 
insight into the relationship of the various parameters. 
The Finite Element technique could be situated 
halfway between real testing and rigid body 
simulations. In fact, the alliance between high 
performance-low cost computers and the last versions 
of finite element method codes have recently dawned 
many un-explored areas of research. Highly detailed 
finite element models can be used to develop simpler 
and faster rigid body representations of complex 
engineering problems [6].  
 
In the vehicle safety field, lateral impacts continue to 
be a dominant risk for child passengers. About one 
third of the restrained children with AIS3+ injuries 
included in a European study were involved in side 
collisions [7]. A Swedish study has shown that 
approximately 50% of the fatally injured children, up 
to 3 years of age, occurred in side impacts [8]. Other 
studies concur with the significance of side impacts 
casualties as being on the same relevance as those 
occurring during frontal impacts [9, 10, 11, 12]. In 
the USA, Agran et al examined injury patterns in 
children aged 4 to 9 years who were restrained in 
motor vehicle crashes. Through a hospital-based 
monitoring system, it was found that MAIS2+ are 
more frequent in near-side impacts (41%) than in 
frontal (15%) and rear-end crashes (3%) [13]. This is 
not a child specific situation as a higher fatality rate 
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for adult occupants has also been recently presented 
[14]. Within the ISO/TC22/SC12/WG1 “Child 
Restraint Systems” an ad-hoc group was founded in 
1993 to develop a test standard for side impact 
protection for restrained children [15]. 
 
One of the CRS Finite Element models presented in a 
previous ESV paper [16] has been combined with an 
existing Hybrid III 3-year-old child dummy FE 
model and an in-house developed ECE Regulation 44 
[17] test bench model. It was exercised in various 
frontal (for validation purposes) and side impact 
scenarios. Throughout the research, special attention 
has been paid to the influence of the FMVSS 214 
[18] struck vehicle longitudinal pulse when applied to 
the ISO proposal for CRS side impact testing. 
 
ISO PROPOSAL & FMVSS 214 CRASH PULSE 
 
ISO CRS Side Impact Test Proposal 
 
Thus far, regulation ECE R44 does not include any 
side impact tests. In fact, side impact sled tests are 
only described in Australian/New Zealand regulation 
AS-3629. Here, the CRS is mounted on a sled which 
is subjected to a 32 km/h change in velocity and 
where a fixed door simulates the vehicle’s structure 
[19]. In the above mentioned ISO proposal for side 
impact testing, the CRS is attached to a bench 
mounted on a sled. It is decelerated, thus reproducing 
the kinematics of the struck vehicle’s chassis. An 
intruding door is represented by a pivoted door 
structure. It is rotated, in relation to the test seat, at a 
relative angular velocity obtained from velocities 
measured in full-scale tests. This movement 
represents a v-shaped intrusion of the door’s inner 
panel. A perspective of the test bench and the hinged 
door is shown in Figure 1. 
 

 
Figure 1.  Seat bench and hinged door proposal. 
 

Figure 2 shows the corridor for the sled deceleration. 
The side deceleration defined in the Australian 
regulation has been included in the graph to facilitate 
comparison between them. The sled’s velocity 
change in the ISO proposal reaches 25 km/h. This 
represents an impact of two vehicles of equal mass 
where the striking vehicle travels at 50 km/h. 
 

 
Figure 2.  ISO (solid) - AS (dotted) sled corridors. 
 
The hinged door angular velocity profile should lie in 
the corridor represented in Figure 3. The velocity 
should not be affected by contact with the CRS. The 
maximum door angle for the rear facing CRS is 25º. 
For the forward facing seats, this maximum angle 
must still be specified by the ISO. 
 

 
Figure 3.  ISO door angular velocity corridor. 
 
US Side NCAP longitudinal pulse 
 
The ISO/TC22/SC12/WG1 N 504 CRS side impact 
test proposal does not include any sled longitudinal 
acceleration component. But, analysis of NASS data 
1988-1997 shows that 10 and 2 o’clock are the most 
common injurious impact directions in vehicle to 
vehicle crashes. This could be indicative of a high 
longitudinal velocity change [20]. Also, in a paper by 
Langwieder et al, forward movement is deemed to be 
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present in 35% of all studied MAIS2+ CRS crashes 
[21]. This movement could be caused by pre-impact 
braking, by non-perpendicular collision angle or 
simply by the longitudinal ∆v of the struck vehicle 
during impact. In Langwieder’s paper, it is stated that 
“the influence of forward movement has to be 
analysed in further crash tests”. In the case of child 
passengers, such a longitudinal component may cause 
the child dummy’s head to move forward relative to 
the CRS and therefore be more exposed to impact 
with the intruding door, and consequently increase 
the risk of head injury.  
 
An available source for determining realistic vehicle 
kinematics in different crash scenarios is full-scale 
crash tests. With respect to side crashes, the two 
major standards are US FMVSS 214 and European 
Directive 96/27/EC. The test procedures of both 
regulations are similar in that a stationary test vehicle 
is struck with a moving deformable barrier (MDB). 
However, they use different test procedures, barriers, 
dummies and injury criteria. Figure 4 shows the 
FMVSS 214 crash test configuration. 
 

 
Figure 4.  FMVSS 214 crash configuration. 
 
As opposed to the European Directive which 
represents a 90º impact against a static vehicle, the 
FMVSS 214 dynamic test simulates the 90-degree 
impact of a striking vehicle travelling 48.3 km/h (30 
miles per hour) into a target vehicle travelling 
perpendicularly at 24.2 km/h (15 mph). This is 
achieved in the American regulation by means of a 
moving deformable barrier with all wheels rotated 27 
degrees (crab angle) from the longitudinal axis. The 
deformable barrier impacts a stationary test vehicle 
with a 54 km/h closing speed. On the contrary, and 

because it is a purely perpendicular crash, European 
regulation 96/27/EC does not confer the struck 
vehicle any substantial longitudinal component, while 
FMVSS 214 does. As a conclusion, and at least with 
regard to this circumstance, the American regulation 
can be deemed as more realistic. 
 
A variation of FMVSS 214 is represented by the US 
Side New Car Assessment Program (SNCAP). The 
only difference between these two crash test 
configurations is the impact velocity, which is raised 
to 62 km/h for SNCAP. The increase in impact 
velocity translates into a more demanding test and 
therefore highlights differences between vehicles and 
provides consumers with more useful information. 
 
In order to investigate the influence of the 
longitudinal component of vehicles’ deceleration 
during side impacts, a generic longitudinal crash 
pulse has been defined based on the analysis of a 
total of 11 SNCAP tests [22]. All of these crash tests 
correspond to compact car models, midsize 
passenger cars and minivans and have been selected 
bearing the following criteria: availability of good 
quality CG crash pulses; latest model years; and 
condition of worldwide vehicles (present in both US 
and European markets). Average crash test pulses 
have been calculated for each of the three vehicle 
classes and, as the last step, the components of the 
three vehicle categories have been averaged to obtain 
a generic crash pulse during Side NCAP tests. Figure 
5 shows the generic pulse and compares it to the ISO 
proposed sled deceleration corridor. 
 
 

 
Figure 5.  Generic pulses in US SNCAP tests. 
 
The longitudinal component is shown isolated in 
Figure 6. 
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Figure 6.  Generic longitudinal pulse in SNCAP. 
 
FINITE ELEMENT MODEL DESCRIPTION 
 
CRS FE model selection 
 
Booster seats normally offer a much smaller 
protection during side impacts than other types of 
CRS unless they have high-backs with large side 
wings. High-backs and large side wings protect the 
head and thorax from direct impact with the vehicle’s 
structures. On the opposite end of the spectrum, 
infant seats normally achieve a much better level of 
protection during side impacts. This is true if they 
have an adequately reinforced, large shell and proper 
padding. Between these two types of CRS, forward 
facing child restraint systems should be able to 
sufficiently protect their occupants during side 
crashes. However, the interaction between the child 
and the harness or other restraining method (frontal 
tray or shield, for instance) is complex enough to 
pose doubts on the level of exposure to impacts with 
the vehicle’s (intruding in many cases) interior. In 
addition to this, the latest data from the Children’s 
Hospital in the USA also point out that in side 
impacts where the child passenger suffered serious 
injuries, forward facing CRS are the most frequent 
CRS configuration, as shown in next Figure 7 [23]. 
 

 
Figure 7.  Distribution of CRS types in Children’s 
Hospital database. 

 
Table 1 shows the age distribution of fatalities in the 
USA, disaggregated by restraint use and covering a 
period of three years [24]. The predominance of the 
1-4-year-old group is clear in that the forward facing 
CRS is the most adequate CRS for this age group. 
 

Table 1. 
Distribution of child fatalities by CRS type 

 
CRS Type Age < 1 Age 1-4 Age 5-6 Total 
None 222 756 353 1,331 
L/S Belt 2 117 84 203 
Lap Belt 13 159 138 301 
Child Seat 255 428 12 695 
Total 492 1,460 587 2,539 
 
Langwieder et al also analyzed the age of the subjects 
in side impact crashes. Ejections, non-use of of CRS 
and massive intrusion was eliminated from the 
database [21]. 
 

Table 2. 
Age distribution in side impacts in Europe 

 
Age Total n Total % Subset n Subset % 
0-1 42 31% 14 21% 
2-3 33 24% 14 21% 
4-5 16 12% 11 16% 
6-7 16 12% 9 13% 
8-9 14 10% 9 13% 
10-11 16 12% 11 16% 
 
When studying side impacts in the UK, Thomas and 
Frampton came to the conclusion that children 0-3 
years showed a relatively higher injury risk [14]. In 
his study, Langwieder et al also found that children 
under 4 years had an increased injury risk. 
 
It can therefore be concluded that in diverse 
geographical areas, forward facing convertible seats 
are called to play a remarkably important role in the 
protection of children in side and frontal crashes.  
 
For all these reasons, one convertible CRS FE model 
(previously developed by the authors in LS-DYNA 
[16]) was selected for further investigation of side 
impacts. Using FE simulations, the objective was to 
gain insight into the influence of the side impact 
longitudinal pulse. Figure 8 and 9 show the actual 
seat before disassembling it for analysis purposes and 
an exploded view of its FE model (basic statistics of 
this model are included in Appendix 1). 
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Figure 8.  Photograph of the selected CRS. 
 

 
Figure 9.  Components of the CRS FE model. 
 
FE Dummy Model Description 
 
First Technology Safety Systems (FTSS) is a dummy 
manufacturer located in the Detroit area (Michigan, 
USA) which also generates FEM models of its 
products [25]. One of these available dummy models 
has been chosen for this research: the H3-03 Version 
2.3beta2 [26]. This model of the Hybrid III 3-year-

old dummy was developed in cooperation with Ove 
Arup & Partners Detroit Limited [27]. 
 
Geometry for this model was taken from the 
engineering drawings for the machined parts. Three-
dimensional scans were made of the aluminium and 
brass castings, such as the skull, pelvis bone and 
femur hip joints. The vinyl and foam parts were 
scanned from the production molds or master 
patterns. Model masses and inertias were checked 
against the production parts. Wherever practical, 
material properties were derived from material tests 
of samples made in special molds or sectioned from 
production parts. Non-deformable components, 
typically the skeleton, are modelled as rigid bodies 
but are accurate representations of the actual parts.  
 
The articulation of the dummy components is 
allowed by LS-DYNA joints. A spherical joint is 
used when the physical joint is a ball-in-socket joint. 
A revolute joint is used when the physical joint acts 
as a hinge. The joints in this dummy are located in 
shoulders, elbows, knees, ankles, yokes and hips. A 
joint is also used at the neck load cell beams. Joints 
are also used for the chest deflection transducer: two 
revolute joints are used at the lower (spine box) end 
of the transducer arm and a cylindrical and a 
spherical joint are used at the upper (sternum) end. 
 
To collect the same data that can be obtained from 
the actual Hybrid III 3-year-old dummy, tri-axial 
accelerometers are mounted at three different 
locations in the FE model: head, chest and pelvis. 
Load cells are defined as zero length beams using 
LS-DYNA material type 66 elements in the following 
locations: upper neck, lower neck, pelvis and 
accetabulii (left and right). These act as stiff 
translational and rotational springs, as it actually 
happens in the actual dummy. Each load cell beam 
has a unique part, material and section ID and is 
located at the intersection of the load cell’s neutral 
axes. The instrumentation is completed, as previously 
mentioned, with a chest deflection transducer. When 
the chest is compressed, the upper end of a rod 
pinned to an adapter at the base of the spine box 
slides up the sternum and a rotary potentiometer 
(modelled with a near-zero-stiffness rotational spring 
in LS-DYNA) measures the rotation of this rod. 
 
Complete FE Model 
 
An LS-DYNA version of an ECE44R, which was 
developed by the authors, was finally combined with 
the convertible CRS FEM model and the Hybrid III 
3-year-old model presented above. For the side 
impact simulations a hinged door has also been 
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modelled following specifications included in the 
ISO/TC22/SC12/WG1 sled test proposal. The 
complexity of the complete frontal and lateral 
ECE44R bench, CRS and dummy FEM models are 
shown in Table A1 in Appendix 1. 
 
Figure 10 shows the final configuration of the 
complete Finite Element model, in its side-impact 
version, with a simulated intruding door conforming 
to the ISO proposal. 
 

 
Figure 10.  Test bench + CRS + dummy model. 
 
Two versions of the CRS harness where created. The 
first is a reduced version with the shoulder straps 
connected via a nodal rigid body constraint to the 
back of the CRS shell. The second includes all straps 
in the back of the CRS that were connected to the 
harness retractor. This connection is made by means 
of a discrete beam that allows force measurement in 
the harness. Also, this beam permits the definition of 
different slack conditions. The detailed version of the 
harness is shown in Figures 11 and 12. 
 

 
Figure 11.  CRS-dummy model (frontal view). 

 
Figure 12.  CRS-dummy model (rear view). 
 
During the initial simulations, the following changes 
were progressively introduced in order to avoid 
computational problems such as negative volumes, 
hourglassing and shooting nodes in the FTSS Hybrid 
III 3-year-old FE dummy model: 
 
- The part named “Thorax – Null Shells of 

Abdomen Foam Interior” was connected to the 
part “Thorax – Spine Box Rigid” with one extra 
node set to rigid body. 

- Several nodes in the chest were moved forward 
1.5 mm to avoid initial near-penetrations between 
parts “Thorax – Foam on Jacket Front” and 
“Thorax – Jacket Front Top” and “Thorax – BIB 
Contact Null”. The near-penetrations were 
considered to be contributing to the generation of 
negative volumes. 

- A contact was added between nodes of “Thorax – 
Shoulder Ensolite Pad” and part “Thorax – Jacket 
Contact Null Inner”. 

- A new contact definition was defined between 
parts “Thorax – Left Shoulder Bracket”, “Thorax 
– Right Shoulder Bracket”, “Thorax – Lower 
Neck Load cell Lower Rigid”, “Thorax – Lower 
Neck Load cell Upper Rigid” and “Thorax – BIB 
Contact Null” to better distribute contact forces in 
the shoulder/neck region. This area bears 
significant loads generated in the interaction with 
the harness straps and more attention may be 
necessary in future research. 

 
FE MODEL VALIDATION 
 
Validation is somehow still a vague concept since it 
depends of the final purpose of the model. Once the 
purpose of the FEM model is defined, the validation 
goals can be stated and the model results can then be 
assessed by comparison with those targets. In many 
cases, simulation tends to focus less on the 
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performance of an individual vehicle or safety system 
and more on the characteristics of a vehicle class or 
type of restraint. On the other hand, a ten percent 
variability in real-life tests is also common and 
consequently admitted when comparing test and 
simulation results. For the purposes of this research, 
validation status will be defined as “the ability to 
replicate the general behavior of a child safety seat”. 
In this research, validation of the complete 
CRS+bench+dummy FE model was conducted by 
assessing both the realistic behavior of components 
during the simulation (CRS shell, CRS front shield, 
CRS harness, bench cushions, bench seatbelt, 
dummy…) and the relevant injury criteria 
measurements during a frontal simulation. 
 
Figure A1 in Appendix 2 shows a sequence of 
pictures corresponding to a frontal simulation at 20 
ms intervals. Two sets of injury criteria were used to 
validate the FE model. The first one is obtained from 
an actual sled test of the same CRS model under 
identical crash conditions using a Q3 dummy. The 
second is derived from a batch of frontal tests 
performed by the consortium EuroTest [28]. 
 
In general, the simulation shows a realistic overall 
kinematical behavior; however, head and knee 
excursion in the actual test are larger than those 
obtained in the simulation. Some reasons for this 
could be the following: influence of the bench 
seatbelt retractor; difference in dummy interaction 
with the CRS harness; and inaccuracy of material 
properties used in the CRS FEM model. During the 
real test, the Q3 dummy slouches more than the 
Hybrid III does during the simulation. In fact, in the 
actual test, the dummy’s head flexes forward and 
impacts the CRS front shield. This is not reproduced 
during the simulation even when the general 
neck/head trajectory is in agreement with that of the 
test prior to the contact. In order to further investigate 
these discrepancies, more details about the 
installation of the Q3 dummy in the test rig would be 
necessary. 
 
As far as the numerical comparison, the main 
differences appear in the dummy’s head acceleration 
as previously explained. The contact between the 
head and the CRS front shield that happens during 
the actual test is not replicated in the simulation. 
There is good agreement in the chest accelerations 
between real and virtual tests. Pelvic data are less 
comparable and they should be carefully approached 
since these curves are more erratic both in test and 
simulation.  

 

Table 3 summarizes the relevant biomechanical 
criteria for this simulation. 
 

Table 3. 
Injury values used for validation purposes 

 
Criteria FE 

model 
Test 

(same CRS) 
EuroTest 

series 
HIC36 661 842 283/997 
Head max. res. 
Acc. (G, 3ms) 

59 69 47/76 

Head excursion 
(mm) 

510 550 500/670 

Neck max axial 
force (N, 3ms) 

1846 2300 1472/2709 

Chest max res. 
acc. (G, 3ms) 

56 53 36/64 

Chest max vert. 
acc. (G,3ms) 18 17 15/31 

 
It should be pointed out that the actual test of this 
CRS was performed with a Q3 dummy. The 
differences between this dummy and the Hybrid III 3-
year–old, whose FEM model has been used in the 
simulations, have been pointed by Berliner et al [29].  
 
From Table 3, it is concluded that all relevant 
biomechanical measurements are comparable with 
the range of values in actual similar tests. For this 
reason, the ECE44R bench with convertible child 
safety seat and FTSS Hybrid III 3-year-old model is 
considered validated for the purposes of this research. 
 
The frontal models were run on an SGI Origin 3800 
supercomputer at the FHWA/NHTSA National Crash 
Analysis Center - NCAC. The 3800 computer series 
allows scaling up to 512 CPUs, using a system 
bandwidth of up to 716 GB/s and a maximum 
memory of 1 TB. The computer frame at the NCAC 
has 32 processors, an internal bus speed of 600 MHz, 
8 MB cache, 8GB 2-way interleaved memory and an 
800 GB fiber channel disk. The maximum 
performance of this hardware is 33.3 Gflops. 
 
Computation time of a complete ECE44R bench with 
CRS and dummy FEM simulation run with a duration 
of 150 ms is shown in Table 4 and compared with 
two other machines: a PC with a Intel Pentium 4 
processor at 1.50 GHz (with a cache of 256 KB, 256 
MB of RDRAM and a bus speed of 100 MHz) and an 
SGI Origin 2000. The model used for CPU time 
benchmarking has the following summarized 
statistics: 129 connections, 34 contact definitions, 
22254 shell elements, 9579 solid elements, 153 
beams, 60 thick shell elements, 36 elements of other 
types, and 29114 nodes. 
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Table 4. 

Computation time for a 150 ms frontal simulation 
 
Machine  Number of CPUs Time (hh:mm:ss) 
PC P-4 1 9:37:26 
SGI 2000 4 7:41:39 
SGI 3800 1 6:57:18 
SGI 3800 2 4:38:48 
SGI 3800 4 3:17:37 
SGI 3800 6 2:45:05 
SGI 3800 8 3:02:33 
SGI 3800 16 3:10:02 
 
SIDE IMPACT SIMULATIONS 
 
Once the model was deemed validated, and 
experience with the different features and limitations 
of the model and dummy injury criteria was accrued 
and  the influence of the longitudinal deceleration, 
typically seen on FMVSS 214 lateral crash tests, was 
investigated. The longitudinal pulse defined above 
was added to the proposed ISO/TC22/SC12/WG1 
sled side impact configuration. In addition to this 
longitudinal pulse, the crabbed sled test 
configuration, used in the 2002 edition of the 
EuroTest consumer information program, was 
reproduced both with and without an intruding door 
[30]. 
 
In the EuroTest consortium, the CRS is mounted on 
the rear seat bench of a VW Golf model year 2001 
body in white which is installed on the sled. A 
simulated fixed door, similar to that of the ISO 
proposal, is added to the body in white. Figure 13 
shows this lateral impact configuration. 
 

 

 
Figure 13.  EuroTest lateral sled test. 
 

Table 5 shows the complete battery of investigated 
lateral simulations. 

Table 5. 
Battery of lateral simulations 

 
Simulation title Description 
ISO Simulation according to 

ISO/TC22/SC12/WG1 N573. 
Reduced harness FEM model. 
“Baseline” simulation run. 

ISO no door Baseline simulation without 
hinged door. Similar to far side 
(non-struck side) conditions. 

ISO only door Baseline simulation without lateral 
pulse but with intruding door. 

ISO no padding Baseline simulation without lateral 
head padding in the CRS. 

ISO 214 ISO proposal with average 
FMVSS 214 longitudinal pulse as 
previously described. 

ISO 214x2 ISO proposal with average 
FMVSS 214 longitudinal pulse 
scaled by a factor of 2, run on a 
single processor. 

ISO 214x2b Same as before with different 
number of processors (four) to 
check for consistency of result. 

ISO 214x2  
10019 

ISO proposal with average 
FMVSS 214 longitudinal pulse 
scaled by a factor of 2. Fabric 
material used for the seatbelt. 

ISO 214x2 
new harness 

ISO proposal with average 
FMVSS 214 longitudinal pulse 
scaled by a factor of 2. Detailed 
harness model. 

ISO 214x2 
no harness 

ISO proposal with average 
FMVSS 214 longitudinal pulse 
scaled by a factor of 2. Gross 
misuse simulation: dummy not 
strapped in the CRS). 

ISO 214x3 ISO proposal with average 
FMVSS 214 longitudinal pulse 
scaled by a factor of 3. 

ISO 214x4 ISO proposal with average 
FMVSS 214 longitudinal pulse 
scaled by a factor of 4. 

ADAC  
fixed door 

EuroTest configuration: sled 
crabbed 10º and fixed door. 

ADAC 
intruding door 

Modified EuroTest configuration: 
sled crabbed 10º & intruding door. 

 
In the baseline ISO test configuration shown above, 
contact between the side intruding door and the CRS 
starts at approximately 20 ms. Twenty milliseconds 
later, the dummy starts interacting with the side of the 
CRS. Up to this moment, the dummy has been 
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moving laterally until the hip and the shoulder/upper 
arms contact the shell or padding of the safety seat. 
Contact between the dummy’s head and the side wing 
of the CRS begins at approximately 60 ms and lasts 
for only 25 milliseconds. Ninety milliseconds after 
the start of the simulation, the dummy is moving 
away from the impact area and at about 100 ms 
begins interacting in a much more benign way with 
the opposite side of the CRS. 
 
Figure A1 in Appendix 2 shows a sequence of 
pictures corresponding to a frontal crash simulation 
taken at 20 ms intervals. CPU time for the lateral 
simulations increased with respect to the frontal runs 
due to the addition of the hinged door, CRS side 
padding, and corresponding contacts. Typical 
computation times in the SGI 3800 were: 4.5 hours 
with 4 processors, 6.5 hours with 2 processors and 
9.8 hours (acceptable overnight running time) with 1 
processor. 
 
DISCUSSION OF SIMULATION RESULTS 
 
Tables A2, A3 and A4 in Appendix 1 summarize, the 
main results of the lateral simulations for the 
following body regions: head, neck, chest and pelvis. 
The first conclusion derived from the side impact 
simulation results is that HIC does not seem to be a 
problem. This can be attributed to the fact that during 
the simulations there was no contact between the 
dummy’s head and the intruding hardware. 
 
Chest and head maximum resultant acceleration 
values are comparable to those obtained during 
laboratory testing conducted by Paton et al [31]. Most 
of the chest resultant acceleration values exceed the 
55 G’s threshold. 65 G’s is a typical value for the 
majority of the simulations. Chest accelerations for 
simulations without intruding door are in good 
agreement with results of actual tests such as the ones 
conducted by Turbell et al [32]. Without an intruding 
door, the chest accelerations lie in the neighborhood 
of 30 G’s both for simulations and tests. 
 
Axial forces on the neck fall below the injury criteria 
proposed by NHTSA for the Hybrid III 3–year-old 
dummy: 2340 N in tension and 2120 N in 
compression [33]. However, it is worth noting that 
maximum values are reached not for axial but for 
lateral forces and so far no injury criteria have been 
agreed upon for neck lateral forces. An issue of much 
bigger concern is lateral flexion. All simulation 
values are far beyond Transport Canada suggested 
maximum values [34]: 30 Nm for the upper neck and 
59 Nm for the lower neck. As pinpointed in the 
CREST study, neck injuries tend to be very serious 

(AIS 3+) and for that reason special attention should 
be directed to head lateral containment [35, 36]. 
 
Very high compression loads were observed at the 
accetabulum even though the 3ms clip does not 
capture the short duration but extremely high peak 
forces. These occur at the beginning of the contact 
between the dummy’s pelvic region and the CRS. 
Although real-life injury patterns indicate that this 
region represents only 3%  of all the injuries [21], 
attention to this region is suggested for further 
research because the CRS FE model does not include 
padding in this area and the high values may 
originate in the peculiarities of this model. 
 
When comparing far side or non-struck side to near 
side (struck) measurements, the tables of results 
clearly show that all measurements are considerably 
lower for the case without intruding door (far side). 
An analogous conclusion can be applied to the 
simulation where the lateral pulse is removed and the 
intruding door is maintained (ISO only door case). 
 
The absence of padded areas in the CRS side wing 
translates into high loads transferred to most of the 
body regions. Rather surprisingly, head accelerations 
are higher in the padded vs. the non-padded case. A 
plausible explanation is that in the padded case the 
first interaction between the dummy’s upper arm and 
the side wing of the CRS is softer and allows for 
more interaction between the head and that same 
area. In other words, loads are distributed over both 
the arms and the head. In the case of the non-padded 
CRS, most of the loads are transferred through the 
dummy’s left arm into the chest. Closer examination 
of the acceleration curves for the head in these two 
cases clearly shows a higher absolute value of the 
acceleration for the non-padded case (30 percent 
higher); however, this pronounced spike is not 
captured by the 3ms clip. HIC value is, as expected, 
higher for the case of the non-padded simulation. 
 
With regard to the influence of the US SNCAP 
longitudinal pulse, except for the head resultant 
acceleration and the neck lateral bending, the rest of 
the injury measurements do not show significant 
changes. The immediate conclusion is that the side 
impact is the predominant effect in the crash and that 
the longitudinal pulse, which is about four times less 
severe in terms of acceleration values, does not 
significantly increase the injury criteria values. This 
holds true even when the SNCAP average pulse was 
scaled by a factor of 2, 3 and even 4. 
 
In order to assess for repeatability of the simulation 
results, one of the cases (ISO with 214 longitudinal 
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pulse scaled by a factor of 2) was run with a different 
number of processors. A remarkable agreement 
between the two simulations was found. 
 
The consumer information program EuroTest 
modified in the 2002 ISO proposed test introduced 
the two following changes: the simulated door was 
fixed which eliminated its rotation toward the CRS-
dummy; the ECE44R bench was crabbed 10º in order 
to include a forward movement so that in some 
instances the head could be exposed to impact against 
the door. As mentioned earlier, crash investigation 
studies concluded that the intruding door represents 
one of the major injuring mechanisms during side 
crashes. For the type of CRS used in this research, 
simulating a non-intruding door resulted in injury 
criteria values that are closer to the far-side 
conditions rather than the near side conditions 
proposed for the ISO ad-hoc group. 
 
Except from the accetabulum force, the only values 
that are higher for the crabbed configuration are the 
neck loads (i.e. neck flexion moment). Again, it 
should be noted that this conclusion should not be 
extrapolated to other CRS types. Paton et al also 
found large differences when comparing New 
Zealand test results (fixed door configuration) with 
intruding door test results [31]. 
 
It is important to focus on the fact that the EuroTest 
methodology is aiming at exposing the dummies to 
contact with the simulated door for all different types 
of child restraints, including booster seats. On the 
other hand, it is clear that the reduction in lateral 
acceleration resulting from a crabbed angle has a 
significant positive effect on the maximum lateral 
acceleration in the dummy’s head. It is worth noting 
that longitudinal accelerations imposed in the 
EuroTest configuration (obtained by means of the 
10º-crab angle) are comparable to those in the 
FMVSS longitudinal pulsed scaled by a factor 
slightly larger than 2. Another phenomenon arising as 
the longitudinal pulse is increased was the existence 
of a second peak in head/chest loads at about 140 ms. 
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APPENDIX 1. ADDITIONAL TABLES 
 
 
 

Table A1. 
Basic statistics of the final FE models 

 
 CRS CRS padding Dummy Harness Bench ISO door Frontal Sim. Lateral Sim. 
Rig. body merge - - 52 - 5 - 57 57 
Extra nodes 8 - 16 - - 2 24 26 
Nodal rigid body 7 - - 3 - - 10 10 
Spotweld 2 - - - - - 2 2 
Joints 2 - 19 2 - 1 23 24 
Joint stiffness - - 15 - - - 15 15 
Discrete mass 16 - 9 - - 4 25 29 
Shells 10246 414 6436 449 5366 263 22497 23174 
Thick shells - - 60 - - - 60 60 
Solids 1015 828 5495 - 3069 2289 9579 12696 
Beams - - 153 1 - - 154 154 
Element discrete - - 2 - - - 2 2 
Accelerometer - - 8 - 1 - 9 9 
Total elements 11261 1242 12154- 450 8436 2252 32301 36095 
Nodes 10446 1269 11698 594 6618 3252 29356 33877 
Parts 20 4 164 5 10 3 199 206 
 
 
 

Table A2. 
Head main simulation results for the lateral simulations 

 
Simulation Title HIC 36 HIC 15 Head max. resultant acceleration  

(G’s) 
Head max. lateral acceleration 

(G’s) 
ISO 208 166 54 54 
ISO no door 45 23 23 21 
ISO only padding 26 26 31 3 
ISO no padding 246 160 40 37 
ISO 214 207 203 64 55 
ISO 214x2 183 140 49 46 
ISO 214x2b 186 142 50 46 
ISO 214x2 10019 211 189 46 40 
ISO 214x2 new harness 179 135 47 43 
ISO 214x2 no harness 177 141 40 37 
ISO 214x3 188 122 44 36 
ISO 214x4 254 171 34 31 
ADAC fixed door 57 27 21 18 
ADAC intruding 125 83 31 28 
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Table A3. 
Neck main simulation results for the lateral simulations 

 
Simulation Title Neck maximum 

axial force 
(N) 

Neck maximum 
lateral force  

(N) 

Neck maximum 
flexion  
(Nm) 

Neck maximum 
lateral bending  

(Nm) 
ISO 396 1217 22 81 
ISO no door 192 521 14 60 
ISO only padding 161 151 14 11 
ISO no padding 363 1484 18 112 
ISO 214 359 1287 18 99 
ISO 214x2 -785 1398 33 94 
ISO 214x2b -791 1402 35 94 
ISO 214x2 10019 632 1465 29 93 
ISO 214x2 new harness -783 1406 24 92 
ISO 214x2 no harness 210 1443 -14 93 
ISO 214x3 -1022 1448 49 88 
ISO 214x4 -1223 1393 -27 95 
ADAC fixed door 265 676 33 73 
ADAC intruding -696 1213 22 92 
 
 

Table A4. 
Chest and pelvis main simulation results for the lateral simulations 

 
Simulation Title Chest 

maximum 
resultant 

acceleration 
(G’s) 

Chest 
maximum 

lateral 
acceleration 

(G’s) 

Lower spine 
maximum resultant 

acceleration  
(G’s) 

Lower spine. 
maximum 

lateral 
acceleration 

(G’s) 

Left  
accetabulum 

maximum  
force  
(N) 

ISO 63 59 106 102 -1091 
ISO no door 28 28 38 38 -261 
ISO only padding 10 8 19 16 -571 
ISO no padding 110 105 133 125 -1283 
ISO 214 67 58 106 103 -973 
ISO 214x2 67 59 102 102 -1590 
ISO 214x2b 66 59 107 106 -1717 
ISO 214x2 10019 66 58 95 88 -843 
ISO 214x2 new harness 66 58 106 104 -1464 
ISO 214x2 no harness 63 53 90 83 -623 
ISO 214x3 76 64 117 110 -1818 
ISO 214x4 105 73 129 110 -1725 
ADAC fixed door 31 29 34 31 -693 
ADAC intruding 68 56 108 101 -1982 
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APPENDIX 2. FRONTAL SIMULATION SEQUENCE OF PICTURES 
 

 
Figure A1.  Sequence of pictures during the frontal impact taken at 20 ms intervals. 
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APPENDIX 3. LATERAL SIMULATION SEQUENCE OF PICTURES 
 

 
Figure A2.  Sequence of pictures during the lateral impact taken at 20 ms intervals. 
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ABSTRACT 
 
The main findings of a recent survey conducted in 
Spain (totaling 1011 questionnaires) analyzing within 
the crash environment in rural areas the use and 
effectiveness of Child Restraint Systems (CRS) are 
described in this paper. A total of 15 items of 
information were included in the questionnaire 
covering information about the crash, vehicle and 
road type, Principal Direction Of Force (PDOF), 
seating position, injury outcome (severity and injured 
body region), injury source and airbag interaction, 
other occupants' morbidity and CRS use. The survey 
showed that almost one out of four crashes was a 
rollover and that head-on collision are still the most 
frequent crash mode (44 percent). Overall CRS use 
rate in the sample was very low, around 37%, 
meaning that non-use of child restraints is still a 
major issue for concern in Spain. Only 21% of the 
children where uninjured while 59% suffered from 
minor injuries. The survey includes seven cases with 
airbag interaction, whose particularities are discussed 
with some detail, though neither major concerns nor 
new findings are raised with this regard. 
 
INTRODUCTION 
 
Child Restraint Systems (CRS) are by far more 
effective than adult seat belts in preventing car 
occupant injuries: while optimally used rear-facing 
CRS can prevent up to a 96% of all serious and 
critical injuries [1], adult seat belt effectiveness in 
preventing fatalities only reaches a still very 
significant 60 percent [2, 3]. Unfortunately, non-use 
of CRS continues to be a major issue in many 
territories around the world and while in countries 
such as the United States less than 5 percent of the 
children still travel unrestrained [4], in other areas of 
the globe either the non-use represents a much higher 
share or no reliable information is actually available 
on CRS use rates. Even when children are buckled, 
high observed misuse rates diminishes the real-life 
CRS effectiveness: the US National SAFEKIDS 
Campaign observed in the USA and in 1997-98 a 
worrying 85 percent of car seat misuse, with an 
average of two errors per seat [5]. The new ISOFIX 
and LATCH attachment systems are expected to 
make CRS easier to install and consequently more 

difficult to misuse [6, 7]. In addition to non-use and 
misuse, a third front in the battle against child injury 
is represented by the attempts to improve CRS 
performance in crash modes absent from the existing 
regulations and a great deal of effort is currently 
being directed into CRS side impact performance [8]. 
 
Both to design public awareness and caregiver 
education campaigns in order to promote proper CRS 
use and to improve CRS protection, it is essential to 
continuously monitor the ways CRS are being used 
on the roads and how they are performing in crashes. 
This analysis of rear-world data to identify injury 
patterns and sources, and also the evaluation of other 
risk parameters, can be achieved by different means: 
by statistical analysis of national crash reporting 
systems generated from police reports such as NASS 
in the USA [9]; by in-depth crash investigation 
programs such as CREST in Europe, NHTSA’s 
Special Crash Investigations program or PCPS in the 
USA [10, 11]; or by an intermediate approach based 
on the collection of additional or specific items of 
information during normal police reporting activities. 
This last intermediate approach has been used for the 
research presented in this paper. 
 
To date, very little information on CRS use and 
effectiveness within the crash environment was 
available in Spain and this circumstance helped 
consolidate the initiative of collecting CRS 
information via an ad-hoc questionnaire designed by 
the Traffic Safety Department of the Royal 
Automobile Club of Spain in close cooperation with 
the Spanish General Directorate for Traffic (Home 
Affairs Ministry) and the Agrupación de Tráfico de la 
Guardia Civil (main traffic Spanish policy agency 
operating outside built-up areas). The results of this 
survey are expected to be utilized in Spain in the 
immediate future for the design of child passenger 
safety promotion activities. 
 
METHOD 
 
A CRS Use and Effectiveness Questionnaire  
containing a total of 15 items of information was 
designed to collect relevant child passenger 
information (the complete form is included here as 
Appendix 1). An equilibrium between the design of 
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the already in-use in Spain statistical traffic crash 
reports [12] and the ISO standard evaluation form 
[13] was sought for the Spanish CRS anonymous 
form. Possible answers to the various fields were 
chosen on the basis of crash investigator familiarity 
and for that reason in some instances standardized 
available coding systems such as the CDC system for 
vehicle damage or the ISS for passenger injuries were 
not used in the form. Comments to the preliminary 
version were kindly provided by experts at the John 
Hopkins University in the USA and at the GDV in 
Germany and incorporated into the final version. This 
definitive version of the form was also checked for 
in-the-field usability by the collaborating police 
agency. 
 
The form included questions regarding: 
 

- The crash itself: crash type and road type. Both 
answers are already being code in the general 
crash reporting form and were repeated here. 

- The vehicle: type of vehicle, extent of damage, 
and principal direction of force. 

- The CRS: type of CRS, CRS attachment method 
and final situation (inside/outside the vehicle). 

- The child occupant: age, injury outcome (no-
injury, minor injury, serious injury, fatal injury 
and unknown), injured body region, source of 
injury, airbag interaction and seating position. 

- Other occupants: number and injury outcome of 
other (adult) occupants. 

 
A 15-page explanatory guide was prepared keeping 
as closely as possible the format of the already-in-use 
explanatory guide associated to the Spanish statistical 
traffic crash questionnaire. Approximately 400 copies 
of the guide were distributed among the 124 units of 
the Guardia Civil de Tráfico, the police agency in 
charge of traffic crash data collection outside built-up 
areas in the entire Spanish territory excluding the 
Basque Country and Catalonia (two Autonomous 
Communities with fully transferred competences in 
traffic safety and policing). 
 
Criteria for inclusion in the survey were: all children 
11 years of age an under, passengers of a light four-
wheeled vehicle (up to 3500 kg) involved in a crash 
outside built-up areas where a statistical police report 
was filled out regardless of the child injury outcome. 
Should more than one child be involved in the same 
crash, a separate form was completed for every child 
passenger. Due to an ambiguity in the explanatory 
guide, nine questionnaires with 12-year-old children 
were completed and they have been maintained in the 
following analysis whenever possible. 
 

A total of 1011 questionnaires (corresponding to 
children traveling in a total of 721 different vehicles) 
were filled out by the Guardia Civil during a six-
month period (March 2002 to September 2002). This 
period of time covered school-time months as well as 
the long Spanish Summer vacation break (from end 
of June until mid September). The crash investigation 
units sent the completed forms to the provincial 
offices were a unique crash number was assigned. 
This crash number will allow in the future linking the 
CRS form to the standard crash reporting form. The 
provincial offices sent every month the collected 
forms to the Traffic General Directorate in Madrid, 
which assembled the final monthly package that was 
sent to the Royal Automobile Club of Spain for 
response coding and processing. This task and the 
preparation of the initial contingency tables 
(including logical checks to check data quality) were 
performed by a subcontracted company: Sigma Dos. 
No personal data (names, addresses…) were coded in 
the database to ensure confidentiality. 
 
RESULTS 
 
Average child occupancy per vehicle was 1.4: there 
was only one child in 68.4% of the vehicles, two 
children in 25.2% of vehicles, three in 4.4%, four in 
1.8% and six in 0.1% (one mixed cargo/passengers 
van). Most of the crashes in the sample were frontal 
collisions, as shown next.  
 

 
Figure 1.  PDOF distribution in the entire sample. 
 
For this analysis, 11, 12 and 1 o’clock positions are 
considered frontal impacts; 2, 3 and 4, right side 
impacts; 5, 6 and 7 rear-end crashes; and 8, 9 and 10 
left side collisions. PDOF together with injury 
severity is shown in Table A1 in Appendix 2. The 
following picture shows the “vehicle extent of 
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damage” distribution in the vehicle sample included 
in this research, while Table A2 in Appendix 2 shows 
injury severity in connection with extent of damage: 
 

 
Figure 2.  Vehicle extent of damage distribution. 
 

By cross-comparing vehicle type and injury severity, 
conclusions on the safer types of vehicles can be 
explored. As can be seen in the following figure and 
also in Table A3 in Appendix 2, the safer vehicles for 
children seem to be the medium and large passenger 
vehicles. SUVs and cargo/passenger vans appear to 
be more dangerous: eleven percent of the children in 
the sample travel in these two types of vehicles, but 
they suffer 24% of all fatal injures. Note: the 
definition of a “serious injury” in Spain requires a 
hospital stay of more than 24 hours [12]. 
 

 
Figure 3.  Injury severity and type of vehicle. 
 
Together with hypothetical changes in CRS use rates 
for these types of vehicles; the fact that they have a 
higher rollover propensity could partially explain this 
increased risk. Table 1 next compares the types of 
vehicles where child fatalities occurred in Spain and 
in the USA (according to 1999 NASS data, 0 to 10 
year old child casualties). 
 

Table 1. 
Body types in Spain (2002) and the USA (1999) 

 
Vehicle type Spain USA 
Passenger cars 60.0% 62.2% 
Minivan 8.0% 11.7% 
SUV/Pickup 8.0% 23.2% 
Cargo/passenger van 16.0% 0.0% 
Cargo van 0.0% 2.2% 
Other/Unknown 8.0% 0.7% 

 
The road network covered by this survey included the 
entire spectrum of rural types: high-speed divided 
highways (up to a generic speed limit of 120 km/h), 
single carriageway road (maximum speed limit of 
100 km/h) and other types (normally narrower and 
with speed limits of 90 km/h and lower). Even though 
divided high-speed roads represent in Spain only a 
6% of the total road network length (totaling 163,577 
km), 43.3 percent of the crashes involving children 
occur on those roads. Another 52.9 % of crashes 
happen in conventional non-divided roads. The 
remaining 3.9 percent of the crashes happen on other 
types of roads. The influence of speed on the injury 
severity is clearly shown by the overrepresentation of 
seriously injured children (49,6%) and fatally injured 
children (68.0%) on the fastest roads. Table A4 in 
Appendix 2 shows this link road type-injury severity.  
 
The child passenger age distribution in the sample 
offers a relatively homogenous pattern as shown next. 
 

Table 2. 
Age distribution in the sample 

 
Age in years (n=1011) Percentage 
Under 1 year of age 10.2 % 
1 7.0 % 
2 10.4 % 
3 7.6 % 
4 7.8 % 
5 9.2 % 
6 7.8 % 
7 7.5 % 
8 8.9 % 
9 7.9 % 
10 7.4 % 
11 7.0 % 
12 0.9 % 
Unknown 0.3 % 

 
As far as the child passenger seating position is 
concerned, the following figure shows the 
predominance of the second row right seating 
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position, while Figure 5 disaggregates this chart by 
age groups: 
 

 
Figure 4.  Seating position in the entire sample. 
 

 
Figure 5.  Seating position by age group. 
 
It is still worrying that 6.9% of the children under one 
year of age are traveling in the right front position 
and this can represent a serious hazard should the 
vehicle be equipped with an active frontal. The 
analysis of the injury severity as a function of seating 
position (Table A5, Appendix 2) shows that: 
 

a) The most dangerous position is the front right 
seat, supporting the need to restrain children in 
the rear seats: 4.1 % of children in the sample is 
seating in the right front passenger position, 
while 9.5 percent of the fatalities occur here. 

b) The third row and other seating positions (cargo 
area in small vans, for instance) are also more 
dangerous than average: 6,4 percent of the 
children in the sample seat here, while 14.3 
percent of the fatalities occur in the category 
denominated “Other seating positions”. 

c) The second row center position is the safest 
position in the vehicle: 21.2% of all children 

travel in this seating position and only a 14.3 
percent of fatally injured children travel here. 

 
CRS Use and Misuse 
 
While in some countries CRS use rates reaches 
values as high as 95 percent, this is not the situation 
in Spain. Non-use of CRS represents currently the 
main issue to tackle, as the following table shows. 
 

Table 3. 
Restraint type distribution in the sample 

 
Restraint Type (n=1011) % 
Baby cradle (carry cot) 1.6% 
Group 0/0+ rear facing 2.2% 
Group 0/0+ forward facing (misuse) 6.1% 
ECE 44R Group I 11.3% 
Booster with back rest (Group II) 2.1% 
Booster without back rest (Group III) 3.2% 
Integrated seat 1.2% 
Two-point adult seat belt 2.7% 
Three-point adult seat belt 6.3% 
Child not strapped to CRS 0.5% 
Sitting in someone's lap 3.9% 
No restraint 56.3% 
Unknown 2.8% 

 
The CRS groups in this table correspond to those 
defined in ECE Regulation 44, version 03 [14]. The 
relatively high percentage of baby cradles  (carry cots 
as denominated in ECE 44) in the sample, compared 
to the real-life scarce use of this CRS type, could 
indicate that some “rear facing infant seats” would 
have been improperly coded as “baby cradles”. Use 
rates by age group are shown in Table A6 in 
Appendix 2. The following table shows the methods 
utilized to attach the CRS to the vehicle before the 
crash. The almost non-existing presence of the 
ISOFIX system is clearly highlighted in this table. 
 

Table 4. 
CRS attachment method distribution 

 
Attachment method (n=295) Percentage 
Two-point adult seat belt 27.1% 
Three-point adult seat belt 47.8% 
Retrofitted/aftermarket seat belt 2.7% 
ISOFIX 1.0% 
CRS not attached to the vehicle 6.4% 
Unknown 15.0% 

 
As the previously table shows, there still appears to 
be a relatively high percentage of CRS not properly 
attached to the vehicle. The possibility of this 
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circumstance resulting in ejection of the CRS outside 
the vehicle was explored by including in the CRS 
form a dedicated field called “CRS Position after the 
Crash”. Only 0.7 percent of the CRS was found to be 
outside the vehicle after the crash; while a more 
significant 12.5% was found not attached to the 
vehicle after the crash. CRS manipulation after the 
crash (for instance during the rescue of passengers) 
could not be totally eliminated in these cases.  
 
In all the cases where the CRS was found outside the 
vehicle after the crash , the reported CRS attachment 
method before the crash was the three-point adult seat 
belt. In the cases where the CRS was found inside the 
vehicle but not attached to the vehicle seat after the 
crash, the reported CRS attachment method before 
the crash was the two-point adult seat belt in 32.4% 
of the cases, the three-point adult seat belt in 29.7% 
of the cases, the 10.8 percent was unknown, and in 27 
percent of the cases the CRS was believed not to be 
attached to the vehicle before the crash occurred. 
 
For subsequent analyses of CRS use, the following 
three categories were defined: 
 

1. CRS Non-use: including here children sitting on 
another passenger’s lap together with 
unrestrained children. 

 
2. Appropriate CRS use: including baby cradles 

(carry cots) and rear-facing group 0/0+ for 
children under one year of age, group I or 
integrated seat for children 1 to 3 years, group II 
for children 4-6 years and group III for children 
7 to 9 years of age. 

 
3. Inappropriate CRS use: any other combination 

of CRS type and age group (i.e. babies in a 
group 0/0+ forward facing). 

 
Children of ages between 10 and 11 were not 
considered in this categorization since both adult seat 
belts and booster seats could represent “appropriate” 
use depending on child body development. 
 
The decrease in CRS use rates as the age increases is 
clearly shown in the next figure and in Table A7 in 
the appendix. This decrease is very similar to that 
found in the CREST database [15]. 
 

 
Figure 6.  Age and CRS use. 
 
The following figure shows the restraint use as a 
function of road type (and indirectly speed limit): 
 

 
Figure 7.  Road type and CRS use. 
 
The previous figure above shows that as the quality 
of the road and the speed limit decreases the non-use 
of CRS increases. Numeric values are shown in Table 
A8 in Appendix 2. The same type of analysis is 
shown next with connection to vehicle type (and 
again in corresponding Table A9 in Appendix 2): 
 

 
Figure 8.  Vehicle type and CRS use. 
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Injury Outcome 
 
It is worth pinpointing that most of the fatalities in 
the Spanish sample occurred in rollover crashes (see 
Figure 9 below). A contributing factor to this can be 
the low CRS use rate presented above. As a matter of 
fact, a very small percentage of the fatalities happen 
in frontal crashes, which is the only crash mode 
represented in the current European CRS regulation. 
This low significance of frontal crashes can be 
partially explained by the high protection levels 
offered by modern seats in frontal collisions. 
 

 
Figure 9.  Fatality cases PDOF distribution. 
 
The most frequently injured body region was the 
head/neck area, in 44.5% of the cases with any injury 
severity and in 72% of the fatality cases. Extremities 
(both upper and lower X.) are the second most 
frequently injured area, closely followed by the 
thorax. Due to the limitations of the data collection 
method (without the intervention of either emergency 
medical services or trauma centers), this item turned 
to be the field with highest proportion of “unknown” 
answers. The following table shows the injured body 
region distribution (because multiple answers were 
admitted in this field, percentages may add over 100):  
 

Table 5. 
Injured body region distribution 

 
 All 

injuries 
(n=884) 

Minor 
injuries 
(n=624) 

Serious 
injuries 
(n=169) 

Fatal 
injuries 
(n=43) 

Head/neck 44.5% 42.3% 50.7% 72.0% 
Thorax 9.3% 7.4% 11.9% 40.0% 
Abdomen 5.6% 4.9% 10.4% 8.0% 
Upper X. 13.4% 13.3% 15.7% 16.0% 
Lower X. 10.7% 8.9% 18.7% 24.0% 
Unknown 27.4% 28.3% 18.6% 12.0% 
TOTAL 110.9% 105.1% 126.0% 172.0% 

 
The total percentages in the previous table show that 
as the injury outcome severity increases, so does the 
number of injured body areas. Table A10 in the 
appendices section shows the distribution of injured 
body regions as a function of the age groups. 
 
The next table shows the injury source as a function 
of the injury severity (multiple answer admitted). The 
share of “unknown” answers to this question is also 
significant (20,1 percent) and this can be attributed to 
the fact that this item of information is not routinely 
collected in the general crash report. 
 

Table 6. 
Injury source and injury severity 

 
 All 

injuries 
(n=764) 

Minor 
injuries 
(n=565) 

Serious 
injuries 
(n=141) 

Fatal 
injuries 
(n=24) 

Ejection 
 

5.5% 2.0% 15.3% 36.4% 

Airbag 
interaction 

0.4% 0.4% 0.8% 0.0% 

Contact with 
occupants 

4.0% 3.6% 6.9% 0.0% 

CRS 
Interaction 

8.8% 11.0% 2.1% 0.0% 

Windshield 
dashboard 

3.1% 3.2% 3.8% 0.0% 

Back of front 
seat 

30.5% 33.3% 23.7% 9.1% 

Vehicle interi. 
side/roof 

25.1% 22.5% 32.1% 40.9% 

Flying  
glass 2.8% 3.8% 0.0% 0.0% 

Objects inside 
the vehicle 

0.9% 1.1% 0.0% 0.0% 

Other 
 

1.8% 1.4% 1.5% 13.6% 

Unknown 
 

20.1% 19.4% 21.4% 9.1% 

TOTAL 103.0% 101.7% 107.6% 109.1% 
 
Table A11 in the appendices section shows the 
distribution of injury sources by age groups. Tables 
A12 and A13 include the distribution of injury 
severity by vehicle damage extent, while Tables A14 
and A15 also in Appendix 2 show the injured body 
regions and the injury source disaggregated by CRS 
use (in the cases where this parameter could be 
identified). 
 
 The following table shows the injury severity 
distribution as a function of CRS use: 
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Table 7. 
CRS use and injury severity 

 
 No use 

(n=486) 
Inappropriate 
use (n=196) 

Appropriate 
use (n=162) 

No injury 
(n=192) 

14.4% 30.6% 38.3% 

Minor injury 
(n=482) 

60.3% 53.1% 52.5% 

Serious injury 
(n=111) 

16.9% 9.2% 6.8% 

Fatal injury 
(n=21) 

3.1% 2.6% 0.6% 

Unknown 
(n=38) 

5.3% 4.6% 1.9% 

 
For properly restrained children, the following table 
shows the injury outcome by age group: 
 

Table 8. 
Injury severity and age group  

(only appropriately restrained children) 
 
 < 1 

(n=49) 
1-3  

(n=80) 
4-6 

(n=29) 
7-9 

(n=4) 
No injury 32.7% 46.3% 27.6% 25.0% 
Minor injury 55.1% 46.3% 62.1% 75.0% 
Serious injury 10.2% 5.0% 6.9% 0.0% 
Fatality 0.0% 0.0% 3.4% 0.0% 
Unknown 2.0% 2.5% 0.0% 0.0% 
Total 100.0% 100.5% 100.0% 100.0% 
 
And also for properly restrained children, the 
following table shows the injury outcome by PDOF: 
 

Table 9. 
Injury severity and PDOF 

(only properly restrained children) 
 
 Rollover 

(n=31) 
Frontal 
(n=77) 

Lateral 
(n=28) 

Rear 
(n=25) 

No injury 19.4% 41.6% 39.3% 48.0% 
Minor injury 71.0% 51.9% 39.3% 48.0% 
Serious injury 9.7% 2.6% 17.9% 4.0% 
Fatal Injury 0.0% 0.0% 3.6% 0.0% 
Unknown 0.0% 3.9% 0.0% 0.0% 
Total 100% 100% 100% 100% 
 
The number of properly restrained children with 
known injured body area is very limited once 
disaggregated by CRS type. Only for forward facing 
Group I safety seats the number of cases may enable 
this analysis, as shown in Table A16 in the appendix. 
 

Airbag Interaction 
 
The CRS Use and Effectiveness Form included two 
items aimed at collecting information regarding 
eventual child-airbag interaction. In the first place, 
the question titled “injury source” included the 
answer “airbag interaction” and, in the second place, 
the next question queried specifically about the type 
of airbag that had interacted with the child occupant. 
 
A total of 12 questionnaires initially indicated some 
kind of airbag interaction, representing a 1.2% of the 
cases. But when these questionnaires were examined 
with closer attention, actual interaction between the 
child occupant and the airbag could only be 
confirmed in 7 cases. In the rest of the cases the so-
reported “airbag interaction” turned to actually be 
reporting just an “airbag deployment” inside the 
vehicle (for instance, this conclusion was assumed 
when a child traveling in a CRS in the center rear seat 
resulted uninjured even though interaction with front 
passenger’s frontal airbag). Next follows details of 
the seven cases with possible airbag interaction: 
 

1. A 2 year old child seating on the front 
passenger’s seat using no restraint sustained 
serious injuries in the head/neck region caused 
by the interaction with this position’s frontal 
airbag and the dashboard/windshield area. 

2. One 11 year old child seating in the right front 
passenger position and using the three point seat 
belt suffered minor injuries allegedly caused by 
the front passenger’s frontal airbag and the adult 
safety belt. 

3. One 8 year old child seating in the right front 
passenger position using the three point seat belt 
suffered minor injuries allegedly caused by the 
vehicle interior (interior side/roof) and by the 
deployment of a front passenger’s frontal airbag 
during a head-on collision.  

4. One 6 year old child traveling in the left rear 
position on a booster seat (ECE 44 group III) 
interacting with a rear side airbag and suffering 
minor injuries in lower extremities. 

5. One baby (under 1 year of age) in a forward 
facing group 0/0+ (misused) seat installed in the 
right front seat, interacting with this position’s 
frontal airbag and suffering minor injuries. 

6. Another baby in a rear facing group 0/0+ 
installed in the right front passenger position, 
interacting with the frontal airbag in this 
position and the dashboard/windshield and 
suffering minor injuries in a head-on collision.  

7. One 12 year old child traveling in the center rear 
position interacting with a rear side airbag 
(injury severity unknown, CRS use unknown). 
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DISCUSSION 
 
The survey discussed in this paper has collected 
useful information and has shed light on the CRS use 
and effectiveness situation in Spain during 2002 in 
the rural environment. Answering rates for the 
majority of the fields included in the survey were 
satisfactory (under 5% of “unknown” answer for two 
thirds of the fields), but for a number of items 
additional sources of information might be necessary:  
 

a) Interviews with passengers and rescue personnel 
to collect details on CRS attachment method 
and its position after the crash. Confidence on 
the answers to these fields suffered from a 15% 
“unknown” answer rate. 

b) Access to emergency medical services and 
trauma center reports to complete the 
information regarding injury severity and 
injured body regions. The injured body area was 
“unknown” in one out of four cases. 

c) In-depth investigations to increase the 
answering rates of the fields “injury source” (a 
21% of “unknown” answers) and “airbag 
interaction” (one third of the questionnaires 
yielded an “unknown” answer to this item). 

  
Though it can not be stated that the sample included 
in this study represents an unbiased picture of the 
entire child passenger population in Spain, it is still 
an issue open to discussion whether the occurrence of 
a crash is a random event for the child passenger or, 
on the contrary, it is dependent of other 
circumstances such as, for instance, adult belt use or 
attitude toward risk acceptance. In any case it is 
believed that the sample presented here is large 
enough to provide, to some degree, a credible 
representation of where and how child passenger 
casualties are occurring in Spain. 
 
While the methodology utilized in this survey does 
allow for a preliminary assessment of CRS 
appropriateness based on the relation between type of 
restraint and age group, it does not enable any kind of 
finer CRS misuse assessment (in-depth studies are 
normally needed for this purpose). An additional 
limitation of this appropriateness assessment method 
arises from the fact that no child anthropometry 
information was collected and only age is used as a 
descriptor of use adequacy. The methodology did not 
provide specific details on CRS typology (type of 
harness, manufacturer…).  
 
The extent of the CRS non-use problem in Spain can 
be condensed in the following remarks: 

 
- Event the most vulnerable age group, babies 

under 1 year of age, is only properly restrained 
in less than half of the cases. For this age group, 
properly restrained babies are considered to be 
those using either a baby cradle (carry cot) or a 
rear-facing infant seat. The presence of forward-
facing installations of group 0/0+ seats calls for 
a closer attention to this unnecessary hazard in 
future awareness campaigns. 

- Most of the children over 4 years of age travel 
completely unrestrained. 

- Extremely low use of booster seats, reaching a 
concerning 10.8% for the 4-6 year old group. 

 
When defining “appropriate” CRS use, based on the 
link between age and ECE groups, the previous 
percentages substantially fall, and a worrying trend 
can be observed as children grow older (Figure 6). In 
fact almost no child age 7 to 9 is using booster seats 
and when they are restrained (only in about 20% of 
the cases), they use the adult safety belt. The general 
increase of injury incidence rate with age (26.2 of 
babies under 1 year result uninjured, but only 11.0% 
of children 10 and 11 year old suffer no injury) can 
be associated with this decrease of CRS use with age. 
 
Most of the child fatalities in the sample occurred in 
the fastest routes (divided, high-quality roads), but at 
the same time CRS use rates maintains the same low 
levels observed in other (slower) roads. 
 
PDOF data shows that even though most of the 
crashes are frontal crashes (44%), the higher risk is 
represented by rollovers, which account for 48% of 
all fatalities. Rollovers and no use of restraints are 
known to result in a highly dangerous combination, 
both for adult and child occupants, and since most of 
the children in the sample were unrestrained this 
could explain the prevalence of this crash mode in the 
fatal injury causation. Higher CRS use rates should 
partially reduce the percentage of rollovers in fatal 
crashes. This picture changes significantly when 
considering only appropriately restrained children, 
and Table 9 above clearly showed that lateral crashes 
resulted in the most severe injuries, in agreement 
with previous studies. This fact should provide 
additional arguments to push for the introduction 
without delay of a new side impact test in current 
CRS (European) technical standards. 
 
The head continues to be the most commonly injured 
body region, and its share increased with injury 
severity (as seen in Table 5). Extremities appear to be 
the second most commonly injured body area, but 
other studies show that extremity injuries tend to be 
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less life threatening, although they often result in 
long-term disability. Thorax injuries were present in 
9.3% of crashes, but in 40% of fatal ones. 
 
As far as CRS effectiveness is concerned, the 
following conclusions can be derived from Table 7: 
 

a) When CRS are appropriately used, and 
compared with unrestrained children, there are 
2.6 times more chances a child suffers no injury. 

b) The protective effect of CRS is less noticeable 
when considering minor injuries. 

c) Unrestrained children suffer 2.5 times more 
serious injuries than appropriately restrained 
children, and 1.8 more than inappropriately 
restrained children. 

d) Unrestrained children suffer over 5 times more 
fatal injuries than appropriately restrained 
children, and 1.2 times more fatal injuries than 
inappropriately restrained ones (since the 
fatality number is the sample is very limited, 
reliability of this conclusion can be questioned). 

 
Table 8 attempted to offer some indication about the 
protection levels of different child restraint systems 
but it should be concluded that there are not 
significant differences between CRS of groups 0/0+, I 
and II since a similar percentage of 90% of the 
children in all these groups suffered either from no-
injury or from a minor injury. 
 
CONCLUSIONS 
 
The conclusions in this section are based solely on 
the results presented and discussed in this paper, 
without making any inference beyond them: 
 

a) This paper summarizes the main findings of the 
largest CRS survey conducted to date in Spain. 

b) This study has been possible through a 
collaborative effort among the Royal 
Automobile Club of Spain, the General 
Directorate for Traffic and the Traffic Group of 
the National Civil Guard. 

c) In Spain, as in many other geographical areas, 
non-use of CRS continues to be the major issue 
for concern, since the majority of children still 
travel unrestrained on the Spanish roads. It is 
clear that more efforts should be directed into 
increasing CRS use rates. 

d) Early graduation to adult seat belts is also a 
serious problem in Spain, since almost no child 
between 7 and 9 years of age is using booster 
seats. When these children are restrained, they 
normally use the adult safety belt. 

e) Rollovers account for almost half of the 
fatalities and this circumstance should suggest a 
review of the strategies of active and passive 
safety when dealing with this crash mode 
(stability controls, interior vehicle padding, 
advanced glazing, curtain airbags…).  

f) For appropriately restrained children, lateral 
crashes are the most dangerous event, but still 
no lateral dynamic test is being considered in 
the European technical certification standard. 

g) The effectiveness of CRS has been clearly 
shown one more time and, for instance, this 
study has shown that unrestrained children 
suffer 2.5 times more serious injuries than 
appropriately restrained children, and 1.8 times 
more than inappropriately restrained children. 

h) There are still a number of important questions 
(such as misuse patterns or details on injury 
causation) that require additional research on 
child passenger safety, for example by means of 
hospital data examination or in-depth studies. 

 
RECOMENDATIONS 
 
The results and conclusions included in this article 
can be translated into some recommendations: 
 

- Using the results of this survey, to design a vast 
national public awareness campaign focusing on 
issues such as CRS effectiveness in the real life, 
absolute necessity of their use in all trips, and 
preference for CRS installation in the back seat. 

- To support the proposed public awareness 
campaign with enforcement activities, covering 
also those situations with higher risk, such as 
divided roads where most of the fatalities occur. 

- To introduce the necessary changes in the 
Spanish and European traffic legislations in 
order to initially “require all children under the 
age of 12, passengers of vehicles under 3500 kg 
of gross maximum weight, to use adequate 
restraint systems during all trips except during 
justified short occasional ones”, until a different 
text of the law with no exceptions were 
compatible with actual behavioral and 
attitudinal patterns. 

- To accelerate research on side impact test 
methodologies in order to incorporate as soon as 
possible a side impact test into ECE R44. 

- To evaluate the practicability of routinely 
incorporating to the Spanish national crash 
reporting system more detailed information 
regarding child restraint systems. 

- To evaluate the practicability of incorporating to 
the Spanish national crash reporting system 
more detailed coded injury information using, 
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for instance, internationally accepted scores 
such as ISS, AIS, MAIS… 

- To consider re-running this survey in the mid-
term (3 to 5 years) in order to monitor 
improvements or changes in the child passenger 
safety situation in Spain. 

- To extent this survey to other geographical areas 
in order to enable comparison and gain insight 
into common issues and transferable solutions. 
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APPENDIX 1. CRS USE AND EFFECTIVENESS QUESTIONNAIRE 

 



  Monclus-Gonzalez 12

APPENDIX 2. ADDITIONAL TABLES 
Table A1. 

Principal Direction of Force (PDOF) and injury severity 
 

 
Table A2. 

Vehicle extent of damage and injury severity 
 
 All injuries  

(n=1011) 
No injury  
(n=214) 

Minor injury  
(n=594) 

Serious Injury  
(n=134) 

Fatal Injury  
(n=25) 

No vehicle damage 0.8% 0.9% 1.0% 0.0% 0.0% 
Minor 7.8% 18.2% 5.9% 0.0% 4.0% 
Moderate 33.4% 35.0% 36.9% 14.2% 4.0% 
Important 44.4% 38.8% 46.3% 51.5% 36.0% 
Massive 12.1% 5.6% 8.6% 32.1% 52.0% 
Unknown 1.5% 1.4% 1.3% 2.2% 4.0% 
TOTAL 100.0% 100.0% 100.0% 100.0% 100.0% 
 

Table A3. 
Vehicle type and injury severity 

 

 
Table A4. 

Road type and injury severity 
 
 All injuries  

(n=980) 
No injury  
(n=210) 

Minor injury  
(n=572) 

Serious Injury  
(n=131) 

Fatal Injury  
(n=25) 

Controlled access divided road 43.3% 44.8% 38.1% 49.6% 68.0% 
Single carriageway 52.6% 52.9% 56.6% 48.1% 32.0% 
Other 3.9% 2.5% 5.2% 2.3% 0.0% 
Unknown 0.0% 0.0% 0.0% 0.0% 0.0% 
TOTAL 100.0% 100.0% 100.0% 100.0% 100.0% 

 All severities  
(n=1003) 

No injury  
(n=212) 

Minor injury  
(n=588) 

Serious Injury  
(n=134) 

Fatal Injury  
(n=25) 

Rollover 23.4% 15.6% 25.2% 25.4% 48.0% 
Frontal 43.4% 46.1% 45.1% 35.1% 4.0% 
Right Side 7.7% 8.9% 6.6% 8.9% 16.0% 
Left Side 9.2% 8.0% 8.5% 12.6% 8.0% 
Rear 15.3% 20.3% 13.8% 14.8% 8.0% 
Unknown 1.1% 0.9% 0.7% 3.0% 16.0% 
TOTAL 100.0% 100.0% 100.0% 100.0% 100.0% 

 All injuries  
(n=1007) 

No injury  
(n=213) 

Minor injury  
(n=591) 

Serious Injury  
(n=134) 

Fatal Injury  
(n=25) 

Small passenger car 17.5% 15.5% 18.1% 18.7% 16.0% 
Medium passenger car 40.0% 39.0% 41.1% 33.6% 28.0% 
Large passenger car 21.9% 20.2% 22.7% 24.6% 16.0% 
Minivan 8.2% 12.2% 6.6% 9.7% 8.0% 
SUV 4.1% 3.8% 4.6% 2.2% 8.0% 
Cargo/passenger van 6.9% 8.5% 5.8% 9.0% 16.0% 
Cargo van 0.7% 0.0% 0.8% 1.5% 0.0% 
Other 0.7% 0.9% 0.3% 0.7% 8.0% 
TOTAL 100.0% 100.0% 100.0% 100.0% 100.0% 
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Table A5. 

Seating position and injury severity 
 

 
Table A6. 

CRS use rates by CRS type and by group age 
 
 All 

(n=1011) 
< 1 year 
(n=103) 

1-3 year old 
(n=253) 

4-6 year old 
(n=251) 

7-9 year old 
(n=246) 

10-11 year old 
(n=155) 

Baby cradle (carry cot) 1.6% 14.6% 0.4% 0.0% 0.0% 0.0% 
Group 0/0+ rear facing 2.2% 15.5% 2.4% 0.0% 0.0% 0.0% 
Group 0/0+ forward facing (misuse) 6.1% 19.4% 13.8% 2.8% 0.0% 0.0% 
ECE 44R Group I 11.3% 17.5% 30.0% 8.0% 0.0% 0.0% 
Booster with back rest (Group II) 2.1% 1.0% 2.0% 3.6% 2.0% 0.6% 
Booster without back (Group III) 3.2% 0.0% 4.0% 7.2% 1.6% 0.0% 
Integrated seat 1.2% 3.9% 1.2% 2.0% 0.0% 0.0% 
Two-point adult seat belt 2.7% 0% 1.2% 3.6% 4.1% 2.6% 
Three-point adult seat belt 6.3% 0% 0.0% 6.4% 10.6% 14.2% 
Child Not strapped to CRS 0.5% 1.0% 1.2% 0.0% 0.0% 0.6% 
Sitting in someone's lap 3.9% 11.7% 6.7% 2.4% 0.8% 1.3% 
No restraint 56.3% 14.6% 34.4% 61.4% 77.6% 77.4% 
Unknown 2.8% 1.0% 2.8% 2.8% 3.2% 3.2% 
TOTAL 100.2% 100.2% 100.1% 100.2% 99.9% 99.9% 

 
Table A7. 

CRS use by age group (absolute numbers and percentages) 
 

Age No use Inappropriate Use Appropriate Use No use Inappropriate Use Appropriate Use 
< 1 27 26 49 26.5% 25.5% 48.0% 
1 to 3 104 64 80 41.9% 25.8% 32.3% 
4 to 6 160 59 29 64.5% 23.8% 11.7% 
7 to 9 193 46 4 79.4% 18.9% 1.6% 

 
Table A8. 

CRS use rates as a function of road type 
 

 No use Inappropriate use Appropriate use n 
Controlled access divided road 54.3% 25.0% 20.7% 348 
Single carriageway 59.5% 22.7% 17.8% 437 
Other 67.7% 6.5% 25.8% 31 
All road types 57.6% 23.0% 19.4% 816 

 
 

 All injuries  
(n=829) 

No injury  
(n=179) 

Minor injury  
(n=484) 

Serious Injury 
(n=109) 

Fatal Injury 
(n=21) 

Right front 4.1% 3.4% 4.1% 5.5% 9.5% 
2nd row, right seat 35.5% 36.9% 35.7% 29.4% 38.1% 
2nd row, center seat 21.2% 18.4% 21.3% 26.6% 14.3% 
2nd row, left seat 27.4% 29.6% 27.3% 27.5% 23.8% 
Other 6.4% 3.3% 6.1% 8.3% 14.3% 
Unknown 5.4% 8.4% 5.4% 2.8% 0.0% 
TOTAL 100.0% 100.0% 100.0% 100.0% 100.0% 
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Table A9. 
CRS use rates as a function of vehicle type 

 
 No use Inappropriate use Appropriate use n 
Small passenger car 60.3% 22.6% 17.1% 146 
Medium passenger car 55.7% 24.6% 19.8% 334 
Large passenger car 51.8% 24.4% 23.8% 193 
Minivan 45.5% 33.3% 21.2% 66 
SUV 62.2% 18.9% 18.9% 37 
Cargo/passenger van 89.5% 5.3% 5.3% 57 
Cargo van 80.0% 20.0% 0.0% 5 
Other 100.0% 0.0% 0.0% 3 
All vehicle types 57.7% 23.2% 19.1% 841 

 
Table A10. 

Injured body regions as a function of age 
 
 All ages 

(n=884) 
< 1 year 
(n=77) 

1-3 years old 
(n=183) 

4-6 years old 
(n=227) 

7-9 years old 
(n=238) 

10-11 years old 
(n=157) 

Head/neck 44.5% 38.2% 46.5% 44.1% 44.4% 45.7% 
Thorax 9.3% 9.2% 8.2% 10.8% 10.1% 7.2% 
Abdomen 5.6% 5.3% 3.5% 6.9% 6.8% 5.1% 
Upper extremities 13.4% 3.9% 9.4% 10.8% 19.3% 18.8% 
Lower extremities 10.7% 2.6% 10.6% 11.8% 12.6% 10.9% 
Unknown 27.4% 42.1% 29.4% 27.0% 21.7% 26.1% 

 
Table A11. 

Injury source as a function of age 
 
 All  

(n=764) 
< 1 year 
(n=77) 

1-3 years old 
(n=160) 

4-6 years old 
(n=196) 

7-9 years old 
(n=202) 

10-11 years old 
(n=127) 

Ejection 5.5% 5.5% 6.4% 5.2% 5.1% 4.8% 
Airbag interaction 0.4% 2.7% 0.6% 0.0% 0.0% 0.0% 
Contact with other occup. 4.0% 13.7% 4.5% 3.6% 2.1% 1.6% 
Interaction with CRS 8.8% 23.3% 12.8% 7.3% 4.1% 4.8% 
Windshield/dashboard 3.1% 5.5% 3.2% 2.6% 2.6% 3.2% 
Back of front seat 30.5% 12.3% 23.7% 33.9% 35.9% 36.3% 
Vehicle interior (side/roof) 25.1% 11.0% 22.4% 26.0% 28.2% 29.8% 
Flying glass 2.8% 4.1% 4.5% 3.1% 2.6% 0.0% 
Objects inside the vehicle 0.9% 1.4% 1.9% 0.5% 1.0% 0.0% 
Other 1.8% 1.4% 2.6% 1.0% 2.1% 1.6% 
Unknown 20.1% 24.7% 19.9% 18.8% 20.0% 20.2% 

 
Table A12a. 

Vehicle damage extent by injury severity 
 

 No damage 
(n=8) 

Minor 
(n=75) 

Moderate 
(n=314) 

Important 
(n=436) 

Massive 
(n=119) 

Unknown 
(n=15) 

Total 
(n=967) 

No injury 0.9% 18.2% 35.0% 38.8% 5.6% 1.4% 100.0% 
Minor injury 1.0% 5.9% 36.9% 46.3% 8.6% 1.3% 100.0% 
Serious injury 0.0% 0.0% 14.2% 51.5% 32.1% 2.2% 100.0% 
Fatal Injury 0.0% 4.0% 4.0% 36.0% 52.0% 4.0% 100.0% 
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Table A12b. 
Injury severity and vehicle damage extent 

 
 All damage 

(n=1011) 
No damage 

(n=8) 
Minor 
(n=79) 

Moderate 
(n=338) 

Important 
(n=449) 

Massive 
(n=122) 

Unknown 
(n=15) 

No injury 21.2% 25.0% 49.4% 22.2% 18.5% 9.8% 23.1% 
Minor injury 58.8% 75.0% 44.3% 64.8% 61.2% 41.8% 61.5% 
Serious injury 13.3% 0.0% 0.0% 5.6% 15.4% 35.2% 7.7% 
Fatal Injury 2.5% 0.0% 1.3% 0.3% 2.0% 10.7% 7.7% 
Unknown 4.4% 0.0% 5.1% 7.1% 2.9% 2.5% 0.0% 
TOTAL 100.2% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 

 
Table A13. 

CRS use and injured body regions (absolute numbers and percentages) 
 
 No use Inappropriate use Appropriate use No use Inappropriate use Appropriate use n 
Head/neck 195 52 44 41.9% 34.7% 41.9% 291 
Thorax 35 18 10 7.5% 12.0% 9.5% 63 
Abdomen 21 11 6 4.5% 7.3% 5.7% 38 
Upper X. 54 17 10 11.6% 11.3% 9.5% 81 
Lower X. 50 16 4 10.8% 10.7% 3.8% 70 
Unknown 110 36 31 23.7% 24.0% 29.5% 177 
TOTAL 465 150 105 100.0% 100.0% 100.0% 720 
 

Table A14. 
CRS use and injury source (absolute numbers and percentages) 

 
 No use Inappropriate 

use 
Appropriate 

use 
No use Inappropriate 

use 
Appropriate 

use 
n 

Ejection 28 5 2 6.9% 4.0% 2.0% 35 
Airbag interaction 1 1 1 0.2% 0.8% 1.0% 3 
Contact with other occupants 24 2 2 5.9% 1.6% 2.0% 28 
Interaction with CRS 3 23 33 0.7% 18.3% 33.7% 59 
Windshield/dashboard 15 2 2 3.7% 1.6% 2.0% 19 
Back of front seat 148 21 11 36.5% 16.7% 11.2% 180 
Vehicle interior (side. roof...) 107 26 16 26.4% 20.6% 16.3% 149 
Flying glass 4 6 10 1.0% 4.8% 10.2% 20 
Objects inside the vehicle 2 4 1 0.5% 3.2% 1.0% 7 
Other 3 5 3 0.7% 4.0% 3.1% 11 
Unknown 71 31 17 17.5% 24.6% 17.3% 119 
TOTAL 406 126 98 100.0% 100.0% 100.0% 630 
 

Table A15. 
Injured body region for properly used forward facing Group I safety seats (multiple answer possible) 

 
 Rollover (n=19) Frontal (n=33) Lateral (n=14) Rear (n=8) 
Head/neck 58.8% 41.9% 28.6% 37.5% 
Thorax 0.0% 12.9% 21.4% 25.0% 
Abdomen 5.9% 12.9% 0.0% 0.0% 
Upper X. 23.5% 3.2% 7.1% 12.5% 
Lower X. 0.0% 3.2% 7.1% 12.5% 
Unknown 23.5% 32.3% 35.7% 12.5% 
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ABSTRACT 
 
The THOR ATD is being developed as part of the 
NHTSA's advanced dummy development program. 
This test device is considered to have improved 
biofidelity when compared to the Hybrid III and is 
being considered for future inclusion in federal 
regulations. In this study we conducted five barrier 
crash tests in order to assess THOR's performance 
relative to the Hybrid III. Full THOR, Hybrid III with 
THOR-Lx, and standard Hybrid III ATD 
configurations were used in flat rigid barrier and 
offset deformable barrier test modes. Comparison of 
data from these tests shows similar values for head 
injury and chest acceleration, but the data traces for 
these injury values have different characteristics. The 
differences in the injury curves are the result of 
kinematic response differences attributable to the 
anthropometry and spinal compliance of the ATD's. 
This shows that using an ATD with a more biofidelic 
response than the Hybrid III may alter the kinematic 
response of the simulated occupant and its interaction 
with the occupant restraint system. Further, it is 
shown that addition of the THOR-Lx lower extremity 
to the Hybrid III does not substantially affect the 
head and torso response. 
 
INTRODUCTION 

The National Highway Traffic Safety Administration 
(NHTSA) has been working on the development of 
an advanced frontal ATD (Anthropomorphic Test 
Device) for many years.  In 1994 NHTSA initiated an 
aggressive effort to refine and integrate previously 
designed advanced dummy components into a new 
ATD known as THOR (Test Device for Human 
Occupant Restraint) shown in figure 1 (Haffner 1994; 
Haffner et al 2001).  THOR was specifically designed 
to reflect anthropomorphic and biomechanical 
response data that has been obtained since the 
introduction of the Hybrid III.  It has also been 
developed to address issues associated with the 
advanced restraint systems that have been developed 
over the last 20 years.   
 

 
THOR ATD Construction 
 
The development of THOR introduces a new 
generation of ATDs that offer much advancement in 
terms anthropometry and biomechanical response.  It 
combines and improves upon the Trauma Assessment 
Device (TAD-50M) ATD and ALEX lower 
extremity.   
 

 
 
Figure 1.  The THOR – Test device for Human 

Occupant Restraint [www.nhtsa.dot.gov]. 
 
Several of the more critical design characteristics 
considered to influence the ATD response differences 
when compared to the Hybrid III are briefly reviewed 
here. 
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     Posture and Anthropometry:  The 
anthropometry of the new ATD was developed to be 
representative of the posture of human volunteers 
measured in a realistic vehicle seating position 
(Figure 2).  The University of Michigan 
Transportation Research Institute (UMTRI) did this 
work in the early 1980’s (Schneider, et al, 1985; 
Robbins, 1985.)  The in vehicle seating posture of the 
THOR better represents the human volunteer seating 
posture than does the Hybrid III (Figure 3).  
 

 
 
Figure 2. THOR ATD in a seated posture and an 

instrumentation overview [NHTSA]. 
 
 

 
 
Figure 3. Hybrid III ATD in the upright-seated 

posture [FTSS]. 
 
     Neck System:   The neck, shown in figure 4, was 
substantially redesigned from the Vehicle Research 
and Test Center / National Transportation 
Biomechanics Research Center (VRTC/NTBRC) 
multi-directional neck concept (Mendis, et al., 1989).  
It consists of a series of five rubber pucks mounted 
between aluminum disks plus front and rear spring 
loaded cable control elements mounted in the head. 

 
 
Figure 4.  THOR neck assembly with front and 

rear cable control elements [NHTSA]. 
 
     Thorax Assembly:  The thorax of THOR is 
shown in figure 5 and was designed to have an 
external geometry that is realistic and incorporates a 
representation of the clavicle for interaction with 
shoulder belt portion of a three-point seat belt system.   
 

 
 
Figure 5.  THOR Thorax assembly with 

instrumentation [NHTSA]. 
 
     Spine Assembly:  The spinal assembly has 
improvements in both the thoracic and lumbar 
regions.  The thoracic spine is fitted with a variable 
adjustment for the initial posture of the ATD and the 
lumber spine was designed to have significantly more 
compliance than the Hybrid III spine.   
 
     Pelvis Assembly:  The pelvis assembly was also 
redesigned to incorporate improved anthropometry 
and advanced instrumentation capabilities. 
 
     THOR-Lx Assembly:  The lower extremity of 
the THOR is based on the ALEX concept developed 
by the NHTSA – VRTC (Hagedorn and Pritz, 1995).  
This device incorporates a compliant tibia, an 
Achilles’ tendon, and advanced ankle structure.   The 
authors reported an assessment of the performance of 
the THOR-Lx lower extremity as compared to the 
Hybrid III at the 2001 ESV Conference in 
Amsterdam (Longhitano and Turley, 2001).   
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     Advanced Instrumentation:  In addition to 
having improved anthropometry and biofidelity, the 
THOR was developed to provide many advanced 
instrumentation and injury assessment capabilities.  
These advancements include features such as: 

• Face load cells to measure forces on five 
regions of the face. 

• Head nine-accelerometer array to measure 
rotation of the head. 

• Compact Rotary Unit (CRUX) assemblies 
for three-dimensional assessment of chest 
deflection in four locations. 

• Double-Gimble String Potentiometer 
(DGSP) assemblies for abdominal deflection 
assessment. 

• Pelvic load cells at the anterior superior iliac 
spine to mark submarining and at the 
acetabulum to monitor hip joint loads. 

 
Biofidelic Response 
 
In this study, we are not undertaking a biofidelity 
evaluation of the various ATD combinations being 
used.  However several recent studies by other 
laboratories have compared the ATD response 
characteristics to human subject tests. 
 
The University of Virginia (UVa) performed a 
biofidelity evaluation of the THOR comparing its 
response to both post-mortem human subject 
(PMHS) and the Hybrid III in a series of frontal sled 
tests (Shaw, et al., 2000).  The predominant finding 
of their evaluation was that the THOR exhibits better 
biofidelity than the Hybrid III when compared to 
PMHS. 
 
The THOR exhibited similar responses to the PMHS 
in terms of head acceleration, upper spine movement, 
chest wall movement and lap belts loads, though 
there was some deviation in head excursion and 
pelvic acceleration.  Improved biofidelity is attributed 
to improvements made in the design of the neck and 
torso structure of the THOR.  Different body 
proportions are also considered to influence the 
response of the THOR in terms of chest wall 
behavior and seat belt loading. 
 
Vezin et al. (2002) also found, from their restrained 
frontal sled testing, that the THOR response was 
more closely matched to the PMHS response that was 
the Hybrid III. 
 
 
 
 
 

METHODS 
 
For this study, a matrix of five full vehicle crash tests 
was performed at the Transportation Research Center 
(East Liberty, Ohio) using a 1999 model year sedan 
as the platform vehicle.  Three tests were conducted 
in a 64 km/h Offset Deformable Barrier (ODB) test 
mode and two tests were conducted in a 56 km/h 
Full-Lap Rigid Barrier (FRB) test mode.  These test 
modes were used to assess the performance of three 
ATD combinations comprised from the Hybrid III 
and THOR devices.  The vehicle test matrix for test 
modes and dummy configurations is shown in    
Table 1.   
 
 

Table 1. 
Vehicle Test Matrix 

 
ATD 

Mode 
Hybrid III  

+ Inst. Tibia 
Hybrid III 
+ Thor Lx 

Thor 
+ Thor Lx 

56 km/h 
FRB O --- O 
64 km/h 
ODB O O O 
 
 
Anthropomorphic Test Devices (ATD) 
 
The three combinations of ATD comp onents used in 
this study were configured as follows:  
 
     Thor w/ Thor-Lx:  The upper-body portion of the 
THOR ATD (GESAC, INC; Boonsboro, MD) was 
combined with the THOR-Lx lower extremities 
(GESAC, INC; Boonsboro, MD) for one test in each 
collision mode.  This THOR ATD assembly is seen 
as the foundation for future advances in frontal crash 
dummy development. 
 
     Hybrid III w/ Enhanced Tibia:  The Hybrid III 
ATD equipped with enhanced instrumentation 
capabilities (First Technology Safety Systems; 
Plymouth, MI) was combined with the Enhanced 
Instrumented Tibia (Robert A. Denton, Inc.; 
Rochester Hills, MI) for one test in each of the FRB 
and ODB collision modes.  This configuration of the 
Hybrid III is commonly used in automotive occupant 
protection system development today. 
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     Hybrid III w/ Thor-Lx:  The legs of the Hybrid 
III were replaced with the THOR-Lx device in one of 
ODB tests.  This configuration has been proposed by 
NHTSA as a interim configuration to better assess 
the risk of lower extremity injury in frontal collisions 
(NHTSA, 2002). 
 
Crash Test Configuration 
 
     64 km/h Offset Deformable Barrier (ODB):   
The platform vehicle was connected to winch type 
tow system and accelerated to an impact velocity of 
64 km/h.  The vehicle impacted a deformable barrier 
offset for forty percent driver side overlap of the 
width of the vehicle.  The deformable face of the 
barrier was rigidly backed and had crush 
characteristics consistent with the EEVC WG11 
protocol for offset frontal crash testing (Figure 6). 
 

 

64 km/h 
Overlap 
= 40 % 
Overlap 
= 40 % 

 
 

Figure 6.  Offset Deformable Barrier Test (ODB). 
 
     56 km/h Full Lap Rigid Barrier (FRB):  The 
platform vehicle was connected to winch type tow 
system and accelerated to an impact velocity of 56 
km/h.  In accordance with the NHTSA test procedure 
for conducting frontal NCAP tests, the vehicle 
impacted a rigid concrete barrier with the full aspect 
of the front of the vehicle (Figure 7).   
 

 56 km/h 

 
 
Figure 7.  Full-Lap Rigid Barrier Test (FRB). 
Data Acquisition 
 
 

Instrumentation data from the vehicle and ATD were 
collected at a sampling rate of 10,000 Hz on a high g 
data acquisition system produced by Kayser-Threde 
(Munich, Germany).  The data was collected and 
processed according to SAE J211, however for the 
purpose of this paper, data has been adjusted to 
appear primarily in the first quadrant. 
 
In addition, high-speed film was collected at a rate of 
1000 frames per second and static pre- and post-test 
crush and intrusion measurements were made of the 
vehicles. 
 
RESULTS 
 
Platform Vehicle Response 
 
In each of the test modes, the deceleration profiles of 
the platform vehicle were reviewed to ensure that the 
ATD configuration were exposed to similar crash 
dynamics.  Acceleration of the vehicle, recorded at 
the center of gravity, shows a consistent response 
between tests in each of the respective collision 
modes (Figures 8 & 9).  High-speed film analysis 
was also used to confirm kinematics of the event. 
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Figure 8.  64 km/h ODB Crash Pulse. 
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Figure 9.  56 km/h FRB Crash Pulse.   
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ATD Response Characteristics 
 
The primary focus of this paper is on the upper-body 
response of the three ATD combinations in the FRB 
and ODB test configurations.  Head acceleration, 
neck force, chest acceleration, and pelvis acceleration 
are the primary dynamic characteristics to be 
reviewed here.  For clarity, the data is broken down 
into three comparisons: THOR versus Hybrid III in 
the FRB, THOR versus Hybrid III in the ODB, and 
standard Hybrid III versus Hybrid III with THOR-Lx 
in the ODB. 
 
The THOR ATD has many advanced instrumentation 
capabilities that will not be touched upon here 
because these data cannot be directly compared to the 
Hybrid III. 
 
     Head Acceleration – THOR vs. Hybrid III in 
the FRB:  In the FRB test mode, the acceleration of 
the head c.g. (Center of Gravity) for each ATD 
exhibits a similar response in terms of magnitude and 
profile (Figure 10).  The HIC [36 ms] values for these 
tests were very close at 493 and 523 for the Hybrid 
III and THOR respectively (Table 2).  The primary 
difference in these data is seen in the time to rise 
from the initiation of the event.   
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Figure 10.  X-Axis Head Acceleration vs. Time in 

the 56 km/h FRB crash mode. 
 

Table 2.  
Head Injury Criterion [36 ms] 

 
Driver HIC [36 ms] 56 km/h FRB 64 km/h ODB 
Hybrid III 493 379 
Hybrid III w/ 
THOR-Lx --- 392 

THOR 523 523 
 
Conversion of the data into acceleration versus stroke 
format (G-s) shows the movement at an ATD 
accelerometer relative to the vehicle reference 
accelerometer.  This data reveals a more pronounced 

difference between the two ATD configurations 
(Figure 11).    The head assembly of the THOR ATD 
travels further than the Hybrid III does before 
acceleration begins to rise.  The THOR ATD also 
shows a substantially longer total stroke.   
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Figure 11.  X-Axis Head Acceleration vs. X-Axis 

Displacement in the 56 km/h FRB crash mode. 
 
     Head Acceleration – THOR vs. Hybrid III in 
the ODB:  Similar observations were made for the 
dummy configurations in the ODB test mode.  The 
peak head accelerations for THOR and the Hybrid III 
were similar to each other (Figure 12).  However, the 
HIC values recorded were somewhat different (Table 
2), and the overall stroke of the THOR head is nearly 
twice as long that of the Hybrid III (Figure 13). 
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Figure 12.  X-Axis Head Acceleration vs. Time in 

the 64 km/h ODB crash mode. 
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Figure 13.  X-Axis Head Acceleration vs. X-Axis 

Displacement in the 64 km/h ODB crash mode. 
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     Head Acceleration – Hybrid III vs. Hybrid III 
with THOR-Lx in the ODB:  When comparing the 
two configurations of the Hybrid III, there appears to 
be little difference in the head response.  HIC values 
(Table 2) and acceleration profiles (Figures 14 and 
15) are nearly the same for both combination of the 
Hybrid III upper torso with the standard tibia and the 
THOR-Lx. 
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Figure 14.  X-Axis Head Acceleration vs. Time in 

the 64 km/h ODB crash mode. 
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Figure 15.  X-Axis Head Acceleration vs. X-Axis 

Displacement in the 64 km/h ODB crash mode. 
 
 
     Neck Load – THOR vs. Hybrid III in the FRB:  
The flexion-extension bending response of the neck 
is substantially different with the THOR ATD than 
with the Hybrid III (Figure 16).  The neck of the 
Hybrid III measures greater magnitude bending 
moments (My) and a less stable response than the 
THOR.  The axial neck loads (Fz) in figure 17 show 
a delay in rise-up for the THOR, but are otherwise 
similar in terms of profile and magnitude.  In terms of 
shear force (Fx), the Hybrid III neck load cell 
measures a negative force before becoming positive 
and has lower magnitude than that of THOR (Figure 
18). 
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Figure 16.  Neck Flexion/Extension Moment (My) 

versus time in the FRB crash mode. 
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Figure 17.  Neck Tensions/Compression Force (Fz) 

versus time in the FRB crash mode. 
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Figure 18.  Neck Anterior/Posterior Shear Force 

(Fx) versus time in the FRB crash mode. 
 
     Neck Load – THOR vs. Hybrid III in the ODB: 
Neck loads in the ODB test mode also exhibit a 
notable difference between the two ATDs.  The 
flexion   moment for both ATDs has a similar rise-up, 
but the magnitude of the moment is greater for the 
Hybrid III (Figure 19).  The tension response of 
THOR has a delayed onset accompanied by steeper 
rise rate and greater magnitude than occurs with the 
Hybrid III (Figure 20).  The shear response of the 
THOR appears to be more stable than that of the 
Hybrid III that appears to undergo a somewhat 
greater oscillatory response than in the FRB mode 
(Figure 21). 
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Figure 19.  Neck Flexion/Extension Moment (My) 

versus time in the ODB crash mode. 
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Figure 20.  Neck Tensions/Compression Force (Fz) 

versus time in the ODB crash mode. 
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Figure 21.  Neck Anterior/Posterior Shear Force 
(Fx) versus time in the ODB crash mode. 

 
     Neck Load – Hybrid III vs. Hybrid III with 
THOR-Lx in the ODB:  The difference in load 
response of the neck after changing the lower 
extremity was within normal test variation and will 
not be presented here. 
 
Chest Acceleration – THOR vs. Hybrid III in the 
FRB:  Similar to the response of the head in the FRB 
test mode, the acceleration of the chest has a 
comparable response in terms of 3ms G and 
acceleration profile for the two ATD configurations 
(Table 3 and Figure 22).  When comparing the G-s 

characteristics of the two ATD’s, the THOR appears 
to have about a ten percent greater forward stroke 
(Figure 23).  It is also notable that chest acceleration 
of the THOR is relatively noisy when compared to 
the response of the Hybrid III. 
 

Table 3.  
Resultant Chest Acceleration (3 ms) 

 
Chest G (3 ms) 56 km/h FRB 64 km/h ODB 
Hybrid III 51.3 44.0 
Hybrid III w/ 
THOR-Lx ~ 47.3 

THOR 51.9 43.3 
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Figure 22.  X-Axis Chest Acceleration vs. Time in 

the 56 km/h FRB crash mode. 
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Figure 23.  X-Axis Chest Acceleration vs. X-Axis 

Displacement in the 56 km/h FRB crash mode. 
 
     Chest Acceleration – THOR vs. Hybrid III in 
the ODB:  More significant differences are observed 
when comparing the chest acceleration response in 
the ODB test mode.  The data from the THOR has a 
lower average acceleration and pronounced two step 
response (Figure 24).  The plot of acceleration versus 
stroke (Figure 25) shows a substantially greater 
stroke of the chest for the THOR. 
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Figure 24.  X-Axis Chest Acceleration vs. Time in 

the 64 km/h ODB crash mode. 
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Figure 25.  X-Axis Chest Acceleration vs. X-Axis 

Displacement in the 64 km/h ODB crash mode. 
 
 
     Chest Acceleration – Hybrid III vs. Hybrid III 
with THOR-Lx in the ODB:  The chest acceleration 
response of the Hybrid III exhibited almost identical 
response characteristic for both the lower extremity 
options.  Acceleration time histories (Figure 26) and 
stroke characteristics (Figure 27) are very simila r in 
their response profiles. 
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Figure 26.  X-Axis Chest Acceleration vs. Time in 

the 64 km/h ODB crash mode. 
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Figure 27.  X-Axis Chest Acceleration vs. X-

Displacement in the 64 km/h ODB crash mode. 
 
 
     Pelvis Response – THOR vs. Hybrid III in the 
FRB:  The longitudinal acceleration of the pelvis is 
of longer duration for the THOR ATD than it is for 
the Hybrid III in the FRB test mode (Figure 28).  
This additional acceleration at the pelvis results in a 
rebounding effect, relative to the vehicle, for the 
THOR that is not seen in the Hybrid III (Figure 29).   
 
 
 

A
cc

el
er

at
io

n 
(G

) 

Time (ms) 

HYBIII + Denton 
THOR + Thor - Lx 

HYBIII + Denton (45.4 G) 
THOR + Thor - Lx (48.7 G) 

50 

50 

0 100 150 
 

 
Figure 28.  Pelvis Acceleration in the 56 km/h 

FRB crash mode. 
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Figure 29.  Pelvis Stroke in the 56 km/h FRB 

crash mode. 
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To better understand the differences in the pelvis 
response, the seatbelt loads in the FRB can also be 
analyzed.  Compared to the Hybrid III, the THOR 
experiences a much lower lap belt load and a higher 
shoulder belt load with a longer duration (Figure 30). 
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Figure 30. Seat Belt Loads in the 56 km/h FRB 

crash mode. 
 
 
     Pelvis Response – THOR vs. Hybrid III in the 
ODB:  Differences in the pelvis response are more 
apparent in the ODB test mode.  While the 
acceleration versus time data shows a similar 
response between the ATDs, the response duration of 
the THOR is longer than that of the Hybrid III 
(Figure 31).  The G-s data shows a dramatic 
difference between ATDs, with the THOR having a 
much shorter stroke than the Hybrid III (Figure 32).  
In fact, close review of this data and analysis high-
speed film show that the pelvis of the THOR is 
pulled back into the seat by the seat belt during the 
crash event. 
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Figure 31.  Pelvis Acceleration in the 64 km/h 

ODB crash mode. 
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Figure 32.  Pelvis Stroke in the 64 km/h ODB 

crash mode. 
 
 
Analysis of the seat belt loads in the ODB mode 
shows a change in response similar to that of the FRB 
mode.  The shoulder belt load of the THOR is greater 
than that of the Hybrid III and the lap belt load is 
lower (Figure 33). 
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Figure 33. Seat Belt Loads in the 64 km/h ODB 

crash mode. 
 
 
     Pelvis Response – Hybrid III vs . Hybrid III 
with THOR-Lx in the ODB:  When comparing the 
pelvis response of the two ATD configurations using 
the Hybrid III upper-body, there appears to be little 
difference.  The acceleration response shows only 
deviation between the Hybrid III lower ext remity and 
the THOR-Lx (Figure 34) and an overlay of the 
pelvis G-s is virtually identical (Figure 35).  Further, 
analysis of the seatbelt loads in figure 37 shows only 
a small decrease in lap belt load when the THOR-Lx 
is used.   
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Figure 34.  Pelvis Acceleration in the 64 km/h 

ODB mode. 
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Figure 35.  Pelvis Stroke in the 64 km/h ODB 

crash mode. 
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Figure 36. Seat Belt Loads in the 64 km/h ODB 

crash mode. 
 
 
DISCUSSION 
 
The results of this study clearly show that the 
response characteristics of the THOR ATD are 
different from those of the Hybrid III.  While many 
of the peak injury values measured by THOR are 
similar to those measured by the Hybrid III, the 
profile of the data producing those results is 
substantially different.   
 

ATD Response Differences 
 
     Head:  In both of the collision test modes studied, 
the time at which the head begins to accelerate is 
delayed for the THOR assembly compared to the 
Hybrid III.  The THOR head also experiences a 
greater forward excursion.  Both of these differences 
are a result of the altered geometry and kinematic 
response of the THOR.   
 
The posture of the THOR ATD is driven by the 
curvature of the spine and takes a slightly slouched 
position.  This seating posture is considered to be 
more consistent with the human driving position than 
the posture assumed by the Hybrid III.   The result of 
this postural change is that the head of the THOR is 
approximately 75 mm to 100 mm further rearward 
from the steering wheel and airbag at the start of the 
event (Figure 37).  This additional stroke before 
airbag contact contributes to the overall stroke 
difference directly by increasing the stroke before 
restraint beings and indirectly by increasing the time 
after airbag inflation at which restraint begins.  This 
longer time after inflation results in decreased airbag 
pressure and lower restraining force at the time of 
head contact. 
 
 
 

 
 
Figure 37.  Comparison of ATD position in the 

vehicle just prior to impact (THOR, left; 
Hybrid III, right). 

 
 
     Neck:  In conjunction with the improved 
biofidelity characteristics of the THOR neck, it is 
unique in that it is constructed with front and rear 
spring assemblies.  These spring assemblies act to 
stabilize the flexion/extension bending (My) and 
anterior/posterior shear (Fx) responses of the neck.  
The Hybrid III neck is less stable than that of the 
THOR and exhibits oscillations which are 
particularly apparent in the My response of the FRB 
and the Fx response of the ODB. 
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The neck springs also add additional constraint at the 
occipital condyle that acts to shift the motion of the 
head relative to the neck from rotation into shear.  
Decreased bending moment levels are seen for the 
THOR in both the FRB and ODB modes, while 
increased shear forces are recorded in both of these 
test modes.   
 
The neck tension response is also observed to be 
different for the THOR ATD.  This difference is 
marked by delayed rise up time in both modes and a 
plateau response in the ODB mode.  These changes 
are attributed to the difference in overall kinematic 
response of the ATDs.  The delay occurs because of 
delayed airbag contact and increased forward 
movement of the chest that results from pull through 
of the seatbelt from the lap to the shoulder.  The 
sharp rise in the neck tension for the ODB is 
coincident with the point of peak pelvis restraint and 
retraction. 
 
     Chest:  Differences in the data collected from the 
chest are similar to the differences observed in the 
head.  While the initiation of restraint is not as 
noticeably delayed in these belted test modes, the 
stroke of the THOR chest is clearly increased relative 
to the Hybrid III.  These differences are also due to 
altered geometry and kinematic response. 
 
The acceleration of the THOR chest is lower during 
the first 100 mm to 150 mm of stroke for both tests.  
This is due in part to delayed interaction of with the 
airbag compared to the barrel chested Hybrid III.  
The THOR chest was developed to have improved 
anthropometry from the Hybrid III that has a large 
circumference in relation to the typical human chest.   
 
Chest response differences are also due in part to 
increased rotation of the upper torso compared to the 
Hybrid III.  The THOR chest pulls the seatbelt 
through the inner buckle and strokes further forward 
during the early portion of the event.  In the ODB, the 
chest acceleration has a sharp rise that is coincident 
with the loading of the pelvis. 
 
It should also be noted that the response data from 
the THOR chest exhibited considerably more noise 
transmission than the acceleration data from the 
Hybrid III.  We do not attempt to explain this 
phenomenon, however further investigation is needed 
to identify and eliminate the root cause. 
 
     Pelvis:  The pelvis data shows longer response 
duration and substantially decreased stroke for the 
THOR ATD.  In the ODB mode the THOR pelvis is 
pulled back into the seat as the upper torso moves 

forward.  This effect is a result of a significantly 
altered interaction with the restraint system.   
Analysis of the seat belt loads reveals that for the 
THOR, shoulder belt loads are higher and lap belt 
loads are much lower than for the Hybrid III.  This 
phenomenon occurs as a result of the lumbar 
compliance of the THOR spinal assembly.  This 
compliance creates a joint between the pelvis and the 
chest that is not effective for the nearly rigid spine of 
the Hybrid III.  This joint acts to uncouple the chest 
from the pelvis and thus allows the chest to rotate and 
load the shoulder belt.  The increased load in the 
shoulder belt pulls the belt through the inner buckle 
tightening the lap belt and pulling the pelvis back into 
the seat.  The lap belt load can be much lower in this 
case because it is not acting to restrain the majority of 
the upper body mass. 
 
ATD Kinematics 
It is evident from data for each of the body regions 
that the kinematic response of the two ATDs is 
different.  Integration of the forward acceleration data 
for the head, chest, and pelvis shows that the overall 
movement of the ATD and subsequent interaction 
with the restraint system is not the same for the two 
ATDs (Figure 38).  This finding is can also be 
confirmed by analysis of the high-speed film data 
collected from the tests. 
 
The Hybrid III has fairly stiff lumbar spine that has 
the effect of making the torso assembly act as a 
single rigid body.  The torso of the Hybrid III moves 
forward as one unit that loads the lap and should belts 
equally.  This is not true of the THOR. 
 
The spine assembly for THOR is very compliant in 
the lumbar region, acting as a joint between the 
pelvis and the chest.  Compared to the Hybrid III, this 
compliance allows the head and chest to stroke 
further forward and rotate about the pelvis.  The 
forward movement of the THOR pelvis is much 
shorter than the Hybrid III and is pulled back into the 
seat by the lap belt. 
 
Effect of ATD Construction 
 
There are several differences in construction between 
the two ATDs that play a predominant role in the 
response difference.   These are the seated posture, 
neck construction, chest geometry and lumbar 
compliance.   
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Figure 38.  ATD kinematic response as recorded 

by high speed film (THOR, left; Hybrid III, 
right).   

 
 
     Seated Posture:  The THOR ATD was developed 
to represent the anthropometry of human volunteers 
in a vehicle-seated posture (Haffner et. al., 2001).  
This posture puts the occupant in a semi -slouched 
position and accentuates the curvature of the spine.  
As a result of this posture, the head is more rearward 
in the vehicle and has a longer time gap before it 
interacts with the airbag.  This results in more 
forward excursion of the head and lower restraining 
force from the airbag.   
 

     Neck Construction:  The neck design of THOR 
is considered to by more biofidelic than the Hybrid 
III and springs, front and rear, are incorporated to 
achieve this response.  These spring act to stabilize 
the neck responses in bending and shear.  The springs 
also have the effect of converting the rotation of the 
head about the occipital condyle into forward shear. 
 
     Chest Geometry:  The THOR ATD appears to 
have a sunken chest when compared the Hybrid III.  
This is because the Hybrid III was developed with a 
barrel chest that is not truly indicative of human 
anthropometry.  The flatter chest profile of THOR 
increases the gap to the airbag and thus delays the 
retraining effect of that device. 
 
     Lumbar Compliance:  The most significant 
contributor to the response difference between the 
two ATDs is the lumbar spine.  The compliance in 
this region allows the greater relative motion between 
the chest and pelvis.  For the THOR, the lumbar 
spine acts as a joint that allows the upper torso to 
rotate forward, while in the Hybrid III this region is 
nearly rigid and the torso moves forward as a single 
unit.   
 
This compliance effects the forward movement of 
both the head and chest and allows for shorter stroke 
of the pelvis.  This changes the ATD kinematics 
during the crash event and alters the interaction and 
performance of the restraint system. 
 
     THOR-Lx:  While the THOR-Lx has many 
advanced instrumentation capabilities and is 
considered to be more biofidelic than the Hybrid III 
lower extremity, the choice of lower extremity does 
not appear to have a substantial effect on the upper-
body response of the Hybrid III ATD.  The responses 
of the head and chest show little difference in their 
acceleration versus time and stroke profiles and 
differences in the neck response were not notable.  
Analysis of the pelvis data also reveals little 
difference between the two configurations of the 
Hybrid III.   
 
Future Study 
 
     THOR’s Enhanced Instrumentation 
Capabilities:  THOR has also been developed to 
provide many enhanced instrumentation capabilities 
that could be useful in the analysis of dynamic 
response and injury assessment.  These enhancements 
include the CRUX, DGSP, face load cells, and head 
accelerometer array.  This data still needs to be 
analyzed to understand the full capability of this test 
device.   
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     Unbelted Response:  The unbelted response 
characteristics of the THOR also need to be studied 
in order to appreciate the effect of improved 
biofidelity on occupant restraint interaction.  These 
test have been performed and may be presented in 
another forum. 
 
CONCLUSIONS 
 
The THOR ATD has been developed as an advanced 
assessment device for use in frontal crash testing.  
Compared to the Hybrid III, THOR has improved 
anthropometry and biofidelity.  The THOR also has 
many expanded and improved instrumentation 
capabilities.   
 
In this study, the response characteristics of the 
THOR ATD were compared to the Hybrid III in the 
ODB and FRB crash test modes. It was found that 
there are substantial differences in the response 
characteristics of the two ATDs for the test modes 
studied.  In both cases, the compliance of the lumber 
spine of THOR was found to allow greater rotation of 
the chest relative to the pelvis.  This torso rotation 
results in greater excursion of the head and chest and 
alters the interaction of the ATD with the restraint 
system.   
 
Other components of the THOR construction that 
substantially affect the ATD response are the neck 
construction, chest geometry, and seated posture.  
The neck construction influences the motion of the 
head relative to the neck and force measurements at 
the neck.   Chest geometry and posture largely effect 
the interaction with the restraint system. 
 
Finally, the THOR-Lx was found to have little 
influence on the upper-body response of the Hybrid 
III ATD.  In testing done with the Hybrid III upper-
body using either the Hybrid III or THOR-Lx lower 
extremity, data for the head, chest, and pelvis all 
show comparable injury values and data traces.  This 
finding means it is possible to retrofit the Hybrid III 
with the THOR-Lx without significantly affecting the 
upper-body response of the ATD. 
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ABSTRACT

The European Enhanced Vehicle-safety Committee
(EEVC) Working Group 13 has undertaken
significant research in order to improve the design
and specification of the current MDB face used in
ECE Regulation 95 testing. The new improved
specification defines a barrier of progressive
stiffness. This specification has been accepted by
GRSP as an amendment to the Regulation. This
barrier face was designed to be a surrogate for cars
in the market place when the Regulation was being
drafted, reflecting vehicle design of the 1980s.
Vehicle design has improved as new Regulations
(e.g. ECE Regulation 94) have been adopted as
well as consumer testing (e.g. EuroNCAP). It is
now widely accepted that the specification of the
Regulation 95 barrier face does not reflect evolving
vehicle design and impact performance and that a
more representative barrier face is desirable.

The International Harmonisation of Research
Activities (IHRA) Side Impact Working Group
(SIWG) is co-ordinating research that could lead to
more advanced side impact test procedures, the aim
being to have internationally harmonised test
procedures that would be acceptable to many
jurisdictions that currently regulate for vehicle side
impact performance. One of these test procedures
will be based on a full-scale test using an impact
trolley onto which is attached a new deformable
barrier face, based on the impact performance of
modern vehicles. Such an advanced side impact
test procedure, if found acceptable, may be
implemented around the turn of the decade. The
European input into these developments is being
provided through EEVC WG13.

The paper presents the latest status of European
research on the development of an Advanced
European - Mobile Deformable Barrier face (AE-
MDB).

BACKGROUND

The EEVC Steering Committee, though the work
Working Group 9 (WG9), carried out the research
that led to the development of the side impact test
procedure which is used within ECE Regulation 95
(R95) and EU Directive 96/27/EC[1] part of the in
European Type Approval system. Within WG9’s
proposals, a recommendation was made to include
protection for both front and rear seat occupants,

but the use of a dummy in the rear seating position
was eventually dropped for practical reasons when
the test procedure was applied to the Directive.
Thus the Regulation and Directive only require
protection systems for a front seated occupant.

EEVC Working Group 13 (WG13) has recently
made a proposal for an improved barrier face
specification for R95, which has subsequently been
accepted by the UNECE Working Party on Passive
Safety (GRSP) and incorporated in a revision to the
Regulation [2].

Currently there are two main standards for
full-scale testing for side impact protection across
the world, ECE Regulation 95 (Europe, Japan and
Australia) and the equivalent Directive and US
Federal Standard FMVSS 214. Although both
standards attempt to improve occupant protection
they appear to drive vehicle design in different
directions, for a number of reasons. One reason
may be MDB face design and another the dummy
being used to measure the severity of the test.

The International Harmonisation of Research
Activities organisation (IHRA) is co-ordinating
worldwide research that could potentially lead to a
unified set of standards or regulations for occupant
protection. The EEVC forms the focal point for
European contributions to the IHRA Side Impact
Working Group (SIWG), in particular through
WG 13. This paper describes the research being
carried out in Europe, within WG13, to assist in the
IHRA side impact goals with a focus on what
would be appropriate from the European
perspective.

It is also noted that JASIC, the Japanese standards
organisation, have also been carrying out similar
research but to date no results have been published
in the public domain. To avoid conflicting research
JASIC has been invited to attend WG13
discussions on Mobile Deformable Barrier (MDB)
issues. Within this co-operation JASIC have
actively informed WG13 of their research progress.
Although JASIC have not yet published their
results a large degree of similarity can be reported
between the JASIC and WG13 barrier research, as
can be seen in a brief summary of their work in
Annex 1.

IHRA SIWG discussions are considering the need
for two MDB based test procedures. One test
replicating an impact by car-type vehicles and
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another replicating an impact by large sports utility
vehicles (SUV) and light trucks. The latter test is
being strongly advocated by the US, as these are
seen to present the major source of side impact
injury in their markets and the former by Europe,
as this larger class of vehicle is not common in the
European fleet. The development of the US barrier
has been led by the Insurance Institute for Highway
Safety (IIHS) and the European barrier face by
EEVC WG13.

METHODOLOGY

IHRA SIWG has ensured that its proposals offer
the opportunity of evaluating the protection to both
front and rear seated occupants, as was
recommended by EEVC WG9. This has formed
one of the key aims of the study for WG13. The
second main aim has been to have a test procedure
that reflects the current European accident situation
and vehicle fleet.

In order to develop an understanding of current
side impacts, including loadings to both front and
rear seat occupants, it has been necessary to carry
out several full-scale crash tests using modern
vehicles, for bullet and target, representative of the
current fleet, to establish baseline target goals. Two
designs of struck vehicle were used to ensure that
results were not biased by the characteristics of one
of the selected vehicles. The base line tests were
moving car to moving car, replicating the real
world accident situation. The bullet car velocity
was 48 km/h and the struck car velocity 24 km/h.
The impact angle was perpendicular with the centre
line of the bullet vehicle aligned with the ‘R point’
of the front occupant.

A barrier face specification should have similar
characteristics to that of vehicles within the current
fleet. The initial research, undertaken by WG13,
has been to examine the frontal stiffness of modern
car, found within the European fleet. These data
have then been used to develop an appropriate
barrier face specification. Tests using a barrier
manufactured to this specification have been
carried out in a test procedure, similar to that
defined in R95 to recreate the vehicle damage and
occupant loadings observed in the full-scale car-to-
car impacts. The impact was perpendicular with a
trolley mass of 1500kg and impact velocity
50km/h.

It is not helpful or cost effective to mandate two
similar full-scale vehicle tests if only one is
necessary and can be used to assess injury risk in
the other test. Within the WG13 research
programme two further tests have been performed

with the developing IIHS barrier face1, used in a
perpendicular test, to see whether it is able to
replicate the European accident condition as
recorded in the four car-to-car tests.

BARRIER SPECIFICATION

The R95 MDB face specification was based upon
the results of a set of impact tests, on cars of the
1970-80s impacted into a rigid load-cell wall.
Based on these results a set of force-deflection
targets, coupled with energy absorption limits, was
defined. WG13 believes that this is still a valid
methodology to determine the target performance
of the AE-MDB face.

JASIC published the results of a large number of
tests of modern cars into a similar load-cell wall at
the 17th ESV Conference in 2001 [3]. These tests
have formed the basis of the revised barrier face
specification described in this report, along with a
car test performed by TRL. Other tests of cars into
a soft-faced wall have been performed in recent
years. In these tests the load cell wall face has been
covered in 150mm of aluminium honeycomb.
Unfortunately these soft-faced load cell wall tests
are of no value for defining a barrier face
specification, since the most important
characteristics needed for an MDB face
specification occur within the first 150mm of
vehicle crush. The initial stiffness characteristics of
the vehicle are obscured by the energy absorbency
of the surface of the load cell wall.

Based on the JASIC and TRL load cell wall data
TRL, with the support of WG13, have developed a
new prototype MDB and associated performance
specification. The UK Government funded TRL to
develop the new prototype MDB. The design,
performance and test results with this MDB have
been subject to continuous review and comment by
EEVC WG13. The design has also taken into
account the EEVC recommendations on the review
of the current Side Impact Directive [4]. In
particular, the recommendation to raise the ground
clearance of the MDB face, but not its upper
surface, and to increase the severity of the test. The
new barrier has been called the ‘Advanced
European - Mobile Deformable Barrier’ face
(AE-MDB).

1 http://www.highwaysafety.org/presentations/sice.htm
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Figure 1 Comparison of vehicle stiff areas and H points

IMPACT CONFIGURATION

Apart from stiffness characteristics it is necessary
also to study MDB shape and impact location
(lateral position and height). INSIA, A Spanish
Research Institute, carried out a structural survey of
cars in 1997 within the work programme of EEVC
WG15 [5]. Figure 1 shows some of the results of
this study, compared to the plan profiles of the AE-
MDB barrier face, strongly suggesting that
longitudinal rail spacing is very similar to the
distance between front and rear seating positions.
Thus to load both the front and rear occupants
simultaneously the barrier centre line should be
located mid way between seating positions. This
information coupled with the dynamic load cell

wall data has been used as a basis for defining the
new barrier design, impact height and fore/aft
impact location.

Accident data suggest that perpendicular side
impacts occur with two moving vehicles but, in
order to minimise test variability R95, adopted a
test strategy with a stationary target vehicle
impacted by an impact trolley at 90 degrees. To
simulate the moving car to moving car situation the
US adopted a crabbed barrier test in their
FMVSS214 test. EEVC WG13 is still of the view
that from a regulatory perspective a perpendicular
test is the preferred option as it minimises shear
loading to the forward elements of the barrier face
and makes for a less variable test.
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Figure 2 Cross-section of AE-MDB-1 face
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Figure 3 AE-MDB-1 certification test

BARRIER DESIGNS

Design details of the AE-MDB barrier face
specification have been published in the IHRA
SIWG ESV 2003 status report [6] as well as details
of the IIHS barrier face, which was also used to test
its suitability for European conditions.

No attempt has yet been made to ensure that the
new AE-MDB face is fully within the proposed
specification, as the object of the current study was
to confirm that the direction of the research was
correct. Cellbond2 manufactured the AE-MDB face
used within this programme. To avoid confusion
with the R95 barrier specification the block areas
have been designated A to F, rather than 1 to 6 as
used in the R95 barrier face specification, Figure 2.

To confirm that the Cellbond barrier face was
appropriate, one load cell wall test was carried out,
as described in the R95 MDB specification. Figure
3 shows the certification performance of the first
version of the AE-MDB used in this research
programme. It can be seen that the barrier is very
close to the desired specification for all of the six
areas. The main deviations are in the later crush
phases of blocks D and F, the areas representing
the stiffer longitudinals. It is suggested that this
exceedence, late in the barrier’s crush phase, would
have little influence on the conclusions drawn from
the research reported within this paper. The injury
risk parameters, that are the key assessment

2 www.cellbond.co.uk

parameters, would have peaked before this depth of
crush would had been reached, assuming that the
barrier face crushed that far.

VEHICLE SELECTION

WG13 has so far compared four moving car to
moving car baseline tests – Ford Mondeo and Land
Rover Freelander into the Renault Megane and the
Mondeo and Freelander into the Toyota Camry.

Bullet vehicles
Ford Mondeo – a relatively modern large family
low fronted car with reasonable frontal offset
performance. Mark 1 model (pre-1996), 1.6l, five-
door hatchback, test mass 1390kg.

Land Rover Freelander – a small off-roader vehicle
representing the upper limit of a European
passenger car and a typical European SUV that is
available worldwide. Model year 2000, engine 2.5l,
GS automatic, test mass 1720kg

Target Vehicles
Renault Megane – a relatively modern small family
car with reasonably good EuroNCAP rating. Model
year 1998, version ‘AIR’, engine 1.4l, five-door
hatchback, test mass 1350kg.

Toyota Camry – a large executive car with similar
design for Europe, North America and Australia.
Model year 1999, engine 2.2l and 3.0l, four-door
saloon, test mass 1600kg.
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Both of the struck vehicles were equipped with side
airbags for the front seat occupant. All the side
airbags were triggered by the vehicle onboard
airbag firing system except for the Camry impacted
by the IIHS barrier, which was manually fired 6 ms
into the impact. The timing for the ‘naturally fired’
airbag in the Camry AE-MDB test was 9.6 ms.

CAR TO CAR IMPACT PERFORMANCE
AND OCCUPANT LOADING

Data are available on R95 barrier tests into the side
of European vehicles from both Regulatory and
EuroNCAP based tests. Unfortunately no data are
available on loads sustained by the rear occupant,
which forms part of the focus of this research.

Vehicle Test Results
Renault Megane vehicle damage

Figure 4 Megane impacted by the Mondeo

Figure 5 Megane impacted by the Freelander

Toyota Camry vehicle damage

Figure 6 Camry impacted by the Mondeo

Figure 7 Camry impacted by the Freelander

Figure 4 and Figure 5 show the form of damage
caused to the Renault Megane by the Mondeo and
Freelander and Figure 6 and Figure 7 damage to the
Toyota Camry. Intrusion is noted low down in the
Mondeo tests, confirming that this is a low fronted
vehicle. In addition, localised intrusion can be
noted into the two doors from the Mondeo’s stiff
longitudinals. The Freelander has a flatter and
stiffer structure front structure compared to the
Mondeo and consequently induces much flatter
damage. Nevertheless it can be seen that door
intrusion exceeds that of the B-pillar, even in the
Freelander impact, suggesting that the B posts are a
strong vertical element in the side stiffness of these
particular test vehicles.

One of the noticeable features of the vehicle impact
intrusion in the Toyota Camry is the presence of
the door beam. In both tests, intrusion below the
rigid beam is noted, particularly in the Mondeo
test.

No roof damage is noted in the two tests with the
Mondeo and only slight damage is noted in the
tests with the Freelander.
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MDB IMPACT PERFORMANCE

Figure 8 and Figure 9 show the damage inflicted on
the Megane by the two different barriers and Figure
12 and Figure 13 show the damage to the Camry.
Figure 10, Figure 11, Figure 14 and Figure 15 show
the barrier damage to enable visual comparisons to
be made of energy absorbency and damage to the
respective barrier faces.

All of the target cars were left-hand drive vehicles
and all were struck on the driver’s side, except for
the IIHS test into the Camry, which was a right
hand side test to the passenger side.

Significant differences can be seen between the
IIHS barrier face induced damage, which caused
very flat damage to both vehicles, compared to the
AE-MDB barrier face damage, which resulted in
the probing type of damage observed in the
Mondeo and Freelander tests. Impacts by the
Mondeo do not appear to generate the sill damage
observed in the other tests. The IIHS barrier, being
a much higher barrier face, caused damage to the
roof at the top of the B post, which was not
observed in the vehicle tests.

Details of intrusion profiles are presented later in
Figure 16 to Figure 30.

Some indication of energy absorption can be
obtained from an examination of the MDB faces,
post impact. Both the AE-MDB faces show
significant deformation, unlike the IIHS barrier
face, which shows minimal damage. The most
noticeable damage to an IIHS barrier is seen in the
Camry test, Figure 15, where the bumper element
has been rolled downwards. This low-level barrier
damage will have been caused by engagement with
the Camry sill, suggesting that the Camry sill is a
relatively stiff body part, at least compared to that
of the Megane. The AE-MDB barrier face has
deformed around the areas of the stiff wheel arches,
the door beam and vertically where the B post has
loaded it. Such damage suggests that the AE-MDB
barrier face cannot be ‘held off’ by localised
vehicle stiffening, similar to that observed with the
R95 barrier face. In terms of observable damage,
the AE-MDB barrier face appears to load the cars
as do other cars, whereas the IIHS barrier face is a
close surrogate to a profiled rigid barrier, since it
sustained little permanent deformation in either of
the tests.

Renault Megane vehicle damage

Figure 8 Megane after impact by the AE-MDB
barrier face

Figure 9 Megane after impact by the IIHS
barrier face

Renault Megane MDB damage

Figure 10 AE-MDB post impact deformation –
Megane
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Figure 11 IIHS post impact deformation -
Megane

Toyota Camry vehicle damage

Figure 12 Camry after impact by the AE-MDB
barrier face

Figure 13 Camry after impact by the IIHS
barrier face

Toyota Camry MDB damage

Figure 14 AE-MDB post impact deformation –
Camry

Figure 15 IIHS post impact deformation -
Camry

Vehicle Intrusion
Vehicle intrusion profiles have been measured in
all of the tests to permit quantifiable comparison.
The side of each vehicle was mapped by target
markers on 125 mm centres, based on the front seat
R point. Figure 16 and Figure 23 show the mark-up
points on the Megane and Camry used to assess
post impact vehicle intrusion. The letters A – E
signify the horizontal rows of markers and column
R is a vertical plane located at the front seat R
point. Row E on the Camry was placed on the door
125 mm below row D but in order to study sill
intrusion another row F was added, just below Row
E, but on the sill.

Megane intrusion profiles are shown in Figure 17
to Figure 22 and Figure 24 to Figure 30 show the
Camry intrusions.
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Renault Megane intrusion

Figure 16 Mapped intrusion points - Megane

Figure 17 Row R - Megane intrusion profile (pre
and post impact)

Horizontal Row A profile - Megane

-200

0

200

400

600

800

1000

-1500 -1000 -500 0 500 1000 1500

X relative to the R-point line (mm)

Y
re

la
ti

ve
to

th
e

R
-p

o
in

t
lin

e
(m

m
)

Front Rear

Figure 18 Row A - Megane intrusion profile

Horizontal Row B profile - Megane
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Figure 19 Row B - Megane intrusion profile

Horizontal Row C profile - Megane
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Figure 20 Row C - Megane intrusion profile

Horizontal Row D profile - Megane
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Figure 21 Row D - Megane intrusion profile

Horizontal Row E profile - Megane
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Figure 22 Row E - Megane intrusion profile

As observed in the post-impact deformation
measurements of both car and barrier the intrusion
profiles associated with the IIHS barrier face are
vertically and horizontally flat. The horizontal lines
of intrusion clearly demonstrate that intrusion
varies with vertical height above the sill. The least
variance in intrusion being seen in the IIHS test
suggesting that it is too stiff even compared to the
large European car/SUV. In terms of vertical
intrusion profile at the drivers seating position, the
AE-MDB fairly well matches the profile of the
Mondeo test and the Freelander up to about mid-
door height, line D. Above line D intrusion is much
greater with the Freelander and IIHS barrier face.
The intrusion at the lower levels with the IIHS
barrier face is unrepresentative of both car-to-car
tests.
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Toyota Camry intrusion

Row E on door - Row F below E on sill

Figure 23 Mapped intrusion points – Camry
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Figure 24 Row R - Camry intrusion profile (pre
and post impact)

Horizontal Row A comparison
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Figure 25 Row A - Camry intrusion profile

Horizontal Row B profile - Camry
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Figure 26 Row B - Camry intrusion profile

Horizontal Row C profile - Camry
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Figure 27 Row C - Camry intrusion profile

Horizontal Row D profile - Camry
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Figure 28 Row D - Camry intrusion profile

Horizontal Row E profile - Camry
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Figure 29 Row E, on door - Camry intrusion
profile

Horizontal Row F profile - Camry
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Figure 30 Row F, on sill below Row E - Camry
intrusion profile
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The Camry vertical intrusion profile, Row R, in the
in the Mondeo test is significantly less compared to
that generated in the other tests, Figure 24. When
compared to the Megane intrusion profiles, Figure
17, it suggests that the side structure of the Camry
is stiffer than that of the Megane.

Flat unimodal deformation of the Camry is
observed at all levels in the IIHS test. The IIHS
intrusion is greater at the higher levels than in the
other three tests. In nearly all of the other profiles
bimodal intrusion is noted about the B post, above
the sill level.

There is evidence to suggest that the intrusion
generated by the AE-MDB face, at the levels of
rows A and B, is a close surrogate for the
Freelander, both producing deformations greater
than that generated by the Mondeo.

DOOR IMPACT VELOCITY

Previous research has indicated that door intrusion
velocity is an important factor in determining
impact severity, as it is the door surface that
actually impacts the occupant. Door velocity
measurements were made in front of the chest of
the two occupants in a position that would not
affect dummy kinematics. Measuring techniques
were the same for all tests except the IIHS Camry
test but the data suggest that equivalent results have
been obtained. Figure 31 to Figure 34 show the
front and rear door velocity profiles for all tests.

Renault Megane door velocities

Megane Driver Door Inner Skin Velocity
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Figure 31 Front occupant door velocities –
Megane

Figure 32 Rear passenger door velocities -
Megane

Toyota Camry door velocities

Figure 33 Front occupant door velocities -
Camry

Camry Rear Passenger Door Inner Velocity
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Figure 34 Rear passenger door velocities -
Camry

In all of the tests the IIHS barrier face induces
velocity profiles exceeding that of the vehicles and
AE-MDB barrier face, again confirming the lack of
energy absorbency in the barrier face and the
likelihood that the doors are bouncing off the face
of the barrier. In the Megane tests the AE-MDB
face appears to be inducing similar intrusion
velocities to that of the Freelander. In the Camry
the initial AE-MDB velocity closely matches that
of the Mondeo for the front door and that of the
Freelander and Mondeo for the rear. Later in the
velocity profile histories the AE-MDB face
produces some of the highest door intrusion
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velocities. This may be caused by the excessive
stiffness noted in the Blocks D and F, which
exceeded the specification, Figure 3.

Table 1 Peak driver results from both car-to-car and MDB-to-car tests

EuroSID-1 Renault Megane EuroSID-1 Toyota Camry
DRIVER

Mondeo Freelander AE-MDB-1 IIHS Mondeo Freelander AE-MDB-1 IIHS
HIC 72 250 214 454 98 144 121 266

Top 6.3 25.5 24.3 45.0 7.3 24.2 20.4 32.8
Middle 6.8 25.3 18.0 47.7 13.3 24.7 23.8 28.6

Chest
Defn.
(mm)

Bottom 9.5 24.3 15.1 49.2 19.2 29.6 30.8 29.7
Top 0.02 0.22 0.27 1.16 0.03 0.15 0.18 0.40
Middle 0.03 0.22 0.12 1.18 0.06 0.23 0.24 0.29

V*C

Bottom 0.07 0.17 0.05 1.27 0.10 0.42 0.40 0.31
Back plate
force Fy (kN)

0.89 0.37 0.09 3.09 0.89 5.01 >5 0.24

Abdomen (kN) 1.17 2.38 1.14 1.64 1.29 1.96 2.15 1.45
Pelvis (kN) 4.27 4.57 4.72 4.54 4.28 4.61 6.23 5.44

Note
The Mondeo and Freelander tests are moving car-to-moving car tests.
The AE-MDB and IIHS tests are moving barrier to stationary car tests – perpendicular impact.

Table 2 Peak rear sear passenger results from both car-to-car and MDB-to-car tests

EuroSID-1 Renault Megane EuroSID-1 Toyota CamryREAR PASS.

Mondeo Freelander AE-MDB-1 IIHS Mondeo Freelander AE-MDB-1 IIHS
HIC 706 107 38 60 476 39 53 446

Top 7.2 7.3 21.0 31 8.3 13.8 18.9 24.7
Middle 5.6 4.0 4.5 11.0 4.1 6.8 16.9 15.9

Chest
Defn.
(mm)

Bottom 5.7 11.1 3.4 12.0 4.4 3.7 15.2 14.3
Top 0.02 0.02 0.1 0.32 0.06 0.07 0.16 0.27
Middle 0.01 0.02 0.01 0.06 0.01 0.02 0.12 0.13

V*C

Bottom 0.02 0.09 0.01 0.09 0.02 0 0.12 0.10
Back plate
force Fy (kN)

n/a 0.02 0.04 0.05 n/a 0.07 0.02 0.61

Abdomen (kN) 2.43 4.36 1.63 2.3 1.79 1.74 2.34 2.67
Pelvis (kN) 6.97 7.21 6.39 9.60 4.03 3.34 6.27 5.13

n/a – data not available

EUROSID-1 ASSESSMENT

In order to determine the biomechanical impact
severity of the different tests, measurements made
with the EuroSID-1 dummy must be examined.
Table 1 and Table 2 shows the peak values for all
the injury risk assessment parameters, for both

front and rear seated occupants, as well as back
plate forces. Although back plate forces are not
used for injury risk assessment, since it is not a
biofidelic load path, they can be used to indicate
whether dummy interaction with the vehicle seat
could have influenced the injury parameters.
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Most of the test results are within the range that
one might expect from such a test and no specific
anomalies are noted. The only parameter that is of
note is the back plate force for both front and rear
seat occupants. High back plate forces could
suggest possible reductions in the values recorded
by biofidelic criteria, under-predicting the severity
of the impact. In most of the tests back plate forces
are insignificant but two tests with the Toyota
Camry driver suggest high levels of dummy to seat
interaction. Interaction is also noted with the
Megane driver in the IIHS test, relative to the other
tests.

Test comparisons
The dummy measurements made in the barrier tests
can be assessed and compared in a number of

different ways. In this analysis they are compared
against each of the vehicle baseline tests since the
barrier is attempting to replicate the real world
impact situation, knowledge of which had been
obtained by simplified accident reconstructions.
Figure 35 to Figure 38 graphically display the
relationship between the four test conditions in
relation to the critical injury criteria for that body
part. The critical values are those defined in R95:
HIC - 1000, rib deflection - 42 mm, V*C - 1.0 m/s,
abdomen force - 2.5 kN and pelvic force 6.0 kN.
The red horizontal line on the graphs at value 100%
indicates the threshold of test failure, as defined in
R95 for the EuroSID dummy.

Renault Megane Driver
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Figure 35 Comparison of Megane driver responses
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Renault Megane RSP
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Figure 36 Comparison of Megane Rear Sear Passenger responses

Toyota Camry Driver
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Figure 37 Comparison of Camry driver responses
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Toyota Camry RSP
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Figure 38 Comparison of Camry Rear Sear Passenger responses

DISCUSSION

Head protection
In a full-scale test procedure only one possible head
contact, out of many possible ones, can be assessed,
assuming that a contact does occur. HIC, as a head
injury assessment parameter, is presented but is not
considered to be the most important assessment
parameter, within this comparison programme, as
IHRA are also proposing a supplementary head
contact test procedure, based on the free-motion
headform[6]. Within the test programme some minor
head strikes with parts of the vehicle interior have
been noted, with the rear occupant in the moving car
tests. No head contact was observed for the front seat
occupant in any of the tests. It is noted that one of the
design features of the high IIHS barrier face is the
encouragement of head protection systems to protect
against head contacts with high intruding structures.
Head contact was not observed in the two IIHS tests
thus one might question the efficacy of this design
feature.

None of the HIC values have been significant, the
highest being 70% of the critical value for the rear
seat occupant. EEVC WG13 is of the view that head
protection is best assessed in the proposed IHRA
pole test procedure and headform test procedures.
Since the pole would be aligned with the head of the
front seat dummy it would more reliably encourage
head projection systems compared to a high barrier
face, which in these tests did not generate any head
contact.

Body protection
The test results can be viewed from a number of
different perspectives. The paper does not review
dummy time history data.

MDB assessment based on the Renault Megane

Front seat occupant
Figure 35 compares the severity of the various
impacts as assessed by the front seat occupant in the
Renault Megane. The figure clearly suggests, based
on the biomechanical assessment, that the IIHS
barrier generates a much more severe impact
particularly to the thorax, compared to that of the
car-to-car baseline tests and is a more severe test
than that using the AE-MDB face. Two upper body
parameters exceed the injury criteria threshold value
in the IIHS MDB test. The AE-MDB face appears to
replicate the Freelander impact to the thorax and
pelvis and the abdomen in the Mondeo impact.

The back plate force for the driver (3kN), in the IIHS
test is much higher than that observed in any other
Megane test and seating position. Currently no
explanation is offered for this unexpected result.

Rear seat occupant
Figure 36 compares the severity of the various
impacts as assessed by the rear seat occupant, in the
Renault Megane. No explanation is currently offered
for the unexpected very high abdominal force
recorded in the Freelander test.
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The high HIC generated in the Mondeo test is
observed in a moving vehicle to moving vehicle test.
Review of the film records suggest that this glancing
contact may not have occurred if the target vehicle
had been stationary but such contacts will be
evaluated in the proposed IHRA interior surface test.

The biomechanical results suggest that in the rear
seating position the lower part of the occupant is
more severely loaded than the upper, with both the
abdomen and pelvic values being close to or
exceeding critical values. The IIHS barrier face
highly loaded the pelvis and generally loaded the
dummy more than did the other impacting cars and
barrier face. It should be noted that the door-trim
moulded arm rest of the Megane is perfectly aligned
with the abdomen of the EuroSID-1 dummy, thus
loading to the abdomen will be a combination of how
this element behaves as well as door intrusion
characteristics.

From an examination of the post-impact barrier faces
it appears that energy was being absorbed by the AE-
MDB face but very little in the IIHS barrier, which
appears to be all but rigid.

From this particular vehicle assessment the AE-MDB
version 1 appears to be a reasonable surrogate for a
European vehicle, as defined by the Mondeo and
Freelander. The IIHS barrier face is too aggressive,
overloading the upper body and the pelvis of the rear
occupant.

Impact assessment based on the Toyota Camry

Front seat occupant
Figure 37 compares the severity of the various
impacts as assessed by the front seat occupant, in the
Toyota Camry. As for the Megane the most seriously
loaded part of the dummy was the lower body with
the critical pelvis criteria just being exceeded in the
AE-MDB test. The difference between the two
barrier impacts compared to the car tests is not as
obvious as that seen by the Renault Megane driver.
In general both barrier faces load the dummy slightly
more than did the two vehicles.

The Freelander is the more aggressive bullet vehicle,
compared to the Mondeo and the two barriers
generally replicate Freelander behaviour.

Of particular concern with this dummy and seating
position are the very high back plate forces measured
in the Freelander and AE-MDB tests, exceeding
5kN. Forces of this amplitude are not common and
are severely penalised in the EuroNCAP star rating
system. It is not fully understood what the
consequences are of such high forces on the
measurements made at other body levels. These two
tests should be viewed with a degree of suspicion as

there is the likelihood that the biomechanical values
may be lower than might have been recorded in the
absence of such high back plate forces.

Rear seat occupant
Figure 38 compares the severity of the various
impacts as assessed by the rear seat occupant in the
Toyota Camry. Both of the barrier faces generated
higher loadings to the rear occupant than did the two
cars, apart from the Mondeo HIC, which was higher
due to contact with the C pillar. For the rear occupant
both the barriers applied more severe loading to the
occupant, with the IIHS measurements being in
excess of that of the AE-MDB face, apart from the
pelvis force.

Comparison of AE-MDB with IIHS barrier face

Differences are noted between the two MDB faces
from all aspects of the comparison. The Renault
Megane appears to be a more discriminating vehicle
in showing difference between the loading from the
barrier faces compared to the Toyota Camry but
similar comments can be made.

It is thought that the two target cars were primarily
designed for different markets, the Megane having
being targeted on Europe and the demands of the
European Regulation 95 test procedure and the
Toyota Camry designed primarily for compliance
with FMVSS 214. It should also be noted that the
door of the North American Toyota Camry is
structurally different to that of its European
equivalent. The vehicles tested in this programme
were of European specification.

Test experience has shown that it is possible to
defend a vehicle against a rigid impact by means of
areas of localised vehicle stiffness[7]. The US
FMVSS 214 barrier face is a much stiffer barrier face
than that of the R95 barrier face, thus one might
hypothesise that the Camry could have locally stiff
areas that may be acting as defensive load paths
whereas the Megane may not have the equivalent
structures since they are of little use interacting with
the R95 barrier face. This could explain the
differences between the discriminating ability of the
two tested vehicles.

Both of the test vehicles were equipped with seat
back deploying airbags, in the front seating position.
Within the research so far carried out, it is not
possible to quantify the affect of the two airbags and
their influence on the test results or to comment on
their protection equivalence. It is likely that
impacting cars and barriers will trigger the airbag
firing mechanisms at different times since the firing
mechanisms may have been optimised for the current
regulatory tests. No information is available on
possible airbag optimisation but such considerations
should be made when comparing these vehicles in
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similar but different tests. It is likely that changes in
dummy performance could be engineered by means
of re-tuned airbags. It should be noted that in the
Camry test the IIHS airbag was fired 6 ms into the
impact compared to 9.6 ms for the AE-MDB test. It
is not known if this 3.6 ms change would have had
any significant influence on the front dummy
responses, but one might hypothesise that the airbag
may have afforded more protection to the front seat
occupant in the Camry - IIHS test compared to the
Camry - AE-MDB test.

The Renault Megane clearly suggests that the
AE-MDB face, in the proposed perpendicular test
procedure, is the barrier face that is more appropriate
to the European accident situation, as recreated in the
two moving car to moving car baseline tests. The
Toyota Camry results do not support this hypothesis
to the same degree but there are trends to suggest that
the AE-MDB barrier may be the more appropriate
barrier compared to the IIHS.

Little damage was noted to the IIHS face in either of
the two vehicle tests. Thus it is possible that
localised stiffening in the struck car could be used to
defend against the bullet barrier intrusion in a way
that may not occur with a bullet vehicle, which has
areas of high and low stiffness, as seen in the vehicle
load cell wall tests.

The research reported to WG13 by JASIC (Annex 1)
broadly supports these findings of the higher severity
of the IIHS MDB test in comparison with impacts by
cars and an MDB based on similar principles to the
AE-MDB

FUTURE RESEARCH

The current version of the AE-MDB has been
developed based on load cell wall test mainly of
Japanese cars and assessed against two bullet
vehicles, which were considered to be appropriate
examples of the European vehicle population. So far,
the research programme has used two target vehicles
for the baseline tests, as it was important to ensure
that the results would not be biased by any unique
attributes that may be found in the vehicles
themselves. Results from testing these two vehicles
have shown that the two vehicles have not produced
the same results but some common trends are noted.
Since the two vehicles do not give similar results it
would be advisable to evaluate other European
vehicles with the two barrier faces to see if the
observations made with the Megane and Camry tests
were representative of the European fleet. In
addition, further load cell wall tests with modern
European vehicles would be advisable to compare
with the stiffness characteristics determined from the
published Japanese tests.

The two vehicles forming the basis of this evaluation
were equipped with side airbags for the front seat
occupant. Side airbags are not currently mandated
and are protection features offered by these vehicle
manufacturers as a means of giving the desired level
of occupant protection as assessed in the current
regulation(s) and consumer tests. At least one other
vehicle, not equipped with side airbags, should be
evaluated to ensure that the observations are not
being biased by airbag attributes. In addition at least
one further vehicle should be evaluated equipped
with front seat airbags since the Megane and Camry
did not yield results of equivalent magnitude.

The evaluation has also been made with the
EuroSID-1 dummy, the current regulatory test device
in Europe. It is expected that the IHRA test
procedures will eventually use a more advanced test
dummy, possibly WorldSID. The conclusions
reached in this study ideally need to be confirmed
with the final test dummies to ensure that the results
have not been compromised by the selection of the
assessment device.

CONCLUSIONS

1. A review of the stiffness of the front structures of
modern cars has been undertaken showing that
the existing MDB face, used within ECE
Regulation 95, may be inappropriate for a future
more advanced barrier based test procedure.

2. Four moving car to moving car baseline tests
have been performed to identify performance
expectations from a new advanced barrier based
test procedure which would be applicable to the
development and approval of protection systems
for both front and rear seated occupants.

3. A new barrier face specification has been
developed within the activities of EEVC WG13
as a contribution to the IHRA work on side
impact. It has been evaluated in two vehicle tests.

4. The new barrier face has been called the
Advanced European Mobile Deformable Barrier
face (AE-MDB).

5. Comparative tests have also been performed
using an alternative barrier face (IIHS), designed
to reflect the attributes of the large SUV or Light
Truck, common in the North America, but not
Europe.

6. The performance of the barrier faces, as assessed
by vehicle intrusion attributes and
biomechanically based measurements is not
consistent, the AE-MDB producing a much larger
variation in the Megane, compared to the Camry.

7. For at least one European car, the IIHS MDB is a
much more severe test than car-to-car or small
SUV to car tests while the AE-MDB is much
closer to these baseline tests.

8. Results from a parallel study in Japan lend
support to the conclusions regarding the higher
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severity of the IIHS MDB test in comparison
with car-to-car impacts.

9. It is expected that the AE-MDB face
specification will require some refinement and a
broader based evaluation before it could be used
in the advanced side impact test procedure.

10. The biomechanically based evaluation has been
made with the EuroSID-1 dummy. It is expected
that the new IHRA advanced side impact test
with an MDB will use an advanced side impact
dummy, possibly based on WorldSID. The MDB
face will need to be validated with the new
dummy.
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ANNEX 1

Summary of the Study of New Side Impact Test Method Used in Japan
A Contribution by JASIC

OVERVIEW
In this study, JASIC manufactured a barrier face
prototype (J-MDB) that suits current market conditions,
and executed actual side impact tests using two
compact cars, Vehicle A and Vehicle B. The study
included car - to - car and MDB - to - car tests using the
J-MDB and the IIHS MDB.

JASIC manufactured a new barrier face prototype based
on the average dimensions (17th ESV Conference,
paper 221) and average front-end rigidity of Japanese
vehicles. The features of the barrier face, which has a
previously proven laminate construction, are shown in
the figure below. With this prototype, JASIC were able
to get close to the average front-end rigidity that was
our target.

SUMMARY
The results of the current series of tests confirmed that
the car-to-car test and the J-MDB to car test produced
practically the same results. In the IIHS-MDB to car
test, on the other hand, head area injury responses were
strikingly severe. The SUV and IIHS-MDB results were
relatively close, but because of their different front
ground heights and rigidity distributions, the IIHS-
MDB results were somewhat more severe in categories

such as the amount of deformation of B-pillar and HIC
value of the front dummy. As for other categories, this
tendency was reversed in some cases due to the vehicle
type of the struck vehicle.

CONCLUSION
The following two points can be emphasised regarding
the results of the tests conducted in Japan.

1) JASIC were able to make a barrier face that
simulates the front-end rigidity of Japanese vehicles.
From the results of tests conducted in Europe using
AE-MDB, which simulates an equivalent front-end
rigidity, it appears that vehicles up to compact SUVs
can be covered by this method by considering the
ground height and the impact point.

2) As future tasks, JASIC think that the vehicle
structure must be considered when considering the
point of impact. Specifically, in the case of compact
cars whose pillar B and quarter panel are covered by
the flat part of the barrier face, the relationship between
the vehicle and the centre of the barrier has to be
studied because these vehicles were not involved in any
of the worst cases.
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ABSTRACT

When the EEVC proposed the full-scale side impact
test procedure, it recommended that consideration
should be given to an interior headform test in
addition. This to evaluate areas of contact not
assessed by the dummy. EEVC Working Group 13
has been researching the parameters of a possible
European headform test procedure in four phases.
Earlier stages of the research have been presented at
previous ESV conferences.  The conclusions from
these have suggested that the US free motion
headform should be used in any European test
procedure and that it should be a free flight test, not
guided. This research has now culminated in
proposals for a European test procedure. This paper
presents the proposed EEVC side impact interior
headform test procedure, giving the rationale for the
test and the first results from the validation phase of
the test protocol.

INTRODUCTION

EEVC WG13 has been developing a new interior
surface test procedure that can be used to enhance
the safety afforded in Regulation 95 focused on head
injury. The development of this interior headform
side impact test procedure was initiated because
European accident data indicated the importance of
head injuries in side impacts and demonstrated that
there was a wide range of head contact location
possibilities.  However, in the regulatory full scale
side impact tests the head of the EUROSID rarely
made contact with the vehicle interior and, when it
did, only one dummy position in the vehicle was
evaluated.

The development programme for the development of
a test procedure was planned in four phases. The
first phase comprised a test programme to enable the
selection of the preferred headform from three
possibilities.  This was reported at the 15th ESV
Conference  (Roberts et al, 1996 [1]).  The second
phase was designed to determine whether a free
flight or a guided headform impact was the better
choice for such a test procedure. The difficulty in

producing sensible and reliable results with the
guided system precluded the reporting of this phase
at the 16th ESV Conference. However, these
difficulties contributed to the evidence for the
decision to select a free flight system. Thus the
conclusion from Phases I and II were that the
preferred system would be a free flight test using the
FMVSS 201 Free Motion Headform. This selection
had the further benefit of potential harmonisation
with the US Standard (FMVSS-201).

The third phase of this work included the correlation
between the FMH response and that of EUROSID,
the influence of vehicle support on the results, the
possibility of a sub-systems approach to testing and
the capability of predicting a ‘worst case’ impact
configuration. Furthermore the suitability of using
EUROSID for pole impacts with side head airbags
present was investigated. An accident analysis to
identify the zones within the vehicle liable for head
injuries in lateral impacts was also undertaken. The
results of the accident analysis and the FMH–
EUROSID correlation tests have been reported at the
last ESV conference (Lowne et al., 2001 [2]). Since
then, the third phase has been completed and a draft
test protocol has been established.

This paper discusses the results of the final phase of
the development of the interior headform test
procedure. In this phase, the draft protocol is
validated on a number of vehicles, looking at the
feasibility, repeatability, reproducibility and the
influence of  some of the main parameters.

METHODOLOGY

Test Protocol

The work in the first three phases of the programme
has resulted in a draft ”EEVC Side impact head
protection test procedure” that describes a free flight
FMH test with the vehicle lifted from its suspension
system and rigidly mounted to the floor. Initial
testing to this protocol was carried out on three
vehicles in the UK. Some amendments were then
made to overcome areas of test and interpretation
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weakness. The other participating organisations
based their studies on the experience gained in the
UK. The remaining part of the test programme has
been carried out using Version M1 of the protocol. A
summary of this draft protocol (M) is presented
ANNEX A.

Test Programme

Vehicles - The test vehicles have been selected
based on the vehicle classification as used by Euro
NCAP. The objective was to check the feasibility of
the draft protocol with a wide range of vehicles and
not the compliance of the vehicles themselves which
would not have been produced to meet the
requirements of the procedure. Tests have been
carried out on a small family car (Ford Focus 4
doors, model year 2001), an executive car (Toyota
Camry, 4 doors sedan, model year 1997) and a MPV
(Renault Espace, 5 doors, model year 2001). All
models tested were left hand drive models. Although
both the Focus and Camry are sold in Europe and
the US, it should be noted that only the Camry
model tested has been designed to meet FMVSS-
201, the US interior surface test procedure.

Laboratories - The laboratories involved in this test
programme were BASt, Cologne, Germany; TNO
Automotive, Delft, the Netherlands; VCC, Volvo
Car Corporation, Göteborg, Sweden; and Millbrook
Proving Ground Ltd., Bedford, United Kingdom, on
behalf of the TRL, Crowthorne, United Kingdom.

Conditions – A comprehensive test programme has
been defined by WG13 consisting of the following
test conditions:

(1) ‘EC-0°’: standard tests carried out according to
the draft EEVC WG 13 protocol, Version M. At

�������������������������������������������������������
1 Internal EEVC Working Group 13 revision code.

these tests the mounting plate of the headform is
perpendicular to the velocity vector;

(2) ‘EC-15°’: tests identical to the EC/0° test
condition with exception of the mounting angle.
To avoid chin contact during impact the head is
launched with the back plate 15° pitched nose-
down relative to the velocity vector. This
configuration was included to assess the
possibility of ensuring a ‘clean’ certified
forehead contact without significant contact
with uncertified parts of the headform;

(3) ‘US-201’: tests according to the US regulation
FMVSS-201 [3];  these tests were included to
study the differences between the new EEVC
protocol and the US test for FMVSS-201
compliant/non-compliant vehicles.

The complete test programme is summarised in
Table 1. For all EC test conditions, the feasibility of
the draft protocol to define impact zones and impact
locations has been examined. The repeatability of
the tests were checked testing the left and right side
of the vehicle at identical impact locations, assuming
the cars are symmetrical in their performance.
Furthermore, the effect of the 15° pitched head to
avoid chin contact was studied by comparing the
results of the two Ford Focus vehicles tested at
BASt. The comparison between the US and EC test
conditions was made using the tests with the Toyota
Camry carried out at TNO and TRL. Finally, the
reproducibility between laboratories was examined
using the results of the test with the Ford Focus
carried out by BASt and TRL.

Specifications - All the tests have been carried out
according to the draft EC protocol or FMVVS-201
with the following detailed specifications.

Instrumentation and data processing were well
defined to ensure reproducibility between the test
laboratories. The respective parameters recorded
during the test programme were: headform impact
velocity, headform impact direction, headform
acceleration at the CG in three axes with respect to
the head co-ordinate system, impact point variation;
and exterior vehicle movement, adjacent to the
impact point. Electronic data capture, filtering and
data process was carried out according to ISO 6487
(1987).

The Head Injury Criteria for the free motion head-
form (HICfmh) is calculated with:
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where ‘a’ is the resultant head-form acceleration,
expressed as a multiple of ‘g’ (the acceleration due

Table 1.
Test programme for EEVC WG13 IHF test

procedure evaluation

BASt TNO TRL VCC

Focus
EC-0°

EC-15°
(1,3) EC-0°

EC-0°
(2)

Camry US-201 EC-15°
(3)

Espace EC-0° EC-15°
(3)

Note 1: BASt was not able to test locations BP3 & SR2
(the distance between SR2 and SR1 was less than the
minimum distance required between targets)
Note 2: Tested right hand side only
Note 3: Tested at 15° due to head positioning problems
at 0° and the avoidance of secondary head contacts (see
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to gravity), and t1 and t2 are any two points in time
during the impact, which are separated by not more
that a thirty-six millisecond time interval.

Using the HICfmh, the HICdummy is calculated
using the same correlation formula as specified in
regulation FMVSS-201, namely:

HICdummy = 0.75446*HICfmh + 166.4

The working group recognises that the correct
formula to use with the pitched headform would be
different to the standard 0° conversion formula given
above. Considering the orientation of the head CG
with respect to the contact point, application of the
standard formula is likely to change the severity of
the head impacts. As the correct conversion formula
can only be established through calibration against
the 15º test condition and is not available at this
time, all results were calculated using the 0°
conversion formula.

The actual impact location was recorded e.g. by
placing a paint spot on the centre of the contact area
on the head or using a sticky target that was placed
on the target point. The objective of this
measurement was to check the feasibility of the
proposed accuracy, a circle with a radius of <10.0
mm of the selected target point, in real test
situations.

The proposed test method states that the maximum
external vehicle deflection should be not greater then
30 mm. If the vehicle were able to move or flex
much more, this would mean that lower HIC values
would be achieved and the test would not measure
the performance of the safety system in an impact
where the exterior of the vehicle could be supported
by an external struck object. The laboratories used
different methods to measure the maximum exterior
deflection. TRL used a metal pointer and plastercine
to record the displacement, BASt used two string
potentiometers fixed to the outside part of the body
and TNO used a simple mechanical system. VCC
did not record the exterior vehicle displacement.

RESULTS

The impact parameters and calculated HIC values
for the various vehicles and test conditions are
summarised in Table 4 and 5 in ANNEX B. Three
participating labs provided data on the Ford Focus
(TRL, Bast and VCC) and two on the Toyota Camry
and the Renault Espace (TRL and TNO)
respectively. The labels -0°, -15° or 201 indicate that
the head tilt nose down 0° or 15° is applied or that
the test is performed according to the FMVSS 201
protocol. LHS and RHS refer to driver and occupant
side of the vehicle interior, respectively. The
HICdummy values given are corrected measured
HIC 36 ms values that are comparable with values
measured with a dummy in a side impact test.

The impact parameters provide insight in the impact
direction selected to hit the interior point and the
impact velocity. In Figure 1 the definition for the
horizontal, vertical and head angle is given. For
target point locations and labelling, see Figure 2.

The achieved impact point accuracy and maximum
vehicle displacement per laboratory are given in
Table 2 and 3, respectively. The test speed variation
for all tests was smaller than the 0.1 m/s tolerance.
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Table 2.
Impact point accuracy per test laboratory
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DISCUSSION

Limitation zone definition

The current protocol limits the areas assessed inside
the car to those that are likely to be impacted by the
driver’ s head in a side impact. All laboratories have
checked the possible impact locations to the
proposed limitation zones. Based on this analysis,
point AP1 of the Renault Espace was excluded from
testing, in particular due to the presence of a double
A post. After the initial trial tests in the UK, it was
suggested to move the frontal plane 100 mm more
forward. This was done to be sure that also the small
driver will be taken into account as small occupants
will sit much more upright and forward. The
extended limitation zone was subsequently used in
the other laboratories.

The concept of a limitation zone worked well in this
programme as no major inconsistencies were
observed between the labs. The practicality of
setting the limits in the car was somewhat awkward
and time consuming at first, however, it may be
expected that as experience grows and/or supporting
tools (e.g. based on H-point machine) come
available, this will soon be overcome.

Impact location accuracy

The precision at which the targeted points can be
impacted is largely dependent of the test equipment,
tools and test experience in the various labs. The
average deviation in the position of impact point
from the required target location in all tests was
about 10 mm. The maximum deviation found was a
distance of 20.6 mm from the required impact point.

Taken into account that recording of the first contact
between two curved faces is not always clear and
that test experience is still limited in this prototype
test programme, it seems that the tolerance of 10

mm specified, although tight, is achievable and
acceptable.

Exterior surface deflection

The proposed maximum exterior deflection of the
test vehicle is <30 mm. This value was chosen as an
acceptable value after preliminary investigations in
the previous phase of the programme. Based on the
results of this test program, all values except one are
below 10 mm, therefore it should be considered to
reduce the tolerance in the protocol to <10 mm.

Repeatability

The vehicles in each lab were tested on the left
(LHS) and right (RHS) side to provide data on
repeatability of the test protocol. For each lab, the
average variation between left and right side test
results per vehicle was calculated using the HIC
values of all points available. The average of the
variation over the vehicles tested in each lab is an
indication of the accuracy at which the tests may be
repeated in each lab. Figure 3 shows this average
variation in HIC, showing that the repeatability is
generally acceptable with variations mostly smaller
than 10% for identical LHS/RHS tests. It should be
noted, however, that if the latter was clearly not the
case e.g. because the windscreen broke in the RHS
test but not in the LHS or vehicle asymmetry, the
data were left out. The differences between the test
houses may be attributed to the differences in test
expertise and equipment used.

Reproducibility

A distinct difference with FMVSS 201 is that the
proposed European test procedure aims to evaluate
areas of the car that could result in the highest risk of
head injury in side impact. As such, the protocol

Table 3.
Maximum exterior vehicle displacement per

test laboratory
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BASt 20 4
TNO 24 7
TRL 40 15/5 (1)
VCC 7 Not reported

Note 1:  At Espace location SR1 a displacement of
15 mm was recorded, other results were < 5 mm.
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Figure 3.  Average variation on HIC values per
vehicle for each lab.
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advocates the identification and selection of ‘worst
case points’ , i.e. points where worst injury risk
might occur. It has been anticipated that this may be
cause of some variations between test houses not
having to clone each other’ s target point and impact
directions.

Comparison of the Focus EC-0° results from TRL,
VCC and BASt show that large differences may
occur between the impact direction and head
orientation chosen (Table 4 and 5). These may or
may not lead to significant variations in HICdummy
values as Figure 4 shows for those points where a
meaningful comparison could be made.

Assuming that all three labs have looked for the
worst case situation for all points, the above suggests
that this part of the protocol would not be easy to
implement consistently at various test houses and
leave considerable room for engineering judgement.
This situation, however, is not uncommon for
regulations, that rely on adequate test experience in
addition to the test protocol. It does give the best
guarantee that the points of highest risk of head
injury are taken into account.

Effect of  15° pitched head

Initial testing suggested that secondary contacts with
non-certified areas of the head and/or chin contact
could easily occur in some target positions. To
overcome this and to ensure a clean contact with the
certified forehead contact patch, some tests were
performed with the headform pitched forward by 15
degrees.

Both Focus and Espace have been tested in the EC
test condition with the headform 0º and 15º pitched

forward. Since the correct HICdummy regression
equation for a tilted headform is currently lacking,
the data were processed with the 0º formula only.
Strictly, this means a one-to-one comparison of the
HICdummy values is not possible. The trend in HIC
as presented in Figure 5 can be compared for the two
vehicles.

BASt has tested two Ford Focus vehicles with
identical main specifications using identical
equipment and test personnel. The test results show
differences between the two test conditions, but
almost comparable variation between LHS/RHS
tests. This seems to indicate that the 15º pitch does
not have a major effect on the repeatability.

TNO selected impact locations and angles to be as
close as possible to the specifications of the TRL
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Figure 4.  Comparison of HIC values for the
Ford Focus; the error bars are based on
LHS/RHS testing. �
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Figure 5.  0/15 deg pitched forward head-
form tests on Focus (both tested at BASt) and
Espace (tested at TRL and TNO).
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tests. For some locations, this turned out to be
impossible as the headform was not tilted forward
by 15°. Especially for location AP2 and SR1, TNO
had to change the angle of impact to have head
contact without chin contact first according to
FMVSS-201. For the other points the results of the
TRL and TNO test show a  similar trend.

Further analysis of these data will be undertaken in
EEVC WG13 when the correct formula for the 15º
pitched forward headform becomes available.

Comparison with US test condition

Of the cars tested in this programme, only the
Toyota Camry is thought to have been designed to
US standard FMVSS-201. FMVSS-201 specifies
exact locations and impact angles based on the
possible impact locations of the occupant’ s head. In
contrast, the EEVC protocol specifies a
perpendicular impact on a ‘worst case’  impact
location.

A particular concern of WG13 has been that the US
protocol allows optimising safety to a test procedure
rather than what might happen in reality – i.e. the
test procedure could be approved with a
unidirectional energy absorption, as that was all that
was needed, but in reality an occupants head could
impact the surface and almost any angle. The EEVC
worst case approach is believed to encourage omni-
direction performance of energy absorbing systems.

The Camry was tested by TRL in the EC-15°
condition and by TNO according to FMVSS-201
(Figure 6). Part of the differences between the test
carried out by TRL and TNO must be attributed to

the uncertainty in the calculation of the HICdummy
for the 15º pitched forward headform tests.

Especially for the locations on A-pillar (AP1 and
AP2) and roof side rail (SR2) the different methods
result in higher HICdummy values for the EC test
condition.  Some of the variation in results from the
two comparative procedures may be explained by
the energy performance of the padding system used
in this vehicle. There is some suggestion that the
padding has directional characteristics aligned with
the impact directions expected in FMVSS201. When
impacted at other directions to padding appears to
have collapsed sideways rather than as was designed
(Figure 7).

CONCLUSIONS

EEVC WG13 has been developing a new interior
surface test procedure that could be used to enhance
the safety afforded in Regulation 95 focused on head
injury. In the Phase IV of the programme, a series of
tests with three different vehicles and in four
laboratories has been carried out according to the
draft test protocol developed in Phases I to III.
Although the test protocol addresses the assessment
of active head protection systems, the Phase IV test
programme has focussed only on the interior
headform tests.

During the evaluation programme some problem
areas were identified and modifications were made
to the test procedure in an attempt to overcome
them, the most notable problem being related to the
issue of special vehicle constructions, as observed in
the Renault Espace such as the presence of a double
A post.

The draft test procedure proposed a number of
procedure tolerances, such as impact velocity
±0.1m/s, target accuracy <10mm and external
deflection <30mm. Evaluation at four test facilities
suggest that of these tolerances, the external
deflection could be changed to <10mm.

Figure 7. Roof rail padding of the Toyota
Camry after the EC test.
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Figure 6. FMVSS-201 and EC-15 deg pitched
forward head-form tests on Toyota Camry
tested at TNO and TRL respectively.
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Initial testing suggested that secondary contacts with
non-certified areas of the head could easily occur in
some target positions. To overcome this to ensure a
clean contact with the certified forehead contact
patch some tests were performed with the headform
pitch forward by 15º,  but this was not subsequently
adopted.

The EEVC test procedure aims to evaluate areas of
the car that could result in the highest risk of head
injury. The identification of such target points has
proved to be the most difficult aspect. The variation
in test results may reflect this difficulty. However,
with familiarisation of the test set-up the procedure
proved to be practical and easy to use and the time to
carry out is comparable with FMVSS-201 testing.
The development of special tools to define the
limitation zone must be encouraged.

The evaluation programme has identified a number
of areas where some improvement in the test
procedure is needed. EEVC WG13 will be amending
their proposed test procedure, as appropriate. The
new test procedure is also the European contribution
to the IHRA discussions on advanced side impact
test methods [4] and is forming the core of their
interior head protection test procedure .
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ANNEX A: SUMMARY OF TEST PROTOCOL

Text and values between squared bracket are
proposed and to be confirmed before the final issue
of the protocol. (Example: [5.3]m/s)

Free Motion Headform Test method

Headform - US Free Motion Headform (FMH)
The headform used for testing conforms to the
specifications of FMVSS-201 (part 572, subpart L
“Free motion headform” )
Note: The headform shall be re-certified:
- after every [10] tests,
- after each test in which HICdummy > 1000
- after any test in which damage to the head-form
flesh is suspected

Forehead impact zone - The forehead impact zone
of the headform is determined according to the
procedure specified in sections i to vi below.

i. Position the headform so that the baseplate of the
skull is horizontal. The midsagittal plane of the
headform is designated as Plane S.

ii. From the centre of the threaded hole on top of
the headform, draw a 69 mm line forward toward
the forehead, coincident with Plane S, along the
contour of the outer skin of the headform. The front
end of the line is designated as Point P. From Point
P, draw a 100 mm line forward toward the
forehead, coincident with Plane S, along the
contour of the outer skin of the headform. The front
end of the line is designated as Point O.

iii. Draw a 125 mm line which is coincident with a
horizontal plane along the contour of the outer skin
of the forehead from left to right through Point O so
that the line is bisected at Point O. The end of the
line on the left side of the headform is designated as
Point a and the end on the right as Point b.

iv. Draw another 125 mm line which is coincident
with a vertical plane along the contour of the outer
skin of the forehead through Point P so that the line
is bisected at Point P. The end of the line on the left
side of the headform is designated as Point c and
the end on the right as Point D.

v. Draw a line from Point a to Point c along the
contour of the outer skin of the headform using a
flexible steel tape. Using the same method, draw a
line from Point b to Point d.

vi. The forehead impact zone is the surface area on
the FMH forehead bounded by lines a-O-b and c-P-
d, and a-c and b-d.

Free flight trajectory - FMH accelerated under
linear control and released for free flight at between
[25] and [100] mm of contact point

Impact Velocity - Two headform impact velocities
are specified, the higher one for the evaluation of
all target points not involving an active Head
Protection Systems and the lower one being used
for defined areas of the of vehicle, which are
protected by an active Head Protection Systems.

• 6.7 m/s ±[0.1] m/s measured <[100] mm from
contact point for ‘normal’  surfaces.

• [5.3] m/s ±[0.1] m/s measured <[100] mm from
contact point for areas covered by an ‘active
protection systems’  and for ‘secondary impact’

Impact location accuracy - The impact alignment
accuracy shall be within a radius of <[10.0] mm of
the selected target point.

Impact Environment – The following applies:
- The test temperature range shall be between [19]
and [26]°C
- The relative humidity shall be between [10] to
[70]%
- The environment shall be stabilised for a period
>[4] hours prior to test
Time period between repeated tests using the same
headform shall not be less than [3] hours

Figure A1.  EEVC orientation, 0°.

JLK�M

Figure A2.  EEVC orientation, 15° forward of
vertical
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The impact angle, defined as the angle of impact
velocity vector with respect to the plane tangential
to the surface at the point of contact, shall be
selected to be the “worst case”  as close as possible
to perpendicular to the impact surface.
The headform should be pitched forward [0° or
15°], see Figure A1 and A2, with respect to the
launch velocity vector, to ensure that a clean
contact is made with a point in the contact patch of
the FMH.

The headform orientation for an impact is
determined according to the following procedure,
graphically illustrated in the flow chart shown in
Figure A3.

The foremost point on the mid-saggital plane on the
contact patch should coincide with the impact
velocity vector through the contact target.
If the target location point cannot be hit with the
head aligned vertically, then the head may be rolled
up to 90° in the appropriate direction until a clean
contact within the contact patch can be achieved,
whilst minimising the potential for other parts of
the headform to contact the vehicle during the
primary phase of the impact.
If a clean contact is not possible then the headform
should be returned to the vertical and yawed by
15deg in the appropriate direction and realigned
with the target impact velocity vector. If a clean
contact cannot be made following this secondary
adjustment then the head may be rolled up to 90° in
the appropriate direction.
If the point cannot be impact cleanly then the target
point should be moved (again) within the defined
limits.

Contact points - The contact points are defined
similar as in regulation FMVSS-201 (part 571).

General guidance – The following applies:

‘Worst Case’  impacts: It is expected that ‘worst
case’  will differ between vehicles, thus each vehicle
should be assessed, by examining the drawings or
physically, before assuming the padding, fixing or
other structure would be the worst case.
An inspection of the trims and underlying structure
should be carried out to look for :
- where the crush depth of padding is minimal.
- the location of fixings and bolts.
- the position of welds and joints in the chassis.
- the attachment of padding or other components
The presence of such features could be used to
guide a test authority regarding focal point for
‘worst case’  impacts.

Closeness of repeated test
A vehicle being tested may be impacted multiple
times, subject to the limitations given below

- impacts within 300 mm of each other may not
occur less than 30 minutes apart.
- no impact may occur within 150 mm of any other
impact.

The distance between impacts is the distance
between the centres of the target circle for each
impact, measured along the vehicle interior.

Examination of collateral damage
If other impacts are to be carried out within a
200mm radius of a previous impact point then any
structural damage around and beneath the target
point must be assessed. If damage is noted and full
repair is not possible then no further adjacent
impacts should be performed within the area of
damage extended by 200mm from the target point.
Note – the chin of the headform can contact parts of
the vehicle structure 150mm from the contact point.

Damage assessment
If any trim or padding has been permanently
deformed, including attachment points within a
100mm radius of the target points the padding must
be replaced. The 100mm radius could be increased
if  it is considered that the damage might affect the
stiffness of the padding structure in any adjacent
impact.. All padding and trim attachment points
should be examined and assessed for possible
collateral stiffness.
The extent of damage/deformation to structures
underlying the padding should be assessed. If any
permanent damage is detected the limit of the
damage must then be quantified. No adjacent test
should be carried out within 200mm of the edge of
the identified structural damage.

Vehicle preparation, including support
The vehicle should be rigidly supported off its
wheels with the principle axes of the vehicle being
aligned with ground reference co-ordinates. The
maximum displacement of the exterior surface of
the vehicle, along the axis of the impact adjacent to
the point of contact, shall not exceed [30] mm. If
necessary, the exterior of the vehicle may be
‘additionally’  supported to limit exterior movement
to [30]mm.
If the side window can be opened, tests should be
performed with the window fully open.

Approval criteria - FMH Head Injury Criterion
The Head Injury Criterion for the head-form
(HICfmh) is calculated according to the following
formula:

( )NO
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where ‘a’  is the resultant head-form acceleration,
expressed as a multiple of ‘g’  (the acceleration due
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to gravity), and t1 and t2 are any two points in time
during the impact, which are separated by not more
than a thirty-six millisecond time interval.
Using the HICfmh, the HICdummy is calculated
using the same correlation formula as specified in
regulation FMVSS-201, namely:

HICdummy = 0.75446 HICfmh + 166.4
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Figure A3.   Headform alignment flow chart
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ANNEX B: FMH TEST RESULTS

Table 4. Ford Focus results. All 15q HICdummy values were calculated with 0q formula.

Impact angles
Test
laboratory horizontal vertical head

rotation

Impact
Speed

HIC
(dummy)

Target location Unit degrees degrees degrees m/s s
AP1 LHS TRL-0° 0 90 0 6.80 331

RHS 0 90 0 6.63 850
LHS VCC-0°

RHS 1 48 0 7.06 511
LHS BASt-0° 273 35 0 6.60 1293

RHS 87 35 0 6.74 1130
LHS BASt-15° 273 35 0 6.73 1142

RHS 87 35 0 6.74 1019
AP2 LHS TRL-0° 340 66 90 6.71 1082

RHS 20 66 -89 6.71 1126
LHS VCC-0°

RHS 21 67 90 7.02 1078
LHS BASt-0° 273 35 -90 6.62 1207

RHS 87 35 90 6.60 1322
LHS BASt-15° 273 35 -90 6.70 1077

RHS 87 35 90 6.73 1163
SR1 LHS TRL-0° 270 65 -9 6.75 1095

RHS 82 65 9 6.68 1059
LHS VCC-0°

RHS 90 53 0 6.84 766
LHS BASt-0° 273 35 0 6.60 522

RHS 87 35 0 6.79 563
LHS BASt-15° 273 35 -90 6.63 560

RHS 87 35 90 6.61 591
SR2 LHS TRL-0° 270 53 -6 6.69 779

RHS 90 53 6 6.67 764
LHS VCC-0°

RHS 90 50 0 6.97 803
LHS / RHS BASt-0°
LHS / RHS BASt-15°

BP1 LHS TRL-0° 258 60 -90 6.81 1421
RHS 102 60 88 6.71 1279

LHS VCC-0°
RHS 118 53 90 6.83 801

LHS BASt-0° 260 26 45 6.80 922
RHS 100 26 -45 6.72 711

LHS BASt-15° 260 26 0 6.61 862
RHS 100 26 0 6.60 703

BP2 LHS TRL-0° 271 21 -90 6.70 745
RHS 91 21 90 6.67 783

LHS VCC-0°
RHS 103 23 51 6.88 773

LHS BASt-0° 260 26 45 6.80 577
RHS 100 26 -45 6.63 640

LHS BASt-15° 260 26 0 6.62 602
RHS 100 26 0 6.70 649

BP3 LHS TRL-0° 254 6 84 6.76 1082
RHS 116 6 -84 6.71 1125

LHS VCC-0°
RHS 100 40 90 6.70 857

LHS / RHS BASt-0°
LHS / RHS BASt-15°
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Table 5.
Toyota Camry and Renault Espace results. All 15q HICdummy values were calculated with 0q formula.

Impact angles
Test
laboratory horizontal vertical head

rotation

Impact
Speed

HIC
(dummy)

Target location Unit degrees degrees degrees m/s s
Toyota Camry
AP1 LHS TRL-15° 280 48 0 6.74 1035

RHS 80 48 0 6.70 1063
LHS TNO 201 300 31 0 6.74 485

RHS 53 30 0 6.57 482
AP2 LHS TRL-15° 260 63 0 6.64 913

RHS 100 63 0 6.70 1014
LHS TNO 201 396 20 0 6.71 454

RHS 67 38 0 6.59 432
SR1 LHS TRL-15° 270 35 11 6.68 576

RHS 90 35 -11 6.77 747
LHS TNO 201 269 43 0 6.76 853

RHS 90 34 0 6.50 668
SR2 LHS TRL-15° 270 87 0 6.78 1536

RHS 90 87 0 6.68 1603
LHS TNO 201 271 32 0 6.70 636

RHS 90 30 0 6.77 549
BP1 LHS TRL-15° 270 45 0 6.69 1060

RHS 90 45 0 6.73 1029
LHS TNO 201 264 37 0 6.58 1003

RHS 97 46 0 6.68 1315
BP2 LHS TRL-15° 272 25 0 6.68 827

RHS 88 25 0 6.69 864
LHS TNO 201 265 12 0 6.58 733

RHS 96 2 0 6.47 646
BP3 LHS TRL-15° 235 7 0 6.68 1072

RHS 125 7 0 6.68 1031
LHS TNO 201 264 1 0 6.74 1083

RHS 96 -2 0 6.78 1207
Renault Espace
AP1 LHS / RHS TRL-15°

LHS / RHS TNO-0°
AP2 LHS TRL-15° 315 38 0 6.69 1000

RHS 45 38 0 6.70 1040
LHS TNO-0° 312 41 90 6.59 798

RHS 44 38 -90 6.51 876
SR1 LHS TRL-15° 270 57 0 6.70 607

RHS 90 57 0 6.72 621
LHS TNO-0° 270 32 0 6.55 1028

RHS 90 33 0 6.61 1015
SR2 LHS TRL-15° 270 50 0 6.68 789

RHS 90 50 0 6.68 808
LHS TNO-0° 270 65 90 6.69 860

RHS 89 65 -90 6.59 966
BP1 LHS TRL-15° 270 57 -90 6.66 1767

RHS 90 57 90 6.68 1791
LHS TNO-0° 270 51 -90 6.67 2117

RHS 94 45 90 6.60 1761
BP2 LHS TRL-15° 270 24 90 6.64 825

RHS 90 24 0 6.72 1124
LHS TNO-0° 269 26 90 6.63 810

RHS 89 23 -90 6.60 1029
BP3 LHS TRL-15° 270 1 -90 6.72 1113

RHS 90 1 90 6.73 1165
LHS TNO-0° 270 1 0 6.74 975

RHS 90 0 0 6.60 952
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ABSTRACT

Understanding the etiology of pediatric pedestrian-
motor vehicle injuries requires a complete
understanding of the distribution of these injuries by
severity, body region, and age. A review is presented
of injuries to all pediatric pedestrian crash victims
that survived to presentation to a pediatric level one
trauma center (Children’s National Medical Center,
Washington, D.C., USA). The data is a retrospective
review of the pediatric trauma registry. The data
consists of 4,887 injuries in 1,629 patients (ages 0 to
18 years). The overall injury distributions confirmed
the findings of earlier studies showing the head and
lower limbs to be the most vulnerable body regions.
For the head, the rate of soft tissue injuries and severe
injuries decreased with increasing age of the
pedestrian. For the lower limb, a transition between
femur and tibia/fibula injuries occurred as the child
matured. This data should help prioritize areas of
focus in developing vehicle countermeasures for the
pediatric pedestrian population.

INTRODUCTION

Pediatric pedestrian injuries constitute a severe
problem in motorized societies throughout the world.
In the U.S., pedestrian injuries account for 61% of all
pediatric trauma hospital admissions [1]. While the
gross distribution of pediatric pedestrian-motor
vehicle injuries has been described [2,3], the types of
specific injuries suffered by child pedestrians hit by
motor vehicles have, to the authors’ knowledge, not
been documented. Additionally, none of these
studies has described the injuries sustained in detail,
except to note the general injured region of the body.
Although textbooks claim a varying injury
distribution between young children, older children
and adults, no data is referenced to define this
difference [4,5].

The aim of the present study is twofold; to categorize
the distribution of injuries encountered by pediatric
pedestrians hit by motor vehicles and to gain
understanding of how pedestrian-motor vehicle injury
patterns change throughout childhood. An improved
understanding of how these injury patterns vary
across age groups should facilitate the development
of vehicle countermeasures for both pediatric as well
as adult pedestrian safety.

METHODS

The pediatric trauma registry at the Children’s
National Medical Center, Washington, DC, USA was
searched to identify all children (aged 0 through 18
years) with pedestrian-motor vehicle injuries
admitted to the trauma service from January 1988
until October 2002. A Human Investigation
Committee review is waived for anonymous registry
data.

The ICD-9 codes of all injuries sustained by the
identified children were reviewed. For each patient,
multiple listings of the same ICD-9 code were
reduced to a single listing. In addition to the ICD-9
codes, the Abbreviated Injury Scale (AIS) and Injury
Severity Score (ISS) were used to describe injury
severity as a result of trauma. The ICD-9 codes for
the identified injuries were converted to AIS scores
by use of the software ICDMAP-90 (The Johns
Hopkins University & Tri-Analytics, Inc. 1998 -
2002). The same software was also used for
calculating the ISS for each identified child.

ICD-9 codes provide explicit descriptions of many
injuries and injury combinations. In order to improve
analysis of data trends, the ICD-9 codes were
reorganized into a smaller number of meaningful
categories by body region and injury type. The body
regions chosen were Head, Chest, Abdomen, Upper
Extremity, Lower Extremity, Spine and Other. The
injury types were in general only based on organ or
anatomical location, for instance Liver or Knee.
However, some of the injury types require further
clarification. Injuries to the skin, peripheral blood
vessels, peripheral nerves, as well as injuries to facial
features (eye, ear, nose, mouth, etc.), were recoded as
injuries to Soft Tissue. All types of intracranial
hemorrhages were recoded as Hemorrhage. All
identified ICD-9 codes describing brain tissue injury
or prolonged (>24 hours) altered consciousness were
considered to be of the type Severe Head Injury. All
identified ICD-9 codes describing brief altered
consciousness (<24 hours) or concussion were
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considered to be of the type Brief Loss of
Consciousness (BLOC). Furthermore, ICD-9 head
injury codes describing multiple injuries were
subdivided and listed as separate injuries. For
instance, a head injury coded as 800.22 (closed
fracture of vault of skull with subarachnoid, subdural,
and extradural hemorrhage, with brief (<1 hour) loss
of consciousness) was separated and listed as two
individual injuries; a skull fracture and a hemorrhage.
Given the high associated frequency of lower
extremity injury and considering that leg length
increases rapidly during childhood, the changes in
injury patterns are of particular interest. Therefore,
injuries to the femur and tibia/fibula were further
subdivided into more specific injury types based on
injury location (proximal, mid-shaft, distal).

In order to analyze changes in injury patterns across
age groups, the injury data were grouped according to
the age groups 0 to 4 years, 5 to 9 years, 10 to 14
years and 15 through 18 years old. The selected age
groups are consistent with previous pediatric injury
literature [1,6]. For each body region and age group,
the injury data were normalized and presented as
injuries per 1,000 injured pediatric pedestrians of the
same age group (Table 3). This normalization of the
data allowed for comparison of injury rates among
age groups.

RESULTS

The search of the pediatric trauma registry yielded
1,629 children of average age 7.9 years with a total of
4,887 ICD-9 coded injuries, and 5,113 injuries. The
most common and second most common injuries
sustained by the children were soft tissue injuries
(2,319) and head injuries (1,332), respectively. These
findings are in agreement with those of previous
investigators [2,3]. The number of children and
injuries in each of the four age groups, the average
AIS scores for the injuries in each age group, and the
average ISS for the children in each age group are
provided in Table 1. Figure 1 shows the age
distribution of the 1,629 patients.

Table 2 demonstrates the distribution of injury types
by body region and age groups. Table 3 is a
normalized version of Table 2 and contains the rates
of all the different injury types by body region per
1,000 injured pedestrians in each age group. Tables 2
and 3 present the head injury data both as a
distribution of injury types and a distribution of AIS
scores. Table 4 shows the distribution of femur and
tibia/fibula injury types and the rates of femur and
tibia/fibula injury types per 1,000 injured pedestrians
in each age group.

Table 1.
Patient demographics

Age (years) 0 - 4 5 - 9 10 - 14 15 - 19
Number of
patients 311 776 464 78

Number of
ICD-9
injuries

940 2307 1427 213

Number of
injuries 986 2426 1480 221

Average AIS 1.93 1.97 1.97 1.87
Average ISS 7.51 6.96 7.93 5.31
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Figure 1. Age distribution of the 1,629 pediatric
patients

DISCUSSION

This study reviews the distribution of injury types in
the 1,629 pediatric victims of pedestrian-motor
vehicle accidents admitted to the trauma service at
the Children’s National Medical Center in
Washington, DC, USA from January 1988 until
October 2002. The age distribution of the target
population shown in Figure 1 suggests that the risk of
being a victim of a pedestrian-motor vehicle accident
increases from birth up to the age of 6 - 7 years and
then declines up to the age of 18 years. This trend is
roughly consistent with the findings of a previous
study on pediatric pedestrian-motor vehicle injuries
by DiMaggio et al. [1]. It should, however, be
emphasized that DiMaggio and co-workers used
police report data, which consequently would include
those children who were hit by a motor vehicle but
did not suffer injuries severe enough to require
admission to trauma service and those children dead
at the scene of the accident, neither of whom are
included in the present study. The greatest difference
between the age distribution in the present study and
that in the study by DiMaggio et al. is the steep
decline in frequency from age 13 to 18 years seen in



3

Table 2.
Distribution of injury types by body regions and

age groups
Age (years) 0 - 4 5 - 9 10 - 14 15 - 18

Head
Skull Fracture 26 53 27 2
Basilar Skull Fracture 15 39 23 3
Facial Fracture 13 29 21 6
Hemorrhage 37 91 46 2
Severe Head Injury 82 206 101 14
BLOC 114 221 128 33
Soft Tissue 270 588 310 48

Head
AIS 1 279 619 326 52
AIS 2 164 387 222 47
AIS 3 29 77 41 5
AIS 4 29 85 45 2
AIS 5 33 64 24 6
AIS 6 0 0 1 0
AIS 9 27 91 42 4

Chest
Lung 33 68 30 2
Clavicle 10 25 14 1
Vascular 0 1 0 0
Scapula 3 4 7 1
Chest wall 5 20 9 0
Heart 1 1 5 0

Abdomen
Bowel 5 2 2 0
Diaphragm 0 4 0 0
Liver 14 16 6 1
Spleen 8 21 10 0
Pancreas 2 2 0 0
Kidney/Adrenal 7 18 5 1
Bladder/Ureter 2 3 2 1
Other 1 10 2 0
Soft Tissue 58 117 64 7

Upper Extremity
Shoulder 0 1 4 0
Humerus 11 22 32 3
Forearm 2 12 12 1
Hand/Wrist 0 10 10 0
Soft Tissue 33 89 83 8

Lower Extremity
Pelvis 25 38 32 8
Hip/Acetabulum 1 3 2 0
Femur 49 191 71 5
Knee 0 4 20 6
Tibia/Fibula 37 151 160 27
Ankle/Foot 3 8 13 2
Soft Tissue 70 218 152 28
Other 0 1 0 0

Spine
Cervical 4 19 2 4
Thoracic 0 2 0 0
Lumbar 0 1 3 2
Sacral 2 3 1 0
Soft Tissue (Neck) 1 2 2 0

Other
Other 5 19 9 0
Burn 4 7 3 0
Soft Tissue 32 80 54 5
Multiple Injury 1 5 3 0

Table 3.
Rates of injury types by body regions and age
groups per 1,000 injured pediatric pedestrians

Age (years) 0 - 4 5 - 9 10 - 14 15 - 18
Head

Skull Fracture 83.6 68.3 58.2 25.6
Basilar Skull Fracture 48.2 50.3 49.6 38.5
Facial Fracture 41.8 37.4 45.3 76.9
Hemorrhage 119.0 117.3 99.1 25.6
Severe Head Injury 263.7 265.5 217.7 179.5
BLOC 366.6 284.8 275.9 423.1
Soft Tissue 868.2 757.7 668.1 615.4

Head
AIS 1 897.1 797.7 702.6 666.7
AIS 2 527.3 498.7 478.4 602.6
AIS 3 93.2 99.2 88.4 64.1
AIS 4 93.2 109.5 97.0 25.6
AIS 5 106.1 82.5 51.7 76.9
AIS 6 0.0 0.0 2.2 0.0
AIS 9 86.8 117.3 90.5 51.3

Chest
Lung 106.1 87.6 64.7 25.6
Clavicle 32.2 32.2 30.2 12.8
Vascular 0.0 1.3 0.0 0.0
Scapula 9.6 5.2 15.1 12.8
Chest wall 16.1 25.8 19.4 0.0
Heart 3.2 1.3 10.8 0.0

Abdomen
Bowel 16.1 2.6 4.3 0.0
Diaphragm 0.0 5.2 0.0 0.0
Liver 45.0 20.6 12.9 12.8
Spleen 25.7 27.1 21.6 0.0
Pancreas 6.4 2.6 0.0 0.0
Kidney/Adrenal 22.5 23.2 10.8 12.8
Bladder/Ureter 6.4 3.9 4.3 12.8
Other 3.2 12.9 4.3 0.0
Soft Tissue 186.5 150.8 137.9 89.7

Upper Extremity
Shoulder 0.0 1.3 8.6 0.0
Humerus 35.4 28.4 69.0 38.5
Forearm 6.4 15.5 25.9 12.8
Hand/Wrist 0.0 12.9 21.6 0.0
Soft Tissue 106.1 114.7 178.9 102.6

Lower Extremity
Pelvis 80.4 49.0 69.0 102.6
Hip/Acetabulum 3.2 3.9 4.3 0.0
Femur 157.6 246.1 153.0 64.1
Knee 0.0 5.2 43.1 76.9
Tibia/Fibula 119.0 194.6 344.8 346.2
Ankle/Foot 9.6 10.3 28.0 25.6
Soft Tissue 225.1 280.9 327.6 359.0
Other 0.0 1.3 0.0 0.0

Spine
Cervical 12.9 24.5 4.3 51.3
Thoracic 0.0 2.6 0.0 0.0
Lumbar 0.0 1.3 6.5 25.6
Sacral 6.4 3.9 2.2 0.0
Soft Tissue (Neck) 3.2 2.6 4.3 0.0

Other
Other 16.1 24.5 19.4 0.0
Burn 12.9 9.0 6.5 0.0
Soft Tissue 102.9 103.1 116.4 64.1
Multiple Injury 3.2 6.4 6.5 0.0
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Table 4.
Distribution of femur and tibia/fibula injury types

and rates of femur and tibia/fibula injury types
per 1,000 injured pediatric pedestrians

Distribution of Femur and Tibia/Fibula Injury Types
Age (years) 0 - 4 5 - 9 10 - 14 15 – 18
Femur proximal 4 4 3 0
Femur mid-shaft 38 160 40 5
Femur distal 7 27 28 0
Tibia/Fibula proximal 2 13 19 6
Tibia/Fibula mid-shaft 30 130 127 20
Tibia/Fibula distal/ankle 1 8 14 1

Rates of Femur and Tibia/Fibula Injury Types per 1,000
Injured Pediatric Pedestrians

Age (years) 0 - 4 5 - 9 10 - 14 15 - 18
Femur proximal 12.9 5.2 6.5 0.0
Femur mid-shaft 122.2 206.2 86.2 64.1
Femur distal 22.5 34.8 60.3 0.0
Tibia/Fibula proximal 6.4 16.8 40.9 76.9
Tibia/Fibula mid-shaft 96.5 167.5 273.7 256.4
Tibia/Fibula distal/ankle 3.2 10.3 30.2 12.8

the present study (Figure 1). The most likely
explanation to this difference is that the data used in
the present study are from a children’s hospital and
consequently that many older children and
adolescents injured in pedestrian-motor vehicle
accidents were treated at general hospitals.

Classification of the injuries by body region
facilitates comparison among age groups. Therefore,
discussion of the results is delineated by body region.
It is important to note, however, that the observations
are limited to injury trends and rates. Relationships
between these rates and the corresponding
environmental and vehicular risk factors require more
detailed analysis of the crash reconstruction and
subsequent pedestrian kinematics. In the absence of
this information, however, the authors have
attempted to suggest possible rather than definitive
injury mechanisms where appropriate. These
hypothesized mechanisms were developed based on
the observed injury and the influence of body size on
pedestrian kinematics and loads demonstrated in
published computational investigations [7].

Head Injury

The head injury data in Table 3 indicate that the rate
of Soft Tissue injury to the head is higher in younger
than in older children. Examining AIS 1 and 2 head
injuries confirm this trend. However, more severe
(AIS 3+) head injuries appear to either remain
unchanged or in some cases decrease with increasing
age. For the more specific injury classifications,
Table 3 demonstrates that the rates of Skull Fracture
and Hemorrhage decrease with increasing age. These
trends may be due to a combination of the head being

less likely to be struck at the initial vehicle impact as
the children grow taller or that younger children have
lower injury tolerances.

Chest

For all four age groups, the most common type of
chest injury is lung injury (Table 3). A plausible
explanation to the trend of decreasing rate of lung
injury with increasing age could be that the strength
of the rib cage increases with age during maturation
and thus, provides better protection for the
underlying lungs. However, chest wall injuries were
relatively rare for all age groups. This may suggest
that even the older child’s rib cage is sufficiently
compliant to limit the number of rib fractures that
occur.

Abdomen

The abdominal injury data in Table 3 demonstrate
that the rate of kidney and adrenal injuries is similar
to the rates of liver and spleen injuries. This is
different than the injury pattern seen in child
occupants in motor vehicles crashes for which the
rate of liver and spleen injuries are higher than the
rate of kidney and adrenal injuries. In the vehicle
environment, the kidneys are either remote from the
point of load application in frontal crashes (e.g., a
belt loading the anterior torso) or are partially
protected by the vehicle seat for other impact
directions. In pedestrian impacts, however, there can
exist more narrowly focused loading of the
unprotected abdomen by either the bumper or vehicle
front.

Upper Extremity

Table 3 demonstrates that the most frequently injured
bone in the upper extremity is the humerus, although
the occurrence of all upper limb injuries was
relatively low. This injury pattern suggests that the
most common cause of upper extremity injury is
likely direct impact to the arm. The low rates of
forearm and hand/wrist injuries (fractures) suggest
that children are unable to try to protect themselves
during either the primary impact with the vehicle or
the secondary impact with the ground. If children
were able to try to protect themselves, they would
likely sustain a higher rate of the classic FOOSH
(Fall On an Outstretched Hand) injuries.

Lower Extremity

Previous empiric data have suggested a varying
distribution of lower extremity injuries with different
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child size [4], but no authors have documented the
nature or extent of these differences. The results from
the present study suggest that femur injuries are more
common in younger than in older children but that
older children are more likely to suffer tibia/fibula
and ankle/foot injuries than younger children. Ashton
et al. have demonstrated a strong correlation between
height of the bumper or hood leading edge and the
location of injury [8]. The reduction in femur
injuries and increase in tibia/fibula injuries as the
child ages (i.e., grows) would seem to support this
claim. However, the change in contact injury
location does not migrate from mid-shaft femur to
distal femur to proximal tibia to mid-shaft tibia as
would be expected as the height of the bumper
relative to the limb decreases with increasing age of
the pedestrian. Rather, most of the femur and tibia
fractures were mid-shaft regardless of the age of the
pedestrian. However, our results demonstrate a
much higher rate of knee injury in the two oldest age
groups than in the two youngest age groups. While
knee injuries do occur when the leading edge of the
vehicle is at knee height [9], injuries of the knee can
also occur with translation of the femur or tibia if
initial fracture on contact does not occur. We
hypothesize that the increase in knee injuries for the
older children may result from both more contacts of
the bumper to the knee and also from proximal leg
contacts causing dislocation at the knee.

The majority of the pelvic fractures recorded in the
study were single pelvic ring injuries, which agrees
with the findings of previous investigators [10-12].
The rate of pelvic injuries appears highest in the
youngest and oldest populations. The authors
hypothesize that the bumper height may be sufficient
to contact the pelvis of the younger children whereas
the vehicle front and hood leading edge could
contribute to pelvic injuries for the older population.
The drop in rate for the 5-14 year old age groups may
suggest that their pelvis height lies between the
bumper and hood leading edge.

Although the present work sheds further light upon
the distribution, and possibly the cause, of pediatric
pedestrian-motor vehicle injuries, the data have some
inherent limitations. The data can not account for the
type of impact and do not include information on the
distribution of vehicle body types involved in the
accidents. It is unknown what percentage of children
were driven over or crushed, what percentage
involved forward projection, or what percentage
impacted the top of the vehicle only to roll off onto
the ground or another vehicle. Additional in-depth
investigations involving crash reconstruction
information must be coupled with large trauma

databases to develop not only injury priorities but
also directions for countermeasure development.

CONCLUSIONS

These data confirmed earlier studies showing the
prevalence of head and lower limb injuries for the
pediatric pedestrian population struck by a motor
vehicle. In addition, the paper provides a more
descriptive distribution of pediatric pedestrian-motor
vehicle injuries than has been previously reported.
For the head, the rate of soft tissue injuries and severe
head injuries decreased with increasing age of the
pedestrian. For the lower limb, a transition between
femur and tibia/fibula injuries potentially highlights
the significance of considering bumper height for a
range of pedestrian anthropometries. In general, this
work supports further investigations into the height of
vehicle components relative to the anthropometry of
the pedestrian. Furthermore, the age-dependent
distribution of injuries suggests that priorities for
optimizing vehicle countermeasures may depend on
the age and size of the pedestrians.
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ABSTRACT

The relationship between ocular injuries and

airbag deployment is studied experimentally in

airbag deployment tests using pig eyes in vitro and

newly developed load cells mounted on a fixed plate.

Experiments conducted under various conditions

reveal relationships between impact pressures on

corneal surfaces and ocular injury rates. The ocular

injury rate is determined by microscopic observation

as the density of corneal endothelial cell loss. The

relationship between impact pressure and injury rate

is discussed statistically. No serious injuries to

corneal endothelial cells occurred during the

experiments within the framework of our test

conditions.

INTRODUCTION

Airbag systems are widely recognized as

effective safety devices, and have been proven to

reduce serious injuries in automobile collisions [1-2].

However, studying the potential for ocular injury

caused by airbag deployment is important [3-7].

Although airbag-related ocular injuries have been

studied in the past, the relationship between ocular

injury and impact pressure has not been shown

clearly.

The present study investigates the relationship

between corneal endothelium injury and impact

pressure caused by airbag deployment. The airbag

folding pattern is also examined in order to

determine the influence of folding pattern on impact

pressure.

METHOD OF EXPERIMENT

Evaluation of Ocular Injuries and Measurement

of Impact Pressure

The relationship between ocular injury and

impact pressure caused by airbag deployment is

investigated in the experimental study. In order to

express the relationship, ocular endothelial injuries

and impact pressures are measured precisely. The

relationship between corneal endothelium injury

rates in pig eyes and impact pressures can be

obtained by exposing pig eyes implanted in a fixed

flat plate to a deploying airbag on a test stand. Four

pig eyes in vitro and twelve load cells are mounted

on the surface of the fixed plate, enabling

simultaneous evaluation of ocular injury and impact
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pressure. In this study, the corneal endothelium

injury rate of a pig eye is used for evaluating ocular

injury.

From these experimental results, the

relationship between corneal endothelium injury and

impact pressure can be obtained quantitatively.

Experimental Equipment Using Fixed Plate

Figure 1 shows the test stand for the airbag

deployment. The fixed plate is equipped with pig

eyes and load cells. The distance d between the

steering wheel and the fixed plate is set as d=300mm

or d=220mm. The condition d=300mm

approximates the contact position for an AM50

driver in the neutral seating position for a 50 to

55km/h barrier crash test. The condition d=220mm

approximates the contact position for an AF5 driver

in the full forward seating position for a 50km/h

barrier crash test.

In all tests, the plate remains stationary

throughout the test. Since our purpose is to obtain the

correlation between ocular injury and impact

pressure, occupant movement during collision is

considered to impart a small effect to the correlation

itself.

Positions of four pig eyes and twelve load cells

are shown in Figure 2. The position of a pig eye at

point “A” coincides with the longitudinal center of

the steering column. Figure 3 shows four pig eyes

and twelve load cells arranged according to the

placement depicted in Figure 2.

Each pig eye is surrounded by the four load

cells. The injury rates of the pig eyes are assumed to

correspond to the average of impact pressures

measured by the four surrounding load cells. Using

this method of measurement, the relationship

between corneal endothelium injury and impact

pressure can be derived quantitatively.

Placement of Pig Eyes

In this study, pig eyes in vitro are used for

airbag deployment tests. A pig eye is approximately

Figure 1. Experimental equipment.

Figure 2. Positions of pig eyes and load cells.

Figure 3. Arrangement of pig eyes and load

cells.
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equal in size to a human eye and is available

comparatively readily. Pig eyes for the tests are used

within 12 hours of slaughter and within 10 hours of

removal. In order to prevent unexpected injuries, a

protective ointment is applied to the cornea, and the

pig eyes are refrigerated until just before the test.

In order to increase reproducibility, pig eyes are

individually fixed to artificial orbits. An artificial

orbit provides a constant boundary condition with a

rigid backside mounting. Each artificial orbit

consists of an acrylic cylinder, and a circular

backboard.

Figure 4 depicts the method for locating a pig

eye. Surrounding tissues of the pig eye such as

cartilage, fat, and optic nerve are removed. Muscles

are fixed with pins to the artificial orbit. A number of

steel balls are packed densely in the cylinder from

behind the pig eye, and steel balls are fixed to each

other by use of quick-drying adhesive.

Each pig eye has individual difference in its

original shape and size. By use of steel balls, all pig

eyes can be placed under the same conditions,

regardless of shape or size. A backboard is finally

attached at the bottom of the cylinder. Following this

procedure, soft tissues of an eyeball are covered and

supported firmly, and the required boundary

condition can be met.

RESULTS OF EXPERIMENT

Impact Pressure and Injury Rate

Figure 5 shows the transition of impact pressure

for the case where the distance d between the

steering wheel and the fixed plate is 220 mm. Impact

Figure 4. Pig eye and artificial orbit.

pressure measured by one of the load cells is shown

in this figure. As shown in Figure 5, two peaks are

observed. The first peak appears just after the first

airbag contact with the load cell, and is defined as 1st

peak impact pressure. The 1st peak impact has quite a

short duration. As compared with the 1st peak impact

pressure, the 2nd peak impact pressure has longer

duration. Under the present condition, 1st peak

impact pressure values tend to be higher than 2nd

peak impact pressure values.

In order to evaluate ocular injury, the corneal

endothelium is observed under a microscope. After

the airbag deployment test, the anterior segment of

pig eye including sclera and cornea are cut out and

the iris is removed. Trypan Blue and Alizarin Red

are applied to the sclerotic corneal in order to stain

the area of corneal endothelial cell losses.

Microscope images are preserved and areas of cell

losses are measured.

Figure 6 is a photograph of the corneal

endothelial cells after the airbag deployment. The

cell losses are stained darkly. Since the corneal

endothelial cell losses cannot be compensated, loss

of numerous cells might cause serious corneal

endothelial injury.

Figure 5. Impact pressure (d=220mm).

Figure 6. Corneal endothelial cells after test.
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Figure 7 shows the relationship between

corneal endothelial injury rates and 1st peak impact

pressures. The impact pressure value is the average

of the 1st peak impact pressures measured by the four

load cells surrounding a pig eye. Injury rate is

defined as an area ratio between cell losses and

normal cells. Figure 7 shows a certain degree of

correlation between injury rate and 1st peak impact

pressure.

In the case of a normal human eye, the number

density of corneal endothelial cells is about

4000/mm2. If the density value drops to

400~500/mm2 (about 90% or more of the cells are

injured), serious injury occurs and the cornea might

require penetrating keratoplasty (PKP) [8].

In addition, if injury rate becomes 50% or more,

careful management is required in cataract operation.

Figure 7 shows that, in consideration of these cases,

the airbag deployments we conducted under the

conditions of the present fixed plate tests are unlikely

to cause serious corneal endothelial injury.

Statistical Investigation

Although a certain degree of relationship

between the injury rates and impact pressures is

observed, for the sake of closer examination we

introduce the risk curve which indicates the

probability of injury. The risk curve is used in the

estimation procedure used in risk management. The

method can quantitatively estimate the results of

Figure 7. Relationship between corneal

endothelial injury rate and 1st peak impact

pressure.

multivariate experiments.

Using the data of Figure 7, risk curves are

obtained for the ranges of 0.02MPa~0.06MPa,

0.06MPa~0.15MPa and 0.15MPa~0.19MPa.�Within

each range, all injury rates measured by the tests are

rearranged, and the probability ki of each injury rate

is calculated. The excess probability Ki is calculated

by substituting ki into following equations:

(1).

Figure 8 shows the results calculated by

Equation 1, wherein the horizontal axis represents

injury rate and the vertical axis represents excess

probability. In this risk curve, the probability of a

high injury rate increases when the plot moves

toward the upper right. The area bounded by each

risk curve, the vertical axis, and the horizontal axis

represents average injury rate.

Figure 9 shows the relationship between

average injury rate and 1st peak impact pressure

Figure 8. Risk curve.

Figure 9. Relationship between average injury

rate and 1st peak impact pressure.
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obtained by the risk curve (Figure 8). From Figure 9,

average injury rate and 1st peak impact pressure are

ascertained to have an almost linear relationship.

Throughout these tests, maximum impact pressure is

about 0.2MPa. This shows that under the conditions

employed in the present fixed plate tests,

endothelium injury level caused by airbag

deployment is low; in other words, serious corneal

damage was not observed within the conditions of

the present experiments.

INFLUENCE OF FOLDING PATTERN ON

IMPACT PRESSURE

In this chapter, we discuss the influence of

airbag folding pattern upon airbag performance.

Since folding pattern is expected to affect the airbag

deployment characteristics, it may also change the

value of impact pressure. Deployment tests were

conducted for airbags folded in different patterns.

The fixed plate was equipped with thirteen load cells,

and the impact pressures were measured. The

distance d between the steering wheel and the fixed

Figure 10. Position of load cells.

Figure 11. Distribution of 1st peak impact

pressures.

plate is set as d=300mm.

Figure 10 shows the position of the thirteen load

cells for the measurements of impact pressure. The

position of the load cell at point “a” coincides with

the longitudinal center of the steering column.

Measurements of impact pressure at these

thirteen points provide the basis of discussion on the

influence of folding patterns. Among various folding

patterns, in this chapter, the difference between

folding pattern I and folding pattern II is discussed.

Figure 11 shows distributions of 1st peak impact

pressures obtained from the tests for the two types of

folding pattern. Comparison of the two folding

patterns shows that the levels of impact pressure are

apparently different. We can see that the impact

pressure values of folding pattern II tend to be higher

than those of folding pattern I.

CONCLUSIONS

In airbag deployment tests under the conditions

employed in this study, serious injuries to corneal

endothelial cells of pig eyes are not observed. This

observation suggests that airbag deployment does

not result in serious damage to the corneal

endothelium within the condition of the present

experiments.

The relationship between ocular endothelial

injury rate and the impact pressure caused by airbag

deployment is obtained.

The results of experiment also show that impact

pressure is influenced by the airbag folding pattern.
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ABSTRACT

The safety of vulnerable road users is an
important objective of European transportation policy
and the automotive industry. The aim is to continue
the successful reduction in the number of pedestrians
killed and injured in road accidents over recent
decades. It is hoped to achieve a reduction in the
number of fatalities by 30 % and of seriously injured
pedestrians by 17 % by 2010 across Europe.

Different approaches are being discussed to
achieve this aim. Besides better road safety
instruction, adapted traffic-route planning and
improvements to rescue-services, it is imperative that
the car itself becomes a focus of attention. While the
EEVC prefers a component testing procedure, the
automotive industry expects higher potentials in a
consequent further development of active systems.

BACKGROUND

Very soon the European Commission will pub-
lish an Industry Commitment which aims at improve-
ments for the protection of pedestrians in vehicle
accidents. The target set in 2000 was to reduce
pedestrian fatalities by 30 % and seriously injured
pedestrians by 17 % by 2010. The German automo-
tive industry appreciates the opportunity to contribute
to a reasonable solution.

In the mid seventies an agreement was reached
between European authorities, research institutes and
the automotive industry to investigate the potential to
reduce the number of casualties in car-to-pedestrian
accidents.

Out of these joint research and investigation
programmes the following main conclusions have
been drawn:

- Concerted action is promising to effectively reduce
the number of casualties, taking into account infra-
structural, educational, medical and vehicular
measures,

- only limited possibilities on the car front end are
available to reduce serious injuries, since the secon-
dary impact with the ground has been identified as a
major source of life-threatening head injuries,

- the existing physical dummies are not suited to pre-
dict the benefit of safety measures on the car, and
while subsystem tests seem to be more promising
for testing, they have inherent disadvantages be-
cause they cannot simulate the behaviour of a com-
plete human being,

- to develop safety systems to avoid pedestrian
accidents,

- the further need for in-depth accident investigations
and statistical results.

In the 1970s, as a result of these findings, the
responsible disciplines initiated ambitious pro-
grammes in the different fields of traffic safety.

The automotive industry also contributed by
sponsoring research activities and developing safety
vehicles within the framework of the “International
Conference for Experimental Safety Vehicles”, ESV.

Since then, and frequently for reasons not
entirely connected with pedestrian safety, a group of
characteristics appeared in production vehicles:

- Smooth front end shape with a recessed bonnet
leading edge,

- plastic fascias with foam layers replaced steel
bumpers,
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- recessed bumper leading edge,

- integrated headlamps,

- laminated windscreens, and

- anti-lock braking systems.

It may be argued that these design measures
were not introduced to benefit pedestrians at all.
Nevertheless they certainly did benefit pedestrians
and it is often the case that the best design improve-
ments give benefit in several different ways.

Highest Level of Pedestrian Safety in Europe

As a result of this joint effort, pedestrian safety
on European roadways has been impressively im-
proved. According to the International Road Traffic
Accident Data (IRTAD), the fatality rate for pedes-
trians decreased from about 40 to 14 pedestrians per
million inhabitants in the years 1980 to 2000, a
reduction of 65 %.

In the same 20 years, the fatality rate for car
occupants dropped by 30 % from 85 to 60 fatalities
per million inhabitants (Figure 1).
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Figure 1.  Fatality rates in the EU.

To point out the importance of this increase of
pedestrian safety in Europe, a comparison with the
developments in the USA and Japan is helpful.

On the basis of the international accident data,
Figure 2 gives an overview of the last 20 years. This
reveals that Europe ranks first in pedestrian fatality
reduction. Since 1993, the European member states
have set the highest pedestrian safety level. In the
year 2000, the fatality rate in Europe is 14 pedestrians
per million inhabitants, in contrast to the USA with
17 and Japan with 23 fatalities.

International Fatality Rates of Pedestrian
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Figure 2.  Fatality rates for pedestrians (EU, J,
USA).

So far, the authorities in USA are not planning
any vehicle regulations for pedestrian safety.

The improvement of pedestrian safety is the lea-
ding success in European traffic safety development.
These results verify the strategy implemented in 1980
to require reasonable and joint action by all involved
authorities. The automotive industry is concerned,
however that despite these statistical facts some
safety lobbyists are styling this impressive success as
a “poor” result (see ETSC - Campaign), thus mislea-
ding European consumers and discrediting the
achievements of other consumer groups during the
last 20 years.

Pedestrian Casualties in Different Age Groups

The German national accident data enable a de-
tailed analysis of different age groups for both fatally
and severely injured pedestrians (IRTAD includes no
separate data on severely injured).
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Figure 3.  Reduction of fatalities in Germany.
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Figure 3 points out, that for child and senior
pedestrians the fatalities per million inhabitants have
been reduced even more, from 36 to 6 and 155 to 32
respectively. The numbers of severely injured pedes-
trians dropped by about 60 % (Figure 4).
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Figure 4.  Reduction of severely injured in
Germany.

PEDESTRIAN SAFETY IN EUROPE IN THE
YEAR 2010

In absolute numbers, the pedestrian fatalities in
13 EU member states dropped from 14,631 (1980) to
6,000 (2000). This means a reduction of about 60 %.
The same reduction can be assumed for the seriously
injured pedestrians, based on the German national
data.

Taking into account this constant decrease of
pedestrian casualties over the last 20 years, it can be
expected that a further decrease of about 30 % of
pedestrian fatalities in Europe will occur over the
next 10 years (Figure 5). These 30 % correspond to
the target set by the European Commission and will
be reached without any ECE directive or regulation.
This trend results mainly from car design measures,
the influence of active systems on the behaviour of a
car during the pre-crash-phase and due to road safety
instruction programs in the past. In the following
years the actual provisions on the car and the infra-
structure changes, for example traffic calming mea-
sures, will affect the future trend in a positive way.

Trend of the European Pedestrian Fatalities and the Draft Phase-In  
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Figure 5.  Trend of reduction and EC-Directive
(fatalities).

The same trend can be expected for the
reduction of seriously injured pedestrians. The target
set from the EU commission is a value of 17 %.

IMPACTOR TESTS

Figure 6 displays the proposed EEVC-procedure
for impact-testing of the vehicles front. The
introduction of Phase I in 2005 is agreed by the
EEVC and the automobile industry. Figure 7 displays
the Japanese test procedure.

Figure 6.  Proposed EEVC-Procedures.
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Figure 7.  Japanese test-procedure.

RESULTS FROM IN-DEPTH STUDIES ON
CAR-TO-PEDESTRIAN ACCIDENTS

To estimate the effectiveness of any future
European regulation focusing on vehicular safety
measures to further increase the protection of pedes-
trians, a detailed evaluation of actual in-depth-
accident data is appropriate.

German In-Depth Accident Study  (GIDAS)

One of the most representative in-depth-
accident data base, regarding to pedestrian accidents,
is found in the GIDAS (German In-Depth-Accident
Study). GIDAS is done under a joint contract with the
BASt and the Forschungsvereinigung Automobil-
technik, FAT.

The GIDAS includes data from the years 1999
to 2001. The accidents were investigated by teams of
the Medical University of Hanover and the Uni-
versity of Dresden.

At the end of 2001 about 3,200 accidents have
been investigated and analysed. The data includes a
total of 427 accidents with pedestrians (13 % of the
entire data set). The GIDAS-data for these pedestrian
accidents correlate well with the German National
Data, thus giving a random sample of the German
traffic situation and the actual car population.

Figure 8 and 9 demonstrate that this data is
representative, with the comparison of the age groups
and the injury severities. 415 GIDAS data contained
enough information for the comparison.

Pedestrian Accidents in Germany
Comparison of the German National Data 2000 with the GIDAS data  (n=415)

Sources:  German National Data 2000
GIDAS (German In-Depth Accident Study) 1999-2001

GIDAS German National Data
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unknown

Figure 8.  Distribution of injury severity.

Age Groups in Pedestrians Accidents
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Source: German National Data 2000

Figure 9.  Age groups of involved pedestrians.

Injuries and Contact Zones in the GIDAS-and
IHRA-Data

Figure 10 gives an overview of the relationship
between contact areas and the associated body
regions for all 116 reported severe to fatal (AIS 2+)
injuries from 53 pedestrians in the GIDAS-data. Most
frequent are contacts with the bumper, followed by
head–to-ground impacts, the windscreen and the
bonnet.
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Injuries and Contact Zones forAIS 2+ injuries
(n = 116 Injuries from  53 Pedestrians )

0% 5% 10% 15% 20% 25% 30% 35%
front bumper

front panel

bonnet lead. edge

headlamp

bonnet

windscr. & frame

fender

front roof frame

rear part

ground

unknown

head
Thorax / abdomen
upper extremities
pelvis
femur
knee
lower leg
unknown

Source: GIDAS

Figure 10. Contact areas for AIS 2+ - injuries.

Table 1 summarises the frequency of contacts,
leading to severe or fatal injuries (AIS 2+) for all
body regions.

Table 1.
Frequency of contacts for AIS 2+ - injuries, all
body regions (front-to-pedestrian impacts, only

passenger cars, all impact speeds)

GIDAS
(1999-2001)

IHRA (Europe)
(1985-1995)

Contact zones 100% =
116 injuries

100% =
1460 injuries

Parts relevant to EEVC-test share share

 front bumper 28% 21%
 front panel and headlamps 5% 3%
 bonnet leading edge 3% 10%
 bonnet 8% 15%
Subtotal for EEVC 44% 49%

 windscreen and frame 18% 24%
 ground surface 27% 13%
 others 11% 14%

The GIDAS-results may be compared with the
European data of the Global IHRA (International
Harmonized Research Activities) accident data base,
which includes data from USA, Japan and Europe.

This analysis clearly shows that only half of the
contact areas are on the vehicle front.

Nearly 20 % of the contacts occur on the wind-
screen. From a research study done by DEKRA it
was concluded that up to 40 km/h the impact on the
glass of the windscreen does not lead to life-
threatening head decelerations nor to such forces and
bending moments to the neck.

Head and Face Injuries and Contact Zones

In car-to-pedestrian impacts, specific attention is
given to head injuries as the leading cause of
fatalities.

For the GIDAS- and IHRA-data the number of
severe to fatal (AIS 2+) head and face injuries with
the associated contact zones is listed in Table 2.

Table 2.
Frequency of contacts for AIS 2+ - injuries to

head and face (front-to-pedestrian impacts, only
passenger cars, all impact speeds)

GIDAS
(1999-2001)

IHRA (Europe)
(1985-1995)

Contact zones 100% =
45 injuries

100% =
512 injuries

Parts relevant to EEVC-test share share

 front bumper 0% 0%
 front panel and headlamps 0% 1%
 bonnet leading edge 0% 0,2%
 bonnet 6% 16%
Subtotal for EEVC 6% 17,2%

 windscreen and frame 35% 51%
 ground surface 49% 22%
 others 10% 9,8%

The results from both of the data bases give
clear evidence, that 73-84 % of the life–threatening
head injuries are due to contacts with the wind-
screen/frame area and contacts with the ground.
However, in the GIDAS-data 49 % of all the reported
head injuries are caused by the secondary impact with
the ground, whereas in the IHRA-data only 22 % of
the head injuries are attributed to contacts with the
ground. These differences in the distribution of the
various contact zones can be mainly explained by the
different car populations (1985-1995 versus 1999-
2001) with different front shapes and the resulting
kinematics of the impacted pedestrians. In a paper,
published by the Accident Research Unit of the
University of Hanover (Otte, 1999), there were 41 %
of all head injuries with AIS 2+ attributed to a contact
with the ground surface. 87 % of the cars included in
the investigation were built before 1990 and 13 %
later.

The changes of contact frequencies depend upon
the changes of the front shapes. The same reason may
explain the great difference for bonnet contacts with
6 % versus 16 % respectively. The bonnet leading
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edge, the front panel and the headlamps play no role
in producing head injuries. The detailed analysis of
the GIDAS-data reveals that there is no head contact
in the front third of the bonnet, independent from the
different body heights of the pedestrians (Figure 11).
Otte published in 1999, that only head impact speeds
over 40 km/h cause significant injuries to the
pedestrian’s head. Tests with a new test rig which
simulates the contact of a dummy head, fixed to the
torso, against the windscreen (Berg, 2000) clearly
show, that the loads for head and neck caused by the
windscreen are not life-threatening.
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Figure 11.  Number of Contacts in Different
Zones for AIS 1+ (2+) Head Injuries
Source: GIDAS.

Lower Extremity Injuries and Contact Zones

In both, the GIDAS- and IHRA-data, about
75 % of the bumper contacts are related to the lower
leg injuries. Knee injuries account for 5-13 % in all
cases (table 3).

Table 3.
Frequency of contacts for AIS 2+ injuries, lower

extremities (front-to-pedestrian impacts, only
passenger cars, all impact speeds)

GIDAS
(1999-2001)

IHRA (Europe)
(1985-1995)

Contact zones 100% =
55 injuries

100% =
572 injuries

Parts relevant to EEVC-test share share
 front bumper all 61% 52%*

lower leg 46% 39%
knee 13% 5%

femur 2% 3%
 front panel and headlamps 9% 6%
 bonnet leading edge all 6% 19%

pelvis 4% 12%
 bonnet 6% 4%
Subtotal for EEVC 82% 81%

 windscreen and frame 0% 0%
 ground surface 2% 5%
 others 16% 14%

*including 5 % others

PREDICTION OF THE INJURY MITIGATION
POTENTIAL DUE TO A FRONTAL CAR-TO-
PEDESTRIAN TEST PROCEDURE

GIDAS-Data

To estimate a realistic overall potential of a test
procedure relating to the front end of passenger cars,
the portion of impacts with passenger cars (75 %) and
the full frontal car impacts (54 %) should only be
considered. These shares, taken from the GIDAS-data
are presented in detail in figures 12 and 13,
respectively.
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Figure 12.  Share of passenger cars in pedestrian
accidents.

Impact Locations in Car-to-Pedestrian Accidents
Source: GIDAS
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12%

Figure 13.  Impact location on the cars.

Taking into account these findings, to estimate
the exposure of the car front in the European pedes-
trian impacts, the frequencies given in figures 12 to
13 should be multiplied with a factor of 0.4 (0.75 x
0.54).

The resulting realistic injury reduction poten-
tials for both serious and fatal injuries are explained
in the two trees below, figures 14 and 15. The basis is
100 % for all vehicles involved in impacts with
pedestrians. The realistic potentials for all the rele-
vant parts/contact zones included in the proposed
EEVC test-procedure are calculated on the top of the
tree.

09.0

Realistic potential at the car front of about 18%
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25%

rest: 75%
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Phase 1 = 14,5%               Phase 2 = 3,2%

Figure 14.  Potential of injury reduction (all body
regions, AIS2+) in the GIDAS-data.
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  Phase 1 = 2,4%                Phase 2 = 0%

Figure 15.  Potential of head injury reduction
(AIS2+) in the GIDAS-data.

According to the GIDAS-data the theoretical
injury reduction potential by the EEVC pedestrian
test procedure is limited to 17.7 % for serious injuries
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to all body regions and 2.4 % for serious head
injuries. Almost no potential is given for the bonnet
leading edge. The results from figure 14 and figure
15 are based on a conservative approach because all
collision speeds are taken into account. Higher
collision speeds (> 60 km/h) will have nearly no
potential to survive (see also next chapter).

IHRA-Data

It should be noted, that the present evaluation of
the IHRA-data reflects the traffic situation and the car
population as they existed in 1985. Therefore, an
updated version of the IHRA-evaluation would be
beneficial, since the car population has significantly
changed within the last 10 years.

Furthermore, accident investigation analysis
gives clear evidence that in a full frontal car-to-
pedestrian impact with a speed equal or greater than
60 km/h, there is practically no chance for pedestrian
survival. These impacts can be viewed as catastrophic
events, without any feasible countermeasures on the
car surface to prevent the fatal outcome. This results
from the large energy transfer and the resultant
pedestrian kinematics.

In the IHRA-data 74 % of the severe to fatal
(AIS 2-6) injuries are reported with impact speeds
less than 60 km/h.

Taking into account these percentages, to esti-
mate the exposure to car fronts in the European
pedestrian impacts, the frequency of contacts for the
IHRA-data, given in figures 16 to 17 should be
multiplied with a factor of 0.55 (0.75 x 0.74).

The resulting injury mitigation potentials for
both all serious injuries and serious head injuries
based on the IHRA-data are explained in the
following two trees.

According to the IHRA-data the theoretical
injury reduction potential due to the EEVC pedestrian
test procedure is limited to 26.8 % for serious injuries
and 9.5 % for serious head injuries.
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Figure 16:  Potential of injury reduction (AIS2+)
in the IHRA-data.
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Figure 17.  Potential of head injury reduction
(AIS2+) in the IHRA-data.
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Joint Estimates for Injury Reduction Potential

Figure 18 gives an overview on the protection
potential for Phase 1 and the EEVC procedure for the
different contact zones.

Potentials of the EEVC-tests for Phase 1 and 2

GIDAS (IHRA) data

AIS 2+, all body regions

Phase 1: 14,5 (19,7) %
Phase 2: 3,2  ( 7,1) %
increase by
Phase 2: 18 (26) %

ground and other contacts 15 (15) %

11,3 (11,5) %

3,2 (8,2) %
1,2 (5,5) %

AIS 2+, head and face

Phase 1:    2,4 (8,9) %
Phase 2:    0 (0,6) %

0 (0) %

2,4 (8,9) %
0 (0,1) %

2,0 (1,6) %

0 (0,5) %

ground and other contacts 24 (18) %

increase by
Phase 2: 0 (6) %

Figure 18.  Potential for ACEA-phase 1 and
EEVC WG17.

The result is a very low potential of 7.1 % for
the bonnet leading edge, the front panel and the
headlamps. With 11.5 % the bumper system seems to
have a reasonable potential.

Consequences for Impactor Testing

The frequency of impact contacts in the
GIDAS-data point out, that measures on the car front
have a potential of 27 % for all serious injuries
suffered in pedestrian impacts in Europe. About half
of these injuries are due to contact with the bumper.
Injuries due to contact against the bonnet leading
edge account only for 1.2 %. This result stands in
contrast to the IHRA-data and other previous investi-
gation results. This difference could be explained by
design changes resulting in the recessed front shape
of cars in the European vehicle fleet. In light of this
remarkable change of significance, any specific test
on this part of the car is no longer suited to effec-
tively reduce the number of pedestrian injuries in the
future and should be deleted from any planned test
procedure.

In light of the low number of bonnet contacts
(3.2 % for all and 2.4 % for head injuries) the two
impactor tests proposed from the EEVC WG17 over-
represent the importance of this area of the car. Since
most bonnet contacts are related to pedestrians with
body heights under 1.60 m, the test simulating a

child-to-car impact is the only possibly meaningful
one.

POTENTIAL OF THE EEVC-TEST

Of most interest is the expected casualty reduc-
tion from pedestrian accidents in Europe.

The GIDAS- and the IHRA-data provide a basis
to estimate the potentials of saved lives and injuries
of  pedestrians.

On a statistical basis, a seriously injured
pedestrian is polytraumatised and receives about 2
injuries during an impact. From the pedestrians
suffering a serious (AIS 2+) head injury every fifth
pedestrian is likely to be killed.

Based on these findings the potential to reduce
casualties by the proposed ACEA-phase 1 and EEVC
WG17 procedure is represented in table 4.

Table 4.
Estimated potentials of pedestrian protection

testing for complete European vehicle fleet
exchange

seriously
injured

fatalities

European casualties 2000 74 494 6 143

GIDAS
8,8%

Figure 14
(17,7%/2)

0,5%
Figure 15
(2,4%/5)

Savings from ACEA-Phase 1 5 363 (7,2%) 30 (0,5%)

Savings from EEVC-Phase 2 1 191 (1,6%) 0 (0%)

All savings
based on GIDAS-data 6 554 30

IHRA (Europe)
13,4%

Figure 16
(26,8%/2)

1,9%
Figure 17
(9,5%/5)

Savings from ACEA-Phase 1 7 375 (9,9%) 110 (1,78%)

Savings from EEVC-Phase 2 2 607 (3,5%) 7 (0,12%)

All savings
based on IHRA-data 9 982 117

The total amount of savings due to the
theoretically estimated potential for the EEVC WG17
approach is questionable. The VDA/TNO I study
indicated that there could be negative effects for
children when the car would be designed according to
the upper legform requirements.
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INJURY REDUCTION POTENTIAL IN 2010

Based on the European pedestrian casualties in
the year 2000, a test procedure simulating a pedes-
trian impact situation with a speed up to 40 km/h, as
proposed by the EEVC – and recently agreed in the
GRSP ad hoc WG “Pedestrian Protection”, will have
a theoretical potential to save 30 to 117 pedestrian
fatalities and 6,500 to 10,000 seriously injured people
in Europe. Assuming a renewal of the car population
within 10 years, the potential savings are 3 to 12
fatalities and 650 to 1,000 seriously injured in the
first year after implementation.

The potentials estimated by ETSC for EEVC
WG17 tests claiming that up to 2,000 lives and
17,000 serious injured could be prevented annually,
are far too optimistic.

The difference of the potentials coming from
ACEA-phase 1 and EEVC WG17 can be estimated as
well. In the EEVC WG17 procedure an additional
impactor test against the bonnet leading edge is pro-
posed. For all serious injuries the contact frequencies
with the bonnet leading edge, the front panel and the
headlamps account for 18 % (3.2 % for the bonnet
out of 17.7 % in the GIDAS-data in figure 14). That
means that EEVC WG17 will have a theoretical
potential to save 18 % of seriously injured
pedestrians. In contrast, TRL is estimating 75 %
additional savings from the EEVC WG17 tests. An
estimate for additional injury mitigation due to a
second impactor test on the bonnet with the adult
headform seems to be rather hypothetical and needs
explanation.

In figure 19, a comparison of the potentials from
the ACEA-phase 1 and the EEVC WG17 tests is
given. Up to the year 2010, a reduction of 1,843
fatalities is expected from the 30 %-trend. In a ten
year period after implementation, the ACEA-phase 1
tests will have an additional potential of about 600
(IHRA-data) and 165 (GIDAS-data) fewer pedestrian
fatalities. The potentials are calculated in the follo-
wing way. For the GIDAS-data a potential of 3 is
expected  in the first year after implementation, in the
second year 3+3=6, in the third year 6+3=9 and so
on. The result of all these values in each year
(3+6+9+...=165) is the potential over the ten year
period. The additional tests by EEVC WG17 do not
improve the fatality reduction rate obviously (see
figure 19, right diagram).
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Figure 19.  Estimated potential ACEA-phase 1
(left) compared to estimated potential for the
EEVC WG17 tests (right).

CYCLIST CASUALTIES

Taking into account the complex nature of car-
to-pedestrian impacts, due to varying body heights,
impact situations, car geometries and pedestrian kine-
matics, it seems very questionable that any significant
reduction of cyclist casualties can be achieved. This
is a product of assumed complex influences. At pre-
sent, it cannot be denied that possible conflicting
requirements and implications for the cyclists may
result from specific pedestrian protection measures
because suitable research data is lacking.

In a study done by SWOV (Kampen, 1994) it
was assumed that pedestrian measures on the car
front would positively influence cyclist impacts.

The European Commission uses a number of
3.5 % reduction in deaths and 8 % decrease in serious
injuries. However, the basis of this study are missing
and additional information is necessary for
validation.

PROJECTED POTENTIAL DUE TO ACTIVE
SYSTEMS FOR ACCIDENT AVOIDANCE

In light of the observed low and even conflicting
potential of pedestrian safety measures on the car
front end to protect the most vulnerable groups in
traffic accidents, the strategy to avoid pedestrian acci-
dents is much more promising. In addition, this
strategy is proactively supported by automotive
industry activities to further increase the protection of
car occupants.

As an example, the brake assistance systems –
introduced in 1997 and used in new car series of
different manufacturers - is one of these advanced
active systems to avoid or mitigate accident casual-
ties. This system, in combination with the ABS (anti-
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lock brake system) provides optimum brake system
pressure when a driver makes an abrupt braking
operation to avoid a hazard. Using this technology
the car achieves maximum deceleration, thus redu-
cing the braking distance.

Figure 20 gives an example of the capability of
the brake assistant: assuming a travelling speed of
50 km/h and the braking behaviour of an average
driver, a reduction of the stopping distance of about
6 m can be expected. As a result, the accident may be
avoided, the impact severity may be mitigated or the
endangered pedestrian may be allowed sufficient time
to escape from the impact.
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Figure 20.  Reduced collision speed by using a
brake-assistant.

Investment into research for advanced systems,
aimed at accident avoidance rather than injury reduc-
tion is the most promising strategy to reduce traffic
casualties for pedestrians and occupants. Given the
actual and rapid development of advanced sensor
technologies, this is a realistic objective in the near
future.

Possible new active systems in vehicles which
have additional potential to reduce pedestrian
accidents in the future include:

� Brake-Assistant
� Anti-Lock Brake Systems (Enhanced)
� Headlamp Lighting Systems (swivelling

headlamps or bend-lighting)

� Radar Sensors (24 GHz-technology)
� Increasing Visibility
� Intelligent Mirror Systems
� Wheel & Tire Systems
� By-Wire Systems
� Yaw Control Systems

CONCLUSION

The European community has impressively
succeeded in achieving the highest pedestrian
protection level on the globe. In the years 1980 to
2000, the fatality rate per million inhabitants in
Europe decreased by 65 % from 40 to 14.

This achievement is the result of a reasonable
and joint strategy taken by the responsible European
authorities in 1980, in the fields of traffic manage-
ment, medicine and road safety campaigns. For
example, establishment of zones with limited speeds,
crosswalks, enhanced emergency services, education
programs in schools.

The target set by the EU–Commission in 1999 is
to reduce pedestrian fatalities by 30 % and severe
injuries by 17 % in 2010. According to actual traffic
data and statistical expectations, this target will be
reached without having any European Directive and
test procedure. This trend results from design
measures, the influence of active systems on the
behaviour of a car during the pre-crash-phase and due
to road safety instruction programs.

Independent from any specific protection
system and testing procedure, the statistical potential
to further reduce pedestrian casualties by means of
protective systems on the car front is very limited.
Potential reductions of 30 pedestrian fatalities and
about 6,500 seriously injured pedestrians are
expected. This is far less than the saving of 2,000
lives and 17,000 serious injuries, estimated by the
EU-Commission.

The proposed EEVC WG17 impactor tests are
based on statistical data going far back to 1985. That
data represents an outdated car population.
Considering the current car population the kinematics
and loading on impacted pedestrians are quite
different. Therefore, an adaptation of the proposed
impactor tests to the actual accident data and the
actual car population is recommended. Also, the
automotive industry needs practical and reliable tools
for impactor testing.
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In general, impactor testing is not suited to
monitor the kinematics and the overall injury risk of
an impacted pedestrian. Thus, the results from
isolated impactor tests may be misleading and
conflicting potentials for the different height groups
cannot be properly evaluated. On the other hand full-
scale tests with dummies which show more realistic
kinematics aren’t well reproducible. The need for an
advanced numerical simulation procedure is obvious.

The additional potential for the EEVC WG17
tests to further reduce seriously injured pedestrians is
only 18 % (compared to ACEA-phase 1). It appears
correct that 18 % is not negligible, but changes at the
car front are really complex to design and can lead to
negative effects for children. The enormous costs of
these complex design solutions can be used more
effective for the development of much more
promising active systems. These systems have more
potential to mitigate or avoid pedestrian to car
accidents and also for other impact configurations.

Due to the even more complex and quite
different kinematics of the impacts with cyclists, the
benefits for cyclists must be questioned. The
publishing of the basic assumptions in the SWOV
study is appreciated.

In light of these facts and shortcomings, the
impact tests negotiated in the self commitment of the
car industry in ACEA-phase 1 are to be judged as the
maximum compromise by the German automotive
industry.

The automotive industry is open to additionally
sponsor advanced active systems or numerical
simulation systems, instead of supporting ineffective
and possibly conflicting testing procedures due to the
EEVC WG17 tests.

The consequences for testing can be
summarised as followed. The potential injury
reduction of ACEA Phase 1 is addressed to the lower
extremities and the head. This can be reached with
the lower leg impactor test and with the 3.5 kg head
impactor test.

The increase of the potential by EEVC WG17
tests is less than expected by the commission. On the
other side the efforts to meet the upper leg
requirements are enormous and could have negative
effects for children. Measures for accident avoidance
or accident severity reduction and thus injury
mitigation are more promising to reach a higher
potential.
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ABSTRACT

Pretensioners and load-limiters are two well-known
safety devices for seat belt systems of motor vehicles.
The pretensioner is used to rapidly remove belt slack in
the very early stage of a crash event. On the other hand,
the load-limiter is used in the later stage of a crash
event to regulate the maximum seat belt force acting on
the occupant and to control the occupant forward
excursion. In this paper, we present a linear
pretensioner and load-limiter combo device, which
possesses the advantages of both pretensioner and load-
limiter but without the corresponding packaging, mass
and cost disadvantages. In this two-in-one design, the
webbing displacement induced by the operation of a
linear pretensioner is reused for load-limiting purposes.
A mechanics model is developed to analytically
estimate the load-limiting force and to understand
relations among system variables and performance.
Using this model, the equation of load-limiting force
was derived. A prototype device was designed, built
and tested to verify the validity of the model. While the
linear pretensioner and load-limiter combo device is
integrated into the seat belt buckle, it is also suitable to
be integrated into the shoulder belt height adjuster due
to its linear construction. Since the device is only the
size of a buckle pretensioner, it eliminates the
packaging, mass and cost associated with an additional
load-limiter.

INTRODUCTION

Pretensioners and load-limiters are two look-alike but
very different safety devices for seat belt systems of
modern motor vehicles [1]. The pretensioner is used to
generate tension forces in the shoulder belt and/or the
lap belt immediately after it is activated by a crash
sensing system. The tension force will then rapidly
remove belt slack in the very early stage of a crash
event. On the other hand, the load-limiter is used in the
later stage of a crash event to regulate the maximum
seat belt force acting on the occupant and to control the
occupant forward excursion.

While the use of pretensioners and load-limiters
could enhance the crash performance of a seat belt
system in some crashes, the use of both devices in a

seat belt system has not always been a practical choice
due to the following considerations: (1) The interaction
between a pretensioner and a load-limiter must be
managed by limiting the pretensioning force to a level
less than the load-limiting force; (2) it will double the
packaging requirement since the size of a pretensioner
is approximately the same as a load-limiter; and (3) it
will double the mass and cost since the unit mass and
cost of a pretensioner and a load-limiter are
approximately the same.

In this paper, we present a linear pretensioner and
load-limiter combo device [2], which possesses the
advantages of both pretensioner and load-limiter but
without the corresponding packaging, mass and cost
disadvantages. The linear pretensioner and load-limiter
combo device is integrated into the seat belt buckle
assembly. In this two-in-one design, the webbing
displacement induced by the operation of a linear
pretensioner is reused for load-limiting purposes. A
mechanics model to analytically estimate the load-
limiting force and to understand relations among
system variables and performance, is also presented.
Using this model, the equation of load-limiting force
was derived. A prototype device was designed, built
and tested to verify the validity of the model.

BASIC CONCEPT

Consider a typical linear buckle pretensioner (see Fig.
1). Its basic structural elements include a tube attached
to the motor vehicle body through a bracket, a shuttle
(also referred to as a piston in literature) inside the
tube, a connecting member between the seat belt
buckle and the shuttle, a source of high-pressure gas,
and a self-locking mechanism.

When sensors on the motor vehicle detect rapid
deceleration characteristic of a collision, high-pressure
gas is injected into a chamber between the head end of
the tube and the shuttle. The gas propels the shuttle
through a tension stroke during seat belt webbing,
through the connecting member, is pulled, removing
slack. At the conclusion of the tension stroke, the
deceleration of the motor vehicle relative to the
occupant thrusts the occupant forward against the seat
belt, and the thrust is transferred to the shuttle through
the connecting member. The shuttle is then propelled
by the occupant's thrust in a direction opposite to the
original tension direction, but immediately stopped by
its self-locking mechanism, whose steel balls roll out
from their neutral position to wedge between the inner
surface of the tube and the conical portion of the
shuttle to prevent it from reversing (see Fig. 2).
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Figure 1. A typical seat belt system with a linear
buckle pretensioner.

(a) Neutral position (b) Locking position

Figure 2. The self-locking mechanism.

However, after the pretensioner has accomplished
its task, the crash event has just begun. The
deceleration of the motor vehicle relative to the
occupant further thrusts the occupant forward against
the seat belt to yield the occupant restraint force. While
this restraint force may be well below the injury
threshold for many crash events, there are occasions
when the occupant restraint force may exceed the
injury threshold. One way to reduce this injury risk is
to use a load-limiter to complement the pretensioner by
regulating the maximum restraint force. An even better
way is to re-utilize the pretensioner as a load-limiter by
taking advantage of the displacement generated by the
pretensioning operation. In this case, the additional
packaging space, mass and cost associated with a load-
limiter can be avoided.

The basic concept of the linear buckle
pretensioner and load-limiter combo is very simple.
Recall that the self-locking function of a buckle
pretensioner is realized by allowing the steel balls to
roll out from their neutral position to wedge between
the inner surface of the tube and the conical portion of
a shuttle. This suggests that the penetration depth of the
balls into the tube wall could be used to control the
level of the locking force. Accordingly, a gap between
the inner surface of the tube and the outer surface of

the conical shuttle is introduced for controlling the
penetration depth of the balls into the tube wall (see
Fig. 3), which in turn, controls the locking force level
to enable the reverse motion of the shuttle. The device
now functions as a load-limiter, which can regulate the
maximum belt webbing force within a desired limit.
That is, at the conclusion of the pretensioning stroke,
the device is essentially transformed from a
pretensioner to a load-limiter due to the introduction of
the gap [2]. Since the main difference is in the design
details of its self-locking mechanism, the basic
structural elements of such a device are almost
identical to the original pretensioner (see Fig. 4).

Note that the modified locking mechanism is now
essentially a rolling torus energy absorber [3], which is
known for producing a rather consistent uniform
resistance force throughout its energy absorption
operation. This special characteristic is ideally suited
for a load-limiter. An optimal resistance force can be
chosen to ensure that the seat belt webbing force will
be below the injury threshold of the thorax while the
total amount of crash energy to be absorbed is
maximized due to this uniform resistance force
characteristic.

(a) Without the gap (b) With the gap

Figure 3. Shuttle designs with and without the gap.

Figure 4. Schematic diagram of the seat belt
pretensioner and load-limiter combo [2].
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PROTOTYPE AND TEST RESULTS

To demonstrate how the gap transformed a
pretensioner to a load-limiter, a prototype device was
designed, built and tested. In order to better control the
plowing process of the rolling torus energy absorber,
we use a cylindrical shape shuttle with slots to replace
the conical portion of the shuttle. Each slot includes a
wedge-shaped segment having a deep end, a shallow
end and a flat segment. The flat segment merges with
the wedge-shaped segment at the shallow end to
introduce the desired gap. Steel balls are placed in the
slots (no more than one per slot). The diameter of each
of the steel balls is less than the depth of the wedge-
shaped segment of the corresponding slot at the deep
end and is greater than the depth of the flat segment of
the corresponding slot. The tube was made of mild
steel (AISI 1018), while a much harder material was
used for the steel balls (ball bearing material) and
shuttle (AISI 1030). Although the prototype device is
capable of using up to six steel balls, only three steel
balls are used here to demonstrate the concept. As
expected, we observed that the only deformable part
was the tube wall and that there were no permanent
deformation on the steel balls and the guiding slots on
the shuttle in the tests (see Fig. 5).

Figure 5. The the prototype after testing.

Figure 6. Test results.

Figure 6 depicts the plots of the measured force
versus plowing displacement of two design variations.
Observe that both curves consist of three distinctive
stages: the rather linear beginning, the rapid jump, and
finally, the plateau. The beginning stage characterizes
the initial load increase due to the elastic deformation
of the tube material. Once the penetration passes the
yield point of the tube material, the second stage begins
and quickly ends after the balls reached their full
penetration depth. The final stage (i.e., the plateau)
delivers the steady state plowing force, which is called
the load-limiting force.

PLOWING FORCE

A simple mechanics model (see Fig. 7) is developed
for the linear pretensioner and load-limiter combo
device to predict the plowing force and to understand
relations among system variables including the tube
wall thickness, ball diameter, penetration depth, tube
material strength and friction coefficient. The approach
is first to identify all primary deformation modes (i.e.,
energy absorbing modes) in the ball plowing process,
and then calculate the energy dissipated in those
modes. Finally, we find the plowing force through
balance of internal work and external work.

As shown in the plowing model, the plowed
groove is segmented into three regions: Region I is the
leading spherical part and the ball is always underneath
it during the plowing process; Region II is the middle
cylindrical part which roughly covers the stable
plowing distance; and Region III is the beginning part
characterizing the penetration process associated with
the initial load increase that occurs before reaching the
full plowing force level. Since we are more interested
in the stable plowing force, the beginning part (Region
III) is not included in our analysis.

Balance of internal work and external work of all
the balls gives the plowing force, F, we obtain
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Figure 7. The plowing model.

VALIDATION

We used hardware similar to the prototype described
in Fig. 5 to verify the validity of the mathematical
model of the plowing act. Four different tube wall
thickness, 0.47, 0.52, 1.16 and 1.28 mm, are chosen
for model verification. As will be shown they
generally lead to the forces that cover the range of
our interest (1 to 10 kN). Two material-related
properties, the yield stress of the tube material and
the friction coefficient µ between tube wall and balls,
are determined based on the ASM Metals Reference
Book [4]. Based on data for 1015 steel and 1020
steel, the yield stress of the tube material (1018 steel)
is in the range of 290 to 335 MPa and the ultimate
tensile strength is in the range of 390 to 434 MPa,
depending on heat treatment. Also, since the highest
strain in plowing may reach strain-hardening level, a
yield stress range of 300 to 350 MPa is used to
account for the strain-hardening factor. The friction
coefficient µ may range from 0.2 to 0.4 and an
average value, 0.3, is used to compare with the tests.

The plowing force versus the tube wall
thickness predicted using Eq. (1) is plotted in Fig. 8
along with the test results. The other design
parameters are: ball radius r=1.5875 mm, penetration

p=1.06 mm and θ is determined by the following
geometric relationship:

r

p

r

pr −=−= 1cosθ (3).

The four test points agree well with the parabolic
relation between plowing force and tube wall
thickness predicted by the analytical model.

Figure 8. Predicted and measured plowing forces
vs. tube wall thickness.
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Figure 9. Predicted plowing force vs. penetration
depth.

Figure 10. Predicted plowing force vs. ball radius.

Figure 11. Predicted plowing force vs. friction
coefficient.

PARAMETER STUDY

We conducted a parameter study to demonstrate the
dependence of plowing force on each design
parameter. Three steel balls are used throughout this
study. Since Eq. (1) suggests that the plowing force is
a linear function of the yield stress of the tube
material and the number of balls, we exclude them
from our parameter study for obvious reason. The

tube wall thickness effect is also excluded from the
parameter study, since the parabolic relation between
plowing force and tube wall thickness is already
displayed in Fig. 8. Three evenly distributed tube
wall thickness, 0.5, 0.9 and 1.3 mm, and 320 MPa
yield stress for the tube material are used in the
parameter study. Results of the dependence of
plowing force on the design parameters
corresponding to the ball penetration depth, ball
radius and friction coefficient about a reference
design with p=1.06 mm, r=1.5875 mm, and µ=0.3,
are depicted in Figs. 9 through 11. The relations
determined are useful for guiding the design of the
linear pretensioner and load-limiter combo device.

DESIGNS WITH EXTENDED STROKE

When a longer load-limiting stroke than the
pretensioning stroke is desired, a tube section could
be added to the other end of the gas generator [5]. For
naming purposes, we refer to the added part as the
lower tube and the original tube as the upper tube.
Two designs, a break away reaction disc design (see
Fig. 12) and a crushable foam insert design (see Fig.
13), are proposed here to reduce the initial volume of
the space between the shuttle and the shuttle stop.
With these two designs, the size of the gas generator
can be reduced with a smaller initial volume to fill.

In a normal operation of the linear pretensioner
and load-limiter combo with an extended load-
limiting stroke, the shuttle is initially positioned near
the gas generator end of the upper tube. When a
severe crash event is detected by an onboard crash
sensing system of the motor vehicle, an electrical
signal will be sent to the gas generator to activate the
gas generation process. The gas pressure will then
push the shuttle toward the other end of the upper
tube to perform the pretensioning operation. At the
end of the pretensioning operation, the pull force
from the seat belt webbing will force the shuttle to
move in reverse. The slope of the slots on the shuttle
will then act as a wedge to force steel balls to engage
with the inner wall of the upper tube, and eventually
the lower tube, to produce resistant force for the load-
limiting operation. Notice that a portion of both upper
and lower tubes, which is directly engaged with the
housing of the gas generator, has a slightly larger
inner diameter to maintain the desired resistance
force under this increased tube wall thickness
situation. The motion of the shuttle will then be
halted after the webbing force becomes less than the
resistant force of the plowing act or by a mechanical
stop at the end of the lower tube.

0

2

4

6

8

10

12

1 1.5 2 2.5 3

Ball radius (mm)

F
o

rc
e

(k
N

)

t=0.5 mm t=0.9 mm t=1.3 mmt=0.5 mm t=0.9 mm t=1.3 mm

0

2

4

6

8

10

12

0.5 0.75 1 1.25 1.5

Ball penetration depth (mm)

F
o

rc
e

(k
N

)
t=0.5 mm t=0.9 mm t=1.3 mmt=0.5 mm t=0.9 mm t=1.3 mm

0

2

4

6

8

10

12

0.5 0.75 1 1.25 1.5

Ball penetration depth (mm)

F
o

rc
e

(k
N

)
t=0.5 mm t=0.9 mm t=1.3 mmt=0.5 mm t=0.9 mm t=1.3 mmt=0.5 mm t=0.9 mm t=1.3 mm

0

2

4

6

8

10

12

0.2 0.25 0.3 0.35 0.4

Friction coefficient

F
o

rc
e

(k
N

)

t=0.5 mm t=0.9 mm t=1.3 mmt=0.5 mm t=0.9 mm t=1.3 mm

0

2

4

6

8

10

12

0.2 0.25 0.3 0.35 0.4

Friction coefficient

F
o

rc
e

(k
N

)

t=0.5 mm t=0.9 mm t=1.3 mmt=0.5 mm t=0.9 mm t=1.3 mm

0

2

4

6

8

10

12

0.2 0.25 0.3 0.35 0.4

Friction coefficient

F
o

rc
e

(k
N

)

t=0.5 mm t=0.9 mm t=1.3 mmt=0.5 mm t=0.9 mm t=1.3 mmt=0.5 mm t=0.9 mm t=1.3 mm



Wang 6

Figure 12. An extended-stroke linear pretensioner and load-limiter combo with a breakaway reaction disc.

Figure 13. An extended-stroke linear pretensioner and load-limiter combo with a crushable foam insert.

SUMMARY

A linear seat belt pretensioner and load-limiter combo
device is presented. The basic structural elements of
such a device are almost identical to a linear buckle
pretensioner. It is realized by modifying the design of
the self-locking mechanism of a buckle pretensioner. A
small gap is introduced into the self-locking
mechanism for controlling the locking force level
through the penetration depth of its locking balls. The
gap is so designed that it allows the locking balls, after
the pretensioning operation, to plow through the tube
material under a desired load and thus perform as a
load-limiter. A prototype was designed and tested to
demonstrate the concept. In this two-in-one design, the
webbing displacement induced by the operation of a

linear buckle pretensioner is reused for load-limiting
purposes. An advanced design with an extended load-
limiting stroke is also presented. A mechanics model is
developed to analytically estimate the load-limiting
force and to understand relations among system
variables and performance. Using this model, the
equation for the load-limiting force is derived and
verified with test data. This equation can be used to aid
in the design of load-limiting devices. Since the combo
device is only the size of a pretensioner, it eliminates
the additional packaging requirement, as well as the
mass and cost associated with an additional load-
limiter. Due to its linear construction, the linear
pretensioner and load limiter combo device can be
integrated into the seat belt buckle and/or the shoulder
belt height adjuster.
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ABSTRACT
Active safety technology will become

increasingly important in preventing collisions in
the future.

The possibility of accidents occurring due to
instability in vehicle dynamics leading to
deviation from the lane is particularly high when
a vehicle enters a corner too fast or is on an icy or
snow-covered road, or makes a sudden maneuver
to avoid collision with an obstacle during a turn.

To contribute to the solution of this situation, the
research described in this paper studies a method
of minimizing deviation through optimal control
of moment and velocity and then utilizing
four-wheel slip control based on estimates of
vehicle dynamics.

First, this project studied a system to control
deviation from the intended course by providing
accurate, real time estimates and control of
four-wheel tire gripping forces based on estimates
of vehicle dynamics parameters and the road
friction coefficient. The method of the vehicle
dynamics control utilized in this system was VSA
(Vehicle Stability Assist).

Next, the project studied a method of providing
comprehensive control. This method utilizes
information from the vehicle’s navigation system
to quantitatively predict the form of a corner
before the vehicle enters it. This data is then
utilized in combination with VSA to further
minimize deviation from the lane.

These two systems were fitted in a test vehicle
and tested on snow-covered road surfaces. The
results of these tests clearly demonstrate that this
system reduces the incidence of deviation from
the lane and will therefore be effective in
reducing the number of accidents.

1. INTRODUCTION
According to a survey of 2001 Japanese traffic

accident data(1), approximately 18% of all traffic
deaths were caused by accidents occurring when
turning. This means that single or multiple vehicle
collisions caused by deviation from the lane
account for almost one-fifth of traffic accident
fatalities in Japan, as shown in Figure 1.

Figure 2 shows the results of an analysis of the
causes of these accidents. Excessive speed and
errors in vehicle handling and judgment are the
factors behind 59% of fatal accidents occurring
when cornering. In other words, almost 60% of
fatal cornering accidents are due to driver error.

Extrapolating from these results, it is possible to
expect a 10% reduction in fatalities if vehicles are
provided with assist systems to compensate for
driver errors when turning. The reduction could
be even more significant for accidents occurring
on icy or snow-covered roads, conditions under
which tire gripping force drops dramatically. 
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2. Research Goal
The results of the analysis discussed in Section 1

indicate that controlling deviation from the lane
when turning will enable vehicles collisions with
objects to be avoided, therefore reducing the
number of traffic accident fatalities.

The project discussed here targets, in particular,
the minimization of deviation from the intended
course when turning on icy or snow-covered road
surfaces.

The project studied two methods for the
prevention of deviation from the lane in the
following order:
(1) A method of controlling deviation

utilizing VSA.
(2) A method of preventing deviation from

the intended course before it occurs
utilizing VSA in combination with
advance data on the form of the corner
received from the vehicle navigation
system.

It was the goal of this study to test these methods
in an actual vehicle, analyze their effectiveness,
and clarify a future research agenda.

3. Basic Principles
This section will discuss the basic principles of

the two methods.

3.1 Prevention of Deviation from the Lane
Using VSA

As Figure 3 shows, this method enables early
detection of under steer (US) during cornering by
calculating four-wheel tire gripping forces in real
time with a high degree of accuracy using vehicle
dynamics parameters(2) and the road friction
coefficient(road �) estimation(3) logic. Deviation
from the intended course is prevented by the
operation of deceleration control and moment
control(4) to reduce US. As can be seen from
Figure 3, control to prevent deviation goes into
operation after the turn has commenced. Control
is applied by an engine torque control actuator
and an active hydraulic brake modulator unit.

3.2 Prevention of Deviation from the
Lane Combining the Navigation and
VSA Systems

Figure 4 shows an image of the application of
control using information from the navigation
system in combination with VSA. In this method,
deviation from the intended course is prevented
by earlier operation of deceleration control and
VSA control on the basis of calculation of the
position of commencement and curvature (or
turning radius) of an upcoming corner using data
from the vehicle navigation system. Control is
applied as necessary before the vehicle begins to
turn.

In addition, after the vehicle commences turning,
deviation is continuously monitored and
controlled with optimal application of
deceleration control using VSA control as
necessary to correct vehicle stability.

4. Control Logic
This section discusses the configuration of each

system and the logic they utilize.

4.1 VSA System
(1) System Configuration

The configuration of the VSA system is shown
in Figure 5.

The system utilizes wheel velocity sensors for
each wheel, a steering wheel angle sensor,
longitudinal and lateral acceleration sensors and a
yaw rate sensor. The control actuator is made up
of an active hydraulic control brake unit and an FI
control unit.
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(2) Control Logic
As Figure 6 shows, the system sequentially

estimates tire gripping force and road �. When
the vehicle enters a turning mode (when the driver
commences turning the steering wheel), the
system calculates nominal yaw rate from the
amount of steering angle and vehicle velocity, and
can make an early judgment on US (indicating
deviation from the intended course) by comparing
values from the sensor with calculated values.
The degree of US is estimated and optimal control
of slip is provided in response to the estimated tire
gripping force for each wheel. This system
minimizes deviation from the intended course by
providing deceleration control to the two rear
wheels and moment control mainly to the front
inner wheel.

However, because it cannot determine the
intended course, this method can only judge
deviation from the course on the basis of driver
steering input and vehicle yaw rate. The method
therefore displays fixed technical limits in terms
of the quantitative estimation of deviation from
the lane and the accurate application of control.

4.2 VSA in Combination with the Navigation
System

(1) System Configuration
Figure 7 shows the configuration of this system

which adds the navigation system and a data
processing ECU to the VSA system discussed in
the preceding section. This ECU calculates the
trajectory of the intended course from the
vehicle’s present position and the curvature (or
radius) of an upcoming corner using signals from
the navigation system and transmits this data to
the VSA system. It should be noted that for the
navigation system used in this research, the error
for the estimated turning radius was �10%.

(2) Control Logic
Quantitative prediction of deviation from the

lane is difficult to achieve using VSA alone. The
VSA system was therefore supplemented with
external data concerning the form of the road. As
shown in Figure 8, the system uses data from the
navigation system to calculate the position of
commencement and the curvature and radius of an
upcoming corner. Then it applies control based on
a quantitative prediction of the amount of
deviation utilizing the vehicle’s present position,
velocity and the road �. 
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Application of control is divided into two steps:
In the first control step, data is received from the

navigation system concerning the position of
commencement and the turning radius of an
upcoming corner. With this data as a basis, the
critical safety velocity at the commencement of
the corner is calculated from vehicle dynamics
parameters and road �. Deceleration and yaw
rate control are applied to stably bring the vehicle
to the target velocity and yaw rate.

In the second control step, if the system judges
that insufficient control has been applied up to the
commencement of the corner and deviation from
the intended course will occur, the extent of
deviation is sequentially quantitatively calculated,
and deceleration control, VSA control, and
minimum stopping distance braking control are
selectively applied in response.

In basic terms, this enables deviation from the
lane to be prevented by application of
deceleration control and VSA control before the
corner is entered. In addition, the system makes it
possible to respond to changes such as sudden
avoidance maneuvers made by the driver and
changes in road surface conditions and to
maintain a stable trace until the corner is exited.

5. Test Results
This section discusses the results obtained from

vehicle tests.

5.1 Results of Tests of Prevention of
Deviation Using VSA

(1) Test Course and Driving Mode
As shown in Figure 9, the test course was a

snow-covered 50m-radius J turn course. The
initial vehicle speed was 50km/h and the
maneuver is driven by a closed loop steering
input.

(2) Results of Tests Without Operation of VSA
Figure 10 shows typical results of tests

conducted without VSA in operation. In these
photographs, the vehicle enters the corner at
excessive speed and deviates outside the 3.6m
width of the test course due to insufficient tire
gripping force and initial under steer. 

(3) Results of Tests Using VSA
The VSA system enables early judgment of US

from the steering input when a corner is entered
thus allowing the application of deceleration
control and moment control.

The photographs in Figure 11 show that the
operation of VSA enables a higher level of control
over deviation from the intended course than can
be attained when the system is not in operation. 

However, deviation does occur to some extent in

the period between the detection of US and the
control taking effect. It is impossible for the
system to completely prevent this deviation.

Figure 12 shows time series test data obtained in
tests conducted with and without VSA in
operation. The data shown here indicates that
when VSA control is in operation, vehicle yaw
rate demonstrates a linear response to steering.

In contrast, when no control is applied, yaw rate
response is delayed and gain is low, resulting in a
larger deviation from the intended course.
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5.2 Results of Deviation Prevention Tests
Using the Navigation System in
Combination with VSA

(1) Test Course and Driving Mode
As Figure 13 shows, these tests utilized a corner

on a snow-covered winding course previously
recorded in the vehicle navigation system. The
course featured a down slope S-bent of a
right-turn corner of 80R and a left-turn corner of
80R. The initial vehicle speed was 70km/h, and
the steering input was closed loop.

(2) Results of Tests Without Operation of the
Navigation System

Because the initial vehicle speed was 20km/h or
more higher than the speed which would allow
the turn to be negotiated, the level of initial under
steer was high and the vehicle deviated more than
1m from the course width of 3.6m despite VSA
operation. See Figure 14.

It can be seen from this photograph that VSA
alone cannot provide a sufficient level of control
to prevent deviation from the intended course.

(3) Results of Tests Using the Navigation System
In these tests, it was possible to apply early

deceleration control up to the point of

commencement of the turn in order to bring the
vehicle to target velocity of 50km/h. This was
accomplished using course data obtained from the
navigation system 50m before entering the corner.
As the photograph in Figure 15 shows, this
enabled stable turning with no deviation from the
intended course.

Even when the initial speed was increased, it
was possible to control deviation to within the
course width of 3.6m by continuous application of
stronger deceleration control and VSA control
during turning.

For reference, Figure 16 shows the setup of the
combined navigation and VSA systems as used in
the test vehicle.  

When the system judges that the speed of
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approach to the corner is too high, a warning lamp
flashes and a warning alarm is sounded. If the
steering response made by the driver is
inappropriate, the VSA system engages
deceleration control and, if necessary, US control.

As the time series data in Figure 17
demonstrates, the use of the navigation system
data enables judgment of the situation and the
application of control with a sufficient margin of
time and distance before the corner is reached. 

6. Discussion
This section will consider the effectiveness of

control based on the test results just discussed.

6.1 Effectiveness of VSA Control
In the test mode utilized in this study, VSA

control reduced deviation, confirming its
effectiveness. However, because the system itself
is incapable of quantitatively calculating the
amount of deviation, there are limitations on the
control it can apply. In addition, because the
system cannot predict deviation before a corner is
entered, it cannot prevent deviation by prior
application of control.

This study has therefore determined that it would
be difficult for a vehicle dynamics control system
alone to achieve the target reduction in accidents
caused by deviation from the intended course.

6.2 Effectiveness of Combining Navigation
System Data with the VSA System

Utilization of navigation system data in

combination with VSA control enables control to
be applied with an appropriate margin of time and
distance before the corner is entered. It is
therefore possible to decelerate sufficiently to
maintain a stable line trace before commencing a
turn.

In addition, if changes in road � or sudden
steering input create a situation which requires
further response in addition to the initial
deceleration control, the system can quantitatively
predict the extent of deviation from the intended
course by combining sequential real time
estimates of vehicle dynamics and road � with
navigation system data. This makes it possible to
stably trace the intended course even in full
turning mode, therefore minimizing the extent of
deviation.

7. CONCLUSION
The study discussed in this paper enabled the

following conclusions to be drawn:
(1) It is possible to quantitatively estimate the

amount of deviation from the intended
course using navigation system data and to
use these estimates to supplement vehicle
dynamics control systems.

(2) This study determined that this combination
was effective in reducing the amount of
deviation against the standalone VSA
system.

(3) Further improvements in the accuracy of the
position detection function of the navigation
system will enable improved prevention of
deviation and increased reliability.

As for the future research agenda, in
combination with real time estimation of road �,
the ability to preview road � in advance using
data obtained from cameras or Information
System will further increase the reliability and
responsiveness of the system.
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ABSTRACT

The Electronic Stability Program, or ESP, for
passenger cars, leads to a stabilization of the vehicle
in adverse circumstances on the road or during
evasive maneuvers by means of a selective
intervention in the braking system and the resulting
regulation of the yawing moment. This is of
particular importance during evasive maneuvers,
when counter-steering and when accelerating or
decelerating during cornering. Furthermore, stability
control systems such as this are about to be released
on to the market for commercial vehicles. In
conjunction with additional roll-over preventing
systems, this represents real potential in the
avoidance of accidents, in particular rollover and
dangerous jack-knifing.

In this context, the Institute for Vehicle Safety
Munich (IFM) investigated the benefit potential of
ESP in real accident situations by means of a detailed
analysis of several accident databases. On the one
hand, they determined the maximum possible
benefits and on the other hand they analyzed and
categorized individual accidents where ESP could
exert a positive influence. Loss of control could be
observed in approx. 25 to 30 % of all car accidents
involving personal injury. In the case of trucks, up to
9% of serious accidents could have been positively
influenced or even prevented using an ESP.

Finally, limitations of these modern technical systems
will be outlined and possible future problems such as
poor maintenance will be discussed.

THE ACCIDENT SITUATION IN EUROPE
AND GERMANY

Between 1990 and 2000, the number of recorded
deaths due to traffic accidents in the European Union
fell dramatically from 56,400 to around 41,900 [1]; a
reduction of around 25 %. Of course, the number of
victims is still too high. Statistically speaking, around

115 people die in road traffic accidents in the 15 EU
member states every day and just under 7,400 are
injured (Figure 1).

Faced with the still unacceptable numbers of victims
in road traffic, the European Commission set itself a
"justifiably" very ambitious target in its White Paper
[2]. It aims to halve the number of fatalities in road
traffic in the period between 2000 and 2010. If this
goal is achieved, the lives of more than 20,000 people
will be saved annually as of 2010. If, in addition, a
linear reduction in the total number of fatalities is
assumed, around 100,000 lives could be saved by
2010.

Deaths

about. 56,400

about 20,950

About 100,000 lives saved

in this period

about 41,900

To halve the number of

Source:eurostat, 2001
EU White Paper, 2001

Target of
European Commmission:

1990 2000 20101995 2005

deaths in road accidents

20000

30000

40000

50000

60000

Figure 1. Development in the number of road accident
deaths in Europe (harmonized data) showing the target
of the European Commission by 2010 [1;2]

From the point of view of accident research, safety
measures must be applied in those areas where the
greatest benefit can be expected in order to achieve
this goal. The importance of ESP for commercial
vehicles and passenger cars in this context will be
dealt with below. Firstly, let us have a look at federal
statistics for Germany.

In recent years, there has been a positive trend in the
rate of accidents in Germany: The number of
accidents with fatalities is on the decrease [3]. This
decrease is particularly marked among car occupants,
although they still account for around 60 % of all
road users who are killed. A look at the total number
of accidents, however, or the number of people
injured or killed, reveals that the absolute number has
remained virtually static over the last few years
(Figure 2).



Langwieder, Page 2

0

250000

500000

750000

1000000

1250000

1500000

1750000

2000000

2250000

2500000

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001

4000

6500

9000

11500

14000
2.373.5562.311.466

Fatalities

Accidents recorded by police

Total number of fatalities

Fatalities in cars

6.977

11.300

4.023

6.800

Number of accidents and casualties
(total of material and personal damage)

501.752516835

Casualties

Figure 2. Development in the numbers of accidents,
casualties and fatalities in road traffic between 1991 and
2001 [3]

The increase in the annual mileage [4] and the
number of vehicles [5] on German roads in recent
years, has resulted in a relative reduction in accident
risk. This reduction, however, is significantly lower
than the reduction in accidents with serious injuries
or fatalities in cars. This means that the positive trend
with regard to accidents is attributable much less to
the prevention of accidents overall than to the
prevention of serious personal injuries in accidents
(and hence to passive safety). This trend will
continue over the next few years as the number of
new vehicles with optimized passenger cells/crumple
zones and above all equipped with airbags increases.

In-depth accident analyses also clearly show the
effect of improved protection in the event of front-
impact collisions. Today, more accidents with serious
injuries/fatalities of car occupants (MAIS 3+) occur
with side-impact collisions than with front-impact
collisions. 60 % of car occupants who were killed
were involved in side-impact collisions [6].

A precise analysis of the side-impact collisions with
serious injuries or fatalities revealed that accidents
which occur at crossroads or junctions are not the
most important factor here. Rather, the most
dangerous side-impact collision is when a car skids
and slides1 onto the opposite side of the road as a
result of an excessive steering response and is
involved in a front to side impact collision there
(Figure 3). Yet it is not only car-to-car collisions
following a skid of this type that result in the deaths
of the occupants of the car hit side-on. The number of
fatalities in single-vehicle accidents where cars skid

1 Throughout the remainder of this paper, the term
“skidding” will be used to refer to skidding and
sliding sideways

against trees is considerably higher (Figure 4).
Designing intelligent technical systems to prevent
this type of skidding is therefore a measure of the
utmost priority.

Involved
vehicle

Site of accident

Figure 3. Example of a fatal car to car collision after
skidding

Accident reason

- excessive speed
- inattentiveness
- wrong reaction

(e.g. over-steering)

Figure 4. Example of a single accident where the
skidding car being out of control crashed into a tree

ANALYSIS OF DRIVER ASSISTANCE SYS-
TEMS

The recent development of electronic stability
programs, known as ESPs [7], provides today's
drivers with support in stabilizing their vehicles. The
handling of the vehicle, i.e. the difference between
the intended path and the actual path of a vehicle, is
constantly monitored and the stabilizing effect of the
system is automatically activated when destabilizing
effects occur, such as sudden changes in traction due
to cornering quickly, evasive maneuvers etc.
(Figure 5).

Oversteering, or jack-knifing in the case of a
semitrailer, for instance, is prevented by
automatically braking the front wheel on the outside
of the corner, and the trailer.
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The central issues for accident research are:

• What proportion of all accidents involve
skidding?

• What are the characteristic sequences which
occur during the pre-crash phase?

Sp

+

Path of the vehicle with simulation of ESP - intervention

Compensating yaw moment

Actual path of the vehicle

When turning to left:
Braking and straightening the driving

direction of the car

Figure 5. Example of an accident due to skidding with
ESP-intervention

This question can only be answered by accident
material analyzed according to engineering criteria –
official statistics are of insufficient use for this
purpose. Official accident types do reveal, however,
that around a third of accidents with personal injuries
is accounted for by driving accidents in which drivers
have lost control over their vehicle without an
encounter with another road user (Figure 6).
However, even in the case of accidents in or against
the direction of travel, skidding is often the cause.
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Figure 6. Accident types in federal statistics [3]

The accident research unit of the German motor
vehicle insurance industry provides several
independent sources of accident material to
investigate this issue. Accidents were investigated in
an interdisciplinary effort by engineers and
physicians with regard to both the course of the

accidents and the type of collision, and the
consequences of the accidents, such as damage to
vehicles and injuries. Figure 7 displays the infor-
mation recorded by GDV's accident research unit.
Approximately 400 parameters are used per accident.

Insurance files

Accident report

Technical expertise

Medical report

Witness testimony

Accident reconstruction

Figure 7. Accident data sources of the German insurer
industry

The following accident material is available for
analyzing "accidents with skidding" (Figure 8). In a
representative survey taken from claims made to all
German insurance companies, 15,000 car-to-car
accidents and 1,000 single-vehicle car accidents were
analyzed retrospectively [8]. This material was used
for an in-depth analysis of all cases involving serious
injuries or fatalities among occupants (MAIS 3+) [6].
These 1,100 car-to-car accidents and 524 single-
vehicle car accidents provide information on pre-
crash characteristics. This material thus covers a
representative distribution of drivers (those
responsible for accidents and innocent victims) from
all age groups and all types of car accident, but only
includes the most serious accidents.

Car/car accident
674

RESICO
524

Single
accident

1.000

RESICO
1.111

Car to car Accident

15.000

Single accident
262

From 1997 on

1st Database
„Young Drivers“

936

From 2001on

2nd Database
„Young Drivers“

approx. 850 cases

Partially
evaluated

850

Vehicle Safety 90

Figure 8. GDV accident databases [6;8]

We were also able to obtain information on the pre-
crash phase from another, independent database. In
the region covered by a single police force
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(Traunstein), every car accident involving a young
driver (936 accidents in total) was recorded [9]. This
material covers all types of collision including
accidents resulting in minor injuries, but it is
restricted to young drivers, who are known to be at a
greater risk of involvement accidents with skidding.

This is currently being supplemented by a database
on young drivers compiled from around 850
accidents in the year 2000. In a similar way to the
independent database, this material will also be used
to examine all types of collision in accidents with
personal injuries involving young drivers [10].

POTENTIAL BENFITS OF ELECTRONIC STA-
BILITY PROGRAMS FOR CARS

A comparison of these three independent sources of
accident material can be used to estimate what
proportion of accidents involve skidding. Further
representative surveys are planned on this basis.

In order to describe vehicle handling in the pre-crash
phase, a new kind of methodology was developed for
"critical situations" (Figure 9). A graph was used to
characterize:

• If there was, and if so what form of, skidding
during the pre-crash phase

• Whether there was a simple skid or whether
multiple steering correction attempts were made

• What the braking reaction of the driver was and

• What the length of the overall incident path was.

Multiple steering correction attemptsOne steering correction attempt

Figure 9. Description of critical driving maneuvers
prior to the accident

Figure 10 gives a practical example of a skid
accident. After cornering too quickly, the driver
skidded and collided side-on with oncoming traffic.

In the "RESICO" database or the first database on
"Young Drivers", between 40 and 60 % of single-

vehicle accidents involved skidding, and more
frequently for young drivers than for drivers from all
other age groups. It can be assumed that around 12 %
of car-to-car accidents with personal injuries will
involve skidding. A first ad-hoc analysis of the
second database for "Young Drivers" indicates that
around 27 % of accidents involve skidding. In
relation to the total number of car accidents, we can
assume that a much higher proportion of accidents
involve skidding (at least 20 to 25 %) than was
previously thought (Figure 11).

Involved party : slight injuries

Main responsible party: fatal injuries

The car of the main responsible party for the accident started
skidding at the end of an overtaking maneuver

Figure 10. Typical accident situation: side collision due
to skidding

Special studies also show that the number of
accidents involving skidding increases dramatically
in proportion to the seriousness of the accident: In the
case of fatal accidents, the number of accidents
involving skidding can be assumed to be at least
30 %, possibly even 40 %.

Accident data (cases)

156

60%

12%

674

%

262

80

Together
20% - 25%

Single accident Car to car accident All accidents

%

12%

39%

200

131

1111524

approx. 30%

832

approx.

270

%

(age of 18 to 24 )

1st Database on

„Traunstein“ - 1997

„Young Drivers“
Database

All age groups

„RESICO“

(age of 18 to 24)

2nd Database on

„Traunstein“ - 2000

„ Young Drivers“

Figure 11. Accidents with skidding broken down by
different data sources [6;9;10]

Further studies need to be carried out on this aspect.
The clear message, however, is that driver assistance
systems which reduce accidents involving skidding
and improve stabilization of the vehicle would have a
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positive influence on a significant number of serious
accidents.

30 to 40 % of accidents involving skidding occurred
on straight stretches of road. Skidding is considerably
more common in or after bends, as expected. In the
case of bends, the question is whether or not the
physical boundaries with regard to lateral
acceleration were exceeded. No driver assistance
system can of course change the physics of vehicles
in motion, they can merely improve stabilization
below the threshold level. The accident material
showed that around 40 to 50 % of cars left the road
on the inside of the bend and thus were still below the
threshold for the bend. The accident was thus
attributable to an excessive steering response and not
to the physical threshold values being exceeded.

If we combine the accidents involving skidding on
straight stretches of road and on bends, 60 % of these
cases are the result of a driver error below critical
levels, or to an excessive steering response. An
appropriate electronic stability program could at least
have a positive impact on these accidents and perhaps
even prevent them.

Of course, the behavior of the driver plays an
important role. Having less experience, young drivers
far more rarely make multiple correction attempts
than the drivers in the "RESICO material" which
includes all age groups. Young drivers typically lose
control of their vehicles in bends after just a single
correction attempt, and then collide with oncoming
traffic or with other objects. The results show,
however, that a large proportion of experienced
drivers (around 70 %) attempt to stabilize the vehicle
with a number of corrective steering maneuvers
(Figure 12). One can expect that there is a far greater
chance of regaining stability in vehicles equipped
with ESP.

Single accident Car to car accident

35.5%

25.2%

50.6%

67.5%

%

Source
„RESICO“

Source
„Young Drivers“

One steering
correction attempt

64.5%

74.8%

49.4%

32.5%

%

Source
„RESICO“

Source
„ Young Drivers“

Multiple steering
correction attempts

Figure 12. Distribution of cases broken down by data
source, accident type and number of steering correction
attempts [6;9]

The braking behavior of the driver during the critical
pre-crash phase also significantly influences the
stabilization options (Figure 13). The investigation
confirmed once again that only 50 % of drivers
braked before the collision – they attempted to
stabilize the vehicle with steering maneuvers during
the skid. Full braking was only evident in 30 to 40 %
of cases, where the higher of the two values applied
to car-to-car collisions. Braking was generally less
common on bends than on straight stretches. This
lower proportion of emergency braking would further
increase the possibilities of lateral stabilization for
electronic stability programs (ESP), namely by
targeted intervention at the wheels.

%

No braking Partial braking Full braking

49.0%

48.9%
20.4%

12.2%

38.9%

30.6%

48.9%

16.5%

34.5%

Single accident Car to car accident

Figure 13. Distribution of cases broken down by kind of
braking maneuver

POTENTIAL BENFITS OF ELECTRONIC STA-
BILITY PROGRAMS FOR TRUCKS

According to an extrapolation by the European
Working Group EEVC WG 14 [11], 16 % of fatal
accidents – or about more than one in six – involve
trucks with a gross vehicle weight of 3.5 tonnes and
over. Accidents involving trucks therefore offer
considerable potential for reduction to help achieve
the EU Commission target. In order to reach that
ambitious objective, in line with the Pareto principle
action must be targeted on those areas which promise
the greatest benefits. So the role of accident research
is to define the required decision-making criteria with
respect to active and passive safety.

In this context, the Institute for Vehicle Safety of
GDV (German Insurance Association) participated at
the initiation of a study to determine the potential
benefit of commercial vehicle ESP systems which are
either already available or currently being developed.
The first step was to investigate the design, mode of
operation, and possible effects of ESP systems in
trucks. In addition, the possibility of avoiding or
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mitigating accidents with ESP systems was analyzed
on the basis of 850 severe accidents involving trucks.
In the process, it was necessary to analyze specific
accident situations which could potentially have been
influenced by ESP.

RETROSPECTIVE ACCIDENT ANALYSIS

Accident database

The accident avoidance potential of ESP was
assessed on the basis of data of all serious accidents
involving trucks (with a gross vehicle weight [GVW]
of 3.5 tonnes and over) in Bavaria in 1997 (850
cases). On the basis of experience with previous
studies and the volume of data available from police
accident reports, only accidents involving death or
serious injury were taken into consideration. Of the
total of 1,009 relevant accidents, 850 which directly
involved trucks (i.e. single-vehicle accidents and
collisions between trucks and other road users) were
considered in detail.

The proportion of Germany's truck accidents that
occur in Bavaria (17.1 %) is largely in line with the
state's proportion of German roads (18 %) and its
contribution to the surface area of the nation as a
whole (19.3 %) [3]. Combined with further studies
carried out to confirm the representative nature of the
data [12], it is possible in a first approximation to
extrapolate the truck accident situation to Germany as
whole - at least in the field of vehicle safety.

Findings

A total of 917 trucks (GVW ≥ 3.5 t) were involved in
the 850 accidents considered, including 198 (21.6 %)
semitrailers, 263 (28.7 %) truck-trailer combinations
and 456 (49.7 %) solo trucks.

Each individual accident was investigated to
determine the possible positive effects of ESP. Based
on information from sources such as police accident
reports, accident reconstruction studies, tachograph
charts and photos, the study looked into whether the
physical conditions (speed and road conditions) were
such as to allow successful intervention by ESP, and
whether an ESP system could have prevented the
accident or mitigated its effects.

This analysis showed that 73 or 8.6 % of the 850
accidents studied were "ESP-relevant". In these
accidents, a total of 15 people were killed (2 in trucks
and 13 in other vehicles) and 78 seriously injured (46
in trucks and 32 in other vehicles). Fig. 14 shows the
types of trucks involved and the share of each type in
ESP-relevant accidents. The vehicles concerned

included 19 semitrailers, 21 truck-trailer combi-
nations and 33 solo trucks.
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Figure 14. ESP-relevant accidents by types of truck

The 73 accidents found to be ESP-relevant were
investigated to determine the primary cause and
assigned to six categories (Figure 15). Accidents
caused by a chain of circumstances were classified by
the highest-priority cause on the basis of the
information available. The main causes of these
accidents included abrupt steering maneuvers
following inattentiveness, skidding after collisions,
excessive speed for the weather conditions, and
skidding when cornering.

It is striking that some 50 % of ESP-relevant
accidents occurred on roads that were not dry (on
damp, wet, snow-covered or icy surfaces), although
some 67 % of the total number of accidents studied
(850) took place on dry roads. In addition,
approximately 70 % of the truck drivers took
defensive action, such as braking and/or steering, in
the pre-crash phase.
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Figure 15. Classification of serious truck accidents by
the primary causes of accidents

Finally, the study showed that the majority of
accidents occurred outside built-up areas on
highways or motorways and in most cases at higher
speeds. Figure 16 shows the distribution of truck
speeds immediately before the accident. As the graph
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shows, ESP-relevant accidents were only recorded at
speeds above 30 kph and were especially frequent in
the speed range between 71 and 90 kph (53.4 %).
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Figure 16. Distribution of truck speeds prior to
accidents

Examples

The accidents considered included a very wide range
of situations, both within and outside built-up areas.
Three typical ESP-relevant accidents are described
below by way of example.

Category "excessive speed":

On a wet motorway, a semitrailer with an unevenly
distributed load skidded off the carriageway as a
result of excessive speed, crashed through the central

crash barrier onto the other carriageway, which was
slightly lower, and crushed an oncoming car. Another
semitrailer, which had been following the first one,
skidded as the driver tried to brake, and collided with
another car.

Category "inattentiveness":

The inattentive driver of a light truck failed to notice
the end of a tailback forming in front of him, and then
attempted to avoid an accident by driving into the gap
between his own lane and the oncoming traffic,
which was sufficiently wide. The truck skidded,
slewing into the end of the stationary traffic and into
oncoming traffic, which was already driving as far to
the right as possible.

Category “skidding in bends”:

Traveling at between 50 and 60 kph, a semitrailer
tanker carrying 20,000 liters of hydrochloric acid
entered a bend which progressively tightened up.
Centrifugal force shifted the center of gravity of the
liquid load towards the outside of the bend, causing
the truck to overturn as it approached the end of the
bend (Figure 17).

Reinforced embankment

Site of
accident

Figure 17. Accident with skidding of a semitrailer in a bend (plan of road and final position of semitrailer at exit of bend)
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CONCLUSIONS

Benefits for cars

The real world accident data revealed that car
accidents involving a skidding of the vehicle
predominate among single accidents (40 to 60 %).
Taking the entire car accident occurrence into
account, it can be assumed that at least 20-25 % of
the accident cases involve skidding.

A major benefit of ESP can be expected for critical
situations with skidding of the car in bends where the
driver attempts more than one steering corrections.
The accident data revealed in this context that
predominantly experienced drivers (in approx. 70 %
of cases) took action in terms of several steering
correction attempts right after the car had started
skidding. Particularly here, an ESP intervention can
support the driver, thus enhancing the chance of
successfully stabilizing the vehicle.

A further benefit can be expected in cases where the
car driver does not apply the brakes. In the analysed
accident data, a braking maneuver in the pre-crash
phase could be observed in only 50 % of the cases.
ESP would increase in this case the possibility of
lateral stabilization of the vehicle by selective
intervention and braking the wheels individually.

Benefits for trucks

A benefit of electronic stability programs, in
particular in conjunction with rollover protection, can
be expected for commercial vehicles, as well.
Thereby, a reduction of up to 9% in the number of
serious accidents involving trucks is possible.

Extrapolating the 73 ESP-relevant accidents – by way
of an initial approximation – for the whole of
Germany, the total number of serious truck accidents
which could be positively influenced by ESP would

reach 427 (equivalent to 87 deaths and 456 persons
severely injured) (extrapolation factor
100/17.1=5.85). This study takes no account of
accidents resulting in minor injury or "material
damage only", which, however, frequently involve
substantial financial consequences or have
considerable indirect economic consequences, for
example as a result of ensuing traffic congestion .

Further research activities will be required to arrive at
a more precise quantitative determination of accident
avoidance potential. Special attention will need to be
paid to trucks carrying hazardous goods, the effects
of unsecured loads and driver behavior prior to
accidents. In this context, by working closely
together, driver assistance system development
engineers and accident research scientists can drive
forward the optimization of these highly promising
systems.

The initial analysis of the effectiveness of the ESP
system, based on data from car and truck real world
accidents, indicates finally that electronic stability
programs offer considerable potential for improving
road safety within the bounds of physical feasibility.
ESP systems show a significant benefit potential
particularly for serious accidents, as they can
contribute to the reduction in the number of accidents
with skidding by improving directional stability of
the vehicle. In view of this considerable potential for
accident avoidance and reduction of human suffering
in particular - not to mention the substantial econo-
mic consequences - and not least with a view to the
EU's ambitious target of halving the number of road
deaths by 2010, the requirement of the insurance
industrys is the introduction of ESP systems as
standard equipment on new vehicles of all weight
categories.



Langwieder, Page 9

REFERENCES

[1] Eurostat: Panorama of Transport, Statistical
Survey of Road, Rail, Inland Waterway and Air
Transport in the European Union, Topic 7 Transport,
2001, www.europa.eu.int/comm/eurostat

[2] European Commission: White Paper – European
Transport Policy for 2010: Time to Decide, 2001,
http://europa.eu.int

[3] StBA: Verkehrsunfälle, Statistisches Bundes-
amt (ed.), Metztler-Poschel Verlag, Fachserie 8,
Reihe 7, Stuttgart

[4] Verkehr in Zahlen (2001/2002): Eine
statistische Übersicht des Deutschen Instituts für
Wirtschaftsforschung Berlin, Deutscher Verkehrs-
Verlag GMBH, Hamburg, 2001

[5] Statistische Mitteilungen des Kraftfahrt-
Bundesamtes, Bestand an Kraftfahrzeugen und
Kraftfahrzeuganhängern, Flensburg 2002
(www.kba.de)

[6] German Insurance Association (GDV),
“RESICO - Retrospective Safety Analysis of Car
Collisions, Resulting in Serious Injuries”, Institute
for Vehicle Safety, Munich, August 1999

[7] Robert Bosch GmbH, “Electronic Stability
Program”, CD-ROM, Stuttgart, 2002 (see also
www.bosch.de/esp)

[8] German Insurance Association (GDV), “Vehicle
Safety 90 – Analysis of Car Accidents, Foundations
for Future research Work”, Institute for Vehicle
Safety, Munich, 1994

[9] R. de Coster, “Untersuchung von Wirkmöglich-
keiten des ESP im realen Unfallgeschehen von Pkw”,
Hochschule für Technik und Wirtschaft Dresden
(FH), Dresden, October 2002

[10] Joung Drivers in Traunstein 2000 – 1st interim
report, Institute for Vehicle Safety in co-operation
with the police forces Traunstein, 2003 – not
published yet

[11] EEVC WG 14 (2000 a): European Enhanced
Vehicle-Safety Committee: Accident Analysis of
Rear Underrun Accidents – Statistical Report and
Preliminary Benefit Study, Working Group 14
Report, GDV, Institute for Vehicle Safety, June 2000

[12] Langwieder, Gwehenberger, Bende (2000):
"The Commercial Vehicle in the Current Accident
Scene and Potentials for Additional Enhancement of
Active and Passive Safety”, EU Symposium Safety
of Heavy Vehicles, Munich, 2000



Okamoto 1

DEVELOPMENT OF FINITE ELEMENT MODEL FOR CHILD PEDESTRIAN PROTECTION

Masayoshi Okamoto
Yukou Takahashi
Honda R&D Co., Ltd.
Fumie Mori
PSG Co., Ltd.
Masahito Hitosugi
Dokkyo University School of Medicine
JAPAN
Jane Madeley
Johan Ivarsson
Jeff R. Crandall
University of Virginia
United States of America
Paper Number 151

ABSTRACT

In recent years, pedestrian protection has been
increasing its importance in the field of vehicle crash
safety. Under such circumstances, the European
Enhanced Vehicle-safety Committee (EEVC) has
proposed a test procedure for evaluating injuries to
pedestrians in car-pedestrian accidents. This test
procedure covers potential injuries to the adult head,
pelvis, and lower limb, while only the head region is
covered for children.

A number of child finite element (FE) models have
been published for understanding injury mechanisms in
child pedestrians. However, most of these models have
been constructed by geometrically scaling an adult
model. These scaled models do not take into account the
specific anatomical structures in children, which do not
allow these models to reproduce injuries exclusively
observed in child pedestrians. In addition, the lack of
sufficient in-depth accident data for child pedestrians
leads to a need for a child FE model that accurately
represents these specific structures, and is capable of
reproducing injury mechanisms in child pedestrians.

This paper describes a preliminary FE model for a
child pedestrian constructed using the MRI scans from a
6-year-old child. In the future, this model will be used
for injury mechanism analysis and injury criteria
development for child pedestrians.

INTRODUCTION

In addition to occupant protection in car crashes,
pedestrian protection has become an important issue in
vehicle crash safety. In pedestrian protection research,

techniques such as component tests, full-scale tests, and
computer simulation are generally employed. Among
these methods, a test procedure proposed by the EEVC
has been most commonly used in the development of
technologies for pedestrian protection, and has been
considered as one of the potential bases for the future
regulations. However, with the exception of the child
headform, this test procedure has been designed for
evaluating injuries to adult pedestrians. This does not
allow for injuries to other child body regions to be
addressed.

An alternative means for assessing injuries to child
pedestrians is to develop an FE child model. This
approach essentially requires data for the material
properties of tissues and impact responses of children.
Due to ethical issues, however, experimental studies for
obtaining these mechanical properties are limited to
some old studies. For these reasons, past studies for
developing a child FE model have used estimated
material properties by applying scaling techniques to
adult properties. In addition, the geometry of these
models has been obtained by scaling an adult model.

The goal of this study was to develop an FE child
model in standing position that reflects specific
anatomical structures in children. The geometry of the
model was based on the MRI scans from a child
volunteer. The project is still ongoing, and the FE
models for the lower limb skeletal and major connective
tissues as well as the surface geometry of the whole
body are currently available. A methodology for
developing a child FE model from MRI scans will be
presented in this paper. The lower limb model
developed in this study will also be illustrated in
comparison with the actual MRI scans.
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ACCIDENT DATA ANALYSIS

According to accident statistics [1], pedestrian
fatalities account for 37 % in South Korea, 28 % in
Japan, 25 % in the UK of all fatalities due to traffic
accidents. Even the Netherlands with the lowest
percentage of pedestrian fatalities has the contribution
from pedestrians of as much as 10 % (Figure 1).

Figure 1.  Distribution of fatalities in traffic
accidents by accident type.

Figure 2 shows the distribution of fatalities by
accident type and age in Japan. In the age bands of 12
years old and younger, and 70 years old and older,
pedestrian accidents account for approximately 50 % of
all fatalities in traffic accidents.

Figure 2.  Distribution of fatalities in traffic
accidents by accident type and age in Japan.

The distribution of pedestrian fatalities and injuries
in Japan by age for year 2001 is presented in Figure 3.
For the age bands younger than 50 years old, the number
of fatalities per year was roughly 100, while the number

of fatalities increased for the older age bands. For
injuries, the most frequent age band was 12 years old
and younger with approximately 20,000 injuries,
followed by the older populations.

Figure 3. Distribution of pedestrian fatalities and
injuries by age in Japan (2001).

These results suggest that the younger generation
(12 years old and younger) and older generation (50
years old and older) are the most important for
mitigating pedestrian fatalities and injuries. In these
generations, the older generation should have the
anthropometry of adults, suggesting that the currently
proposed test procedures for adults such as the EEVC
test procedure can potentially cover this generation in
terms of the anthropometry. Since the current test
procedure covers only the head region of children, the
remaining issue would be to determine the direction of
countermeasures for mitigating injuries to other body
regions.

Figure 4 illustrates the distribution of severe injuries
to child pedestrians, 12 years old and younger, in Japan
for year 2001. The head and lower limb injuries account
for 18 % and 60 %, respectively, of all severe injuries,
while other data sources show that the head injuries
account for approximately 70 % of all fatalities. Injuries
to other body regions (upper limb, thorax, abdomen)
account for 22 % in total. This suggests that the
protection of the child lower limb is one of the most
important issues for mitigating severe injuries to
pedestrians.
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Figure 4.  Distribution of severe injuries to child
pedestrians (12 years old and younger) in Japan

(2001).

DEVELOPMENT OF CHILD FE MODEL

Background

One of the biggest issues in the development of an
FE model for a child pedestrian is that the data for
precise geometry and material properties are not
available. In previous studies for child model
development, the geometry and material properties were
estimated by applying a scaling technique to the data for
adults. However, a child is still growing, resulting in
some specific features in its anatomical structure. 

One of the most significant anatomical features is
related to development of the bony structure. The child
skeleton is first laid down as a cartilage template in the
embryo. Over time this is gradually replaced with bone
in a process known as ossification which occurs at the
same time as skeletal growth. Two kinds of ossification
are recognized – the membranous ossification, and the
endochondral ossification. The membranous
ossification occurs in the flat bones, e.g. cranial and
facial bones, while the endochondral ossification occurs
in the tubular bones during development and growth. In
long bones, the length of the bone increases by the
process called interstitial growth. In the cartilage
template this process may occur throughout the
structure, but following the onset of ossification
longitudinal growth occurs only at the growth plate
which remains cartilaginous until the final length of the
bone has been reached. The growth plate ossifies slowly
throughout childhood and the cartilage finally
disappears between the ages of 18 and 25 years. At this
point the bone loses its potential for longitudinal growth.
Growth in diameter is by a process called appositional
growth. In the cartilage template, cartilage is laid down
circumferentially by the cells of the perichondrium, and
this process continues in the bone as layers of bone are

laid down by the inner cells of the periosteum. These
processes of growth result in specific anatomical
structures for child long bones in the epiphyses, growth
plates, metaphyses, and diaphyses (Figure 5).

Figure 5.  Anatomical regions of the child long bones
with specific features.

In terms of the material properties of bones in
children, child bones are generally characterized by the
following features as compared with adult bones:

1. Child bones are more flexible than those of an adult
due to low bone mineral content [3][4]

2. Child bones are more porous than those of an adult;
this may result in terminating the fracture
propagation in bones [5] 

3. Cartilaginous growth plates, exclusively seen in
children, are vulnerable to shear force [6][7]

These features are believed to be responsible for some
specific fracture patterns such as plastic bowing,
greenstick, and buckling (Figure 6) [8]. Some fracture
patterns at the growth plate are also reported (Figure 7)
[9].

These features exclusively observed in children
suggest that the models for child skeleton based solely
on the scaling technique applied to the geometry of adult
bones have limitations in reproducing injuries to
children.

On the other hand, based on the recent advancement
in digital image processing technologies, three-
dimensional anatomical models of a patient have been
actively generated from the CT or MRI scans in medical
science. In this study, MRI scans of an actual child
volunteer were taken. These scans have been used to
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generate an FE child model that takes into account
specific anatomical features in children.

Figure 6.  Specific fracture patterns in child tibia.

Figure 7.  Classification of growth plate injury in
children.

Ethical Standard

The World Medical Association has developed the
Declaration of Helsinki as a statement of ethical
principles to provide guidance to physicians and other
participants in medical research involving human
subjects [10]. In this declaration, it is described that the
design and performance of each experimental procedure
involving human subjects should be clearly formulated
in an experimental protocol. This protocol should be
submitted for consideration, comment, guidance, and
where appropriate, approval to a specially appointed
ethical review committee, which must be independent of
the investigator, the sponsor or any other kind of undue
influence. This independent committee should be in
conformity with the laws and regulations of the country
in which the research experiment is performed. In
addition, it is described that when a subject deemed
legally incompetent, such as a minor child, is able to

give assent to decisions about participation in research,
the investigator must obtain that assent in addition to the
consent of the legally authorized representative. This
study followed the procedure described in this
declaration. Prior to performing the scan, the contents of
the research were explained to both the subject and its
custodian, and consent was obtained.

In this research, the ethics regulation described
above was followed, and the MRI experiment was
approved by the Ethics Committee at the Advanced
Telecommunications Research Institute International
(ATR). The scan was made at the Brain Activity
Imaging Center at ATR. Considering the age of the
subject (6 years old), it was required from the Ethics
Committee that the custodian should have accompanied
with the subject throughout the experiment, and the
experiment should have been immediately terminated
upon request from the subject. In addition, a medical
doctor joined the experiment for periodical medical
checks during the experiment.

Methodology

     Image Scanning
The following four ways are generally available for

scanning a human body:

1. Radiography
2. Ultrasound Imaging
3. X-ray Computed Tomography (X-rays CT)
4. Magnetic Resonance Imaging (MRI)

X-rays scanning is capable of obtaining images of
anatomical structures with very high resolution.
However, X-ray contamination is problematic with the
health condition of the subject. Although this method is
very effective for matured bony structures, it is difficult
to obtain accurate geometry for soft tissues such as the
articular cartilage and immature growth plate in children
due to their X-ray transparency [11]. The scanning with
ultrasonic waves only provides low resolution and
quality of images. Although the resolution of images is
lower than that from X-rays, this study employed MRI
scanning since clear images for not only hard tissues,
but also soft tissues, can be obtained. A past study
succeeded in reconstructing the detailed anatomical
structure of a human body using MRI scans.
     Apparatus

The scans were performed using the MRI system at
the Brain Activity Imaging Center in ATR. The system
was operated by the technicians at this center. The
specification of the system used in this study is listed
below:
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MRI scanner : Shimazu-Marconi MAGNEX ECLIPS
1.5T Power Drive 250 (Figure 8)
Magnet subsystem
Homogeneity : < 1 ppm / 50 cm DVS
Gradient subsystem
Design : direct drive / non-resonant
Scanning capability : 3-axes, full oblique
Peak strength : 27 mT/m
Ramp Rate : 72 mT/m/ms
Radio frequency subsystem
Output power : 25 kW
Image processing
CPU : DEC Alpha XP1000, 64bit/500MHz
Image reconstruction : 0.02 s/slice or 50 slices/s with
256 x 256

Figure 8.  MRI scanner used in this study.

     Anthropometry
Average height and weight as a function of age and

gender were compared among countries all over the
world. [12] The results suggested that there was no
significant difference between countries and gender up
to 12 years old. Figures 9 and 10 show the distribution
of the world average height and weight, respectively, as
a function of age and gender. The height and weight of
the 6-year-old child volunteer, whose MRI scans were
taken in this study, were 110.9 cm and 19.5 kg,
respectively. The world average height and weight of a
6-year-old child were 114.6 cm (standard deviation: 3.7
cm) and 20.4 kg (standard deviation: 1.76 kg),
respectively. Therefore, the height and weight of the
child volunteer were within one standard deviation of
the world average, suggesting that the anthropometry of
the volunteer can be regarded as representative of the
average 6-year-old child worldwide.

Figure 9.  Distribution of world average stature as a
function of age and gender.

Figure 10.  Distribution of world average weight as a
function of age and gender.

 
    Scanning

Considering that the volunteer is a child, and thus
prolonged scanning was deemed unfavorable, it was
decided that the duration time of each scan be limited to
10 minutes maximum. The entire body was divided into
11 body regions, and one region was scanned at a time.

The resolution of the images (Voxel Size) can be
determined as a function of the range of covered area
(Field Of View: FOV), the size of the images (Matrix),
and the pitch of image acquisition. The maximum
Matrix of the MRI system employed in this study was
512*512, however, the Matrix of 256*256 was used in
order to reduce the duration time of each scan. The pitch
between slices was determined between 1.5 mm and 4
mm, depending on the body regions, so that the duration
time of the scanning can be minimal. The images were
collected with the Voxel Size between 0.5*0.5*1.5 and
1.17*1.17*4 (x*y*slice pitch). The scanning directions
were selected from transverse, sagittal, and coronal
directions, depending on the body regions, so that the
anatomical structures to be reconstructed can be best
described in the scans (Table 1).
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Table 1.
Matrix of MRI scanning

     Process of 3D FE Modeling
In order to utilize the MRI scans in three-

dimensional FE modeling, the two-dimensional images
obtained from MRI scans need to be converted to a
three-dimensional structure. The following procedure
was used to obtain three-dimensional FE meshes from
the MRI scans.
1. The contour of the anatomical structure to be

reconstructed was tracked for each slice image
(Figure 11).

Figure 11.  Edit the Classification region with PC.

2. A three-dimensional polygon model was obtained by
interpolating the contours generated in step 1 in the
scanning direction. In this study, the ForgeTM Ver. 1.5
(Studio PON) was used on a PC to create the polygon
data (Figure 12).

Figure 12.  Transform the 2D data to 3D data.

3. Based on the three-dimensional polygon data, FE
meshes were generated using shell and solid
elements. (Figure 13)

Figure 13.  Make FE shell/Solid model.
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Child FE Model

According to the currently available accident
statistics, approximately 70 % of all fatalities in child
pedestrians are due to head injuries. As a tool for
evaluating head injuries to child pedestrians, the EEVC
test procedure using a child headform is currently
proposed, and is considered as one of the bases for the
future regulation. On the other hand, more than twenty
thousand children in Japan sustained severe injuries in
car-pedestrian accidents each year, and the most
frequently injured body region was the lower limb,
accounting for approximately 60 % of all severe injuries
to child pedestrians. The final goal of this study is to
develop a full-body FE model for a child pedestrian.
Based on this observation, however, it was decided to
prioritize the development of the lower limb region.
Since the currently proposed test procedure does not
cover the lower limb of a child pedestrian, it was
expected that the development of the child lower limb
model at an early stage would facilitate mitigation of
severe injuries to child pedestrians.

Since Honda R&D has been developing an FE lower
limb model for an adult pedestrian [13] using PAM-
CRASHTM, the same program was used to develop an
FE child model. The same modeling strategy as that of
the adult lower limb model was applied to the child
model. The soft tissues surrounding the bony structure
(muscles and fatty tissues) were modeled using solid
elements. On the surface of these soft tissues, the skin
was modeled using shell elements in order to take into
account its mechanical contribution to the knee joint
response (Figure 14).
In order to accurately reproduce the mechanical
response of each knee ligament due to the knee joint
deformation, three of the four major knee ligaments
(Anterior Cruciate Ligament; ACL, Posterior Cruciate
Ligament; PCL, Lateral Collateral Ligament; LCL)
were modeled using solid elements. The Medial
Collateral Ligament (MCL) was modeled using shell
elements considering its thinness. It was difficult to
identify the exact geometry of some portions of
ligaments. For these regions, FE meshes were generated
by referring to anatomy books. The superior and inferior
insertion sites of the ligaments were rigidly attached to
the corresponding parts of bones. The models for the
menisci obtained from the MRI scans 

Figure 14.  FE Models for lower limb flesh and skin.

Figure 15.  Models for major knee ligaments and
menisci.

were placed on the tibial plateau in order to accurately
simulate the knee joint stiffness in axial compression
(Figure 15).

One of the biggest advantages of FE modeling from
the MRI scans of an actual child is that the model is
capable of accurately representing the anatomical
features exclusively seen in children, including
cartilaginous structures in the epiphyseal region of the
child long bones. In the MRI scans of the child lower
limb, these cartilaginous structures can be recognized in
the femoral head, femoral condyles, tibial condyles, and
growth plates. In order to simulate specific fracture
patterns initiated at these cartilaginous structures in
children, the model included the occification centers at
the femoral head, femoral and tibial condyles, and ankle,
the epiphyseal cartilage at the proximal and distal end of
the femur and tibia, and the cartilaginous growth plates.
These structures were modeled using solid elements



Okamoto 8

(Figures 16-18). For the pelvis and above, only the
surface skin modeled using shell elements is available at
this time (Figure 19). The bony structures as well as
connective tissues in this region will be reconstructed in
a future study.

Figure 16.  Child FE model for proximal femur.

Figure 17.  Child FE model for knee joint.

Figure 18.  Child FE model for distal tibia/fibula.

Figure 19.  Child Whole Body FE model.
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CONCLUSIONS

1. MRI scans of the whole body of a 6-year-old child
were taken. Based on the MRI data obtained, a
preliminary FE lower limb model for a child
pedestrian was developed.

2. For reproducing specific fracture patterns in children,
the geometry of the cartilaginous structures at the
femoral head, knee, and ankle were precisely
reconstructed from the MRI scans, and was included
in the FE lower limb model.

FUTURE WORK

The currently ongoing study focuses on determining
the material properties to be used as input into the FE
model developed here. Once appropriate material
properties are determined, the effect reflecting specific
anatomical features in children has on reproducing
fracture patterns exclusively observed in children will
be investigated. The model will also be validated against
results of in-depth accident data for car-child pedestrian
impact. In addition, the finite element portion of the
model will be expanded to the pelvis and above for
skeletal and connective tissues.
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ABSTRACT

ISO13232 [1], which defines test and analysis

procedures for research evaluation of rider crash

protective devices fitted to motorcycles,

recommends 200 configurations of simulation

calculations. Considering the diversity of

configurations, the multi-body dynamics based

software "MADYMO" (MAthematical DYnamic

MOdel) rather than FEM based software was

adopted in the present study as a basic simulation

tool.

In this research, a proto-type test vehicle was

selected as the motorcycle model, and a proto-type

airbag system was used as an example of a

protective device. To determine the impact

characteristics of the motorcycle front structure and

the contact characteristics between the motorcycle

and the rider dummy, several component tests were

performed. Prescribed motion simulations and a

barrier test simulation were also carried out to

validate the motorcycle model. As a result, this

model was found to show good performance in

simulating the motorcycle to dummy contact and the

motorcycle to barrier impact.

INTRODUCTION

Numerical simulation of motorcycle-car collision

is one of the most effective tools in motorcycle

passive safety. It is not practical for real world

collision tests to cover all of the various collision

configurations of real world accidents, although

conducting those tests is indispensable to develop

rider protective devices. For example, ISO13232

specifies 200 configurations in which protective

devices should be evaluated. Another remarkable

feature of motorcycle-car accidents is that the rider is

likely to experience secondary impact with the

environment (such as the road) because of not being

constrained to the motorcycle. This means that the

analysis time to be considered is much longer than

that in car-to-car collisions. Considering the

diversity of collision configurations and the length of

analysis time, the multi-body dynamics based

software MADYMO rather than the more time

consuming FEM software was adopted as a basic

simulation tool.

The motorcycle model selected was a proto-type

test vehicle. In MADYMO a simulation model

generally consists of rigid bodies, joints and

surfaces: a joint connects one rigid body to another,

and a surface is attached to a rigid body to shape the

model or to produce a contact force [2]. Our

motorcycle model has 21 rigid bodies and the same

number of joints. The surfaces used are 9 ellipsoids,

7 cylinders, 2 planes and 8 facet surfaces. The main

contacting parts (such as front cowl and seat) are

formed by facet surfaces to produce more precise

contact force (see Figure 1.)

Figure 1. Motorcycle model.

A proto-type airbag system was used as an example

of a protective device, though this research focuses

on the process of modeling a motorcycle for

collision simulation. This airbag system was

modeled with an inflator system and an FEM model
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which has 2,200 membrane elements.

The rider dummy model used a modified Hybrid

III standing model, since it had also been used in

collision tests. Modification was performed mainly

on joint stiffness, mass distribution and surfaces to

conform to the real dummy or to improve contact

characteristics of the dummy model.

To determine the impact characteristics of the

motorcycle front structure and the contact

characteristics between the motorcycle and the rider

dummy, several component tests were performed.

This paper describes some of the results of these

tests and simulations. Besides the component tests,

prescribed motion simulations and a barrier test

simulation were carried out to validate the

motorcycle model. The results of these simulations

are also shown herein.

COMPONENT TEST

In the beginning of a motorcycle-car collision,

the motorcycle front contacts the car and the rider

dummy contacts the motorcycle parts (front cowl,

handlebar etc.). Since the initial contact phenomena

can affect all the kinematics throughout the collision

accident, it is very important to determine the

characteristics of these phenomena. For this reason

the following component tests were carried out: front

fork bending test, motorcycle front structure impact

test, front cowl impact test, seat static loading test,

handlebar bending test, seat-dummy friction load

measurement, and the like.

The contact characteristics of the tire and rim of

the front wheel were previously investigated and

obtained [3]. A front fork bending test was

performed to obtain the bending stiffness of the

corresponding revolute joint. Figure 2 is a picture of

motorcycle front structure impact test and Figure 3

shows the result of this test, as an example of these

tests. Figures 4 and 5 show a picture and the result of

a front cowl impact test. The contact characteristics

obtained by smoothing the force vs. displacement

curves in Figures 3 and 5 were directly introduced

into the MADYMO motorcycle model.

Figure 2. M/C front structure impact test.
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Figure 3. Force vs. displacement of M/C front.

Figure 4. Front cowl impact test.
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Figure 5. Force vs. displacement of front cowl.
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In the seat loading test and handlebar bending

test, MADYMO models were made to simulate the

test conditions. Then, seat loading characteristics and

handlebar bending stiffness of the corresponding

joint were obtained. Figure 6 shows pictures of a seat

loading test and its simulation model. A comparison

between test and simulation results is shown in

Figure 6. Seat loading test.

Figure 7. Comparison of seat loading.

Figure 7. Similarly, Figures 8 and 9 show handlebar

bending test. In Figures 7 and 9 the darker green

lines indicate the test results and the lighter green

lines the simulation results. By applying suitable

properties, the two curves in Figures 7 and 9 show

good coincidence. Those properties were introduced

into the MADYMO motorcycle model.

Figure 8. Handlebar bending test.

Figure 9. Comparison of handlebar bending.
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PRESCRIBED MOTION SIMULATIONS

To validate the motorcycle model, prescribed

motion simulations were carried out. In a prescribed

motion simulation, a motorcycle model is given

motion data, which can be obtained by analyzing test

video data, and the model is moved the same way as

in the real test. Dummy data such as chest

accelerations obtained by this simulation can then be

compared with the test results.

Figure 10. Validation results without airbag.

Figure 10 shows the validation results from a

comparison of the rider dummy data (chest

accelerations and head accelerations) between a test

and simulation in the case of a 413-0/30

configuration without an airbag system. In this

configuration, a 30 mph motorcycle collides with the

side of a stationary car at a right angle. In Figure 10,

red lines indicate x-direction test data, yellow lines

x-direction simulation results, dark blue lines

z-direction test data and light blue lines z-direction

simulation results. The x-direction means the

forward-backward direction, and the z-direction the

downward-upward direction. (Hereinafter the same

color is used.) In addition, Figure 11 shows a

kinematic comparison from 0 msec to 100 msec at

time intervals of 20 msec.

Figure 11. Kinematic comparison without
airbag.
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These graphs and pictures show qualitatively good

coincidence.

In the same way, the validation results and

kinematic comparison for the same configuration

with the airbag system are shown in Figures 12, 13.

Figure 12. Validation results with airbag.

In this case, although dummy kinematics shows

good coincidence, a difference between test results

and simulation results is seen, especially in

x-direction head acceleration. The difference in

deployment process is considered to be the reason

for this discrepancy. The airbag model has not been

able to reproduce the deployment process precisely,

so we consider that improvement of the airbag model

and its deployment process is necessary. We are now

attempting to make such improvements.

Figure 13. Kinematic comparison with airbag.

BARRIER TEST AND ITS SIMULATION

In addition to the prescribed motion simulations,

a barrier test and its simulation were performed to

validate the motorcycle model. In this test, a 30 mph

motorcycle collided with rigid wall at a right angle.

The barrier force and motorcycle accelerations were

measured.

Figure 14 shows the validation results from a

comparison of the barrier force and the motorcycle
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accelerations (the center of gravity, on the front fork)

between the test and simulation.

Figure 14. Validation results of barrier test.

The motorcycle kinematics is shown in Figure 15

from 0 msec to 100 msec at time intervals of 20

msec.

Figure 15. Kinematic comparison of barrier
test.

In Figure 14, simulation results are qualitatively in

good agreement with test results. Figure 15 also

shows good coincidence in motorcycle kinematics,

except for the intrusion of the motorcycle front into

the barrier, which is inevitable for a rigid body

model.
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CONCLUSIONS

A motorcycle model of the first stage for

collision simulation has been developed. Several

component tests and their simulations for the

handlebar and the seat were carried out and

important characteristics for collision simulation

were determined. Then, by means of prescribed

motion simulation, validation for the contact

phenomena between motorcycle and dummy was

performed. In addition, validation for the impact

phenomena between motorcycle and barrier was

done through a barrier test simulation.

As a result of these procedures, this model was

found to show good performance in simulating the

motorcycle to dummy contact and the motorcycle to

barrier impact, but not the dummy to airbag contact.

To improve the dummy to airbag contact simulation,

reproducing the airbag deployment process more

accurately is considered to be necessary.

We are now on the way to modeling a

motorcycle for collision simulation and

accomplishing full simulation for motorcycle to car

collisions. We will continue to try to improve the

motorcycle model.
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ABSTRACT

As part of a program to develop improved knee-
thigh-hip injury criteria, the dynamic force-deflection
responses of twenty knee/femur complexes from
eleven unembalmed cadavers were measured under
knee loading directed along the length of the femur.
An interface that was molded to the shape of each
cadaver’s knee was used to distribute applied loads
across the patella and femoral condyles. A fixed
femoral head boundary condition was used to
minimize inertial effects, allowing the skeletal
stiffness of the knee/femur complex to be
characterized. Average knee/femur stiffness is
0.37 kN/mm. This value primarily represents the
stiffness of the femur because the molded-knee
interface minimizes the contribution of knee
compliance to the whole knee/femur stiffness.

Corridors developed from the cadaver knee/femur
force-deflection responses were used to evaluate the
response of the knee/femur complex of the Hybrid III
and THOR. Prior to about 2 mm of deflection, the
Hybrid III is 2.4 times stiffer than the upper bound of
the cadaver response corridor and the THOR is 1.9
times stiffer. After 2 mm of deflection, the Hybrid
III knee/femur complex response is approximately
sixteen times stiffer than the upper bound of the
cadaver corridor, while the THOR knee/femur
response is approximately three times stiffer.

INTRODUCTION

A recent analysis of the NASS database indicates that
the current FMVSS 208 knee-thigh-hip (KTH) injury
criterion of 10-kN peak femur force, which is based
on the fracture tolerance of the femur to high-rate
axial loading applied at the knee, may not adequately

prevent hip injuries. In particular, this analysis
indicates that the risk of AIS 2+ hip injuries is higher
than the risk of femur or knee injury in frontal
crashes of later-model airbag-equipped vehicles, and
also that the risk of hip injury is higher in frontal
crashes of newer, airbag-equipped vehicles than in
crashes of vehicles without airbags (Kuppa and
Fessahaie 2003). Hip injuries are of substantial
concern because of their long-term debilitating
potential and because they account for the majority of
life years lost from injury to the knee-thigh-hip
complex (Kuppa et al. 2001). As a result of these
findings, an effort is underway to develop improved
KTH injury criteria.

As a first step in this effort, Rupp et al. (2002)
analyzed previous biomechanical data and suggested
that likelihood and location (along the KTH) of
injury from knee loading depend not only on the
magnitude of the applied load, but also on the applied
rate, the skeletal compliance of the KTH, and the
effective mass of the KTH (i.e., the inertial response
of the KTH that is affected by the flesh mass coupled
to the thigh, the mass of the leg coupled to the knee,
and the mass of the torso coupled to the hip). To
successfully develop and implement injury criteria in
ATDs, the skeletal stiffness and the effective mass
(or inertial response) of human KTH response should
be characterized. ATDs that have appropriate
skeletal stiffness and inertial response should have a
biofidelic response when interacting with energy-
absorbing knee restraints and other stiffer
components located near the knee restraints.

A study by Horsch and Patrick (1976) quantified the
skeletal response of five knee-plus-distal-femur
sections obtained from three unembalmed cadavers
using flat-faced pendulum knee impacts. Inertial
effects were removed from the measured responses
by rigidly fixing the cadaver sections at a location
that corresponds to the location of the femur load
cell. The Horsch and Patrick fixed-femur skeletal
response data were used to develop and validate the
response of Hybrid III midsize male ATD knee/femur
complex (Foster et al. 1977). Figure 1 shows the
design of the Hybrid III femur and knee complex,
which is essentially rigid with the exception of an
approximately 8-mm-thick rubber pad on the anterior
surface of the knee. The compliance of this padding
was selected so that the response of the Hybrid III
knee and distal femur (i.e., the knee and femur load
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cell or load cell blank) is comparable to a target
response developed from peak knee impact forces
measured by Horsch and Patrick.

Figure 1. Hybrid III knee/femur complex.

Several researchers have conducted whole-body knee
impacts on unembalmed cadavers to quantify the
complete response (skeletal stiffness and inertial
effects) and tolerance of the knee/femur complex to
knee loading by a flat, rigid impactor (Powell et al.
1975, Melvin et al. 1975, Donnelly and Roberts
1987). A free-back boundary condition was used in
these studies that is similar to the boundary
conditions during knee-to-knee-bolster loading in
real-world frontal crashes. Because knee loading
rates used in these studies are substantially higher
than knee loading rates in frontal crashes of newer-
model airbag-equipped vehicles (as measured by
Hybrid III femur load cells in FMVSS 208
compliance testing), the inertial component of force
in these tests is significantly greater than the inertial
component of knee/femur response that would be
expected at more realistic loading rates (Rupp et al.
2002).

Donnelly and Roberts (1987) compared the free-back
whole-body knee impact response of nine
unembalmed cadavers to the Hybrid III ATD under
similar test conditions. The Hybrid III was found to
produce knee impact forces that were almost three
times higher than those produced by a cadaver.
Differences between the Hybrid III and cadaver knee
impact responses were attributed to the rigidity of the
Hybrid III femur and the more rigid coupling of the
thigh mass to the femur in the Hybrid III.

The THOR knee/femur complex, shown in Figure 2,
was designed to address a perceived lack of
biofidelity in the response of the Hybrid III (Shams et
al. 1999). The THOR knee is similar to the Hybrid
III knee and therefore conforms to the Hybrid III
knee response specification developed from the
Hosch and Patrick data. The only difference
between the THOR and Hybrid III knees is that the
THOR knees employ rigid hemispherical caps on the
lateral and medial aspects that are intended to provide
a more humanlike interaction with knee bolsters. To
reduce knee impact forces and better match the

Donnelly and Roberts data, the THOR has a
compliant element in the mid femur and redistributes
some of the femur mass to the thigh flesh.

Figure 2. THOR knee/femur complex with Hybrid III
upper femur casting.

A recent study conducted by Rupp et al. (2002)
provides data on the skeletal knee/femur force-
deflection responses of thirteen whole knee/femur
complexes from seven unembalmed cadavers to knee
loading directed along the length of the femur. The
femoral head was rigidly supported in an acetabular
cup so that the measured knee/femur complex
responses were largely independent of inertial effects.
Knee-loading rates that are representative of knee-to-
knee-bolster impacts that occur in frontal crashes of
newer model vehicles were used. Load was applied
to the knee through a molded-knee interface, which
distributed applied loads over the patella and femoral
condyles and consequently reduced the effect of the
compliance of the patellofemoral joint on whole
knee/femur response. Under these loading
conditions, the average stiffness of the cadaver
knee/femur complex was determined to be 0.36
kN/mm.

This paper describes an expanded set of cadaver
knee/femur response data from the original Rupp et
al. (2002) study and describes the development of a
new cadaver knee/femur force-deflection response
corridor for dynamic knee loading by a molded-knee
interface. The knee/femur responses of the THOR
and Hybrid III were determined and are compared to
the cadaver response corridor.

METHODS

Cadaver Knee/Femur Response Tests1

Prior to testing, the lower extremities (including the
left and right femurs, legs, and feet) were removed
from an unembalmed cadaver pelvis by
disarticulating the hip joints. Flesh was removed
from the proximal femur to expose both the proximal

1 The rights, welfare, and informed consent of the subjects who participated
in this study were observed under guidelines established by the U.S.
Department of Heath and Human Services on Protection of Human Subjects
and accomplished under medical research design protocol standards
approved by the Committee to Review Grants for Clinical Research and
Investigation Involving Human Beings, Medical School, The University of
Michigan.

Compliant
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femur and femoral head. The specimen was then
mounted in the test apparatus, illustrated in Figure 3,
such that it was inverted from a normal seated
orientation. The head of the femur was inserted into
a hemispherical “acetabular” cup that was mounted to
a rigid support post. The femur was oriented so that
an axial load was applied along a direction that was
parallel to the vector defined by the midpoint
between the medial and lateral femoral condyles and
the center of the femoral head. A 0.5-mm-thick
sheet of rubber was placed between the femoral head
and acetabular cup to reduce stress concentrations on
the femoral head.

The knee was supported and loaded by a knee
interface that was molded to the shape of the knee of
each specimen. This minimized the risk of knee
fracture by distributing the applied loading over the
patella and femoral condyles. Also, by
simultaneously loading the patella and femoral
condyles, the contribution of knee compliance to
whole knee/femur deflection is minimized.

The fixed femoral head boundary condition has been
shown to minimize inertial effects (Rupp et al. 2002).
Consequently, the force history applied to the knee is
the same as the force history at the femoral head,
allowing the skeletal component of the dynamic
skeletal stiffness of the knee/femur complex to be
measured independently from the inertial response of
the knee/femur.

For all tests, a dynamic load was applied to the knee
of the test specimen by pneumatically accelerating a
250-kg platform into a linearly translating ram
connected to the molded-knee interface, which is
initially in contact with the knee. A combination of
Hexcel (9.5-mm cell diameter) and 13-mm-thick
flotation foam was used at the interface between the
ram and the weighted platform to control the rate of
loading and limit the magnitude of force applied to
the knee/femur complex. The pneumatic accelerator

was pressurized to achieve a platform impact velocity
of about 1.2 m/s, which produces loading rates at the
knee that are similar to loading rates measured by the
Hybrid III femur load cell during FMVSS 208
compliance testing of newer model vehicles (Rupp et
al. 2002).

A load cell attached to the ram just behind the
molded-knee interface measured force applied to the
knee during each test. To obtain force applied to the
knee, the ram load cell measurement was inertially
compensated using ram acceleration and the mass
between the load cell center-of-gravity and knee
surface. The reaction force at the femoral head was
measured by a load cell positioned behind the
acetabular cup. A laser mounted on the test fixture
measured the motion of the ram, which corresponds
to the deflection of the knee surface relative to the
femoral head. Based on analyses of the frequency
content of the raw data, all forces and displacements
were low-pass filtered using a 4th order Butterworth
filter with a cutoff frequency of 300 Hz.

Fracture force, time-to-fracture, and loading rate were
determined from the applied force histories, as
illustrated in Figure 4. Based on high-speed video of
the test specimen during impact loading, fracture
force was always considered to be the first peak in
the force history, so that time-to-fracture force is the
same as time-to-peak force. Time-to-fracture was
defined as the time required for the force to rise from
500 N to the first peak in the force curve. Since the
loading portion of the curve was generally linear,
loading rate was calculated as the slope of the force
curve, based on a least-squares fit of a straight line
connecting 15% and 85% of the first peak in the
force curve. The loading portions of the force-
deflection curves established using applied force and
ram displacement were also generally linear. It was
therefore possible to calculate an axial stiffness for
each test specimen in the same manner that loading
rate was calculated from the force histories.

Reaction force
load cell

Pneumatic
actuator Sled

Energy-absorbing
material

Ram impact surface

Laser        Laser reflector

Ram
load cell

Ram
Accelerometer

(ram acceleration)

(ram position)

Molded-knee
interface

Acetabular cup

Femur load cell

Linear pot.
(support post

deflection)
Support

post

Figure 3. Apparatus used for dynamic femur response assessment.
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Figure 4. Typical applied force history showing loading
rate, time-to-fracture, and peak force.

Test Subjects and Test Numbers – Table 1 provides
information on the three female and eight male
cadavers from which specimens were obtained for
testing. Data from subjects 1 through 5 were
previously reported by Rupp et al. (2002). With the
exception of subjects 5 and 11, both the left and right
knee/femur complexes from each subject were used
in the hip tolerance testing also described by Rupp et
al. Table 1 lists t-scores for these cadavers obtained
using the osteogram method, which uses a calibrated
x-ray of the phalanges to determine t-score. The t-
score is a measure of relative bone mineral density
reported as the number of standard deviations above
or below the mean bone mineral density of a 25- to
50-year-old reference population of the same gender.
Osteogram data are comparable to dual x-ray
absorptiometry (Yang et al. 1994). The mean t-score
for the specimens used in these tests is -0.46 ± 1.25,
which indicates that the bone conditions for these
cadavers were within the normal range.

Test IDs beginning with the same two-digit number
were conducted on left and right knee/femur
complexes from the same cadaver. Tests with IDs

ending in RF and LF correspond to right and left
knee/femur complexes, respectively.

Development of Response Corridor – Response
corridors were developed from force-deflection data
from all cadaver tests using a procedure similar to
that described by Hardy et al. (2001) and Cavanaugh
et al. (1986). As a first step in developing these
corridors, ram displacement was zeroed at a level that
corresponded to an applied force of 100 N. This
level of force typically occurred at less than 1 mm of
ram motion from its initial position. Force-
displacement data were then interpolated to generate
discrete force values at regular increments in
displacement. At each increment in displacement,
the average and ±1 SD (standard deviation) responses
were calculated from force data from all of the
cadavers. Piecewise linear approximations of the ±1
SD curves were then visually established.

An attempt was made to normalize the force-
deflection responses from different size cadavers to
that of a midsize male using equal-stress equal-
velocity scaling (Eppinger 1978). However, equal-
stress, equal-velocity scaling did not reduce the
scatter in the response data. Consequently, the
unscaled force-deflection data from each test subject
were used to develop the target knee/femur force-
deflection corridor.

Comparison of Hybrid III, THOR, and Cadaver
Knee/Femur Responses
To compare the responses of the THOR and Hybrid
III knee/femur complexes to the new cadaver
corridor, the THOR and Hybrid III were tested using
the apparatus illustrated in Figure 3. Multiple tests
were performed with each knee/femur complex.

Table 1. Test Subjects and Test Identifications

Test IDsSubject
Number

Gender Age
Stature
(cm)

Mass
(kg)

t-score
Left Right

1 M 75 180 81 0.1 19LF 19RF
2 M 41 176 91 0.7 22LF 22RF
3 M 60 178 82 -0.9 24LF 24RF
4 F 86 168 68 -1.6 25LF 25RF
5 M 62 183 91 0.1 26LF
6 M 71 183 77 -0.2 27LF 27RF
7 F 65 163 82 -2.3 28LF 28RF
8 M 45 185 75 -1.6 30LF 30RF
9 F 79 165 91 -1.4 31LF 31RF
10 M 54 178 109 2.0 32LF 32RF
11 M 52 183 109 0.3 33RF

Mean 63 177 87 -0.43
sd 14 8 13 1.25
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Prior to all testing with the Hybrid III, the response of
the Hybrid III knee was verified using the standard
calibration procedure (SAE Dummy Testing
Equipment Subcommittee, 1998). The THOR knee
response was factory-certified immediately prior to
testing.

The loading conditions for these tests were similar to
those used in the cadaver knee/femur response tests.
Specifically, the weighted platform was accelerated
to a velocity of approximately 1.2 m/s prior to ram
impact and load was applied to the anterior surface of
the knee through a custom molded-knee interface.
The Hybrid III and THOR knee/femur complex was
positioned such that the femoral head was supported
by a fixed acetabular cup and load was applied along
a vector connecting the midpoint between the femoral
condyles and the center of the femoral head.

For all ATD tests, a preload of 100-200 N was
applied to the knee to ensure that the knee interface
was in contact with the knee and that it was properly
positioned prior to impact loading. The effect of this
preload on the comparisons between the Hybrid III,
THOR, and cadaver knee/femur response is small
(about 1 mm) for loading through the molded-knee
interface, which distributes the preload forces over
the entire knee surface and consequently reduces the
deflection caused by the preload.

Applied force and compression of the knee/femur
components were measured. Because the Hybrid III
and THOR produced substantially higher forces at
lower deflections than the cadavers, it was necessary
to measure the horizontal motion of the support post
at the level of the acetabular cup and subtract it from
the displacement of the ram before establishing the
knee/femur force-deflection responses.

Hybrid III and THOR knee/femur stiffness was
calculated in one of two ways depending on the
character of the force-deflection response. For the
THOR, which has a generally linear response,
stiffness was calculated by linear regression of the
pooled force data from all of the force-deflection
curves between 15% and 85% of the peak force. For
the Hybrid III, which had a bilinear response, least-
squares fits were separately performed over low and
high force ranges to better characterize stiffness. The
low force range was between 0.5 and 2 kN, while the
high range included forces greater than 5 kN.

RESULTS

Cadaver Knee/Femur Response Tests
Results of the molded-knee interface cadaver tests are
listed in Table 2, while Figure 5 shows the force
histories from all of the knee/femur response tests.
As indicated, the force histories are approximately
linear. Although a 1.2-m/s platform impact velocity
was used in all tests, the actual loading rates applied
at the cadaver knee varied from 0.15 to 0.80 kN/ms
due primarily to variations in subject stiffness. The
average loading rate was 0.43 ± 0.16 kN/ms.
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Figure 5. Force histories from all cadaver knee/femur
response tests conducted using molded-knee interfaces
at a 1.2-m/s platform velocity.

Figure 6 shows the force-deflection responses from
all cadaver tests with the molded-knee interface at a
1.2-m/s platform impact velocity. These responses
are also generally linear. The stiffness values
calculated from these curves range from 0.21 to 0.54
kN/mm. The average stiffness is 0.37 ± 0.8 kN/mm.
To ensure that equal weighting was given to the data
from the subjects where only one knee/femur
complex was tested (tests 26LF and 33RF), average
stiffness was calculated from a dataset comprised of
the average stiffness from left and right knee/femur
complexes from the same cadaver and the data from
tests 26LF and 33RF.
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Figure 6. Force-deflection responses from all cadaver
knee/femur response tests conducted using molded-knee
interfaces at a 1.2-m/s platform velocity.
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Table 2. Results from Cadaver Knee/Femur Response Testing at a
1.2-m/s Platform Velocity with a Molded-Knee Interface

Test
ID

Time to Peak
Force
(ms)

Loading
Rate

(kN/ms)

Deflection at
Fracture

(mm)
Stiffness
(kN/mm)

19LF 35.6 0.15 18.3 0.33
19RF 36.8 0.17 16.1 0.42
22LF 31.1 0.35 21.3 0.45
22RF 20.2 0.80 20.7 0.44
24LF 36.0 0.23 24.6 0.25
24RF 36.4 0.19 25.0 0.21
25LF 30.2 0.35 23.5 0.33
25RF 27.6 0.40 21.1 0.34
26LF 28.0 0.38 20.6 0.34
27LF 21.3 0.58 15.6 0.42
27RF 21.7 0.50 17.7 0.33
28LF 25.3 0.41 16.8 0.32
28RF 25.2 0.28 20.0 0.21
30LF 38.3 0.36 29.5 0.36
30RF 46.0 0.26 28.2 0.36
31LF 21.8 0.55 14.6 0.45
31RF 25.1 0.35 18.2 0.29
32LF 22.2 0.62 19.1 0.44
32RF 23.4 0.57 19.8 0.40
33RF 22.3 0.78 20.4 0.54

Mean 28.4† 0.43† 20.5† 0.37†

sd 6.9† 0.18† 3.7† 0.08†

†Calculated using averages of data from subjects where both left and right sides were tested.

Figure 7 shows the average ±1 SD responses
calculated from the data shown in Figure 6 and the
response corridor generated from these data. The
cadaver force-deflection response corridor is based
on a piecewise approximation of the ±1 SD
responses. The approximation to the +1 SD curve
passes through the origin, the point (2 mm, 1.5 kN)
and the point (22 mm, 11.5 kN). The approximation
to the -1 SD curve is linear and passes through the
origin and the point (22 mm, 5.7 kN). The slope of
the upper bound on the corridor is initially 0.75
kN/mm and decreases to 0.5 kN/mm after 2 mm of
deflection, while the slope of the lower bound on the
corridor is 0.26 kN/mm. The slope of the average
response is approximately 0.39 kN/mm, which is
comparable to the value determined by averaging the
stiffness values from each cadaver test. Figure 8
shows the individual cadaver force-deflection data
relative to the cadaver response corridor (shaded) and
indicates that the corridor is representative of the
original data.
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Figure 7. Mean and ±1 SD knee/femur force-deflection
responses and corridor developed from cadaver
responses to molded-knee interface loading at a 1.2-m/s
platform velocity.
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Figure 8. Cadaver response corridor (shaded)
compared to the cadaver force-deflection data used to
develop the corridor.
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Comparison of Hybrid III, THOR, and Cadaver
Knee/Femur Responses
Table 3 lists the loading rates and stiffness values
calculated from the responses of the Hybrid III and
THOR knee/femur complexes to loading by the
molded-knee interface. Figure 9 illustrates the
average applied force histories and loading rates from
loading of the THOR and Hybrid III knee/femur at a
platform impact velocity of 1.2 m/s. Differences in
applied loading rate are primarily from differences in
Hybrid III and THOR knee/femur stiffness.

Table 3. Results of ATD Response Testing at a 1.2-m/s
Platform Velocity with the Molded-Knee Interface

Average Loading
Rate (kN/ms)

Stiffness
(kN/mm)

Knee/Femur
Complex

0.5-2
kN

> 5
kN

0.5-2
kN

> 5
kN

THOR 0.6 0.6 1.4 1.4
Hybrid III 0.5 1.7 1.8 8.1
Average
Cadaver

0.43 0.43 0.37 0.37
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Figure 9. Average force histories from loading of the
THOR and Hybrid III knee/femur complexes with the
molded-knee interface at a 1.2-m/s platform velocity.

The force-deflection response of the Hybrid III
knee/femur complex to loading by the molded-knee
interface is shown relative to the cadaver response
corridor in Figure 10. The Hybrid III response is
characterized by a two-piece linear fit. The initial
stiffness is approximately 1.8 kN/mm, which reflects
the compression of the knee padding. After about 2
mm of compression, the stiffness of the Hybrid III
knee/femur complex increases to approximately 8.1
kN/mm. This rather rapid increase in stiffness is
attributed to the molded-knee interface limiting
expansion of the knee padding so that after some
amount of compression the knee padding becomes
essentially incompressible.

The force-deflection response of the THOR
knee/femur to loading by the molded-knee interface

is shown in Figure 11. Unlike the Hybrid III, the
force-deflection responses measured on the THOR
are generally linear with a stiffness of 1.4 kN/mm.

Both the Hybrid III and the THOR knee/femur
responses are stiffer than the 0.5 kN/mm upper bound
on the cadaver knee/femur force-deflection corridor.
Prior to about 2 mm of deflection, the Hybrid III is
2.4 times stiffer than the upper bound of the cadaver
response corridor and the THOR is 1.9 times stiffer.
After 2 mm of deflection, the Hybrid III knee/femur
complex response is approximately sixteen times
stiffer than the upper bound of the cadaver corridor,
while the THOR knee/femur response is
approximately three times stiffer.
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Figure 10. Force-deflection responses for loading of
Hybrid III knee/femur complex by a molded-knee
interface at a 1.2-m/s platform velocity relative to the
new cadaver response corridor.
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Figure 11. Force-deflection responses for loading of
THOR knee/femur complex by a molded-knee interface
at a 1.2-m/s platform velocity relative to the new
cadaver response corridor.

DISCUSSION

Cadaver Knee/Femur Response Tests and
Development of the Response Corridor
Twenty tests were conducted to measure the response
of the cadaver knee/femur complex to distributed
knee loading applied through a molded-knee
interface. Loading rates used in these tests are
representative of loading rates measured by the femur
load cell during knee-to-knee-bolster loading in
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FMVSS 208 compliance testing with unbelted
Hybrid III ATDs in newer-model airbag equipped
vehicles (Rupp et al. 2002). These tests were
conducted with the femoral head fixed in a
hemispherical acetabular cup. The fixed femoral-
head boundary condition allows for the
characterization of the knee/femur response
independently of inertial effects, which would tend to
increase the forces produced by knee loading.
Consequently, knee/femur response data collected in
this study primarily characterize the skeletal stiffness
of the knee and femur.

Data collected from other biomechanical studies are
not comparable to the whole knee/femur skeletal
force-deflection responses measured in this study.
Data from free-back whole-body knee impact studies,
such those from Donnelly and Roberts (1987),
contain inertial effects that cannot be removed and
are therefore not directly comparable to the data
collected in this study. Data collected by Horsch and
Patrick (1976) do not contain inertial effects, and are
consequently more comparable to the current work.
However, differences in loading rates and a lack of
published force-deflection data prevent direct
comparisons between the findings of Horsch and
Patrick and the current study. Also, Horsch and
Patrick did not include the whole femur in their
“fixed-back” tests.

Comparison of Hybrid III, THOR, and Cadaver
Knee/Femur Responses

Both the Hybrid III and THOR knee/femur
complexes tested in this study were designed to
comply with a target response developed from the
cadaveric knee and distal femur responses reported
by Horsch and Patrick. However, because Horsch
and Patrick only used the distal portion of the femur,
target stiffness is too high for characterizing the axial
stiffness of the whole femur. While the padding of
the Hybrid III knee, which is the only compliance in
the knee/femur complex, was sufficient to meet the
stiffer criteria based on the Horsch and Patrick data,
it cannot represent the compliance of the whole
femur that has been characterized in this study
because the knee padding can only modulate forces
associated with deflections less than its 8-mm
thickness.

The THOR employs the same knee padding used in
the Hybrid III, but also has a 31-mm-thick compliant
element in the mid femur to better match peak forces
measured in the Donnelly and Roberts data.
Therefore, the THOR has a less stiff force-deflection
response over a greater range of knee/femur

deflections. However, the THOR skeletal
knee/femur stiffness is still greater than the upper
bound on the cadaver force-deflection corridor.

The high skeletal mass, relative to cadavers, and the
higher stiffness of the Hybrid III and THOR
knee/femur complex, relative to the new cadaver
corridor, indicate that under comparable knee loading
conditions, the Hybrid III and THOR will tend to
produce higher knee impact forces over shorter
impact durations than the cadaver. Because the force
applied to the knee bolster by the ATD knees in
crashes depends on the knee/femur skeletal stiffness
and inertial contributions of the knee/femur complex
and other body regions, both the inertial response and
skeletal stiffness of the human knee/femur complex
should be represented in the design of ATDs. This
will result in an ATD knee/femur complex that has a
biofidelic response over a range of loading rates, and
consequently can be better utilized to predict the
likelihood of knee, thigh, and hip injuries in real-
world frontal crashes.

The current study quantifies skeletal knee/femur
stiffness under specific loading conditions. A future
study will characterize the coupling of leg, torso, and
flesh mass to the knee/femur complex under dynamic
knee impact and will provide data on the contribution
of inertia to whole knee/femur response. Future work
will also explore and compare ATD and cadaver
knee/femur stiffness to frontal-impact loading by a
flat-plate knee interface.

CONCLUSIONS

Cadaveric knee/femur stiffness data were collected
under distributed knee loading through a molded-
knee interface at a loading rate that is representative
of knee-to-knee-bolster loading in compliance testing
of newer model vehicles. A fixed femoral-head
boundary condition was used to remove inertial
effects from the measured responses. Force-
deflection data from the cadaver tests were used to
develop a new knee/femur response corridor, which
was then used to evaluate the force-deflection
responses of the THOR and Hybrid III knee/femur
complexes. Prior to about 2 mm of deflection, the
Hybrid III is 2.4 times stiffer than the upper bound of
the cadaver response corridor and the THOR is 1.9
times stiffer. After 2 mm of deflection, the Hybrid
III knee/femur complex response is approximately
sixteen times stiffer than the upper bound of the
cadaver corridor, while the THOR knee/femur
response is approximately three times stiffer.
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Abstract 
 
The value of on scene in-depth accident 
research studies has been recognized 
internationally and many countries worldwide 
have such teams.  Since such detailed 
information is essential for improving the 
safety of cars, a strong collaboration with 
automakers developed. This resulted in 
Germany in a joint project between FAT 
(Forschungsvereinigung Automobiltechnik or 
Automotive Industry Research Association) 
and BASt (Bundesanstalt für Straßenwesen or 
the Federal Road Research Institute) started 
on July 1999, so called “GIDAS” (German In 
Depth investigation Accident Study). The 
paper is describing the methodology of this 
project with statistically orientated procedure 
of data sampling.  
The paper will describe the process of 
accident sampling in using a random sampling 
plan, weighting factors and time selection 
windows for getting a representative sample. 
All kind of traffic accidents with injury 
outcomes are focused with this Study, the 
investigation areas are Hanover and Dresden 
in Germany. The team consists of technicians 
and medical staffs. A specific photography 
interactive digital system is used for true to 
scale plans of the accident scenery. Crash 
information e.g. driving and collision speed, 
Delta-v have to be determine from traces on 
the scene as well as examine deformation 
pattern for the assessment of energy speed 
absorption EES. Different calculations are 
used by the experts. The possible ways for 
such calculations for scientific purposes of in-
depth investigation teams are also shown in 
the paper. 
Further on in this study the benefit of such 
comprehensive in-depth-investigation will be 
shown for an example on the analysis of 
multiple collisions of cars by correlation of 
technical parameters with injury outcome on 
the characteristics of injury pattern. 

INTRODUCTION 

As in many industrial countries also in 
Germany, accident trends are presented 
annually based on the official national accident 
statistics. These accident statistics use the 
data from police accident reports. Although 
these statistics are useful, a limitation is that 
very little information about how accidents 
occur, the cause of the accident and the injury 
mechanisms is available. This limitation can 
be overcome by carrying out specialist in-
depth accident investigations, collecting more 
detailed information than available in the 
police records. Such investigations begin 
immediately after the accident occurs.  
Specialist teams go directly to the scene of the 
accident to collect the necessary information 
to complete detailed accident reconstructions 
as well as the medical data about how the 
involved people were injured and treated.  In 
this way, extensive information about a wide 
range of fields of research such as ‘’vehicle 
design for passive and active safety“, 
‘’biomechanics”, "driver behavior", "trauma 
medicine", ‘’rescue services’’, ‘’road design“ 
and ‘’road conditions“ can be collected. 
Meanwhile a net of in-depth investigation 
teams are operating worldwide, as NASS 
(National Accident Sampling System) and 
CIREN (Crash Injury Research and 
Engineering Network) in US, OTS (On the 
spot investigation) in UK.  
In Germany the first so-called ‘’In-Depth 
Investigation Teams“ were initiated in the 
1970s by German automakers. In 1973, the 
Federal Road Research Institute established 
an independent team at the Medical University 
of Hanover (in cooperation with the Technical 
University of Berlin). By 1984, this developed 
into a long term on-scene accident research 
study described by Otte [1], based in a defined 
geographical area surrounding and including 
Hanover, which collected representative 



results.  As of 1985, a target of 1000 accidents 
per year was set to form the basis for future 
evaluations.  A statistical sample plan was 
used for selecting accidents for investigation 
and extensive information about the various 
aspects of the pre-accident, collision, and 
post-accident phases was collected and 
compiled into a database. 

 

City 
The value of in-depth accident research 
studies has been recognized internationally 
and many other countries also have such 
teams.  Since such detailed information is 
essential for improving the safety of cars, a 
strong collaboration with automakers 
developed.  This resulted in a joint project 
between FAT (Forschungsvereinigung 
Automobiltechnik or Automotive Industry 
Research Association) and BASt 
(Bundesanstalt für Straßenwesen or the 
Federal Road Research Institute) in 1999.  In 
this project, the geographical area was 
extended and a second team was set up in the 
Dresden area providing additional cases from 
a different part of Germany.  Both teams 
Hanover (MUH) and Dresden (TUD) function 
in the same manner using the same systems, 
procedures and collecting data in one 
common database. 

Figure 2  In-depth investigation area 
Dresden 

The area Dresden includes the city of Dresden 
as well as parts of the counties within a 
diameter of approximately 60 km. There are 
approximately 925,000 residents in the area 
and the surface area is approximately 2,575 
km².  
 
Sample plan and representativity 
 
Accidents involving personal injury are 
investigated according to a statistical sampling 
process. In both areas, the respective police, 
rescue services, and fire department 
headquarters report all accidents continuously 
to the research team. The team then selects 
accidents according to a strict selection 
process and investigates these cases 
following detailed procedures contained in a 
handbook and coding manual.  In order to 
avoid any bias in the database, the data 
collected in the study is compared to the 
official accident statistics for the respective 
areas and weighting factors are calculated 
annually. This process explains why the data 
captured by the research teams can be seen 
as representative for their areas. The following 
figures ( , , ) confirm 
the random procedure and explain the 
weighting process.  

 
 
DESIGN AND METHODOLOGY OF THE 
ACCIDENT RESEARCH CENTERS 
 
Geographical area of the research studies   
 

 

     CITY 
HANOVER Figure 3

Figure 3  Methodology of weighting 
procedure 

Figure 4 Figure 5

Accidents with Personal Damage
Team Hannover 2000

86.1%
12.8%
1.1%

3163

within area and 
shift

75.8%
22.4%
1.8%

74.9%
22.6%
2.5%

maximum severity 
minor injuries
severe injuries
fatalities

3829491105total (n)

Germanydocumented by 
team

⇒statistical weighting  

Figure 1  In-depth investigation area 
Hanover 

The geographical area covers both the 
municipality of the city of Hanover and the 
surrounding rural areas within a diameter of 
approximately 80 km.  There are 1.2 million 
residents in this area and the surface area is 
approximately 2,289 km². 10% is designated 
as urban. 



Accident investigation takes place daily during 
two six-hour shifts following a 2-week cycle as 
follows: 

Participants of Accidents with Personal Damage
Team Hannover 2000

66.5%
7.8%
5.5%
13.5%
6.0%
0.7%

6494

within area and 
shift

62.8%
9.9%
9.5%

11.1%
6.2%
0.5%

64.6%
9.0%
6.6%
12.5%
6.6%
0.7%

kind of participation
car 
truck
motorcycle
bicycle
pedestrian
others

7106542137total (n)

Germanydocumented by 
team

⇒no statistical weighting  

First week: 
from 00:00 to 06:00 and from 12:00 to 18:00 
Second week: 
from 06:00 to 12:00 and from 18:00 to 24:00. 
This makes it possible to cover all periods of 
the day throughout the whole year for the 
random approach. 
 
Accident team structure and special 
vehicles  Figure 4  Methodology of weighting 

procedure  
During each shift, a team consisting of two 
technicians, a doctor, and a coordinator is on 
duty.  The coordinator is managing the team 
by using the sample plan and the defined 
praxis orientated criteria “last happened 
accident in time” on the information list of 
accident events by the police dispatching 
centers. Each team Hanover and Dresden has 
two specially equipped vehicles available. 
These are equipped with flashing blue lights, 
sirens, special signals and emergency radio 
equipment. Various cameras and instruments 
are available for measuring and recording 
purposes. Accurate scale sketches of the 
scene of the accident are created using a 
technique known as "photogrammetry". 

balance of momentum vectors
energy balance
crash simulation

Determination of Impact Speed

vehicle pedestrian/cyclist                       object
Sloping upBraking marks Throwing Sliding Traces

Assessment Process

Impact Speed, DeltaImpact Speed, Delta--v, EESv, EES

empirical
results of crash-tests
and accident analysis

ArbeitKin EE =
sgmvm k ⋅⋅⋅=⋅⋅ µ2

2
1

sav ⋅⋅= 2'

''
kFgkPkwkPkw vmvmvm ⋅+⋅=⋅

'v
m
mm

v
Pkw

FgPkw
k ⋅

+
=

Post Crash Analysis

Crash Analysis

 
Figure 5  Methodology of reconstruction 
It is shown that the investigated cases have 
the same distribution on traffic participants as 
the police reported, therefore no weighting of 
the data is required, but a similar distribution 
on injury severity with following weighting 
factors. In total 24 weighting factors have to be 
considered ( ).  

 

Figure 6

Figure 6  Weighing factors 

weighting factors

a total of 24 different weighting factors are calculated.

location inside / outside built-up area
shift 0-6 a.m. / 6-12 a.m. / 12-6 p.m. / 6-12 p.m.
injury severity minor / severe / fatal

Ep
Rp

Rg
Egk ⋅=

weighting factor k
Rg area total per year
Eg documented total per year
Rp area total each sample
Ep documented total each sample

 

Figure 7  Vehicles for in-depth research 

 
Scope of data 
 
Between the two centers, about 2000 
accidents are investigated annually. The 
studies include such information as:  
 

Statements about the national situation are 
only possible for those accident features that 
are relatively independent of regional 
influences. This is true for the variables which 
have an effect on the injuries sustained in 
crashes and therefore the findings from the 
study can be considered as representative for 
most aspects of passive safety. 

- Environmental conditions 
- Road design 
- Traffic control 
- Accident details and cause of the accident 
- Crash information e.g. driving and collision 

speed, Delta-v and EES, degree of 
deformation 

- Vehicle deformation 
 - Impact contact points for passengers or 

pedestrians Research studies timing in statistical 
manner - Technical vehicle data 
 



- Information relating to the people involved, 
such as weight, height etc. 

 
Figure 8  In-depth team on scene 

The information collected "on the scene" is 
complemented by more detailed measurement 
of the vehicles (usually on the following day), 
further medical information about injuries and 
treatment and an extensive accident 
reconstruction generated from evidence 
collected at the accident scene. 
By applying established physical principles, 
the impact events are reconstructed (e.g. 
collision speeds) using proven software such 
as PC-Crash1.  The output can be graphically 
displayed to allow a full understanding of the 
crash events. 

 
Figure 9  Reconstruction by simulation 

Approximately 500 to 3,000 pieces of 
information per accident are obtained in total.  
Any personal data included is processed 
according to data protection regulations.  
Medical confidentiality and the rights of the 
individuals are guaranteed.  All information is 
stored anonymously in database produced 
using SIR (Scientific Information Retrieval) 
software2 and is available for evaluation. 
Different classification systems are used, i.e. 
AIS [2], CDC [3], Polytrauma Score [4], and 
other scores [Otte - 5]. 

Use of data  

The data collected is used in various ways: 
• Legislators can study the accident cases in 

detail to identify and quantify future areas 

for legislation and to recognize negative 
developments in advance.  The detailed 
documentation available (eg detailed 
information about vehicle deformation, 
causes of injury to passengers and other 
road users such as pedestrians and 
cyclists) can form the basis for future 
legislation.  This type of data has served as 
the basis for developing suitable test 
methods for type approval (e.g. EU 
Directives). In this way, research studies 
conducted by traffic accident researchers 
has already had an effect on legislation 
and can be seen as having a positive effect 
on the accident and casualty situation.  
Special notice should be given to studies 
on the effectiveness of safety belts, on the 
necessity of safety helmet for cyclists, and 
the protection offered to motorcyclists 
wearing crash helmets. 

• Both the automotive industry and the BASt 
can compare real accident situations to 
crash tests.  Structures causing injuries 
can be recognized at an early stage.  The 
statistical data is also used for developing 
crash test programs, for supporting and 
validating computer simulations, 
recognizing and assessing potential areas 
of future safety developments and 
evaluating vehicle safety performance in 
real world accident situations. 

• Feedback regarding road traffic enginee-
ring (such as assessing the severity of 
collisions between vehicles and objects at 
the side of the road) can also be obtained.  
In terms of impact severity and injury risk, 
trees are ranked as ‘’very high’’, safety 
barriers as ‘’medium’’ and free space at the 
side of the road as ‘’very low’’.  Measures 
can be identified from the data which lead 
to improved design of roadside objects 
(e.g. poles, posts, and stakes) such as  
erecting protective barriers around trees.  
In addition, statistical data on essential 
factors (such as speed, mass and angle) 
serves as the basis for defining standards 
for impact tests (e.g. EN 1317, ECE ). 

 
Integration into international research 
 
Cooperation with research projects in other 
countries enables the statistical data collected 
and analyzed to be used for international 
comparisons and research activities.  One 
example is a European project called 
"STAIRS" (Standardisation of Accident In-
Depth Research Studies) which was 
completed in 1998.  In STAIRS, a 
standardized method for collecting crash injury 
data was developed.  The recommendations 
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from STAIRS have been implemented into the 
data collection procedures used by both 
centres.  The data were used for many 
requests of EEVC groups finding arguments 
and positions for test conditions, i. e. EEVC 
WG 17 pedestrian protection.  

ANALYSIS OF MULTIPLE COLLISIONS 

For the analysis of multiple impact conditions 
in accidents with cars 3,557 cases are 
available in GIDAS database. It must be taken 
into consideration that the database was 
started in June 1999 and for this study only 
accidents were available in weighted form up 
to December 2001. Therefore cases of the 
investigation Hanover are used mainly for the 
study that were collected between 1985 and 
2000. To be able to analyse accidents with 
multiple collisions, it is absolutely essential to 
have knowledge of the entire motion from the 
beginning of accident event to final position of 
the vehicle. Thus, only those accidents can be 
analysed, for which the necessary information 
is in the database. However, an accident is 
only reconstructed with respect to accident 
characteristic parameters, travelling and 
collision speed, Delta-v und EES after the 
accident file has been completed. Thus, 
months can pass before this information 
reaches the database. This explains why more 
recent accidents cannot be considered and 
that for this study, data collected in Hanover 
on accidents occurring before 1999 were also 
taken into consideration. These accident files 
were all in statistically weighted form, which 
make it possible to provide representative 
information.  
There are 12,030 road accidents for 
consideration. Of these, 20.9 % are multiple 
collisions. It is of interest to note that with 
1,077 reconstructed cases in GIDAS, the 
percent of multiple collisions was found to be 
about the same, namely 21.1 %. This 
indicates that there is good representation and 
that the methods used by both teams with in 
the GIDAS database are analogously. 
During an accident, a vehicle can collide with 
another vehicle, with people and various 
objects on the side of the road. Most collisions 
involve other motorised vehicles in 62.2 %, 
30.4 % are pedestrians, bicyclists and 
animals, trees or poles are found in 4.1 %, a 
ditch or leading pile are also considered as 
collision objects. Within the framework of the 
study, collisions with leading piles so called 
bagatelle collision cause hardly any impact 
deceleration due to the mostly flexible 
bending. Also collisions with bicyclists, 

pedestrians and animals as well as all 
collisions with delta-v up to 5 km/h should be 
not considered for this study. With this 
modified selection criteria 2,217 cars remain 
with multiple collisions (14.9 %), taking place 
in the years from 1985 to 2000. GIDAS counts 
only 186 cars with these criteria for this study. 
A comparative representation between the 
Hanover database and the GIDAS data makes 
no sense because of the small number of 
cases. The results from the data collected in 
Hanover are presented in weighted form in 
this study. If possible, and sensible, statistical 
methods for calculating significance are used.  

STRUCTURE AND SEVERITY OF 
ACCIDENTS WITH MULTIPLE COLLISIONS 

30 % of accidents with multiple collisions take 
place out side of cities, while 9.2 % of 
accidents within cities are multiple collisions. 
Multiple collisions are becoming more and 
more frequent. During the last years there can 
be registered a percentual increase annually. 
14.9% of all cars in accidents are involved in 
multiple collisions, related to accidents with 
physical injuries. While motorised vehicles are 
often the primary collision partner, trees and 
poles, walls, ditches, guard rails and 
especially humps are often recorded as 
secondary collision objects. The fourth most 
frequent collision situations as primary 
collision are happened with trees/poles. There 
is a relatively analogously distribution in 
GIDAS. In 1/3 of the cases, after a primary 
collision with a vehicle ( ), the 
secondary collision is also with a vehicle. In 
9.5 % of the cases, the secondary collision is 
with a tree and in 6.3 % of the cases with a 
guard rail. The rank of the 4 most frequent 
collision configurations, shown in , 
also shows agreement with the small data set 
of the GIDAS database.  

Figure 10

Figure 10

Figure 10  Primary and secondary impact for 
cars with multiple impact (n=2217, 
delta-v > 5 kmph) 
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In 84.5 % of cases with multiple collisions 
there is more than 1 follow-up collision (

), 12.3 % two secondary collisions, 2.6 % 
three secondary collisions and 0.5 % four 
secondary collisions. Within the study, a 
maximum of 5 follow-up collisions (0.1 %), i.e. 
accidents with six collisions could be 
registered. 

Figure 
11

Figure 11  Number of collisions of n=14,313 
cars 
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In comparison with single collision situations, 
accidents involving multiple collisions are 
associated with clearly greater severity of 
injury. Passengers are not injured in 48.7 % of 
accidents involving single collisions, while only 
30.4 % of passengers involving in accidents 
with multiple collisions are not injured. 
Especially MAIS 2-4 values are much more 
frequent in multiple collisions. 
The severity of injury also increases with rising 
number of follow-up collisions. In the case of 
one single collision 61.9 % of passengers are 
not injured ( ), 31.5 % suffer minor 
injuries MAIS 1, 0.5 % suffer serious injuries 
MAIS 2 to 4, no MAIS 5/6 injuries can be 
registered here. In contrast in the case of 2 
collisions only 22.3 % of passengers remain 
free of injury and 16 % suffer severe injuries 
with MAIS 2 to 4, 1.3 % MAIS 5/6. 

Figure 12

Figure 12  Maximum injury severity of 
occupants (n=14,313 cars) 
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Accidents involving multiple collisions take 
place mostly on motorways. Here, the 
proportion is 42.7 % ( ). The percent 
of seriously injured passengers (MAIS3+) is 
6%. Iced roads (28.5 %) seem to be a special 
risk for multiple collisions.  

Figure 13

Figure 13  Frequency of multiple collisions 
(Delta-v > 5 kmph) 
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The major objects within multiple collisions are 
found as motorised vehicles, especially as 
primary collision partner ( ). Figure 14

Figure 14  Cars with multiple impacts (n=2217 
Delta-v > 5 kmph) 
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In multiple collisions, drivers are not injured so 
seriously than other front passengers, 31.7% 
remain uninjured. In contrast, 18.1 % of front 
passengers are uninjured ( ). 
Passengers on rear seats suffer injuries more 
often in multiple collisions, for example 28 % 
of passengers on the middle rear seats 
suffered MAIS 2+ injuries in multiple collision 
accidents, while to this in only 2.5 % the 
middle seat was occupied in all crashes. 

Figure 15

Figure 15  Cars with multiple collisions, seat 
occupation and injury severity 

all cars  100 % MAIS 1 MAIS 2+

96,6    33,2

8,0   2,5  10,2

alle Angaben in %

52,6    62,6 15,7    19,3

63,7  52,0  66,7 21,2  28,0  23,5

Driver 
31,7 % not injured

Front Passenger
18,1 % not injured

(100% all Persons each Seat)  

In multiple collision accidents almost all body 
regions are injured frequently ( ). The 
upper extremity is especially involved. In 
compared to single collision accidents, 
passengers suffer injuries in this region twice 
as often during multiple collision accidents. In 
contrast, injuries to the neck occur less often 

Figure 16



during multiple collision accidents (6.3 %) 
compared with single-collision accidents (19.8 
%). This can possibly be attributed to the 
special characteristics of so-called „whiplash“ 
injuries, which are especially observed in 
minor accidents, clinically diagnosed on the 
basis of information from patients and for 
these special findings nothing more can be 
determined in the case of severe traumas. 
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Figure 16  Frequency of injured body regions 

of occupants 
In comparison with single collision accidents, 
in multiple collisions accidents with cars, many 
vehicle parts are deformed. For example, in 
70.9 % of accidents, the front is involved, the 
side in 58.4 % of cases and the rear in 36.9 % 
of cases. The most frequent collision 
configurations are in 18.9 % primary rear 
impact following by secondary front impact 
and in 11.0 % firstly front impact and secondly 
front impact. 
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Figure 17  Deformed vehicle parts in multiple 

collisions 
The higher severity of accident in multiple 
collisions is apparently the result of greater 
travelling speed, among others. In 42.7 % of 
multiple collision accidents speed greater than 
70 km/h was determined, while this was the 
case in 22.9 % of single-collision accidents. In 
contrast the distribution of the severity of 
accident in the form of collision related speed 
change delta –v for single collision accidents 
did not differ considerably significantly from 
that associated with multiple collision 
accidents, 81 % had delta-v values up 30 km/h 

in multiple collisions compared with 87.5 in 
single collision accidents (Figure 18).  
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Figure 18  Delta-v for primary collision (< 5 

kmph are not included) 
Within the framework of this study, the 
maximum delta-v of the follow-up collision was 
determined ( ). Here in 89.8 % of 
cases there was a severity of accident to 30 
km/h, 8.7 % at 31 – 50 km/h and in only 1.5 % 
delta –v value above 50 km/h. 

Figure 19

Figure 19  Maximum delta-v for follow-up 
collisions (delta-v > 5 kmph) 
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CHARACTERISTICS OF MULTIPLE 
COLLISIONS 

To be able to provide more information about 
the characteristics of multiple collisions, 
collision types were formed and these were 
analysed comparatively between primary and 
secondary collision. To determine the collision 
types, the time sequence of collision partners 
between primary and secondary collision was 
plotted in the form of a cross table and the 6 
most frequent observations were emphasized. 
Furthermore the most severe types were 
analysed and described too. 
It can be seen that a collision with an object 
influences the severity of injury. Also the 
collision site on vehicles shows a different 
order within the collision types.  
The most happened types of multiple 
collisions are: 

- frontal impact against tree/pole 17.8 % 
- frontal impact to rear end of car 17.7% 
- head on collision car to car 14.8 % 



17,8% 17,7% 14,8% 9,0% 7,5% 6,8%
Object Car Car Car Car Object
front back front left right left

 

n=1885 Cars (n=44 unknown)
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It was possible to determine the collisions with 
the most severe consequences for 
passengers within the framework of this study 
by viewing those collisions, in which injuries 
occurred with the greatest individual AIS 
( ). In ¾ of all cases, the first 
subsequent collision was associated with the 
most severe consequences, the second 
secondary collision in 17.2 % of cases, and 
the third secondary collision in 5.5 % of cases. 

Figure 23

Figure 23  Frequent collision types of severest 
collision, distinguished between 
partner and impact zone of car 
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Figure 20  Frequent collision types of severest 
collisions 

In contrast the most severe types with 
seriously injured (MAIS 3+) are ( ): Figure 21

Figure 21  Frequent collision types of multiple 
collisions 
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Especially object collisions were associated 
with collisions with the most severe 
consequences. For example, 26.3 % of 
accidents with MAIS 3+ injured occupants are 
configurations in which the front is impacting 
an object, in 14.5 % of cases, the left side of 
vehicles impacted an object and in 11.5 % of 
these collisions there is a head on collision of 
vehicles ( ). Also the four most 
frequent collision types are characterised by 
object collisions. After the primary collision, 
the frontal part, which dominates among the 
four most frequent impact areas, within the 
framework of the secondary collision, an 
collision with an object (side and front) follows 
with subsequent rollover. 

Figure 24

Figure 24  Severest collision of n=208 cars 
with MAIS 3+ 

With 13.7 %, the most frequent collision 
configuration is the primary collision in the 
framework of a rear-end collision and a 
secondary collision with the vehicle front 
( ). The second most frequent 
collision configuration (5.8 %) is the primary 
collision of an object to the front of vehicles 
with secondary rollover, with 4.3 %, the 
collision between two vehicles with partici-
pation of the front and a subsequent object. 

Figure 22

Figure 22  Frequent collision types of primary 
and secondary impact 
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The time between primary and secondary 
collisions is often longer than 0.5 s. In only 3.9 
% of cases were more than 4 s calculated 
( ). Especially in cases with severe 
injuries is this time period longer, i.e. in 7.9 % 
of accidents it is longer than 4 s and based on 
the fact that the car collides with a tree, rolls 

Figure 25



A second priority of in-depth investigation 
approach is the assessment of motion 
trajectories of bodies inside and outside the 
vehicles. The known kinematics from dummy 
studies can be compare to the finding impact 
points of the human body in real accidents 
pointed out the primary and secondary impact 
conditions. The database of such teams 
should register the analysed injury causation 
parts. 

over and then usually collides with another 
tree at a distance of more than 5 metres. 
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Injuries are the result of a mechanical load to 
the human body that exceed the load to the 
biological system. That biological system is 
divided into soft tissue, bony and ligamentory 
structures registered together with the injury 
severity based on AIS scaling. With the data of 
the technical survey, i. e. EES and Delta-v the 
border of injury load level can be pointed out. 
There are many points describing the benefit 
of in-depth investigation approach. The shown 
example of the analysis of multiple impact 
conditions in current traffic accidents has 
given the major impact configurations which 
are responsible for severe injuries of car 
occupants. With this knowledge an optimised 
research on engineering and scientist level 
can be started to make cars safer. 

Figure 25  Time between primary and 
secondary collision 

CONCLUSIONS 

In-depth Investigations are always necessary 
for assessing detailed information of traffic 
accidents that are not available from the usual 
statistics of traffic accidents which based on 
police protocols. Therefore special teams 
trained in medicine and technical sciences 
document the accident incident at the site of 
the accident immediately after the accident.  
 Regarding the small radius of action of such 

in-depth-investigation team a very limited 
number of cases can be collected in a limited 
area of a country. Therefore a statistical 
sampling plan has to be defined for the 
approach of representative on one hand and a 
wide implementation of teams nationwide has 
to be implemented on the other hand. GIDAS 
(German In-Depth Accident Study) is one tool 
in the international In-Depth investigation 
structure. Nevertheless many of current traffic 
safety aspects are dealed internationally, 
therefore such teams should be implemented 
in many countries worldwide. The demands for 
an exchange of data and experiences do exist, 
methods of data sampling and reconstruction 
procedures have to be concentrated 
internationally and a network of in-depth 
investigation centres have to be founded. 

Meanwhile many teams were implemented 
round the world, i.e. NASS (National Accident 
Sampling System) and CIREN (Crash Injury 
Research and Engineering Network) in US, 
OTS (On the Spot-investigation) in UK and 
GIDAS (German In-Depth Accident Study) in 
Germany working for the same task of detail 
accident analysis, but working with different 
approaches and different methodology. 
The working method of in-depth investigation 
can be differ between on scene, on scene in 
time and retrospective depending on the fact, 
when the team arrives the scene of the 
accident. There are advantages and 
disadvantages of an investigation on scene in 
time, but such team is able to collect traces 
parallel and independently of the police work. 
It is possible to prepare a true to scale drawing 
for the basis of a technical reconstruction and 
determination of collision speed. With such 
basis a reconstruction of vehicle movement 
can be started and the determination of 
collision and driving speed can be carried out 
in quality, i.e. in a pedestrian accident there is 
a possibility to determine the speed of the car 
via braking marks of the vehicle, but if no 
collision point on the road does exist, the 
calculation can be possible out other issues on 
the road, i.e. out of the throwing and sliding 
distances of the pedestrian and cyclist to the 
rest or the position of the glass field on the 
road surface.  
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ABSTRACTABSTRACT

Because many pedestrians suffer fatal head injuries inBecause many pedestrians suffer fatal head injuries in

traffic accidents with vehicles in Japan, methods oftraffic accidents with vehicles in Japan, methods of

evaluating pedestrian head protection are being inves-evaluating pedestrian head protection are being inves-

tigated along with various technologies for improvingtigated along with various technologies for improving

the energy-absorbing characteristics of the vehiclethe energy-absorbing characteristics of the vehicle

body. One approach to improving energy-absorbingbody. One approach to improving energy-absorbing

characteristics is to expand available energy-absorbingcharacteristics is to expand available energy-absorbing

space. However, this approach has a large influence onspace. However, this approach has a large influence on

vehicle design, which is directly related to fuel economy.vehicle design, which is directly related to fuel economy.

Accordingly, future technologies for increasing energy-Accordingly, future technologies for increasing energy-

absorbing space through the use of devices or for re-absorbing space through the use of devices or for re-

ducing the head impact velocity itself are also regardedducing the head impact velocity itself are also regarded

as important approaches. This paper describes two fu-as important approaches. This paper describes two fu-

ture pedestrian protection technologies that have lessture pedestrian protection technologies that have less

influence on vehicle design. One is a “rear-rising hood”influence on vehicle design. One is a “rear-rising hood”

that increases the energy-absorbing space at the timethat increases the energy-absorbing space at the time

of a vehicle-pedestrian collision. The other is an “airbagof a vehicle-pedestrian collision. The other is an “airbag

system for controlling pedestrian collision kinematics”system for controlling pedestrian collision kinematics”

that can help reduce the head impact velocity againstthat can help reduce the head impact velocity against

the vehicle by helping to control the kinematics of athe vehicle by helping to control the kinematics of a

pedestrian following a collision with a vehicle.pedestrian following a collision with a vehicle.

The “rear-rising hood” is designed to raise the rear partThe “rear-rising hood” is designed to raise the rear part

of the hood upon estimating or detecting an imminentof the hood upon estimating or detecting an imminent

collision between a pedestrian’s head and the host ve-collision between a pedestrian’s head and the host ve-

hicle. It uses an electric motor to drive an actuator thathicle. It uses an electric motor to drive an actuator that

raises the rear part of the hood by 100 mm and can alsoraises the rear part of the hood by 100 mm and can also

lower the hood again. In collision tests conducted withlower the hood again. In collision tests conducted with

a pedestrian dummy and an experimental vehicle fitteda pedestrian dummy and an experimental vehicle fitted

with the system, it was found that head injury valueswith the system, it was found that head injury values

were reduced by 50% were reduced by 50% under certain controlled condi-under certain controlled condi-

tionstions..

The “airbag system for controlling pedestrian collisionThe “airbag system for controlling pedestrian collision

kinematics” features an airbag mounted at the front ofkinematics” features an airbag mounted at the front of

the vehicle to control the collision kinematics of a pe-the vehicle to control the collision kinematics of a pe-

destrian. This system can help serve to control the col-destrian. This system can help serve to control the col-

lision kinematics of a pedestrian’s lumbar region suchlision kinematics of a pedestrian’s lumbar region such

that it moves upward over the hood leading edge in-that it moves upward over the hood leading edge in-

stead of rotating around the hood edge. In collisionstead of rotating around the hood edge. In collision

tests conducted with an experimental vehicle fitted withtests conducted with an experimental vehicle fitted with

this system, it was found that the impact velocity of thethis system, it was found that the impact velocity of the

pedestrian dummy’s head against the vehicle was re-pedestrian dummy’s head against the vehicle was re-

duced by one-half duced by one-half under certain controlled conditionsunder certain controlled conditions..

INTRODUCTIONINTRODUCTION

Approximately 9,000 people are killed in traffic acci-Approximately 9,000 people are killed in traffic acci-

dents every year in Japan. Because pedestrians ac-dents every year in Japan. Because pedestrians ac-

count for about 30% of the victims, pedestrian protec-count for about 30% of the victims, pedestrian protec-

tion has become a major issue of concern to society.tion has become a major issue of concern to society.

The principal methods considered so far for protectingThe principal methods considered so far for protecting

pedestrians have included better traffic safety educa-pedestrians have included better traffic safety educa-

tion for them and improvement of the road infrastruc-tion for them and improvement of the road infrastruc-

ture. A great deal of research has also been done onture. A great deal of research has also been done on

automotive design and engineering approaches for im-automotive design and engineering approaches for im-

proving pedestrian protection. For example, Ishikawaproving pedestrian protection. For example, Ishikawa

et al.et al.(1)(1) analyzed actual vehicle-pedestrian accidents analyzed actual vehicle-pedestrian accidents

and reported that the impact of the head against theand reported that the impact of the head against the

vehicle is the principal cause of pedestrian fatalities.vehicle is the principal cause of pedestrian fatalities.
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Test procedures for evaluating the pedestrian head pro-Test procedures for evaluating the pedestrian head pro-

tection performance of the vehicle hood have been dis-tection performance of the vehicle hood have been dis-

cussed at international meetings such as those orga-cussed at international meetings such as those orga-

nized by the International Organization for Standard-nized by the International Organization for Standard-

ization (ISO)ization (ISO)(2)(2) and the International Harmonized Re- and the International Harmonized Re-

search Activity (IHRA).search Activity (IHRA).(3)(3) Additionally, in research Additionally, in research

based on numerical simulations, Mathematical Dynamicbased on numerical simulations, Mathematical Dynamic

Models (MADYMO) software has been used to per-Models (MADYMO) software has been used to per-

form various safety analyses. Ishikawa et al.form various safety analyses. Ishikawa et al.(4)(4) reported reported

that in a vehicle-pedestrian collision the head ultimatelythat in a vehicle-pedestrian collision the head ultimately

strikes the vehicle, and Mizuno et al.strikes the vehicle, and Mizuno et al.(5)(5) noted that the noted that the

collision behavior of pedestrians differs depending oncollision behavior of pedestrians differs depending on

the front-end geometry of the striking vehicle.the front-end geometry of the striking vehicle.

Hayamizu and SakumaHayamizu and Sakuma (6)(6) also reported that pedestrian also reported that pedestrian

collision behavior varies depending on the position ofcollision behavior varies depending on the position of

the legs just prior to the impact with the vehicle. More-the legs just prior to the impact with the vehicle. More-

over, Higuchi and Akiyamaover, Higuchi and Akiyama (7)(7) used crash test dummies used crash test dummies

in conducting experiments to evaluate pedestrian colli-in conducting experiments to evaluate pedestrian colli-

sion behavior. However, Begeman et al.sion behavior. However, Begeman et al.(8)(8) compared compared

the lumbar spine stiffness of the commercial Hybrid IIIthe lumbar spine stiffness of the commercial Hybrid III

seated test dummy and Post Mortem Human Subjectseated test dummy and Post Mortem Human Subject

(PMHS) test results and reported that the dummy pel-(PMHS) test results and reported that the dummy pel-

vis is stiffer than that of the human body. Akiyama etvis is stiffer than that of the human body. Akiyama et

al.al.(9)(9) subsequently developed a new pedestrian dummy subsequently developed a new pedestrian dummy

by modifying the stiffness of all the dummy’s joints onby modifying the stiffness of all the dummy’s joints on

the basis of a bioengineering approach. Those modifi-the basis of a bioengineering approach. Those modifi-

cations were intended to make the collision behaviorcations were intended to make the collision behavior

of the pedestrian dummy coincide better with cadaverof the pedestrian dummy coincide better with cadaver

behavior in order to improve the reliability of pedes-behavior in order to improve the reliability of pedes-

trian collision tests. Research studies have also beentrian collision tests. Research studies have also been

conducted to improve the pedestrian head protectionconducted to improve the pedestrian head protection

performance of the vehicle hood. Okamoto et al.performance of the vehicle hood. Okamoto et al.(10)(10) con- con-

ducted a basic study focused on changes in the headducted a basic study focused on changes in the head

deceleration waveform due to the use of different ma-deceleration waveform due to the use of different ma-

terials, for the purpose of optimizing the energy-ab-terials, for the purpose of optimizing the energy-ab-

sorbing characteristics of the hood. They reported thatsorbing characteristics of the hood. They reported that

the energy-absorbing characteristic associated with thethe energy-absorbing characteristic associated with the

buckling of metal materials is an important factor. Theybuckling of metal materials is an important factor. They

further noted that improving energy-absorbing char-further noted that improving energy-absorbing char-

acteristics requires not only the optimization of mate-acteristics requires not only the optimization of mate-

rial properties, but also the provision of sufficient clear-rial properties, but also the provision of sufficient clear-

ance between the hood and the engine.ance between the hood and the engine.

One method of securing greater clearance would be toOne method of securing greater clearance would be to

increase the height of the hood by redesigning theincrease the height of the hood by redesigning the

vehicle front-end. However, that approach would alsovehicle front-end. However, that approach would also

entail a number of drawbacks, including reduced vis-entail a number of drawbacks, including reduced vis-

ibility and deterioration of fuel economy due to a sub-ibility and deterioration of fuel economy due to a sub-

stantial weight increase and greater aerodynamic re-stantial weight increase and greater aerodynamic re-

sistance. This suggests that several technologicalsistance. This suggests that several technological

hurdles will have to be overcome in developing pedes-hurdles will have to be overcome in developing pedes-

trian protection performance that also takes into ac-trian protection performance that also takes into ac-

count other safety considerations and global environ-count other safety considerations and global environ-

mental concerns.mental concerns.

During the 1990s, an Advanced Safety Vehicle (ASV)During the 1990s, an Advanced Safety Vehicle (ASV)

projectproject(11)(11) was promoted in Japan. In the first phase of was promoted in Japan. In the first phase of

ASV research, a hood airbagASV research, a hood airbag(12)(12) for pedestrian protec- for pedestrian protec-

tion was reported, which was designed to deploy overtion was reported, which was designed to deploy over

the hood for better protection of pedestrians withoutthe hood for better protection of pedestrians without

changing the height of the hood. The results of thechanging the height of the hood. The results of the

second-phase of ASV researchsecond-phase of ASV research(13)(13) were announced in were announced in

2001, the same year that Fredriksson et al.2001, the same year that Fredriksson et al.(14)(14) reported reported

bench test results for a system designed to increasebench test results for a system designed to increase

hood-engine clearance by using gas injectors to raisehood-engine clearance by using gas injectors to raise

the hood pyrotechnically. Instead of using gas injec-the hood pyrotechnically. Instead of using gas injec-

tors, though, a motor-drive system for raising the hoodtors, though, a motor-drive system for raising the hood

may be effective in terms of reparability because itmay be effective in terms of reparability because it

would allow the hood to be lowered again to its normalwould allow the hood to be lowered again to its normal

position in the event the system was mistakenly acti-position in the event the system was mistakenly acti-

vated in a collision with an object other than a pedes-vated in a collision with an object other than a pedes-

trian. There are various reports in the literature abouttrian. There are various reports in the literature about

technologies for improving the energy-absorbing char-technologies for improving the energy-absorbing char-

acteristics of the hood, but there appear to be very fewacteristics of the hood, but there appear to be very few

reports concerning ways of controlling the impact ve-reports concerning ways of controlling the impact ve-

locity of a pedestrian’s head.locity of a pedestrian’s head.

The objective of the present research is to help im-The objective of the present research is to help im-

prove pedestrian protection performance through theprove pedestrian protection performance through the

combined use of future devices that can help over-combined use of future devices that can help over-

come the technological issues which have been diffi-come the technological issues which have been diffi-

cult to resolve with existing pedestrian protection tech-cult to resolve with existing pedestrian protection tech-

nologies. This paper describes an energy-absorbingnologies. This paper describes an energy-absorbing

hood structure with an optimized buckling characteris-hood structure with an optimized buckling characteris-

tic, a rear-rising hood that has already been announcedtic, a rear-rising hood that has already been announced

in Japan, and an A-pillar airbag system, all of whichin Japan, and an A-pillar airbag system, all of which
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were incorporated in our second-phase ASV experi-were incorporated in our second-phase ASV experi-

mental vehicle (Nissan ASV II) as pedestrian protec-mental vehicle (Nissan ASV II) as pedestrian protec-

tion technologies. It also describes an airbag systemtion technologies. It also describes an airbag system

for to help control pedestrian collision kinematics. Thefor to help control pedestrian collision kinematics. The

system is mounted at the front of a vehicle and servessystem is mounted at the front of a vehicle and serves

to help reduce the impact velocity of a pedestrian’sto help reduce the impact velocity of a pedestrian’s

head. The mechanism incorporated in this system forhead. The mechanism incorporated in this system for

to help reduce the head impact velocity was obtainedto help reduce the head impact velocity was obtained

from an analysis of bicyclist collision kinematics in afrom an analysis of bicyclist collision kinematics in a

head-on collision with the vehicle front-end.head-on collision with the vehicle front-end.

VEHICLE  BODY  WITH  IMPROVED  ENERGY-VEHICLE  BODY  WITH  IMPROVED  ENERGY-

ABSORBING  CHARACTERISTICSABSORBING  CHARACTERISTICS

Pedestrian protection technologies for different im-Pedestrian protection technologies for different im-

pact velocitiespact velocities

The structure of the metal hood displays outstandingThe structure of the metal hood displays outstanding

energy-absorbing characteristics. In impact tests con-energy-absorbing characteristics. In impact tests con-

ducted with the hood alone at a velocity of 40 km/h,ducted with the hood alone at a velocity of 40 km/h,

HIC values below 1,000 were obtained. However, HICHIC values below 1,000 were obtained. However, HIC

values can exceed 1,000 when rigid structures such asvalues can exceed 1,000 when rigid structures such as

the engine or front suspension are present below thethe engine or front suspension are present below the

hood and it is not possible to secure sufficient energy-hood and it is not possible to secure sufficient energy-

absorbing space between them and the hood. Underabsorbing space between them and the hood. Under

that condition, it is markedly more difficult technologi-that condition, it is markedly more difficult technologi-

cally to deal with higher head impact velocities, usingcally to deal with higher head impact velocities, using

only the energy-absorbing characteristics of the hood.only the energy-absorbing characteristics of the hood.

Therefore, the pedestrian-protecting vehicle bodyTherefore, the pedestrian-protecting vehicle body

adopted for the Nissan ASV II included a structure foradopted for the Nissan ASV II included a structure for

raising the hood under a condition of a high impactraising the hood under a condition of a high impact

velocity so as to increase the clearance with the struc-velocity so as to increase the clearance with the struc-

tures underneath the hood (Figure 1). Specifically, thetures underneath the hood (Figure 1). Specifically, the

pedestrian-friendly body structure with optimized en-pedestrian-friendly body structure with optimized en-

ergy-absorbing characteristics was designed to helpergy-absorbing characteristics was designed to help

mitigate impacts at velocities up to 30 km/h. In an im-mitigate impacts at velocities up to 30 km/h. In an im-

pact velocity range of 30-40 km/h, an electronic devicepact velocity range of 30-40 km/h, an electronic device

was used to raise the rear part of the hood so as towas used to raise the rear part of the hood so as to

improve its energy-absorbing characteristics andimprove its energy-absorbing characteristics and

thereby help provide better head protection at higherthereby help provide better head protection at higher

impact velocities. Additionally, there are also instancesimpact velocities. Additionally, there are also instances

when a pedestrian’s head strikes one of the A-pillarswhen a pedestrian’s head strikes one of the A-pillars

instead of the hood.instead of the hood.(15)(15) Therefore, airbags were adopted Therefore, airbags were adopted

to cover the A-pillars as a protective measure in theto cover the A-pillars as a protective measure in the

event a pedestrian’s head should collide with one ofevent a pedestrian’s head should collide with one of

the pillars.the pillars.

Pedestrian-friendly structurePedestrian-friendly structure

One approach to minimizing the necessary clearanceOne approach to minimizing the necessary clearance

between the hood and the rigid structures underneathbetween the hood and the rigid structures underneath

it is to control the deceleration waveform of the head.it is to control the deceleration waveform of the head.

Head injury severity is generally evaluated accordingHead injury severity is generally evaluated according

to the HIC formula. For the sake of simplicity, a com-to the HIC formula. For the sake of simplicity, a com-

parison was made of the crumple distance needed withparison was made of the crumple distance needed with

Figure 1. Figure 1.  Pedestrian protection technologies incorporated in Nissan ASV II. Pedestrian protection technologies incorporated in Nissan ASV II.
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[Rear-rising hood]
Raised and lowered by a reversible motor

<Pedestrian-friendly hood>
Hood structure for controlling head 
deceleration waveform

[A-pillar airbag system]
Airbags for absorbing crash energy

[ ] : Intended for collision speeds of 30-40 km/h

< >: Intended for collision speeds below 30 km/h

<Pedestrian-friendly bumper>
Constructed to absorb crash energy
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[Rear-rising hood]
Raised and lowered by a reversible motor

<Pedestrian-friendly hood>
Hood structure for controlling head 
deceleration waveform

[A-pillar airbag system]
Airbags for absorbing crash energy

[ ] : Intended for collision speeds of 30-40 km/h

< >: Intended for collision speeds below 30 km/h
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Constructed to absorb crash energy
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respect to three head deceleration waveforms, i.e., anrespect to three head deceleration waveforms, i.e., an

initial-period triangular waveform, a latter-period trian-initial-period triangular waveform, a latter-period trian-

gular waveform and a rectangular waveform, in ordergular waveform and a rectangular waveform, in order

to obtain the same HIC values (Figure 2).to obtain the same HIC values (Figure 2).

Rectangular waveformRectangular waveform - -  The maximum G level is as-The maximum G level is as-

sumed to be a constant Gsumed to be a constant G00, and the basic equation for, and the basic equation for

calculating HIC in the time interval of tcalculating HIC in the time interval of t11 and t and t22  is ex- is ex-

pressed aspressed as

( )2.5
0 1 2 max

HIC G t t= −

where the maximum values at twhere the maximum values at t11 and t and t22 are t are t11 = 0 and t = 0 and t22

=t=t00, so HIC can be given by, so HIC can be given by

2.5
0 0HIC G t=

Triangular waveformsTriangular waveforms  - In the case of the triangular - In the case of the triangular

waveforms, the peak G is assumed to be Gwaveforms, the peak G is assumed to be G00, and the, and the

timing for the occurrence of the peak G is assumed to betiming for the occurrence of the peak G is assumed to be

ttaa. Then, it can be considered that the HIC value will. Then, it can be considered that the HIC value will

occur in the interval defined by toccur in the interval defined by t11 and t and t22 and centering and centering

around taround t aa. Accordingly, letting. Accordingly, letting

∆∆t = tt = t22 - t - t11

we obtainwe obtain

( )
2.5

0
1 1 0

max

1
2

2a
a

G
HIC t t t G

t

   = − −  
   

The maximum value of this expression is found withThe maximum value of this expression is found with

  1

3

7 at t=   and    and  2

11
7 at t=

hence,hence,

2.5

0
8 5
7 7aHIC t G =   

Accordingly, at a duration of 8/7, the HIC value be-Accordingly, at a duration of 8/7, the HIC value be-

comes the same as that of a rectangular wave having acomes the same as that of a rectangular wave having a

GG00 level of (5/7). Since the timing for the occurrence of t level of (5/7). Since the timing for the occurrence of taa

is arbitrary, both the initial-period triangular waveformis arbitrary, both the initial-period triangular waveform

with a deceleration peak in the initial period of a colli-with a deceleration peak in the initial period of a colli-

sion and the latter-period triangular waveform with asion and the latter-period triangular waveform with a

deceleration peak due to bottoming out display the samedeceleration peak due to bottoming out display the same

HIC value.HIC value.

The results of the crumple distance comparison indi-The results of the crumple distance comparison indi-

cated that the head deceleration waveform should becated that the head deceleration waveform should be

controlled to the shape of the initial-period triangularcontrolled to the shape of the initial-period triangular

waveform, in order to minimize the necessary energy-waveform, in order to minimize the necessary energy-

absorbing space without increasing this HIC value (Fig-absorbing space without increasing this HIC value (Fig-

ure 3). Because the stiffness of the hood differs fromure 3). Because the stiffness of the hood differs from

one area of the panel to another, the hood structureone area of the panel to another, the hood structure

would have to be extremely complex in order to controlwould have to be extremely complex in order to control

the head deceleration waveform to the pattern of thethe head deceleration waveform to the pattern of the

initial-period triangular waveform. Figure 4 shows oneinitial-period triangular waveform. Figure 4 shows one

example of a pedestrian-friendly hood structure for con-example of a pedestrian-friendly hood structure for con-

Figure 3.  Comparison of energy-absorbing distanceFigure 3.  Comparison of energy-absorbing distance

needed for head deceleration waveform control.needed for head deceleration waveform control.
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Figure 2.  Figure 2.  Triangular waveforms of head deceleration.Triangular waveforms of head deceleration.
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trolling the head deceleration waveform. Because of lowtrolling the head deceleration waveform. Because of low

local stiffness near the head impact point, this hoodlocal stiffness near the head impact point, this hood

incorporates a reinforcement, or buckling structure, toincorporates a reinforcement, or buckling structure, to

increase head deceleration in the initial period of theincrease head deceleration in the initial period of the

collision.collision.

Rear-rising hood systemRear-rising hood system

As mentioned earlier, the energy-absorbing character-As mentioned earlier, the energy-absorbing character-

istics of the hood alone present certain practical issuesistics of the hood alone present certain practical issues

in trying to provide better head protection at higherin trying to provide better head protection at higher

impact velocities. Accordingly, the Nissan ASV IIimpact velocities. Accordingly, the Nissan ASV II

adopted a rear-rising hood system to help protect pe-adopted a rear-rising hood system to help protect pe-

destrians by increasing the energy-absorbing space atdestrians by increasing the energy-absorbing space at

the time of the collision with the vehicle. This rear-risingthe time of the collision with the vehicle. This rear-rising

hood system mainly consists of sensors for advancehood system mainly consists of sensors for advance

detection of a collision with a pedestrian, a control unitdetection of a collision with a pedestrian, a control unit

that judges an impending collision with a pedestrianthat judges an impending collision with a pedestrian

and issues a signal to raise the rear edge of the hoodand issues a signal to raise the rear edge of the hood

and a drive unit that makes use of an electric motor. Theand a drive unit that makes use of an electric motor. The

operational sequence from the moment the hood beginsoperational sequence from the moment the hood begins

to rise until the impact of the pedestrian’s head is illus-to rise until the impact of the pedestrian’s head is illus-

trated in Figure 5. The system predicts a collision with atrated in Figure 5. The system predicts a collision with a

pedestrian 400 ms before the pedestrian’s head strikespedestrian 400 ms before the pedestrian’s head strikes

the vehicle and immediately begins to raise the rear partthe vehicle and immediately begins to raise the rear part

of the hood. The rear portion is lifted by 100 mm in thatof the hood. The rear portion is lifted by 100 mm in that

400 ms interval in preparation for the collision with the400 ms interval in preparation for the collision with the

pedestrian. Moreover, the direction of hood movementpedestrian. Moreover, the direction of hood movement

is also reversible. If no vehicle deceleration indicativeis also reversible. If no vehicle deceleration indicative

of a collision with a pedestrian is detected after the hoodof a collision with a pedestrian is detected after the hood

has been raised, the system judges that the sensors forhas been raised, the system judges that the sensors for

advance pedestrian detection did not detect a pedes-advance pedestrian detection did not detect a pedes-

trian impact and it lowers the hood to its normal posi-trian impact and it lowers the hood to its normal posi-

tion again.tion again.

Figure 5.  Operational sequence of rear-rising hood and A-pillar airbag system from time of pedestrian-vehicleFigure 5.  Operational sequence of rear-rising hood and A-pillar airbag system from time of pedestrian-vehicle

impact.impact.
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Figure 4.  Effect of buckling structure.Figure 4.  Effect of buckling structure.
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A-pillar airbag system for pedestrian head protectionA-pillar airbag system for pedestrian head protection

It has been found on the basis of an accident analysisIt has been found on the basis of an accident analysis (3)(3)

that a pedestrian’s head can strike the A-pillars. The A-that a pedestrian’s head can strike the A-pillars. The A-

pillars, however, require a slender shape to ensure goodpillars, however, require a slender shape to ensure good

outward visibility for the driver and also high stiffnessoutward visibility for the driver and also high stiffness

to help secure occupant survival space in frontal offsetto help secure occupant survival space in frontal offset

crashes and in rollover accidents. Consequently, thecrashes and in rollover accidents. Consequently, the

A-pillars are one area of the vehicle body where it hasA-pillars are one area of the vehicle body where it has

been very difficult technologically to improve energy-been very difficult technologically to improve energy-

absorbing characteristics with the conventional pillarabsorbing characteristics with the conventional pillar

structure.structure.

Therefore, the Nissan ASV II adopted an A-pillar airbagTherefore, the Nissan ASV II adopted an A-pillar airbag

system that inflates airbags to cover the pillars whensystem that inflates airbags to cover the pillars when

the system detects deceleration resulting from a colli-the system detects deceleration resulting from a colli-

sion between the vehicle and a pedestrian. The airbagssion between the vehicle and a pedestrian. The airbags

are housed below the hood and are deployed throughare housed below the hood and are deployed through

the clearance between the raised rear edge of the hoodthe clearance between the raised rear edge of the hood

and the cowl. These A-pillar airbags are designed toand the cowl. These A-pillar airbags are designed to

deploy within 40 ms after the bumper collides with adeploy within 40 ms after the bumper collides with a

pedestrian’s legs. To determine the effectiveness of thepedestrian’s legs. To determine the effectiveness of the

A-pillar airbag system, a comparison was made of theA-pillar airbag system, a comparison was made of the

HIC values that were recorded in bench tests when aHIC values that were recorded in bench tests when a

headform impactor was crashed into an A-pillar withheadform impactor was crashed into an A-pillar with

and without an airbag. The results showed that the HICand without an airbag. The results showed that the HIC

value was less than 1,000 when the A-pillar airbag sys-value was less than 1,000 when the A-pillar airbag sys-

tem was used (Figure 6).tem was used (Figure 6).

AIRBAG  SYSTEM  FOR  CONTROLLING  COLLI-AIRBAG  SYSTEM  FOR  CONTROLLING  COLLI-

SION  KINEMATICSSION  KINEMATICS

Mechanism that helps reduce head impact velocityMechanism that helps reduce head impact velocity

An analysis of traffic accidents in Japan involving vul-An analysis of traffic accidents in Japan involving vul-

nerable road users shows that the fatality rate of bicy-nerable road users shows that the fatality rate of bicy-

clists is lower than that of pedestrians. It is particularlyclists is lower than that of pedestrians. It is particularly

noteworthy that the bicyclist fatality rate in frontal col-noteworthy that the bicyclist fatality rate in frontal col-

lisions, in which a rider collides head-on with a vehicle,lisions, in which a rider collides head-on with a vehicle,

is only about one-tenth of the pedestrian fatality rate.is only about one-tenth of the pedestrian fatality rate.(16)(16)

Based on the results of numerical analysesBased on the results of numerical analyses (17, 18)(17, 18) con- con-

ducted with MADYMO simulation models, the authorsducted with MADYMO simulation models, the authors

have shown that the head impact velocity of bicyclistshave shown that the head impact velocity of bicyclists

is low in frontal collisions. One of the mechanisms in-is low in frontal collisions. One of the mechanisms in-

volved in reducing the impact velocity is influenced byvolved in reducing the impact velocity is influenced by

bicyclist collision kinematics, which is characterized bybicyclist collision kinematics, which is characterized by

greater upward movement of the pelvis than that ob-greater upward movement of the pelvis than that ob-

served for a pedestrian (Figure 7). In a frontal collisionserved for a pedestrian (Figure 7). In a frontal collision

in particular, the upward velocity of a bicyclist’s pelvisin particular, the upward velocity of a bicyclist’s pelvis

is approximately double that seen in other bicyclist ac-is approximately double that seen in other bicyclist ac-

cident patterns and that of a pedestrian (Figure 8).cident patterns and that of a pedestrian (Figure 8).

Figure 7.  Upward movement of bicyclist dummy’sFigure 7.  Upward movement of bicyclist dummy’s

pelvis.pelvis.

Figure 8.  Comparison of pelvis velocities in theFigure 8.  Comparison of pelvis velocities in the

upward direction.upward direction.

Figure 6.  Comparison of test results with/without A-Figure 6.  Comparison of test results with/without A-

pillar airbag system.pillar airbag system.
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Collision kinematics with and without upward move-Collision kinematics with and without upward move-

ment of the pelvis can be explained using a simple modelment of the pelvis can be explained using a simple model

that ignores the sliding of the body over the hood (Fig-that ignores the sliding of the body over the hood (Fig-

ure 9).ure 9).(19)(19) Using a pedestrian model that simulates only Using a pedestrian model that simulates only

the upper body, it is seen that after the initial collisionthe upper body, it is seen that after the initial collision

with the vehicle the upper body rotates around thewith the vehicle the upper body rotates around the

lumbar region toward the vehicle and the head strikeslumbar region toward the vehicle and the head strikes

the vehicle at a velocity corresponding to the initialthe vehicle at a velocity corresponding to the initial

impact velocity, which can result in serious head injury.impact velocity, which can result in serious head injury.

In this case, the radius of rotation from the lumbar re-In this case, the radius of rotation from the lumbar re-

gion to the head does not increase. However, with thegion to the head does not increase. However, with the

bicyclist model in which the thighs act as a linkagebicyclist model in which the thighs act as a linkage

mechanism, the lumbar region moves upward aroundmechanism, the lumbar region moves upward around

the knees that strike the vehicle. In addition, the radiusthe knees that strike the vehicle. In addition, the radius

of rotation between the knees at the center of rotationof rotation between the knees at the center of rotation

and the head increases on account of the larger lumbarand the head increases on account of the larger lumbar

region angle between the thighs and the upper body.region angle between the thighs and the upper body.

As a result, it is inferred from the law of conservation ofAs a result, it is inferred from the law of conservation of

angular momentum that the rotational velocity of theangular momentum that the rotational velocity of the

bicyclist model with the increased radius of rotation isbicyclist model with the increased radius of rotation is

less than that of the pedestrian model.less than that of the pedestrian model.

LUVI for collision kinematics controlLUVI for collision kinematics control

A study was conducted to try to reduce the head im-A study was conducted to try to reduce the head im-

pact velocity of a pedestrian in a collision with a ve-pact velocity of a pedestrian in a collision with a ve-

hicle by increasing the head’s radius of rotation as ahicle by increasing the head’s radius of rotation as a

result of rotating the lumbar region by means of anresult of rotating the lumbar region by means of an

airbag that was deployed from the radiator grille. Theairbag that was deployed from the radiator grille. The

movement of the lumbar region was regarded as beingmovement of the lumbar region was regarded as being

a key factor, inasmuch as it was observed that the bicy-a key factor, inasmuch as it was observed that the bicy-

clist dummy’s lumbar region separated from the hoodclist dummy’s lumbar region separated from the hood

after the initial impact and moved upward toward theafter the initial impact and moved upward toward the

vehicle. Accordingly, a Lumbar Velocity Index (LUVI)vehicle. Accordingly, a Lumbar Velocity Index (LUVI)

for the upward and forward velocity components wasfor the upward and forward velocity components was

defined, and an analysis was made of the relationshipdefined, and an analysis was made of the relationship

between LUVI and the head impact velocity.between LUVI and the head impact velocity.

The first step was to make clear the lumbar region be-The first step was to make clear the lumbar region be-

havior of bicyclists in frontal collisions and that of bi-havior of bicyclists in frontal collisions and that of bi-

cyclists and pedestrians in side collisions. To do that,cyclists and pedestrians in side collisions. To do that,

frontal and side collision experiments were conductedfrontal and side collision experiments were conducted

using dummies with a modified lumbar region stiff-using dummies with a modified lumbar region stiff-

nessness(19)(19) and the experimental results were then com- and the experimental results were then com-

pared. In the frontal collision, the upper body of thepared. In the frontal collision, the upper body of the

bicyclist dummy became horizontal by 160 ms after thebicyclist dummy became horizontal by 160 ms after the

impact and the lumbar region was displaced upward byimpact and the lumbar region was displaced upward by

at least 200 mm compared with its position at the timeat least 200 mm compared with its position at the time

the knees collided with the vehicle. In the side colli-the knees collided with the vehicle. In the side colli-

sion, however, the lumbar region of the bicyclist dummysion, however, the lumbar region of the bicyclist dummy

and that of the pedestrian dummy came in contact withand that of the pedestrian dummy came in contact with

the vehicle, and there was no upward displacement ofthe vehicle, and there was no upward displacement of

the lumbar region like that observed in the frontal colli-the lumbar region like that observed in the frontal colli-

sion. The lumbar region’s upward velocity and the rela-sion. The lumbar region’s upward velocity and the rela-

tive forward velocity of the lumbar region and the ve-tive forward velocity of the lumbar region and the ve-

hicle in the latter’s direction of travel were then deter-hicle in the latter’s direction of travel were then deter-

mined from high-speed video images (Figures 10 andmined from high-speed video images (Figures 10 and

11).11).

Figure 10.  Lumbar region relative velocity inFigure 10.  Lumbar region relative velocity in

forward direction in frontal and side impacts usingforward direction in frontal and side impacts using

the modified dummy.the modified dummy.
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In the side collision, it was observed that both the bi-In the side collision, it was observed that both the bi-

cyclist dummy and the pedestrian dummy were accel-cyclist dummy and the pedestrian dummy were accel-

erated in the vehicle’s direction of travel during theerated in the vehicle’s direction of travel during the

first 50 ms and that the relative forward velocity of thefirst 50 ms and that the relative forward velocity of the

lumbar region with respect to the vehicle reached itslumbar region with respect to the vehicle reached its

lowest level at that point. On the other hand, one char-lowest level at that point. On the other hand, one char-

acteristic of the bicyclist dummy in the frontal collisionacteristic of the bicyclist dummy in the frontal collision

was that its relative forward velocity reached its lowestwas that its relative forward velocity reached its lowest

level at 100 ms after the impact, i.e., at about double thelevel at 100 ms after the impact, i.e., at about double the

elapsed time as in the side collision. Furthermore, atelapsed time as in the side collision. Furthermore, at

approximately the same elapsed time of 100 ms after theapproximately the same elapsed time of 100 ms after the

impact, the lumbar region’s upward velocity was moreimpact, the lumbar region’s upward velocity was more

than double (5 m/s) the velocity seen in the side colli-than double (5 m/s) the velocity seen in the side colli-

sion.sion.

It is thought that the rotational velocity of the upperIt is thought that the rotational velocity of the upper

body around the lumbar region will generally increasebody around the lumbar region will generally increase

in cases where the lumbar region undergoes large for-in cases where the lumbar region undergoes large for-

ward acceleration. Therefore, with the aim of reducingward acceleration. Therefore, with the aim of reducing

that acceleration, attention was focused not only onthat acceleration, attention was focused not only on

the lumbar region’s upward velocity that causes its up-the lumbar region’s upward velocity that causes its up-

ward displacement, but also on the elapsed time at whichward displacement, but also on the elapsed time at which

its relative forward velocity reaches its smallest value.its relative forward velocity reaches its smallest value.

A lumbar region upward velocity of 5 m/s and an elapsedA lumbar region upward velocity of 5 m/s and an elapsed

time of 100 ms for the occurrence of its smallest relativetime of 100 ms for the occurrence of its smallest relative

forward velocity were set as the target LUVI values forforward velocity were set as the target LUVI values for

the upward velocity and relative forward velocity ofthe upward velocity and relative forward velocity of

the lumbar region.the lumbar region.

The upward velocity of a bicyclist’s lumbar region isThe upward velocity of a bicyclist’s lumbar region is

thought to increase in a frontal collision because thethought to increase in a frontal collision because the

thighs rotate around the knees toward the vehicle, asthighs rotate around the knees toward the vehicle, as

was mentioned earlier. Accordingly, an airbag was posi-was mentioned earlier. Accordingly, an airbag was posi-

tioned at the front-end of a test vehicle such that ittioned at the front-end of a test vehicle such that it

would deploy at an upward angle of approximately 30would deploy at an upward angle of approximately 30°°

and rotate rearward toward the vehicle after collidingand rotate rearward toward the vehicle after colliding

with the bicyclist dummy. The specification for the airbagwith the bicyclist dummy. The specification for the airbag

inflation pressure was set at a lower level than that of ainflation pressure was set at a lower level than that of a

front passenger’s airbag so as to make the upward ve-front passenger’s airbag so as to make the upward ve-

locity of the lumbar region and the elapsed time for thelocity of the lumbar region and the elapsed time for the

occurrence of its smallest relative forward velocity co-occurrence of its smallest relative forward velocity co-

incide with the LUVI values for controlling collisionincide with the LUVI values for controlling collision

behavior (Figure 12).behavior (Figure 12).

Bench test using the airbag system for controllingBench test using the airbag system for controlling

collision kinematicscollision kinematics

Figure 13 shows the lumbar region velocities found forFigure 13 shows the lumbar region velocities found for

Two passenger seat type inflators on radiator grille

Bag volume

1,345 mm 520 mm dia.

200 l

Two passenger seat type inflators on radiator grille

Bag volume

1,345 mm 520 mm dia.

200 l

Figure 12.  Basic airbag specifications for control-Figure 12.  Basic airbag specifications for control-

ling bicyclist behavior in side collisions.ling bicyclist behavior in side collisions.

Figure 13.  Comparison of bicyclist lumbar regionFigure 13.  Comparison of bicyclist lumbar region

velocities in upward and forward directions in sidevelocities in upward and forward directions in side

collision using airbag system.collision using airbag system.
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Figure 11.  Lumbar region relative velocity inFigure 11.  Lumbar region relative velocity in

vertical direction in frontal and side impacts usingvertical direction in frontal and side impacts using

the modified dummy.the modified dummy.
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the bicyclist dummy when the airbag system for con-the bicyclist dummy when the airbag system for con-

trolling collision kinematics was used in a side colli-trolling collision kinematics was used in a side colli-

sion. The airbag system was used to control the lumbarsion. The airbag system was used to control the lumbar

region’s collision kinematics such that its smallest rela-region’s collision kinematics such that its smallest rela-

system had the same effect on the collision kinematicssystem had the same effect on the collision kinematics

of a pedestrian dummy (Figure 16). Because the de-of a pedestrian dummy (Figure 16). Because the de-

ployed airbag covered the lumbar region of the pedes-ployed airbag covered the lumbar region of the pedes-

trian dummy in this bench test reproduction of a sidetrian dummy in this bench test reproduction of a side

collision with a pedestrian, the lumbar region velocitiescollision with a pedestrian, the lumbar region velocities

could not be determined inasmuch as images for analy-could not be determined inasmuch as images for analy-

sis were not obtained. However, the pedestrian dummy’ssis were not obtained. However, the pedestrian dummy’s

lumbar region was raised by at least 200 mm at 140 mslumbar region was raised by at least 200 mm at 140 ms

after the impact, so it is inferred that he upward velocityafter the impact, so it is inferred that he upward velocity

of the lumbar region was the same as that of the bicy-of the lumbar region was the same as that of the bicy-

clist dummy in the side collision experiment.clist dummy in the side collision experiment.

Figure 16.  Experimental reproduction of side impactFigure 16.  Experimental reproduction of side impact

using the modified pedestrian dummy and an airbagusing the modified pedestrian dummy and an airbag

for controlling collision behavior.for controlling collision behavior.

Figure 15.  Comparison of experimental results for bicyclist dummy head velocities with/without airbag.Figure 15.  Comparison of experimental results for bicyclist dummy head velocities with/without airbag.
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Figure 14.  Experimental reproduction of a sideFigure 14.  Experimental reproduction of a side

impact using the modified bicyclist dummy and animpact using the modified bicyclist dummy and an

airbag for controlling collision behavior.airbag for controlling collision behavior.

tive forward velocity occurred at approximately 100 mstive forward velocity occurred at approximately 100 ms

and its upward velocity was approximately 5 m/s, basedand its upward velocity was approximately 5 m/s, based

on the LUVI as the lumbar region index. As a result, theon the LUVI as the lumbar region index. As a result, the

bicyclist dummy became horizontal at 140 ms after thebicyclist dummy became horizontal at 140 ms after the

impact and the lumbar region showed upward displace-impact and the lumbar region showed upward displace-

ment of approximately 200 mm at that time (Figure 14).ment of approximately 200 mm at that time (Figure 14).

Without the collision-kinematics-controlling airbag sys-Without the collision-kinematics-controlling airbag sys-

tem, the bicyclist dummy’s head reached its maximumtem, the bicyclist dummy’s head reached its maximum

impact velocity in the vertical direction at the moment itimpact velocity in the vertical direction at the moment it

struck the vehicle. With the airbag system for control-struck the vehicle. With the airbag system for control-

ling collision kinematics, the dummy’s head collided withling collision kinematics, the dummy’s head collided with

the vehicle at the point of its lowest impact velocity inthe vehicle at the point of its lowest impact velocity in

the longitudinal direction (Figure 15).the longitudinal direction (Figure 15).

In a bench test conducted under the same conditionsIn a bench test conducted under the same conditions

as the bicyclist side collision experiment, it was con-as the bicyclist side collision experiment, it was con-

firmed that the collision-kinematics-controlling airbagfirmed that the collision-kinematics-controlling airbag

Head vertical 
velocity

0

5

10

0 40 80 120H
ea

d 
re

la
tiv

e 
ve

lo
ci

ty
 (m

/s
)

Elapsed time after impact (ms)

Head horizontal 
relative velocity

Without airbag

0 40 80 120 160

Elapsed time after impact (ms)

With airbag

Impact point between head and hood Impact point between head and hood

Head vertical 
velocity

Head horizontal 
relative velocity



Figure 17 compares the experimental results for the rela-Figure 17 compares the experimental results for the rela-

tive velocities of the pedestrian dummy’s head in thetive velocities of the pedestrian dummy’s head in the

horizontal and vertical directions until the head struckhorizontal and vertical directions until the head struck

the vehicle. Like the bicyclist dummy, the impact time ofthe vehicle. Like the bicyclist dummy, the impact time of

the pedestrian dummy’s head was delayed until approxi-the pedestrian dummy’s head was delayed until approxi-

mately 160 ms and the relative velocity of the head inmately 160 ms and the relative velocity of the head in

each direction following the impact was also lower, similareach direction following the impact was also lower, similar

to the results seen for the bicyclist dummy. The use ofto the results seen for the bicyclist dummy. The use of

the collision-kinematics-controlling airbag system re-the collision-kinematics-controlling airbag system re-

duced the triaxial composite impact velocity of the bi-duced the triaxial composite impact velocity of the bi-

cyclist dummy’s head by approximately 70% and thatcyclist dummy’s head by approximately 70% and that

of the pedestrian dummy’s head by approximately 50%of the pedestrian dummy’s head by approximately 50%

compared with the results obtained without the systemcompared with the results obtained without the system

(Figure 18).(Figure 18).

SUMMARYSUMMARY

In the second-phase of ASV research, a hood struc-In the second-phase of ASV research, a hood struc-

ture, a rear-rising hood and an A-pillar airbag sys-ture, a rear-rising hood and an A-pillar airbag sys-

tem, all designed for pedestrian head protection, weretem, all designed for pedestrian head protection, were

incorporated in an experimental vehicle and their ef-incorporated in an experimental vehicle and their ef-

fectiveness was confirmed under certain controlledfectiveness was confirmed under certain controlled

conditions. Additionally, an airbag system for con-conditions. Additionally, an airbag system for con-

trolling pedestrian collision kinematics by means oftrolling pedestrian collision kinematics by means of

an airbag housed in the radiator grille was also de-an airbag housed in the radiator grille was also de-

veloped. This system reproduces the mechanism thatveloped. This system reproduces the mechanism that

reduces the impact velocity of a bicyclist’s head in areduces the impact velocity of a bicyclist’s head in a

head-on frontal collision with a vehicle under certainhead-on frontal collision with a vehicle under certain

controlled conditions. It was shown that the Lumbarcontrolled conditions. It was shown that the Lumbar

Velocity Index (LUVI) for the upward and forwardVelocity Index (LUVI) for the upward and forward

velocity components of the lumbar region was anvelocity components of the lumbar region was an

effective index for the development of this collision-effective index for the development of this collision-

kinematics-controlling airbag system.kinematics-controlling airbag system.

CONCLUDING  REMARKSCONCLUDING  REMARKS

The effectiveness of several advanced pedestrian pro-The effectiveness of several advanced pedestrian pro-

tection technologies has been confirmed in experimentstection technologies has been confirmed in experiments

conducted under certain specified conditions. conducted under certain specified conditions. TheThe

hinge structure of the rear-rising hood has been shownhinge structure of the rear-rising hood has been shown

to achieve HIC values below 1,000. However, there areto achieve HIC values below 1,000. However, there are

two issues related to this technology that need to betwo issues related to this technology that need to be

addressed in future work. One issue concerns assur-addressed in future work. One issue concerns assur-

ance of the durability of the hinge structure. The sec-ance of the durability of the hinge structure. The sec-
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Figure 18.  Comparison of head impact velocitiesFigure 18.  Comparison of head impact velocities

against the hood (experimental).against the hood (experimental).

Figure 17.  Comparison of experimental results for pedestrian head dummy velocities with/without airbag.Figure 17.  Comparison of experimental results for pedestrian head dummy velocities with/without airbag.
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ond issue is to improve the strength of the hinges soond issue is to improve the strength of the hinges so

that the hood does not intrude into the passenger com-that the hood does not intrude into the passenger com-

partment in a frontal impact.partment in a frontal impact.

Because pedestrians and bicyclists have more degreesBecause pedestrians and bicyclists have more degrees

of freedom in a collision than vehicle occupants whoof freedom in a collision than vehicle occupants who

are restrained by seatbelts, their collision kinematics inare restrained by seatbelts, their collision kinematics in

real-world traffic accidents involves many diverse con-real-world traffic accidents involves many diverse con-

ditions. For instance, based on the results of numericalditions. For instance, based on the results of numerical

simulations, the authors have reported that the timingsimulations, the authors have reported that the timing

at which the head strikes the vehicle differs significantlyat which the head strikes the vehicle differs significantly

between pedestrians and bicyclists.between pedestrians and bicyclists.(18)(18) Additionally, Additionally,

there are many situations in which advance detectionthere are many situations in which advance detection

of pedestrians by sensors is impossible, such as theof pedestrians by sensors is impossible, such as the

detection of wet pedestrians or distinguishing themdetection of wet pedestrians or distinguishing them

from other heat sources in rainy winter weather and thefrom other heat sources in rainy winter weather and the

detection of pedestrians when the related sensors aredetection of pedestrians when the related sensors are

covered with road grime. These and other circumstancescovered with road grime. These and other circumstances

make it extremely difficult to obtain accurate judgmentsmake it extremely difficult to obtain accurate judgments

in all types of collision situations. The second-phasein all types of collision situations. The second-phase

ASV research activities also yielded sensing technolo-ASV research activities also yielded sensing technolo-

gies that are reported to be still at the experimentalgies that are reported to be still at the experimental

stage.stage.(20)(20) It is hoped that the accuracy of advance de- It is hoped that the accuracy of advance de-

tection will be further improved in the future as thetection will be further improved in the future as the

levels of these technologies rise. Promoting better pe-levels of these technologies rise. Promoting better pe-

destrian protection requires not only vehicle-level mea-destrian protection requires not only vehicle-level mea-

sures, but also cooperation in a broad range of areas,sures, but also cooperation in a broad range of areas,

such as the implementation of infrastructure facilitiessuch as the implementation of infrastructure facilities

and traffic safety education, with an eye toward pre-and traffic safety education, with an eye toward pre-

venting people from dashing unexpectedly from nar-venting people from dashing unexpectedly from nar-

row alleys or other hard areas where detection is diffi-row alleys or other hard areas where detection is diffi-

cult to accomplish.cult to accomplish.
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Accuracy in obstacle localization using vision
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Abstract – The goal of our research is to design perception
devices dedicated to driving safety improvement such as :
Collision Warning and Avoidance systems, Emergency
braking… This device is supposed to be a piece of new driving
assistance systems aiming at increasing the safety on road.
Many safety systems which are emerging nowadays in our
vehicles use a “distance to obstacle” information obtained
thanks to telemeters such as radars, laser scanners (or lidars),
ultrasounds… At least, this kind of systems achieve a great
precision in locating objects relative to the sensors, but they
are not able to provide their localisation compared to the road
or the lane. This is the reason why some systems are involving
passive sensors like video integrated inside vehicles. A device
founded partially on computer vision allowed to compensate
this lack. But the localisation computed by vision needs to be
analysed in term of precision. This paper attempts to explore
differences in localisation accuracy between systems involving
only one camera (monocular vision) and systems involving two
cameras (stereovision). A complete study of the errors commit
on depth reconstruction is shown.

Keywords: monocular vision, stereovision, active safety,
depth and distance reconstruction, obstacle detection, retro-
projection.

1 Introduction
In this paper, we propose to estimate and compare
accuracies of perception systems based on the use of vision
(monocular and binocular).

Our research has important implications for many domains,
including automotive, aeronautic, robot guidance and
generally speaking, embedded systems. In fact, we try to
show, while most systems require two or more video
cameras for high precision, how can monocular and
binocular vision go to similar results with different
accuracies. The main common goal of these vision methods
is to detect objects and locate them from the camera in
terms of distance, angular position or time to collision.

1.1 The benefits of using a vision system

Vision, whether mono camera or stereo based, is a very
dynamic field with plenty of applications in transport
[Franke 00]. It can provide information on the road
environment, like the lane [Luong et al 94], [Tarel 00] and
roadside [Dickmanns 92], [Chausse et al 00] markings, the
distance between vehicles [Labayrade et al 02b], or
indicators of visibility distances.

Though the provided measures look all right, not much has
been written about their accuracy. Yet systems based on
RADAR or laser scanners have some serious drawbacks as
regards security applications. These are mainly due to the
lack of information on the position of the detected object

relatively to the road and objects recognition (for instance
many on-board RADAR are unable to make a distinction
between a bridge and a car).

A system using a vision sensor in addition to a rangefinder
can help to solve those problems. In this paper we are
going to study the implementation and capabilities of two
standard systems based on mono and stereo vision, which
implies the modeling of the vision sensor. Then knowing
this, we will underscore the reconstruction of the scene in
3D, through a simple method making it possible to
simultaneously define the position of the object and the
possible mistakes on this positioning. Assuming that the
object points detected are static, and the video sensors’
parameters (intrinsic and extrinsic) are well known, we
finally analyze this information on simulated and real data.

1.2 Monocular vision

One of the most important components of any machine
vision system based on a single camera, is the detection
and analysis of image motion. Properly done, image motion
processing can lead to the recovery of “three dimensional”
(3D) information such as structure, depth, and shape from
a sequence of two dimensional images. The ability to
derive such information has attracted substantial interest in
image motion understanding from researchers in fields
ranging to robotics.

A state of the art about monocular and binocular vision is
done in [Alix et al 03]. This paper won’t discuss of the
techniques developed during this time, but on the results
derived using one method based on retro-projection of
image points in 3D. The retro-projection technique is a
mathematical method based on projective geometry and
which allows to “locate” objects in 3D from their projected
points in the image. Often, such a solution utilize some
form of an object/feature matching technique to calculate
the speeds and trajectories of the objects in motion and
perhaps even make predictions about their future motion.

To locate moving objects, several assumptions are usually
made to simplify the process: a maximum velocity of the
object (given some short time interval dt, possible position
points of an object must be inside a circle with radius
vmax/dt centered at the object position in the previous image
frame), bounded acceleration (the rate of change of
velocity must be relatively small), and common object
motion (different points in an object move in the same
way). Of course, these assumptions do not always hold true
for all image sequences: motion due to rotation and motion
of non-rigid objects are both common examples of motion
which do not conform to the above assumptions. When this



is the case, the results obtained by moving object detection
are usually unreliable.

A far more general approach to representing motion in
images is the optic flow field [Beauchemin 95]. Unlike the
image differencing techniques, optic flow fields do not
assume a fixed camera position. Optic flows describe the
velocities of image features at a given instant in time and
an optic flow field attempts to represents the three-
dimensional motion of these features in a two-dimensional
image [Alix et al 03], [Irani 98], [Uchimura 98].

1.3 Binocular vision

3-D structural information is directly derived from
triangulation. For a conventional parallel axis stereo
geometry the world coordinates is supposed to be coincide
with the coordinate axes of the left camera without loss of
generality (see Figure 1).
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YL

ZL

XR

YR

ZR

b

CRCL

IL IR

P(x,y,z)

Fig. 1. Stereo Coordinate System

Fig.1 shows the imaging geometry of a stereo pair of
cameras. The equivalent pinhole models represent two
cameras with the projection centres CL and CR respectively.
The origin of the world coordinates is CL, and the stereo
baseline is b. For a given 3-D scene point ),,( zyxP the

projection points on the left and right image are PL and PR

respectively.

From the disparity map, the world coordinates of the scene
point ),,( zyxP can be easily obtained as:

,
d

bX
x L= ,

d

bY
y L= and ,

d

bf
z = Eq.1

where d is the disparity that is equal to XL-XR, b is the
baseline and f is the focal length.

The detected and successfully matched object points are
not necessarily all related to the object of interesting that
were the pedestrians. The majority of the non-obstacles
related points were on the road surface. The plane
representing the road surface is found by a plane fitting
procedure through all the lowest feature points in the
scene, and therefore all the detected points that are on the
road surface are discarded. Those points are normally
representing the lane markings, shadows, texture...

2 Camera modelling
This part is dedicated to the modelling of the video sensor.
We will define the transformations to go from the
coordinates of some point ‘P’ in the 3D space to the
projected point ‘p’ in the 2D image plane.

2.1 Integrating the vision modules in the vehicle

Fig.1 shows the positioning of cameras in the vehicle as
well as the different coordinate systems that we have used.
In the following, we will need to use four different
coordinate systems (CS). The first one is the absolute Ra

CS, linked with the road. The second is linked with the
front part of the vehicle and it bears RV. The third is the
camera CS, bearing RC.With a stereo system we will use
the RCr and RCl notations for respectively the right and left
cameras. The 4th CS correspond to the image plane, noted
RI. Assuming the cameras height is h, the tilt angle towards
the ground plane is ϕ and dC is the distance between the
front of the vehicle and the projection of the centre of the
camera on the road.

Fig. 3. Coordinate Systems used

To simplify the notations, the reference in which a vector is
expressed be noted in a vector rating.

2.2 Camera parameters

Let TzyxP ],,[= denotes an object point in 3-D space

and T
RI

vu ],[ denotes its projection on the image plane. In

the camera CS, the coordinates of a point are noted
T
RC

zyx ],,[ . The perspective projection can be expressed

as follows:
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where αu, αv are expressed as the focal reported to the

image pixel size tu and tv in meter :
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α , f is the

focal length and T
Roo I

vu ],[ are image centre coordinates.

With the standard video camera used, we can assume that
αu ≅ αv ≅ α..

2.3 Projective geometry

In the next part of this paper, we adopt the following
notation: the expression of the coordinates of a point in the
CS linked with the vehicle will be in capital letters, while
in the CS linked with the camera, they will be in small
letters.

The transformation from the vehicle CS to the camera is
done through the composition of a translation vector

ZhXdt c

vr
r

−= and a rotation vector around Y
r

with

angle ϕ.

In the case of a stereo perception system, it is necessary to
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make a translation of Yl
r

, with l, the half spacing between
the cameras. The different transformation matrices in
homogeneous coordinates are :
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The transformation matrix between the vehicle CS and the

camera is then tYi TRD rr= :
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, where ‘i’ is either l, m, r (Left, Mono, Right) and iε is

respectively equivalent to –1, 0, 1.

To completely express the coordinates of the points in the
CS linked with the camera, you have to operate a
permutation of suffixes (and so get ‘z’ as the depth axis
and (x,y) a plane parallel to the image plane), thus the
expression of the projection will be simpler. Let it be
Mperm, which allows us to have the coordinates of the point
to be projected into the camera CS :
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To obtain the coordinates (u, v) in the image CS, it is
sufficient to use the classical projection formulas, and
express Mproj as the perspective projection matrix :
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We get the transformation matrix between the vehicle CS
to image plane :

ipermproji DMMM ..= Eq. 7

Let’s call Qt, the transformation matrix between the road
CS and the vehicle at instant time t. These matrix
coefficients come from proprioceptive sensors embedded
in the vehicle (accelerometer, odometer, GPS, gyro,…)
[Alix et al 03]. We obtain the transformation matrix
between Ra and the image plane :

( )
4..1,3..1

.
==

==
kj

t
ijktiti mQMM Eq. 8

Let T
RaZYXP ],,[= be a point in Ra, then his

coordinates in Rc are :

T
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P coordinates in the image will be, according to equation 2:
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Eq. 10

2.4 Back-projection

Knowing the changes to be performed to go from the
coordinates of a point in the absolute CS to the coordinates
of the point in the image, we are now going to perform the
reverse work, using the knowledge of the point position in
the image and that of the changes to perform.

2.4.1 Differences between mono and stereo vision

To locate a fixed point in space, we need to get 3 pieces of
information : its coordinates X, Y and Z. In the case of a
vision through a mono-camera system, we get at any
moment, an image ‘i’ which can provide us the coordinates
(ui, vi) of the tracked point. So we need two images
corresponding to different instants, as well as the
knowledge of the camera shifting (motion) between these
two images. Then we call this temporal retro-projection or
back-projection.

For a system based on stereovision, we get 2 images at any
instant, noted iR and iG, and then four pieces of information
(uiR, viR, uiL, viL). This allows us theoretically get the
position of the point in space at any moment. In this case
this is spatial retro-projection. Nevertheless, with a stereo
system, we can combine these two methods to follow a
point both temporally and spatially. The recognition of the
followed point between images resorts to matching
methods which won’t be developed in this article. A strong
constraint common to these two types of retro-projection is
the precise knowledge of the transformation between these
two images.

2.4.2 Temporal retro-projection

As it can be shown in Fig. 4, to reconstruct a point in the
3D space from an image sequence (2 or more).

Fig. 4. Theoretical temporal retro-projection

Nevertheless, the pixel of an image has a non-zero size,
then it exists an infinity of lines passing through this pixel.
(Fig. 5).



Fig. 5. Error due to pixel size

Assuming the same probability repartition of these lines,
we are using a statistical method to search for the average
position of point P [Olague 98]. This type of method
allows us to obtain at the same time, an estimation of the
error committed on the positioning of the point in space.

Position estimation

Let be P the point we are searching for the coordinates in
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Eq. 11

We obtain a system which has the following form:

bAP = Eq. 12

A is a 2t*3 dimensions matrix in the case of monocular
vision and 4t*3 for stereovision.

In the stereovision case, this matrix contains the
information provided by the left and right images at each
time t. The solution obtained by a mean square method is
possible from two images. Then equation 12 becomes:

bAAPA TT = Eq. 13

Also, if AAT is inversible (this implies a non-zero
movement between at least two images in the case of
mono-vision), it comes:

( ) bAAAP TT 1−
= Eq. 14

Error estimation

The inherent system error is due to the pixel size. It gives a
3D cone-shaped (Fig. 5) of probable positions of point P
from a pixel. The error committed passing through a pixel
is )2/,2/max( vu tt .

The retro-projection lines repartition through a pixel is the
same. This bring us to assume that the error could be

express like
XXX ε+= .

By developing the equation 12 and neglecting errors of
order 2, we obtain:

PA AbP εεε += Eq. 15

If we set ( ) TT AAAD
1−

= , it comes :

( )PD AbP εεε += Eq. 16

The errors committed on the main axes are obtained by
extracting the elements on the covariance matrix diagonal
on P, noted by CovP:

( )( ) TT

AbAb
T

PPP DPPDCov εεεεεε ++== Eq. 17

This method exposed above is simple, nevertheless it
allows to estimate both a target position and the error
committed during the estimation process. As we will see it
in the next parts, if we want to rise the accuracy in
position, we must use more than two images.

3 Stereo and mono-vision compared
accuracies

In the general case, we will take a fixed point to be “retro-
projected”. This point is at altitude 0.5m and has a lateral
distance of 1.5m from the main axis. The parameters
relative to the camera and its positioning are:

- tu = tv = 8.3e-6 m : size of the pixels
- f = 8.5 mm : focal distance
- h = 1 m : camera height
- dc = 1m : distance between camera and the front of

the vehicle
- l = 1 m :distance between the cameras (stereo base)
- α = 5.4 ° : angle between the camera optical axis and

horizontal axis
- v = 14 m/s : vehicle speed
- n = 10 : number of images
- dt : 1/25 s : video frequency

Number of images variation

Fig. 6. Comparison between raw result and 2order interpolation, for a
sequence of 10 images

In figure 6, we have characterized the relative error on
target’s depth estimation in the scene (distance to the
obstacle). The error is here only due to the pixel size on
the CCD matrix. We can observe a global behavior of the



error evolution provided by the 2order interpolation. In the
next parts we will assume that the error graphics are
associated to those of interpolation.

On figure7, the error on estimation of depth decrease with
the number of images, but concerning the obstacle
detection application, it is not possible to wait for 25
images to detect precisely a fixed obstacle. For a retro-
projection using 10 or 15 images, the ratio between
accuracy and detection speed is suitable (the error is under
10 % at 35 m by using 10 images, and it is under this
threshold at 45 m by using 15 images).

Fig. 7. Depth error variation for a monocular sequence of 10 images

For the graphs using 15, 20and 25 images, we can observe
a minimum of the error between 15 and 20 meters of depth
(Fig. 7).

Fig. 8. Depth error variation for a binocular sequence of 10 images

But knowing that the vehicle speed is not zero and that the
dimensions of the CCD matrix are not zero too, the
physical point can not be visible in all the images of the
sequence. This minimum is observed in the short depths
more the number of images is decreasing. The part below
this minimum has not any physical signification. We must
consider the part greater than this minimum.

In the case of a binocular detection (Fig.8) we can not
extract a global behavior of the graphs because of the small
relative errors. Figure 9 shows the mean behavior of the
retro-projection error. The maximum error observed at 90
m is below 5 %. The error is also really lower in the case
of stereo than in the case of mono-vision, for two reasons :

- First of all, there are twice more information in

stereo than in monocular vision, for an identical
number of samples.

- We can assume that the equipped vehicle is
moving in the direction of the obstacles. As you
can see it on figure 9, in the case of mono-vision,
the region of the probable target point positions is
greater than in the case of stereovision. This is
due to the motion of image planes which is
longitudinal in the case of monocular against a
lateral plus longitudinal in the case of binocular.

Fig. 9. Regions of the probable target point positions in stereo and mono

We have presented some results in the case of a fixed
distance between cameras. Figures 10 (2D map) and 11
(3D map) show maps of the relative error committed on
the estimation of the point to be retro-projected position
(the height of this point is fixed to 0.5 m).

Fig. 10. Depth error variation around the optical axis for 10 monocular
images (2D map)

Figure 10 presents two distinct regions. The first for which
the error is greater than 10 %, corresponds to the camera’s
optical axis and its closest area (around 10 pixels on each
side of the optical axis which is represented by the red line
at x = 0, on Fig. 10). The errors are very important (100 %)
for distances greater than 50m. The errors have also no
sense. The second region (error lower than 10 %)
corresponds to projected points which will have a more
important motion in the sequence.



Fig. 11. Depth error variation around the optical axis for 10 monocular
images (3D map)

We can observe this areas but more attenuated , on the
figure 12 and 13. These results are valid in the case of a
perfect detection. But the different particular feature
detectors [Harris 88], [Schmid 98], [Achard-Rouquet 00])
are generally accurate at one pixel size. This error is
introduced in the next section.

Fig. 12. Depth error variation around the optical axis for 10 binocular
images (2D map)

Fig. 13. Depth error variation around the optical axis for 10 binocular
images (2D profile map)

When taking into account the error on detection

To simulate this error, we introduce a white centered noise.
Thus, each of the 8 pixels around the projected real point

can be detected as a particular point. In the monocular
case, the average relative error is multiplied by a factor 3
(Fig. 14). Nevertheless, in an obstacle detection application
at short distances (less than 20 m), the error is about 10 %.
The results keep being exploitable.

Fig. 14. Comparisons of detections with error or not – Monocular case

In the stereo domain, one pixel error at detection,
multiplies the relative averaged error on depth by a factor 4
(Fig. 15). But it keeps being less than 4 % at 90 m (with a
temporal tracking). The robustness of a stereo system
beside the detection error is greater than those of a mono-
vision system. In fact, we take more information in the
stereo case than in the monocular case. But the noise is
centered, so the mean of the measures is closer to the real
data.

Reconstruction accuracy vs. intrinsic parameters

Other parameters are implied in the precision
reconstruction. The first is the vehicle speed (this is not an
intrinsic parameter) : the more greater it is, the more
accurate is the reconstruction. This is because that the
movement between images is taller, so the intersection of
the retro-projection cone shaped is smaller. The focal
distance is implied in the process, but in a less
consequence on the reconstruction accuracy (Fig. 16).

Fig. 15. Comparisons of detections with error or not – Binocular case

When the focal lengths are different (we took f = 6.5 mm
and f = 16 mm), the relative error is quite identical below
45 m, and after that different of a factor 2.



Fig. 16. Focal distance variation – Binocular case

The pixel size is quite important. By dividing the pixel
sizes of a factor 2, the relative error on depth is divided by
a factor 3 after 30 m (Fig. 17). It is also important to
consider the sub-pixel feature detectors ([Devernay 95],
[Achard-Rouquet 00] ) and / or high resolution video
cameras.

Fig. 17. Pixel size variation – Binocular case

In figure 18, the distance is computed and compared to the
real distance to different targets at different distances. The
cone shaped of uncertainty is represented in dot points on
the graphs. The calculation is done on a pair of images, the
retro-projection is this case only spatial. The images
format is ¼ PAL (384 * 288 pixels), to assume a real time
calculation of the distances. Thus, in the worse case, the
accuracy is equal to 0.7 % at 3 m and 14 % at 40 m. These
calculations of accuracy must be correlated to figures 8
and 17. The image format used for our simulations is the
PAL format (768 * 576 pixels), the precision is also 3
times lower. Regards to the simulations, the accuracy at 40
m is below 1 % (Fig. 8). Taking into account the chosen
resolution, the error would be around 9 %, if the detection
would be without errors. Figure 15 shows a detection with
and without an error of one pixel. It shows also that it
multiplies the reconstruction error with a factor 2 or 3,
when adding one pixel error in the detection. By taking
into account this parameter, the error committed on
reconstruction should vary between 18 % and 27 %. The
reconstruction method is also relatively precise.

Fig. 18. Distance estimation accuracy for different targets and different
distances – Real binocular case
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4 Conclusion
We presented in this study only the case of fixed obstacles.
For mobile objects, mono-vision can not give information
on positioning without any strong constraints about the
object to be detected (template, geometry, speed…). Thus,
if these variables are supposed to be unknown, it is
nevertheless possible to obtain a time to collision [Barron
et al 94], which is independent of the depth scale factor
(distance to target in monocular vision). A localization
system based on stereovision [Koller et al 94] has not those
problems, we have seen it in this analysis. This work could
be useful for a video sensor specification which could in
particular be usable in our research context (obstacle
detection).
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ABSTRACT

On-board voice interaction systems such as voice activation
system or text-to-speech (TTS) system enable drivers to
operate devices or to obtain the desired information without
relying on their visual processes. Although these systems are
thought to reduce the driver’s workload, few papers published
papers have quantified any reduction. This paper describes the
tests that were carried out to determine its potential influence
on drivers' mental distraction. Tests were conducted with a
driving simulator and with an actual vehicle. Subjects were
given various on-board device tasks to operate while driving.
Their eye motion, response time to the illumination of the
LED installed in a vehicle and vehicle behavior data were
recorded when the tasks were performed. The results obtained
for all of the indices show that the mental distraction level
when listening to a TTS reading of information is comparable
to that of listening to the car radio and the workload of the
voice activation system is significantly lower than that of a
traditional manual operation system.

INTRODUCTION

Both voice recognition technology and TTS technology,
which convert text information into synthesized speech, have
made rapid progress in recent years. This progress has made it
possible to develop on-board voice interaction systems, such
as a voice activation system to control audio and navigation,
or TTS synthesizer to speak whenever latest news is desired,
or e-mail and other text data is downloaded from an external
network via a cellular phone. At Nissan, we have developed a
system that supports the provision of such services in Japan.
Although an information device with TTS synthesizer might
be expected to decrease the visual distraction, there remains
the possibility that listening to information by the drives
might cause a delay in judgment due to mental distraction.
There are methods for quantifying distraction caused by
visual information such as navigation map screens. One such
method is the occlusion technique based on the glance time
for operating equipment control switches. However, there are
no effective indices at present for evaluating mental
distraction induced by spoken information. Consequently,
there is a need to investigate the effect of equipment usage on
driver behavior by using some method other than driver
observation, such as vehicle control performance or indices

derived from a model of driver recognition and judgment
while operating a vehicle.

EXPERIMENTAL DESIGN

Basic concept of experiments

When in the process of driving, drivers are constantly
repeating a cycle of information acquisition,
recognition/judgment, and execution of driving actions or
operating a vehicle. Acquisition of visual information is
particularly important while driving. Obstruction of a driver's
field of view can result in a change in vehicle behavior,
increased anxiety or other undesirable effects. For that reason,
in evaluating the operability of navigation systems and other
devices for presenting visual information to drivers, an
accepted technique is to quantify the length of time a driver
glances away from the road (i.e., visual distraction time),
which can be measured (1)(2). With in-vehicle services that
combine speech recognition and TTS technology, it is
assumed listening to spoken information or saying control
commands may also affect driver behavior. However, it is
difficult to quantify that effect based on external observations
such as eye movement analysis. Therefore, the indices used in
this study for evaluating mental distraction were determined
on the basis of a driver recognition/judgment model while
driving. The voice interaction task was evaluated for each
index in comparison with various other on-board device tasks
given to the subjects, such as listening to the radio, talking on
a cellular phone, or viewing a navigation display, in order to
examine the effect on mental distraction.

Evaluation indices (experimental measures)

A general model of driver recognition/judgment while
operating vehicle is shown in Fig. 1. This model assumes that
the driver's total processing capacity is allocated between that
needed for driving, including confirmation of the external
traffic environment, and that needed for operating in-vehicle
devices and entering/receiving information. As indicated in
condition (a) in the figure, even in situations with a high
driving workload, such as when traveling in congested traffic
or on a winding road, the driver has additional processing
capacity provided that the workload involved in operating in-
vehicle devices, or entering/receiving information, is low. In
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contrast, under condition (c) where the operation of in-vehicle
devices, or the entering/receiving of information, requires
greater processing capacity, judgmental delay or error can
occur due to the lack of any spare capacity. As a result, that
can have the effect of influencing driver control over the
vehicle, or the mental workload perceived by the driver.
Therefore, the mental workload required for voice-activated
operations or listening to a TTS reading can be evaluated by
measuring indices such as vehicle control or the driver's spare
capacity. The following items were used in testing as the
evaluation indices of vehicle control performance, added
attention capacity and the overall mental workload. In
addition to those indices driver’s eye movement was recorded
to measure glance time.

Vehicle control performance

This was measured by the standard deviation of the amount of
change in the following distance to the preceding vehicle and
the standard deviation of the host vehicle's lateral lane
displacement.

Spare capacity

This was measured by the secondary task response time for
pressing a steering wheel button when an LED mounted
directly in front of the subject was illuminated while the
person was operating an in-vehicle device or listening
to/reading information.

Fig. 1. Model of Driver Recognition and Judgment.

Subjective evaluation of mental workload

This was measured by the Adaptive Weighted Work Load
(AWWL) calculated from the National Aeronautics and Space
Administration Task Load Index (NASA-TLX) scores (3).

Methodology

Two experiments were conducted. The purpose of each
experiment was as follows.

Experiment I; to investigate the workloads of
information hearing via TTS system.

Experiment II; to investigate the workload of voice
activation system.

Tests were conducted on a driving simulator. The results
obtained were then validated by conducting driving tests on a
closed course with an actual vehicle.

Experimental conditions

Table 1 shows the experimental conditions designed for
Experiment I.

Table 1.
Experimental Conditions

Driving simulator tests Actual vehicle tests
No. of test
subjects

20 (15 men; 5 women) 6 (all men)

Age 25-40 25-42
Test course Simulation of

expressway driving
Oval proving

ground course
Driving
conditions

� Following a preceding
vehicle at 100 km/h
� Maintaining a constant

following distance of
about 40 m
� Presence of other

vehicles

� Following a preceding
vehicle at 60 km/h
� Maintaining a constant

following distance of
about 40 m
� Presence of other

vehicles

Experiment II was conducted only on a driving simulator. The
Eleven subjects were evaluated, and other conditions were
same as driving simulator tests in Experiment I.

Tasks

Each subject was asked to perform two tasks simultaneously
while operating either the driving simulator or the actual
vehicle. As explained below, one task involved the operation
of an in-vehicle information device and the other was a
secondary task which was designed to measure driver’s spare
capacity

Information Device Tasks

In Experiment I, spoken information may be presented in a
variety of forms. For instance, it may consist of long
sentences, as in the case of e-mail. Alternatively, it may
involve listening to information that can be partly anticipated
such as weather reports. In view of these diverse forms,
various listening tasks were designed for these tests as
outlined in Table 2. In addition, entry of the destination in the
navigation system, which involves a more complicated
operating procedure, was also given as an operational task in
order to make a comparison between auditory and visual tasks.
The task of listening to a TTS reading also involved giving
voice commands, i.e., the TTS reading began after a subject
uttered the command three times. The subjects performed all
of the tasks in the driving simulator tests, but from a safety
standpoint, they did not perform the telephone and
complicated navigation system tasks while driving the actual
vehicle.

Lack of spare capacity influences driver behavior or operation of devices

Processing capacity needed for driving
(attention)

Processing capacity needed for
operation of devices

Spare
capacity

Driver's total processing capacity
(fluctuates depending on levels of ale rtness and concentration)

Ordinary condition (with
operation of devices)

(a) Situations with a high
driving workload, e .g.,
congested traffic

(b) Situations involving
complicated device
operations

(c) Situations involving
even more complicated
device operations,
resulting in no spare
capacity

Spare capacity allows other tasks to be handled,
including phone conversations

Lack of spare capacity influences driver behavior or operation of devices

Processing capacity needed for driving
(attention)

Processing capacity needed for
operation of devices

Spare
capacity

Driver's total processing capacity
(fluctuates depending on levels of ale rtness and concentration)

Ordinary condition (with
operation of devices)

(a) Situations with a high
driving workload, e .g.,
congested traffic

(b) Situations involving
complicated device
operations

(c) Situations involving
even more complicated
device operations,
resulting in no spare
capacity

Spare capacity allows other tasks to be handled,
including phone conversations
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Table 2.
Information Device tasks

Task Device Task
Time

Task details

Listening to
the radio

Radio 35-46
sec.

Subject listens to a news
recording played through the
speakers.
(no operation involved)

Listening to
TTS reading

-- 28
sec.

Subject presses the voice
switch on the steering wheel,
gives voice commands to call
up spoken e-mails about
meeting places or listens to
news.

Reading text
information

Navigatio
n system
display

1-2
sec.

Subject reads text information
consisting of 20 kanji
characters shown on a display
at the top of the center
instrument cluster.

Entering
destination

Navigatio
n system

20-30
sec.

Subject enters the destination
by inputting a 10-digit phone
number using a joystick.

Receiving a
call

Cellular
phone

5-8
sec.

When the cellular phone rings,
subject retrieves it from the
passenger's seat, puts it to his
ear and confirms the sound.

Making a call Cellular
phone

5-8
sec.

Subject retrieves the cellular
phone from the passenger's
seat and calls the third number
registered in the memory.

Answering a
question

Cellular
phone

60
sec.

Subject answers a simple
question.
Example: “Did you eat
breakfast?” “Yes”

No task
(control
condition)

-- 60
sec.

No operational task

In Experiment II, subjects were asked to operate conventional
audio or navigation system manually. In addition, they were
asked to operate voice activation audio or navigation system.
Tasks were as follows:

� Input telephone numbers
� Search for station names
� Input addresses
� Increase truck number of CD
� Select radio channels

Each task was consisted of a number of transactions varied
from one to seven. Simple tasks such as audio control tasks
consisted of a few transactions. Complicated tasks were
designed to involve more than 6 transactions. Guidance of the
operations and the recognition results of the command spoken
by a driver were presented from voice activation system via
voice by using TTS technology. Voice activation system can
show the recognition results by text on the display. To
investigate the influence of the display, some tasks were
carried out without display.

Secondary task

The LED mounted at the top of the instrument panel was
illuminated for one second at random intervals of 5-10
seconds while the subjects were performing the information
device tasks. The subjects were instructed to push a button
mounted on the right side of the steering wheel as soon as
they noticed that the LED was illuminated. The configuration
of the experimental setup is shown in Fig. 2. and Fig.3.

Fig. 2. Configuration of Experimental Setup.

Fig3. Driving simulator.

Experimental procedure

The tests were conducted according to the following
procedure.
1. The subjects practiced the tasks outlined in Table 2

before the test began. They practiced to the extent that
they were able to complete each task without making a
mistake.

2. After practicing for about one minute to familiarize
themselves with the operation of the driving simulator or
the actual vehicle, the subjects then performed only the
above-mentioned secondary task under a no-task

Button for secondary
task

Push to talk button

Red LED for secondary
task
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condition (control condition) and measurements were
made for the evaluation indices.

3. The subjects were asked to perform the secondary task
simultaneously with the information device tasks in
Table.2. They were informed in advance about the
content of the radio broadcast and the TTS reading so
that they would be able to follow the spoken information
well.

4. The tests were repeated again under the control condition
and the evaluation indices were measured.

At the completion of each information device task, the
subjects momentarily stopped the driving simulator or parked
the vehicle, and filled out a NASA-TLX form.

RESULTS

Experiment I

Figures 4-7 show the results measured for the evaluation
indices when the subjects performed the tasks in Experiment
I. Similar tendencies were seen for the secondary task
response times, lateral lane displacement and subjective
mental workload ratings (NASA-TLX scores). Even when the
subjects had listened to TTS reading, which combined entry
of a voice command, or listened to the radio, their response
times with respect to each evaluation index did not show any
statistically significant differences when compared with the
corresponding results for listening to the radio or for the
control condition. However, the driver’s manual operations
for destination entry into the navigation system and visual
concentration on the display screen produced significant
differences (P<0.05) compared with the control condition.

Fig. 4. Secondary task Response Time.

The standard deviation of the following distance (Fig. 5),
however, showed a different tendency from those seen for the
other evaluation indices. Only the task of entering the
destination showed a significant difference (P<0.05)
compared with the other tasks. Moreover, a comparison of the
response times in the driving simulator and in the actual
vehicle (Fig. 4) showed that there were no statistically
significant differences between the control condition, listening
to the radio and listening to TTS reading

Fig. 5. Comparison of Variation in Following Distance
(Standard Deviation).

Fig. 6. Comparison of Lateral Lane Displacement
(Standard Deviation).

Fig. 7. Subjective Evaluation of Mental Workload.

Experiment II

The data shown in Fig.8 are the results of driver eye
movement analysis when the subjects performed manual
operations or voice activation tasks in Experiment I.
TGT(Total Glance Time) of the voice activation tasks are
significantly lower than those of manual operation tasks as
expected. TGT of manual operation tasks increase linearly
with number of transactions, whereas TGT of voice activation
tasks remains low. Fig.9 shows the NASA-TLX Ratings in
Experiment I. The ratings of voice activation tasks are lower
than those of manual operation tasks. Even most complicated

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0

No task

Listening to the radio

Listening to TTS reading

Entering the destination

Receiving a call

Making a call
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voice task results are lower than most simple manual
operation task.
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Fig. 8. Correlation Between Number of Transactions.
and Total Glance Time
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Fig. 9. Correlation Between Number of Transactions
and NASA-TLX Ratings.

DISCUSSION

Voice interaction effect on driver behavior

For the task of listening to a TTS speech, the secondary task
response time and lateral lane displacement did not show any
significant difference compared with the results for listening
to a radio. This suggests that the use of TTS technology to
modify the acquisition of text information to an auditory task

would not have much influence on actual driving operations,
although the act of listening by itself may increase the
perceived mental workload. Even in the case of e-mail and the
level of mental distraction would be comparable to that for
listening to the car radio.
Because of less visual demand, mental workload of voice
activation is significantly lower than that of manual operation.
Even conventional manual audio operation tasks indicate
higher mental workload value than complicated voice
activation tasks.

Evaluation indices of voice activation

The result of following distance displayed a different
tendency from the other indices. It showed that there were
virtually no differences among the different tasks except
entering destination task. This is thought to be attributable to
the fact that the subjects paid the greatest attention to
maintaining enough following distance to avoid a rear-end
collision when they performed the various tasks. However,
entering a destination in the navigation system required visual
concentration on the screen when inputting information,
making it difficult to maintain a constant following distance.
In fact, the average distance for the other tasks was 35-50 m,
whereas increased to 73 m for entry of the destination in the
navigation system. This substantially longer distance would
seem to indicate that the subjects subconsciously reduced
their driving speed to prevent accidents when performing this
complicated task.
The correlation of the secondary task response time and
lateral lane displacement, which displayed similar tendencies
as noted earlier, with the NASA-TLX scores is shown in Figs.
10 and 11, respectively. The results indicate that both of these
indices correlated closely with the NASA-TLX ratings.
Especially the reaction time value was highly correlated to the
NASA-TLX scores. This result shows that the response time
can be an effective evaluation index.

Fig. 10. Correlation Between Secondary task Response
Time and NASA-TLX Ratings

However, if a test course involves winding roads, this button
location could influence steering behavior itself, or if primary
tasks are complicated, there is also a possibility that asking a
subject to operate a button at the same time some other switch
is operated could cause confusion, resulting in operational
error.
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Fig. 11. Correlation Between Lateral Lane Displacement

and NASA-TLX Ratings.

Accordingly, if the primary task is complicated, it is thought
that lateral lane displacement can be an effective index for
evaluating the driver's mental workload for tasks, because this
index does not require any additional task and easy to
measure if a driving simulator is used.

CONCLUSIONS

The following results were obtained in this study based on a
comparison of the driving test data and the various types of
quantitative data obtained from the subjects.
1. The use of TTS technology to transform text information

acquisition into a listening task should not have a
significant effect on driving behavior even in the case of
information involving relatively long sentences. The
mental workload involved in listening to spoken
information is estimated to be similar to that of listening
to the car radio.

2. The mental workload of voice activation system is
significantly lower than that of manual operation systems.
The mental workload involved in activating complicated
tasks such as navigation operations by voice is estimated
to be lower than that of operating audio manually.

3. Among the evaluation indices used in this study, the host
vehicle's lateral lane displacement and the secondary task
response time were found to be effective in estimating the
mental workload involved in listening to spoken
information and in operating equipment by voice
commands. Lateral lane displacement in particular is
thought to be highly useful because it is easy to measure
with a driving simulator and does not require test subjects
to perform any particular task.

With respect to lateral lane displacement, the steering entropy
method have also been established for quantifying
perturbations in steering smoothness caused by external
factors aside from driving tasks (4)(5). The potential
application of this technique and other methods will be

considered in our ongoing research into methods for
quantifying drivers' mental workload.
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ABSTRACT

The Insurance Institute for Highway Safety (IIHS)
has begun a new side impact crashworthiness evalua-
tion program using tests that represent impacts from
large pickup trucks or sport utility vehicles. Such
vehicles are increasingly common in the North
American fleet and often are the striking vehicles in
side impacts with serious injuries. Earlier reports
document the research underpinning the design of the
new IIHS moving deformable barrier (MDB) and the
selection of the SID-IIs dummy for the driver and left
rear passenger positions.

In this report, research is discussed in which alterna-
tive mass (1,500 or 1,900 kg), impact speed (48.3 or
50.0 km/h), and approach angle (crabbed or perpen-
dicular) of the MDB were investigated. Impact speed
affected dummy injury measures and kinematics
more than mass or approach angle. Based on these
results, the impact configuration for the side impact
program specifies a 1,500 kg MDB, a perpendicular
impact into the side of a stationary vehicle, and a test
speed of 50.0 km/h.

INTRODUCTION

Analysis of real-world crash data indicates that
pickup trucks and sport utility vehicles (SUVs) are
disproportionately involved as striking vehicles in
side impact crashes where the occupants of struck
vehicles sustain serious or fatal injuries (Augenstein
et al., 2000; Lund et al., 2000; Thomas and Framp-
ton, 1999; Zaouk et al., 2001). Between 1992 and
2001, the rise in sales of pickups and SUVs has in-
creased their representation in the U.S. vehicle fleet
from 22 to 30 percent of all registered vehicles (R.L.
Polk & Co., 2001). These vehicles typically have
higher ride heights, mass, and front-end stiffness than
passenger cars, which results in serious crash incom-
patibilities when SUVs/pickups strike the sides of
passenger cars. The increased ride heights of these
vehicles has been shown to be the most important
factor in contributing to higher dummy injury meas-
ures in controlled crash tests (Dalmotas et al., 2001;

Nolan et al., 1999; Seyer et al., 2000). The continued
sales growth of these vehicles suggests there will be
an increase in the number of SUV-to-car side impacts
in the future. The current Federal Motor Vehicle
Safety Standard (FMVSS) 214 and European En-
hanced Vehicle-safety Committee (EEVC) side im-
pact barriers used in North American and European
regulatory tests are low, short, and flat; thus they do
not represent the risk to car occupants posed by pick-
ups or SUVs. As a result, car designs for side impact
protection are not adequate for today’s fleet.

In 1999, the Insurance Institute for Highway Safety
(IIHS) began developing a new side impact test for
consumer information that would evaluate the impact
protection of nearside occupants in vehicles struck by
pickups or SUVs. A new side impact deformable
barrier, the IIHS barrier, was designed for this test to
represent the front-end geometry and ride height of
modern pickups and SUVs. Earlier phases in the re-
search underpinning this program included the vali-
dation of the new IIHS barrier and the selection of
the SID-IIs dummy for the driver and left rear pas-
senger positions (Arbelaez et al., 2002a, 2002b). The
final step in the development of the new IIHS side
impact test was establishing the impact configuration.
In this study, the mass, impact velocity, and approach
angle (perpendicular vs. crabbed) of the moving de-
formable barrier (MDB) were investigated to deter-
mine how they influence struck vehicle dynamics,
crush, dummy kinematics, and injury measures in a
series of developmental crash tests.

METHODS

Seven side impact crash tests were conducted with
SID-IIs dummies in the driver and left rear passenger
positions. The test vehicles were all stationary 1999-
2000 Ford Focus and Pontiac Grand Am four-door
passenger cars with no side airbags. Each car was
struck on the driver’s side by an MDB that consisted
of a modified FMVSS 214 test cart equipped with an
IIHS barrier element (version 4). The mass, speed,
and approach angle of the MDB were varied among
tests (Table 1).

Tests F1 and G1 are considered the baseline tests for
this series because they have the lowest MDB mass
(1,500 kg) and speed (48.3 km/h). In the other six
tests, the barrier mass was increased to 1,900 kg,
which is representative of striking SUVs that cause
serious injury (AIS 3+) to nearside occupants (Na-
tional Automotive Sampling System/Crashworthiness
Data System, 1995-99) (National Highway Traffic
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Table 1.
Test matrix

Test number F1 F2 F3 F4 G1 G2 G3
Struck vehicle

Ford Focus • • • •
Pontiac Grand Am • • •

Barrier mass
1,500 kg • •
1,900 kg • • • • •

Barrier velocity
48.3 km/h • • •
50.0 km/h • •
56.1 km/h • •

MDB approach angle
Perpendicular (0°) • • • • •
Crabbed (27°) • •

Impact point
30 cm aft FMVSS 214 • • • • •
Same as FMVSS 214 • •

Safety Administration, 2001). In tests F3 and G2, the
barrier was heavier (1,900 kg) and the impact velocity
was faster (50.0 km/h) than the baseline tests. In tests
F4 and G3, the barrier was crabbed (27 degrees) and
the impact point was 94 cm forward of the wheelbase
midpoint as specified by the FMVSS 214 protocol,
whereas the impact point of the perpendicular tests
was 30 cm rearward of the FMVSS 214 location. The
MDB velocity in the crabbed tests was increased to
56.1 km/h to achieve the same longitudinal velocity
that was used in the 50.0 km/h perpendicular tests.

The University of Michigan Transportation Research
Institute anthropometric test device positioning pro-
cedure (IIHS, 2002a; Reed et al., 2001) was used to
position the driver seat and driver dummy prior to
each test. Rear dummy positioning followed IIHS’s
dummy seating procedure for rear outboard positions
(IIHS, 2002b). The left arm of the driver SID-IIs was
placed in the click-stop position that corresponds to a
45-degree angle between the arm and torso. The rear
dummy’s arm was set to 45 degrees in tests F1, F2,
and G1 and the neutral position (straight down) in the
other four tests.

The dummies were instrumented to collect a range of
measures in the head, neck, thorax, abdomen, and
pelvis (Table 2). In addition to dummy instrumenta-
tion, high-speed cameras (500 frames per second)
were used to document dummy kinematics and any
interaction between the dummy and the vehicle inte-
rior and/or intruding IIHS barrier face.

Test vehicle accelerations were recorded by a triaxial
accelerometer block mounted on the floor of the rear
seating area along the centerline of the vehicle. Delta-
V (change in velocity at impact) of the test vehicle
was calculated by integrating this acceleration data.

Table 2.
Dummy instrumentation

Head (center of gravity) AX, AY, AZ accelerations

Upper Neck FX, FY, FZ forces
MX, MY, MZ moments

Shoulder DY displacement
FX, FY, FZ forces

Spine (T1, T4, T12) AY accelerations

Thorax (3 ribs)
AY accelerations
DY displacements

Abdomen (2 ribs) AY accelerations
DY displacements

Pelvis AX, AY, AZ accelerations
Pubic symphysis,
ilium, and acetabulum

FY forces

Precrash and postcrash vertical door profiles of the
front and rear doors were recorded using a coordinate
measuring machine (FARO Technologies Inc.). The
locations of theses profiles corresponded to the driver
and passenger dummy’s H-point positions (as meas-
ured prior to the test).

With the exception of thoracic and abdominal rib
deflections, the dummy data in this study were col-
lected and filtered according to Society of Automo-
tive Engineers (SAE) J211 specifications. Thoracic
and abdominal deflections were filtered at SAE
CFC180. Thoracic and abdominal rib compression
velocities were determined by differentiating the fil-
tered rib deflection data. Head injury criterion (HIC)
and viscous criterion were calculated by established
methods (Appendix A). The combined pelvic force
was the sum of the instantaneous lateral iliac force
and the acetabulum force.

RESULTS

Changes in MDB mass, velocity, and approach angle
had relatively little effect on the amount of postcrash
static crush sustained by the Ford Focus (Figure 1).
Throughout the entire vertical length at the driver H-
point, all four crush contours were within 5 cm of
each other, with the crabbed impact being the most
intrusive. In the proximity of the rear passenger
dummy, the crabbed impact appeared to have sub-
stantially less crush than the other three tests; how-
ever, this deviation was caused by the outer door skin
being pulled away from the car by the MDB as it
rebounded from the vehicle.

For the Grand Am, the perpendicular (1,900 kg, 50.0
km/h) test resulted in the greatest amount of crush in
the driver and rear passenger compartments (Figure
2). In some places, crush differences among the three
tests were up to 8 cm.
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In general, increasing the mass and speed of the
MDB caused a concatenate increase in the target ve-
hicle delta-V (Figures 3 and 4). The crash tests all
produced similar shaped lateral vehicle velocity
curves, whereas the crabbed impacts produced dis-
tinct longitudinal vehicle velocity in comparison with
the perpendicular tests. At 75 ms (a time that many of
the dummy injury measures had peaked) the vehicle
longitudinal and lateral delta-V responses varied as
much as 7 km/h depending on impact configuration.

Driver Dummy Kinematics and Injury Measures

In the baseline Focus and Grand Am tests (F1 and
G1), the driver dummy’s head rotated outboard during
the crash, swiped across the face of the intruding bar-
rier, then continued to rotate until it contacted the
window sill (Appendix B). When the barrier mass was
increased to 1,900 kg for test F2, the dummy head
kinematics and contact location on the window sill
were nearly identical to the 1,500 kg Focus test (F1).

Figure 3. Lateral and longitudinal struck vehicle
delta-Vs, Ford Focus tests.

Figure 4. Lateral and longitudinal struck vehicle
delta-Vs, Pontiac Grand Am tests.
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In all three of these tests (F1, F2, and G1), the peak
head accelerations were recorded and the HICs were
calculated during an interval that corresponds with
the dummy head contacting the window sill. Al-
though head kinematics were similar between the two
48.3 km/h Focus tests, the test with the heavier bar-
rier mass resulted in higher thoracic and abdominal
deflections and viscous criterion values (Table 3).

When the velocity of the heavier barrier (1,900 kg)
was increased to 50.0 km/h, the driver lateral head
rotation was similar to the baseline tests; but instead
of the head swiping across the barrier face, the side of
the head made solid contact with the barrier, resulting
in high resultant accelerations and HIC values. These
tests (F3 and G2) reported higher thoracic and ab-
dominal deflections and viscous criterion values than
the baseline tests (Tables 3 and 4).

When the 1,900 kg barrier was crabbed (27 degrees)
with an impact velocity of 56.1 km/h, head kinemat-
ics, thoracic injury measures, and abdominal injury
measures in the Ford Focus (F4) were very similar to
those in the perpendicular test of the Focus (F3) with

Table 3.
Ford Focus driver SID-IIs
maximum injury measures

Test number F1 F2 F3 F4
Barrier mass (kg) 1,500 1,900 1,900 1,900
Barrier speed (km/h) 48.3 48.3 50.0 56.1
Approach angle 0° 0° 0° 27°
Head

HIC-15 1281 1428 2992 3215
Resultant accel (g) 266 198 274a 260a

Neck
Tension (kN) 3.6 3.5 2.4 2.3
Compression (kN) 0.0 0.0 3.0 3.0
X moment (Nm) 135 144 75 66

Thorax
Deflection (mm) 45 62 57 59
Deflection rate (m/s) 7.6 6.8 6.5 7.1
Viscous criterion 1.1 1.9 1.5 2.1

Abdomen
Deflection (mm) 44 53 52 50
Deflection rate (m/s) 8.3 6.1 7.4 7.0
Viscous criterion 1.2 1.5 1.8 1.7

Pelvic forces
Pubic (kN) -0.7 -0.7 -0.5 -0.7
Iliac (kN) 4.9 3.8 3.9 3.2
Acetabulum (kN)b 2.4 0.6 2.8 3.7
Combined (kN)b 7.0 4.2 6.5 6.8

aHard head contact with the barrier face.
bPrototype upper femur brackets (provided by FTSS)
were used in tests F3 and F4 (see text).

the same mass and lateral impact velocity. The timing
of the solid head contacts during these two tests were
very similar (at 45 and 44 ms into the crash for tests F3
and F4, respectively; see Figure 5). The higher speed
tests (F3 and F4) caused similar anterior-posterior head
accelerations (Figure 6) even though the crabbed im-
pact produced higher vehicle longitudinal velocity
changes (Figure 3). The timing of the driver thoracic
loading is shown in Figure 7 for the Focus tests. The
crabbed impact (F4) deflection timing is very similar
to the other tests at the same impact mass (F2 and F3).

In the Grand Am tests, the crabbed impact (G3) pro-
duced similar kinematics and dummy injury meas-
ures to the perpendicular impact (G2), with the ex-
ception of higher thoracic injury measures. The tim-
ing of the driver thoracic loading is shown in Figure
8 for the Grand Am tests. The crabbed impact (G3)
deflection timing falls between the perpendicular test
at the higher mass and speed (G2) and the lower mass
and speed (G1). The hard head contacts in tests G2
and G3 occurred within 1 ms of each other and fol-
lowed similar trends as those observed in the Focus
head acceleration data.

Table 4.
Pontiac Grand Am driver SID-IIs

maximum injury measures
Test number G1 G2 G3
Barrier mass (kg) 1,500 1,900 1,900
Barrier speed (km/h) 48.3 50.0 56.1
Approach angle 0° 0° 27°
Head

HIC-15 520 1677 2020
Resultant accel (g) 93 248a 228a

Neck
Tension (kN) 2.2 2.7 2.5
Compression (kN) 0.0 3.1 2.8
X moment (Nm) 48 50 53

Thorax
Deflection (mm) 41 45 55
Deflection rate (m/s) 5.9 6.0 5.9
Viscous criterion 0.9 1.1 1.3

Abdomen
Deflection (mm) 56 60 57
Deflection rate (m/s) 8.9 9.9 10.1
Viscous criterion 2.5 2.7 2.5

Pelvic forces
Pubic (kN) -0.7 -0.4 -0.6
Iliac (kN) 3.4 3.9 3.1
Acetabulum (kN)b 2.4 2.5 2.9
Combined (kN)b 5.7 6.2 5.7

aHard head contact with the barrier face.
bPrototype upper femur brackets (provided by FTSS)
were used in tests G2 and G3 (see text).
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The acetabulum and combined pelvic loads in tests
F1, F2, and G1 may be underreported because the
SID-IIs dummies were instrumented with the old
style upper femur brackets. These brackets are capa-
ble of contacting the back of the acetabulum load cell
causing erroneous negative (tensile) acetabular loads
(Arbelaez et al., 2002b). Prototype femur brackets,
designed by First Technology Safety Systems
(FTSS), were used in the driver and left rear passen-
ger dummies in tests F3, F4, G2, and G3 to evaluate
their effectiveness. These prototype brackets reduced
the occurrence of negative loads in all but one of
these tests (1 of 8 dummy exposures), thus additional
modifications were made prior to the finalization of
the production level design.

Rear Passenger Dummy Kinematics
and Injury Measures

Injury measures recorded by the dummy in the left
rear seating position were mixed. In these tests, the
dummy head contacted the interior compartment
and/or the barrier face. When the barrier mass was
increased to 1,900 kg, there were minor increases in
resultant head acceleration and HIC. When both the
barrier mass and speed were increased for tests F3

Table 5.
Ford Focus rear passenger

SID-IIs maximum injury measures
Test number F1 F2 F3 F4
Barrier mass (kg) 1,500 1,900 1,900 1,900
Barrier speed (km/h) 48.3 48.3 50.0 56.1
Approach angle 0° 0° 0° 27°
Head

HIC-15 484 529 1793 2788
Resultant accel (g) 85 115 219 251

Neck
Tension (kN) 1.2 0.6 1.7 1.9
Compression (kN) 0.3 1.9 1.7 0.3
X moment (Nm) 31 33 64 55

Thoraxa

Deflection (mm) 33 27 49 27
Deflection rate (m/s) 2.9 2.5 5.4 6.3
Viscous criterion 0.5 0.4 0.7 0.5

Abdomen
Deflection (mm) 53 41 52 19
Deflection rate (m/s) 4.8 4.0 5.4 4.2
Viscous criterion 1.5 0.5 0.7 0.3

Pelvic forces
Pubic (kN) -0.6 -0.8 -0.6 -0.3
Iliac (kN) 1.0 0.7 1.0 1.3
Acetabulum (kN)b 1.5 - 2.2 2.1
Combined (kN)b 7.0 - 2.9 2.6

aThoracic measures in tests F1 and F2 may be
underreported (see text).

bPrototype upper femur brackets (provided by FTSS)
were used in tests F3 and F4 (see text).

and G2, the impact between the dummy’s head and
the vehicle interior/barrier face produced resultant
head accelerations and HIC values that were signifi-
cantly higher than those in the baseline tests (Tables
5 and 6).

Postcrash data analysis revealed that the lower tho-
racic linear potentiometer was defective in tests F1,
F2, and G1. Typically this third rib produced the
highest deflections in the other tests. Thus the re-
ported thoracic measures in these three tests, which
came from the top two ribs only, may underestimate
the actual injury risk in the thorax.

In the crabbed impact tests (F4 and G3), the head
struck both the rear quarter window frame and the
barrier face. This contact resulted in head injury
measures that were significantly higher than the per-
pendicular tests. Thoracic and abdominal injury
measures were lower than their counterpart perpen-
dicular tests (F3 and G2).

DISCUSSION

In previous publications, IIHS has presented the re-
search and testing underpinning the barrier design and

Table 6.
Pontiac Grand Am rear passenger
SID-IIs maximum injury measures

Test number G1 G2 G3
Barrier mass (kg) 1,500 1,900 1,900
Barrier velocity (km/h) 48.3 50.0 56.1
Approach angle 0° 0° 27°
Head

HIC-15 759 1208 3607
Resultant accel (g) 104 170 282

Neck
Tension (kN) 2.6 1.7 1.7
Compression (kN) 0.1 0.3 0.3
X moment (Nm) 25 34 96

Thoraxa

Deflection (mm) 26 47 36
Deflection rate (m/s) 2.1 7.3 4.6
Viscous criterion 0.2 0.7 0.5

Abdomen
Deflection (mm) 51 49 31
Deflection rate (m/s) 6.7 6.9 5.2
Viscous criterion 1.2 1.3 0.6

Pelvic forces
Pubic (kN) -0.8 -0.7 -1.0
Iliac (kN) 0.7 0.4 1.1
Acetabulum (kN)b 1.6 1.8 0.7
Combined (kN)b 1.9 2.0 1.7

aThoracic measures in tests F1 and F2 may be
underreported (see text).

bPrototype upper femur brackets (provided by FTSS)
were used in tests G2 and G3 (see text).
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choice of anthropomorphic test device for its new side
impact crashworthiness evaluation program (Arbelaez
et al., 2002a, 2002b). However, additional test pa-
rameters remained to be specified. MDB masses rep-
resenting the average weight of all striking vehicles
(1,500 kg) and striking SUVs (1,900 kg) in serious
injury producing side impacts were considered. Bar-
rier speeds of 48.3 km/h (longitudinal component of
FMVSS 214), 50.0 km/h (ECE R95), and 56.1 km/h
(crabbed equivalent of ECE R95) were investigated.
Barrier approach angles were either crabbed 27 de-
grees (FMVSS 214) or perpendicular (ECE R95).

Results from tests with the Ford Focus indicate rela-
tively little effect of the mass difference on dummy
kinematics, injury measures, or vehicle response.
Although some measures increased for the higher
mass barrier, as expected from the greater kinetic
energy, the increases were surprisingly small com-
pared with the effect of increasing test speed. The
most obvious effect of the higher test speed was the
increased likelihood of head contact by the barrier
and, consequently, higher HIC scores. From these
results, it seems that whether the barrier mass is
1,500 kg or 1,900 kg is relatively unimportant in
evaluating the protection of near side occupants in
crashes in the speed range studied. In contrast, even a
small increase in speed from 48.3 to 50.0 km/h ap-
pears to significantly increase the sensitivity of the
test to the presence of adequate head protection. This
finding suggests that the timing of events, as they are
affected by the crash speed, are more important than
changes in total kinetic energy (because the kinetic
energy associated with the speed change is much
smaller than that of the mass difference studied).

Results for impact configuration were more complex.
Both the Focus and Grand Am were impacted in each
configuration by a 1,900 kg barrier with a longitudinal
velocity of 50.0 km/h. The crabbed configuration re-
sulted in higher HIC scores for both dummies in both
vehicles. However, among other dummy injury meas-
ures there was no consistent effect of impact configu-
ration: some were lower and some higher in the
crabbed configuration. This inconsistency may reflect
the higher impact speed of the crabbed barrier (56.1
km/h resultant velocity) and the fact that the head of
SID-IIs is sensitive to this difference. That is, HIC is
calculated from the resultant of the head’s triaxial ac-
celeration measurements so that if the barrier had
greater retained velocity at the time of head impact, the
head can register it from any angle. The lack of a con-
sistent difference between crabbed and perpendicular
impacts for other body regions could mean that SID-
IIs does not adequately reflect forces applied at an
angle to those regions. Thus, although the crabbed

configuration has some intuitive merit in representing
the likelihood that both vehicles have some forward
velocity at the time of impact, the principal advantage
of the crabbed configuration in forcing injury coun-
termeasures is the potential for more severe head im-
pacts and the other body regions of SID-IIs appear to
be relatively insensitive to the crabbed configuration.
Given that the perpendicular impact also produces a
hard head impact with the barrier that must be miti-
gated by some sort of head protection, it is unclear
what further advantage could be gained from a crabbed
impact test procedure, in terms of producing effective
countermeasures.

In summary, these tests indicate that, within the
ranges of speed, mass, and impact configuration stud-
ied, the most critical factor is test speed; the higher
test speed produced a more consistent barrier-to-head
impact for both tested vehicles. Given these findings,
IIHS has elected to conduct its side impact crashwor-
thiness evaluations using a perpendicular impact (50.0
km/h) in which a 1,500 kg MDB strikes the side of the
stationary evaluated vehicle. The speed has been cho-
sen to achieve a reasonable likelihood of head contact
in vehicles that lack specific head impact countermea-
sures. The lower mass has been chosen in hopes that it
will promote harmonization of test procedures in other
parts of the globe, where 1,900 kg may be seen as
unrealistically heavy — the results in this study sug-
gest that this choice is without significant conse-
quence for evaluating the side impact protection for
struck side occupants. Finally, the perpendicular im-
pact has been favored over the crabbed configuration
because the latter is slightly more complex and offers
little additional advantage for encouraging effective
injury countermeasures at this time.
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APPENDIX A

Equation 1: The head injury criterion (HIC)
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Where,
a(t) = resultant head acceleration
t1,t2 = start and stop times of the integration, which
are selected to give the largest HIC value. For the
HIC analysis, t1 and t2 are constrained such that
(t2 - t1) ≤ 15 ms.

Equation 2: Rib deflection rate
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Where,
D(t)i = the deflection of rib i at time t, measured with
linear potentiometers and filtered to SAE CFC180
(mm)

Equation 3: Viscous criterion (VC)
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Where,
V(t)i = the velocity of rib i at time t, from Eq. 2 (m/s)
D(t)i = the deflection of rib i at time t, measured with
linear potentiometers and filtered to SAE CFC180
(mm)

Equation 4: Combined pelvic force

FP(t) = FA(t) + FI(t)

Where,
FA(t) = lateral acetabulum force (kN)
FI(t) = lateral iliac force (kN)
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APPENDIX B

Figure B1. SID-IIs kinematics in Ford Focus test F1
(1,500 kg, perpendicular, 48.3 km/h). Top: time zero;
middle: head swipes across barrier then continues to
rotate laterally until it contacts window sill; bottom:
following window sill contact, head rebounds inboard.

Figure B2. SID-IIs kinematics in Ford Focus test F2
(1,900 kg, perpendicular, 48.3 km/h). Top: time zero;
middle: head swipes across barrier then continues to
rotate laterally until it contacts window sill; bottom:
following window sill contact, head rebounds inboard.
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Figure B3. SID-IIs kinematics in Ford Focus test F3
(1,900 kg, perpendicular, 50.0 km/h). Top: time zero;
middle: head rotates outboard and is struck by
intruding barrier; bottom: following barrier
contact, head rebounds inboard.

Figure B4. SID-IIs kinematics in Ford Focus test F4
(1,900 kg, crabbed, 56.1 km/h). Top: time zero;
middle: head rotates outboard and is struck by
intruding barrier; bottom: following barrier contact,
head rebounds inboard.
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Figure B5. SID-IIs kinematics in Pontiac Grand Am test
G2 (1,900 kg, perpendicular, 50.0 km/h). Top: time
zero; middle: head rotates outboard and is struck by
intruding barrier; bottom: following barrier contact,
head contacts window sill.

Figure B6. SID-IIs kinematics in Pontiac Grand Am test
G3 (1,900 kg, crabbed, 56.1 km/h). Top: time zero;
middle: head rotates outboard and is struck by
intruding barrier; bottom: following barrier contact,
head rebounds inboard.
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ABSTRACT

New car crash testing programmes promote car
manufacturers, by the way of consumer choice, to
improve the occupant protection of new car mod-
els. It is also possible to produce an assessment of
relative car occupant protection on the basis of real
world accidents.

NCAPs and safety ratings based on real-world ac-
cidents are complementary. Whereas crash test
programmes attempt to simulate the most likely
crash types and are carried out in controlled labora-
tory conditions, assessments based upon real world
accident data reflect all accident circumstances.
Neither approach guarantees a perfect rating sys-
tem but both have the potential to produce consis-
tent consumer information about the relative safety
of cars.

Therefore, the European Project “Quality Criteria
for the Safety Assessment of Cars based on Real
World Crashes” was established, with three major
objectives:

- description of existing rating methods and
identification of problem areas;

- inter-relationship between retrospective (acci-
dent-based ratings) and prospective barrier-test
rating systems;

- consideration of vehicle compatibility and ag-
gressivity ratings.

The activities of this Safety Rating Advisory
Committee (SARAC) which is directly aligned to
the European Commission DG TREN were co-

ordinated by the Committee of the European Insur-
ers and founded by project members from 10 coun-
tries including Europe, United States of America,
Australia and Japan.

The comparison of EuroNCAP rating with SARAC
real-world accident experience showed good corre-
lation. The use of regression procedures offered
new possibilities to describe aggressivity parame-
ters of cars based on real accidents. Further results
of the first SARAC phase and an outlook over the
second project phase will be presented. Future in-
vestigations will include in-depth comparison of
existing rating systems with the aim to develop a
comprehensive retrospective rating procedure.
Consideration of active safety systems and possi-
bilities of analysing/monitoring the injury outcome
in car/pedestrian crashes are focal objectives in
SARAC 2. A specialised database containing real-
world crash data of vehicle models which have
been tested in NCAP crash tests will be established.

INTRODUCTION

Requirements regarding passenger car construction,
which are intended to protect the occupants in criti-
cal crash accident situations have been part of mo-
tor vehicle legislation in automobile-producing
countries for many years. In their first stage, such
regulations addressed certain safety-related com-
ponents like seat belts and their anchorages, seats,
head restraints and steering systems. Advances in
crash testing technology and anthropometric test
device development permitted the introduction of
integrated test procedures where the whole vehicle
is subjected to standardised impact tests, e.g. front
and side occupant loads are measured by test dum-
mies.

Technical regulations as part of the overall legisla-
tive structure are normally based on the state of the
art and thus can only define minimum requirements
applicable to all vehicles. In actual practice the de-
gree of compliance will vary among vehicle types
and it has been argued that the number of victims
in road traffic accidents could be reduced if, for a
given vehicle class, only those vehicles would be
purchased and operated which offer the highest
level of occupant protection.

In order to enable consumers to make a proper
choice, governments and/or other institutions have
initiated New Car Assessment Programs (NCAP)
where vehicles are subjected to crash tests which,
in comparison to those specified in regulations, in-
corporate higher crash severity and additional crite-
ria. The results are published as overall and de-
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tailed rating information. At present, NCAP sys-
tems are common practice in the EU as well as in
the United States, Australia and Japan. Their prin-
cipal objective is to promote consumer interest in
car passive safety and to influence manufacturers to
improve occupant protection of new vehicle types.

NCAP crash tests are carried out under controlled
laboratory conditions. However, ultimate test of
safety potential for a given vehicle type is its per-
formance in the real-world crash environment
which features a wider spectrum of parameters.
Considerable variations may occur in crash con-
figurations such as impact speed, location and op-
ponent and also in occupant characteristics such as
age, sex, seating position or restraint use.

General road accident statistics, mostly based on
police records, are an established part of adminis-
trative action in many countries; however, in their
aggregate form they are not suitable for vehicle
type-related information. As a consequence, there
have been efforts to establish statistical methods
which allow to determine real-world crash per-
formance as a function of vehicle type. Such sys-
tems exist today in several European countries as
well as in Australia and the United States. As in the
case of NCAP the objective is to create information
for consumers, manufacturers and policy makers
which would, in the long term, lead to an im-
provement in overall road traffic safety.

In 1994 the Institute for Vehicle Safety of the Ger-
man Insurance Association (GDV) established a
national advisory group including experts from the
accident research community, government agen-
cies, universities and automobile manufacturers as
a discussion forum for all questions regarding vehi-
cle rating systems based on real-world crash data. It
soon became evident that this forum would be
much more effective if it involved safety rating ex-
perts from all over the world. GDV therefore held a
series of five international workshops where the
participants identified and discussed a number of
key issues, such as database requirements, control-
ling for exposure, outcome measures and the publi-
cation of ratings [1].

There was general agreement that more knowledge
and a continuing co-operation was necessary. It
was therefore decided to establish a Safety Rating
Advisory Committee (SARAC) and to submit a
proposal for a research project entitled "Quality
Criteria for the Safety Assessment of Cars Based
on real-World Crashes" to the European Commis-
sion (EC). In 1999 a research contract was signed
between the EC and the Comité Européen des As-
surances (CEA). SARAC assumed the function of a
Steering Committee, with GDV acting as the ex-
ecutive secretariat on behalf of CEA (Figure 1).

Comité Européen des Assurances (CEA)

Commiss ion of the European Communi t ies (EC)

USA:
• Insurance Institute for Highway Safety
• Highway Loss Data Institute

Australia:
• Monash University

Accident Research Centre

France
• Laboratory of Accidentology,

Biomechanics and Human
Behavior, PSA Peugeot
Citroën/Renault

Japan:
• National Organization

for Automotive Safety
and Victims’ Aid (OSA)

• Japan Automobile
Research Institute (JARI)

Spain:
• Centro Zaragoza.

Instituto de Investigación
Sobre Reparación de Vehículos, S.A.

Germany:
• GDV

Institute for Vehicle Safety
• BASt
• BMW Group
• DaimlerChrysler AG
• Ford Motor Company
• TU Braunschweig
• VDA
• Volkswagen

United Kingdom:
• Department for Transport,

local Government, and the Regions

Sweden:
• Folksam
• National Road Administration

Finland:
• Finnish Motor Insurers’ Centre
• University of Oulu
• Ministry of Transport and Communi-

cations
• Vehicle Administration Centre

Figure 1. Members of SARAC – SAfety RAting Advisory Committee
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THE CEA/EC SARAC RESEARCH PRO-
GRAM

As a general guideline for the CEA/EC research
program SARAC had defined three major objec-
tives:

− To assess the suitability of existing real-world
crash data analysis systems to provide high
quality safety ratings of passenger cars and to
continue to improve these systems by the iden-
tification and inclusion of new and revised key
variables where appropriate.;

− To use retrospective analysis of real-world
crash data to complement and supplement pro-
spective crash test results;

− To include issues of crash compatibility and
vehicle aggressivity using retrospective real-
world crash data analyses.

RESULTS OF THE FIRST SARAC PHASE

The first phase of the SARAC Research project [2]
[3] has been finalised by the end of 2001. Principal
investigations on safety ratings world-wide, ad-
vanced methods to assess crashworthiness and ag-
gressivity and procedures for international com-
parison of rating results have been developed.

For the first time a standardised description of
world wide existing car safety rating methods has
been elaborated, Figure 2 shows the main aspects.
In crashworthiness analysis, most of the existing
rating systems are based on police data. Only in
Finland and the U.S. the data of the insurance com-
panies are used as main basis. In Sweden and Aus-

tralia the initial police data are matched with insur-
ance claims [4].Most of the ratings aim to cover the
secondary safety aspects. In general, the predomi-
nant rating criterion was the risk of injury and/or
severe injury to the drivers of the specific car mod-
els when involved in a crash. This risk measure-
ment is appropriate for a crashworthiness rating
system. Some other systems, especially of the In-
surance Institute of Highway Safety[6], aim at a
combination of primary and secondary safety, but
in general, aspects of primary, active safety, have
to be taken more into consideration. Also Finnish
[5] and U.K. [9] systems are intended to cover pri-
mary safety, too, but they are still limited in their
exposure entry criterion. The Swedish [7], Finnish
and U.K. ratings are based on two car accidents -
therefore, the major risk factor “single-car acci-
dents” is not covered in the ratings.

A major difference is also to be expected if only
accidents are covered (as in Sweden and U.K.),
where at least one driver or front seat passenger
was injured. In other studies such as from Univer-
sity of Oulu [5] or Monash [8], the tow-away re-
porting criterion is used. As in future with im-
proved occupant protection by the combination of
belts and airbags, even serious accidents could be
sustained with no injury at all, the criterion “injury
cases“ could lead to a negative selection and there-
fore, the tow-away criterion seems to have advan-
tage.

But, this criterion has problems: if aspects of pri-
mary (active) safety should be covered in future, -
the defined accident rate has to be related to car
registration figures and/or mileage.

MUARC DTLR Folksam U-Oulu VW

Car Safety aspects covered

General Research design

Indicators of car safety considered

Indicators used for car model safety ratings

Grouping of car models when publishing rating results

Adjustment of safety indicators

General nature of population at risk (exposure quantity)

Analysis of

Figure 2. Rating Systems – Safety Indicators
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Legend
h = total hight
wb = wheelbase
t. l. = total lenght
w = width

SUV * Size index [mm]:
= w.b. + 0.4 t.l. + 1,5 w.

Wheelbase mm
< 2540 2540 - 3048 > 3048

Total length mm < 2540 2540 - 2700 2710 - 2840 > 2850 < 621 622 - 644 665 - 691 692 - 726 727 - 750 > 750
< 4318 4318 - 5080 > 5080

*) SUV = Sport Utility Vehicle, including Pickup-Trucks and UUV's.
**) MPV = Multy Purpose Vehicle

2 x 44 x 4 All models

135 < h < 155 cm

no convertible

h >= 155cm h < 135 cm

Sports car & convertible

Size index [mm]

Mini Small
Compact
family car

Family
car

MPV **

Luxury
car

Large
family car

Vehicle Category M1

Small Midsize Large

Wheelbase mm

Small Midsize Large Xtra Large

VC = Wb + 0,4 tl + 1,5 w

Wb = wheelbase tl = total length w = width of car

Figure 3. Vehicle Categorisation – A proposed new System by SARAC

Within the SARAC project, a new system of vehi-
cle categorisation (Figure 3) has been developed
[11]. This new system contains a combination of
height, wheel base, total length and width by use of
a defined formula, SUVs and MPVs are sub-
divided according to their wheel base.Finally, the
question remains, how the mentioned different se-
lection criteria, the different rating procedures, are
influencing the general outcome of the overall rat-
ing. The international co-operation within SARAC
offered a new possibility.

Five crashworthiness ratings have been compared,
using two uniform data bases, available to the
SARAC project, namely U.S. real-world crash data
from 3 States and the Finland/Oulu data base. Due
to the availability of parameters in these two data
bases, five rating methods were calculated for 20
defined vehicle models in U.S and Figure 4 indi-
cates the outcome of the ranking, the arithmetic
means and the standard deviation [10].
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Generally, the rank order of the cars (calculated
with use of the different rating methods) was simi-
lar, but some cars are ranked very differently
(Figure 5). The best and the worst ranking seem to
be very consistent, whereas in the middle, the rank-

ing varied sometimes by 7 to 9 positions, pushing
the cars from the second quarter to the last one and
vice versa.
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Figure 5. Arithmetic Mean of Rank Order of Crashworthiness vs. Standard Deviation

As a first step, it is encouraging, that considerable
similarity was apparent, especially for the best and
the worst ranking cars.

As reported, a further objective of SARAC was to
include additional issues of vehicle aggressivity us-
ing retrospective real-world crash data. Again, dif-
ferent aggressivity rating systems have been com-
pared in their application to the common data base
available [13]. From the ranking positions, the
arithmetic means and the standard deviation was
calculated for twenty vehicles. The result showed
clearly that car aggressivity (which determines the
degree to which injury is inflicted upon the occu-
pants of the other vehicle) is much more complex
than crashworthiness. This is caused by the fact

that accident involvement risk, the design features
of the case-car model, the collision type are neces-
sarily combined with those parameters and the in-
jury outcome in the opponent vehicle.

In summary, as shown in Figure 6, some consis-
tency showed up with cars of low and relatively
high aggressivity. But there are still considerable
variations. Major analysis and interpretation work
is necessary to understand the interactions better
and to arrive at consolidated ratings with smaller
differences. But the SARAC analysis has shown
that even in the difficult field of aggressivity rating,
progress is possible.
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Aggressivity
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Figure 6. Arithmetic Mean of Rank Order of Aggressivity vs. Standard Deviation

NCAP TESTING AND REAL-WORLD
CRASHES

Safety ratings should always reflect as close as
possible the real-world accident occurrence. This
requirement is true both for prospective crash test-
ing as well as for retrospective safety rating after
accidents; but for both rating systems there are
limitations.

The requirement of safety standards is to reflect the
critical collision types of real-world accident occur-
rence. This would require a national accident statis-
tic showing key parameters of accident occurrence
in detail.

Not only the different crash tests but also the as-
pects of the relative weighting of the different crash
tests strongly influence the outcome of the total
NCAP rating. Furthermore, it has to be mentioned,
too, that not only the different crash types but also
the different injury measurements with regard to
body areas strongly influence the outcome of the
NCAP result. From both large-scale accident stud-
ies and in-depth material, the relative ranking of the
injuries on the different body areas is known.

PROBLEMS OF ACCIDENT MATERIAL
FROM REAL WORLD SAFETY RATINGS

Not only crash tests show limitations concerning
usability of the national accident statistics, but also
large-scale retrospective accident materials.

The most common safety performance indicator
currently used for crashworthiness is the risk of in-
jury or the risk of serious injury given in a crash.
The most simple form comprised the rate of occu-
pants who were killed or severely injured per num-
ber of vehicle crashes. This risk of injury, respec-
tively serious injury, will differ substantially if the
reference basis are cases with at least one minor
occupant injury or with the criterion that the vehi-
cle must be towed away from the scene.

Another very often overlooked key parameter is the
question, if the material is dominated by car-to-car
accidents or if the ratio of crash types - including
single-vehicle accidents - is balanced.

Finally, for comparisons between crash tests and
real accidents, may be relevant wether the corre-
sponding retrospective accident material focuses on
injuries of driver only or on the injury risk to front
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seat passengers. Studies within the SARAC project
showed that in the Swedish FOLKSAM material
there have been no substantial differences in the car
safety rating, if the driver only or driver and front
seat passenger have been taken into consideration.
Therefore, in safety ratings the focus on the
driver’s injury risk seems advisable - but some
NCAP procedures are based on the worst injury
risk of driver or front seat passenger.

Another complication is given by the fact that the
NCAP test procedures mainly address the risk of
serious and fatal injuries, whereas many accident
materials are formed by the categorisation of inju-
ries into minor/serious and fatal injuries.

These limitations - both from NCAP test procedure
as well as real-world safety rating material - have
to be considered when interpreting the comparative
results.

COMPARISON OF EURONCAP AND U.K.
SAFETY RATING

For the above mentioned reasons an intensive pilot
study was necessary

− to learn from correlation studies of safety rat-
ings and crash-tests in Australia and USA and

− to review available databases for the European
correlation study on crashworthiness ratings.

For reasons of time, reference is made only to the
SARAC-EuroNCAP study without going into de-
tails [12].

For the correlation study, all data collected within
the EuroNCAP program have been supplied, cover-
ing the front offset test, the 50 kph side impact test,
using a mobile barrier, and the pedestrian impact
test. The pedestrian test could not be considered as
no reference material from real crashes was avail-
able. At the time of comparison, none of the 64 Eu-
roNCAP tested models had been subjected to the
recently introduced pole test.

The reference accident materials came from United
Kingdom and France. All car crashes involving in-
jury in the U.K. reported to the police over the pe-
riod 1993 to 1998 have been supplied by the U.K.
Department of Environment, Transport and the Re-
gions, in total 1.9 Million cars. This material was
then split up into the correlation requirements, for
example front and near side impact, light passenger
vehicles and cases with injured driver. Vehicle
models for comparison with Euro NCAP test re-
sults were identified by make and model in the
U.K. data.

The French material was also the national data
base, managed by the Ministry of Transportation
and especially supplemented by the Laboratory of

Accidentology and Biomechanics in France; the
data covered accidents from 1993 to 1998 in total
about 580,000 cars. It was then processed in the
same way as the U.K.-material.

The crashworthiness rating was based on the risk of
a driver injury (MAIS 1+) given involvement in an
injury producing car-to-car crash and in addition
the risk of serious injury given that the driver was
injured.

The injury risk calculation corresponds to the
DETR method. The injury severity calculation was
that used by the Monash University Accident Re-
search Center. Both components were estimated us-
ing logistic regression analysis, adjusting for the in-
fluence of driver sex and age, speed limit at the
crash location and point of impact on the vehicle.

Comparing the 64 cars tested within the Euro
NCAP program with the equivalent car makes in
the real-world accidents, the possibilities of com-
parison had to be reduced. In the U.K. material,

- 29 car models could be compared from all
crash types

- 24 car models in frontal impact crashes and

- 13 cars in side impact crashes.

In the French material, the possibilities of compari-
son were reduced to

- 13 car models from all crash types

- 11 car models for frontal impact crashes.

- For side impacts there was insufficient real-
world crash data for any car model.

This experience showed that the car fleet in differ-
ent national statistics shows strong differences,
even in European countries, and that it takes some
two or three years until there is enough real-world
crash experience related to brand-new tested NCAP
vehicles.

The results of the U.K. safety rating comparison
with EuroNCAP is shown in Figure 7. Even in
spite of the existing problems of correlation, the
general result of comparing prospective and retro-
spective ratings is promising. There is a clear trend,
that with better EuroNCAP star rating the risk of
injury is strongly reduced. It is not surprising, that
the injury risk (R) shows no major reduction. Since
perhaps even a „four star“ NCAP tested car cannot
avoid injuries of MAIS 1, a positive correlation can
not be shown MAIS 1+. However, the risk of seri-
ous injury (S) and therefore the „crashworthiness“
(R x S) is strongly influenced by better EuroNCAP
star rating.



Langwieder, Page 8

Injury
Risk (R)

Injury
Severity (S)

SARAC

75.03

65.39

65.40

66.61

16.02

12.23

11.92

9.39

Crashworthiness (C)
C = R x S

12.02

8.08

7.81

6.27

Data: Two-Car Accident with at Least one Injured Driver

Injury Risk: Probability that Case Car Driver is Injured

Injury Severity: Prob. that Case Car Driver is Hospitalised or Killed

Crashworthiness: Product of Injury Risk (R) and Injury Severity (S)

Figure 7. UK Safety Rating vs. EuroNCAP (All
Crash Types)

For the comparison based on frontal impacts only
(Figure 8), the same experience is apparent.

The risk of injury (MAIS 1+) is rather indifferent
for 2-4 star cars. But the risk of serious injury is
clearly reduced with higher star rating, even if the
difference between 2 and 3 stars is not very big.
This effect could be explained by comparing the
rather close point rating score from the test proce-
dures in EuroNCAP.

Injury
Risk (R)
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Severity (S)

SARAC
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53.59
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59.70

20.04

15.46

15.21

13.18

Crashworthiness (C)
C = R x S

13.24

8.40

8.36

7.87

Data: Two-Car Accident with at Least one Injured Driver

Injury Risk: Probability that Case Car Driver is Injured

Injury Severity: Prob. that Case Car Driver is Hospitalised or Killed

Crashworthiness: Product of Injury Risk (R) and Injury Severity (S)

Figure 8. UK Safety Rating vs. EuroNCAP (Fron-
tal Impacts)

In side impacts (Figure 9) very strong differences
showed up for 4-star cars compared to the other
categories. But this result has to be considered with
caution, as the numbers in real-world crashes of 4-
star cars have been very limited and the statistical
significance is not achieved for the time being.

Injury
Risk (R)

Injury
Severity (S)

SARAC

76.36

68.05

66.41

59.79

20.70

15.04

13.30

3.79

Crashworthiness (C)
C = R x S

15.80

10.35

8.69

2.26

Data: Two-Car Accident with at Least one Injured Driver

Injury Risk: Probability that Case Car Driver is Injured

Injury Severity: Prob. that Case Car Driver is Hospitalised or Killed

Crashworthiness: Product of Injury Risk (R) and Injury Severity (S)

Figure 9. UK Safety Rating vs. EuroNCAP (Side
Impacts)

In spite of this very promising result there are still a
lot of questions to be solved. This is obvious in
Figure 10 where the tolerance band of different car
models is shown in addition to the average value
used in the proceeding figures. Statistically signifi-
cant differences are shown between vehicle models
with almost the same overall EuroNCAP point rat-
ing score, from which the star ratings are derived.
As expected especially between 2- and 3-star cars,
there are a lot of overlapping results.
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Figure 10. EuroNCAP Scores vs. UK Real Crash
Crashworthiness (All Crash Types)

However this result indicates there is major benefit
in a continued and enlarged comparison of NCAP
tests with safety ratings based on real-world
crashes. It is now important to renew this proce-
dure, using an extended material - that means more
NCAP tested cars and updated real-world accident
material.

This result is clearly shown in the summary,
Figure 11. In addition to extending the material
with 3- and 4-star cars, which real-life parameters
are of major influence for the relative ratings need
to be analysed.
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The correlation study clearly showed that it is es-
sential to supplement the NCAP results with
observations from real-world crashes.

It is necessary to validate the weighting procedure
of the crash tests in correspondence with the occur-
rence criteria from real-world crashes. Intensive
analysis of the retrospective rating results should be
done as a supporting part to the overall NCAP
score, as it seems that additional other factors are
determining real-crash outcomes.

To analyse these factors, NCAP and SARAC acci-
dent materials, i.e. prospective and retrospective
ratings, should be developed in parallel and should
be updated from year to year. Within the SARAC
project, the methods for the correlation studies are
now developed and can be transferred easily to the
members in different states.

The national data should be supplemented with
some key variables, which would be highly valu-
able in comparison with Euro NCAP and which
could contribute to a better understanding of the in-
fluencing factors. The following requirements for
real-world accident materials are suggested:

− correct and systematic notification of the car
by make and model

− specification of safety measures, such as avail-
ability of the airbag, use of safety belt etc.

− improved description of collision type, at least
specification into front, side, rearend impact or
rollover

− better description of impact severity. The best
procedure, would be the use of a black box,
giving the delta v values or the level of decel-
eration as well as the angle of impact.

− also improved notification of the crash defor-
mation in the sense of a vehicle deformation
index, would be a big step forward. In Europe,
an electronic data recording system for police
reports has been developed; this system would

easily allow the notification of these additional
factors.

− the improvement of the global injury catego-
ries “minor, serious, fatal injuries“ would be of
major benefit. The category „serious injuries“
covers very moderate injuries with short hospi-
talisation as well as life threatening injuries or
paraplegias. It would be essential to offer bet-
ter specification of this decisive category of in-
jury classification.

− the time delay between NCAP testing and suf-
ficient experience from real-world crashes has
to be reduced. One possibility would be to col-
lect the data not only on a national basis, but
also from other countries concerning a defined
“case car“. Within SARAC, a procedure will
be developed and tested to improve interna-
tional exchange of relevant cases. But this has
to be supported by improved identification
methods for the equivalent safety features of
cars, delivered to different countries. To
achieve this co-operation and support from the
car manufacturers is indispensable.

− detailed injury data, collected as part of in-
depth crash studies and well correlated to key
criteria of the large-scale accident material
would provide an ideal opportunity to compare
specific injury outcomes from real-crashes
with NCAP results. This in-depth material
could give additional up-to-date information
concerning the injuries by body region. Re-
garding these aspects, experience should be
gained within the future SARAC project.

− the logistic regression analysis should be ex-
tended. Analysis carried out in this report has
suggested that EuroNCAP rating does not con-
sistently predict real crash outcomes for all ve-
hicles within one rating category. The reasons
for these differences should be analysed in a
case-by-case analysis; this should allow better
assessment of the relationship between specific
test dummy scores and real-crash outcomes
besides using the summary barrier test scores.
In both rating systems, it should be tried to bet-
ter identify the reasons for a specific rating re-
sult. At least, even in retrospective safety rat-
ings, it should be possible to analyse the crash
conditions, which are responsible for a certain
ranking value.

Continuous co-operation between NCAP and
SARAC activities is essential for further consumer
information. It is to expect that car manufacturers
succeed more and more in fulfilling “Star Rating
Criteria“. Given that situation, it is even more im-
portant that real accidents show the way how addi-
tional criteria are necessary for further improved



Langwieder, Page 10

safety. It is to be expected that in spite of these
high NCAP test results real-world accident material
shows differences in safety performance and may
contribute to the assessment, if the safety behaviour
of a car is good in all categories of collision speed
and not only at the relevant test speed. The real-
world crashes also can show that the safety does
not cover the specific test configurations, but will
cover all crash situations. As well, it has to be
shown that the safety benefits are not only related
to a 50% dummy, but to all age groups and height
categories of occupants.

As the comparison with EuroNCAP showed, the
real-world crashes are composed by a broader spec-
trum and therefore, even if the crash configurations
of an NCAP procedure are fulfilled, real-world
crashes subjected to a sophisticated safety rating
procedure will supplement, complement and
enlarge the crash results. This will consolidate the
safety information in general and will lead to com-
prehensive, reality orientated and continuous con-
sumer information.

THE NEED FOR FURTHER RESEARCH

The research program prescribed and carried out by
SARAC has provided information about both real-
world performance and crash test performance of
passenger cars. It has also highlighted the need to
give greater attention to vehicle aggressivity to
improve the compatibility of the vehicle fleet.

Furthermore, new research indicated the need to
interpret aspects of pedestrian protection and
systems of Primary Safety (crash
avoidance/mitigation) to reflect all recent
developments of car safety.

The work of SARAC has thus clarified many of the
issues related to historical crashworthiness rating
systems. In addition, other issues warranting
further research were identified. Therefore, the
European Commission agreed that SARAC’s
research be continued to address these outstanding
issues. The program for these planned research
projects is outlined as follows.

Safety Rating Methods

A number of tasks were identified that warrant fur-
ther research in identification and specification of a
high quality rating system, including:

− crashworthiness rating methods (car-car and
single vehicle crashes);

− update of rating methods world wide; in
amending the report 1999/2000.

− reasonable measures of safety (injury scaling
by body regions, harm1, injury cost scales);

− improvement of data collection and quality
(inclusion of crash recorder data);

− effects relating to car occupants, car fleets and
car safety features;

− unification of safety rating methods under a
theoretical framework combining statistical
and physical conceptual models of the rela-
tionship between injury outcomes, crash cir-
cumstances and car model parameters;

− development of rating criteria which make
fuller use of the ordinal injury scales typically
available in large crash databases, including
the use of non-linear analysis methods;

− alternative approaches and interpretations of
regression methods used to adjust the rating
criteria for variations in crash exposure factors.

Continuation of Correlation Research

The preliminary work on correlating real-world and
crash test ratings showed considerable potential for
a better understanding of crashworthiness and
international co-operation resulting in improved
reliability and comparison to NCAP results. Future
research needs in this area include:

− update and extension of the correlation analy-
sis as more data becomes available;

− examine more closely the effects of front and
side collisions, including other crash types
when these data become available; and extend-
ing onto aspects of pedestrian protection and
primary safety.

− study the relationship between individual Eu-
roNCAP scores and injury risks in real-world
crashes

− examine the progressive safety improvement
of NCAP tested vehicles using both prospec-
tive and retrospective ratings.

Safety Ratings for Consumers and Policy Mak-
ers

− a better understanding of what safety generally
means to consumers and policy makers and the
implications for both crashworthiness and ve-
hicle aggressivity;

1 Harm is the societal cost of trauma, defined as the
frequency of injury by its cost to society. It can be
broken down into components of interest, such as
the average occupant Harm incurred per crash by
vehicle make and model
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− value and scope of passive ratings for consum-
ers and policy makers;

− more detailed research aimed at illustrating the
potential for conflicting vehicle ratings across
the various systems and suitable means of
combining different systems into a single rat-
ing method;

− stronger focus on the strengths and limitations
of self and partner protection for the individual
and the community and the implications of
combining crashworthiness and aggressivity
ratings.

Exposure Data, Pedestrian and Primary Safety

− the effects of different combinations of car oc-
cupants (front seat, rear seat, etc) and crash
types (car-car, single vehicle) on safety ratings;
as well as definitions of minimum accident
samples required;

− international SARAC database for safety as-
sessment of NCAP tested cars based on real
world crashes;

− examine the feasibility of rating pedestrian and
primary safety based on real-world crash data;

− examine the effects of different fleet mixes on
vehicle crashworthiness and aggressivity rat-
ings;

− a more detailed examination of the description
and variations in the use of the vehicle identi-
fication number (VIN) and its applicability for
inclusion in retrospective rating systems.

TASKS FOR SARAC PHASE II

In view of the need for further research which be-
came evident as a consequence of work on various
Sub-Tasks in SARAC Phase 1 and the potential to
apply the developed methods to new, recent acci-
dent data material, the SARAC Committee has re-
viewed the items identified and set out above. A
number of principal and essential issues have been
found very early in the process:

- Today’s consumer information in the EU
based upon prospective EuroNCAP tests could
be extended by European SARAC results ob-
tained through international co-operation.

- An international SARAC database of real
world accidents with NCAP tested cars should
be established to supplement the available na-
tional accident data of the project members by
extended parameters of crash outcome and to
promote the comparison with NCAP crash re-
sults.

- Passenger car type safety rating is a continuing
task for most of the researchers involved in the
CEA/SARAC project. For this community,
CEA/SARAC constitutes an extremely useful
forum for the exchange of ideas, experiences
and new methods on a world-wide basis; this
also includes the co-ordination of individual
research projects. In this respect SARAC is
unique in the world.

- There is a desire to merge or even harmonise
passenger car NCAP crash test procedures and
rating systems among the interested parties. In
respect to safety ratings on the basis of real-
world crashes, there are still a number of prob-
lems which have to be further investigated and
clarified before such a combination could take
place in this area. Such problems include

- improvement of rating methodology

- use of additional databases

- definition of aggressivity and compatibil-
ity

- presentation of results for consumer in-
formation.

It is furthermore suggested to extend SARAC ac-
tivities to areas which have not been covered in in-
ternational ratings up to now but has gained in im-
portance recently, such as:

- primary safety (crash avoidance/ mitigation)
especially regarding Advanced Driver Assis-
tance Systems (ADAS)

- pedestrian protection especially analysing the
possibilities and limits of field experience with
cars announcing improved pedestrian protec-
tion due to introduced EC rules.



Langwieder, Page 12

REFERENCES

[1] LANGWIEDER, K. ,FILDES, B. (2000),
“Aspects of Car Safety Assessments Based
on Real World Accidents - Results of Five
Workshops (1994 - 1999)”. GDV Institute
for Vehicle Safety, Munich, Germany and
Monash University Accident Research Cen-
tre, Melbourne, Australia.

[2] SARAC (2001), “Project Description”. Ba-
sic information on the CEA/EC Project,
GDV Institute for Vehicle Safety, Munich,
Germany.

[3] LANGWIEDER, K., FILDES, B., ERN-
VALL, T., CAMERON, M., (2001), “Qual-
ity criteria for crashworthiness assessment
from real world crashes”. Paper no. 2001-
S11-0-389, Proceedings, 17th International
Technical Conference on the Enhanced
Safety of Vehicles.

[4] HAUTZINGER, H. (2001), “Description
and analysis of existing car safety rating
methods”. GDV Institute for Vehicle Safety,
Munich, Germany.

[5] HUTTULA, J., PIRTALA, P., ERNVALL,
T. (1997), “Car Safety, Aggressivity and
Accident Involvement Rates by Car Model”,
University of Oulu, Road and Transport
Laboratory, Publication 40, Oulu.

[6] Insurance Institute for Highway Safety
(1997) “Driver Death Rates by Make and
Model - 1991-95 Models”, Arlington.

[7] HÄGG, A., V. KOCH, M., KULLGREN,
A., LIE, A., NYGREN, A., TINGVALL, C.
(1999) “Folksam Car Model Safety Ratings
1991-92”, Description of Methods, Folksam
Research, Stockholm.

[8] CAMERON, M., FINCH, C., LE, T. (1994),
“Vehicle Crashworthiness Ratings: Victoria

and NSW Crashes During 1987-92”, Tech-
nical Report, Monash University Accident
Research Centre, Report No. 58, Clayton.

[9] THE DEPARTMENT OF TRANSPORT
(1995), “Cars: Make and Model: The Risk
of Driver Injury and Car Accident Rates in
Great Britain: 1993”. Transport Statistics
Report, London.

[10] CAMERON, M., NARAYAN, S., NEW-
STEAD, S., ERNVALL, T., LAINE, V.,
LANGWIEDER, K. (2001), “Comparative
Analysis of Several Vehicles Safety Rating
Systems”, Paper no. 2001-S4-O-68, Pro-
ceedings, 17th International Technical Con-
ference on the Enhanced Safety of Vehicles.

[11] YDENIUS, A., KULLGREN, A., Folksam
Research FILDES, B., Monash University
Accident Research Centre, (2000), “Charac-
teristics for vehicle classification Final”.
SARAC paper No. S1-8_03A published by
GDV Institute for Vehicle Safety, Munich,
Germany.

[12] NEWSTEAD, S., CAMERON, M., NARA-
YAN, S. (2000), “Correlation between
European crash data and crash barrier test
results”. Monash University Accident Re-
search Centre. Published by GDV, Institute
for Vehicle Safety, Munich, Germany.
(2001)

[13] CAMERON, M., LES, M., NEWSTEAD,
S., NARAYAN, S., ERNVALL, T., LAINE,
V. (2000), “Empirical Comparison of Ag-
gressivity Rating Systems”. Paper no. 2001-
S7-O-133, Proceedings, 17th International
Technical Conference on the Enhanced
Safety of Vehicles.



Overhead Capacitive Sensing System For Driver Alertness Self Monitoring

Philip W. Kithil
President

Advanced Safety Concepts, Inc.
535 Cerrillos Road, #C2

Santa Fe, NM 87501
505-984-0273/fax 505-984-3269

pkithil@headtrak.com

RESULTS OF ASCI MINDS™ DRIVER ALERTNESS SYSTEM
FIELD TRIALS BY PERFORMANCE FOOD GROUP (PFG)

In December, 2002, ASCI was approached by the PFG, a long-haul trucking firm which delivers food supplies to chain restaurants
throughout the western U.S. from its warehouse in McKinney, TX, to outfit one of the firm’s Freightliner-brand tractors with MINDS
for a 60 day evaluation period. The objectives of the evaluation were:

• To design an installation method appropriate for “condo-cab” tractors used by PFG and many long-haul trucking firms.
• To assess the efficacy and appropriateness of various MINDS alerting methods.
• To create long-term (>24 hours of driving time) data files which could be easily downloaded by safety personnel.
• To efficiently create reports of driver alertness for review and follow-up action by management.

In mounting the MINDS array in a vehicle, a key constraint is that the array must be positioned horizontally (+/- 15°) no more than
about 8” above the driver’s head. For passenger vehicles this is not a problem as the headroom is typically 2” to 6”, but sleeper-cabs
used by most long haul trucking firms provide several feet of headroom to allow access to the bed area behind the seats. In addition,
most of these cabs have air-cushion seats, which provide vertical travel of 6” or more. If the MINDS array were to be mounted to the
ceiling or cab side-wall, seat position adjustments could easily violate the 8” maximum headroom requirement.

ASCI engineers reviewed the interior dimensions and air-cushion seat design used in the PFG tractors, and determined that a bracket
attached to the seatback structure would be most appropriate mounting mechanism for the ASCI MINDS overhead array. This design
allows the MINDS array to always be at a fixed distance above the driver’s head, regardless of seat vertical adjustment and air cushion
“floating”. The bracket consists of two, approximately 30” long sections of electrical conduit formed to an angle of about 90°, to
which is attached the MINDS array:
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Figure 1

This bracket was fabricated, tested, and installed in the PFG tractor. In volume applications, the installation time is estimated at 15
minutes by a trained installer. The MINDS system installed in the PFG tractor consisted of the MINDS overhead array, the MINDS
control/alerting box (approximate size of a Palm PDA), and wiring.

The MINDS box provides LED and audible alerts when the particular driver’s relative alertness exceeds a pre-determined threshold.
The threshold is controlled by the embedded MINDS software or optionally by a user-adjustable encoder. This feature allows the user
(driver or management) to adjust the threshold and thereby change the detection sensitivity. In Figure 3 below of data captured during
a passenger car test drive, the threshold (blue) is set at 4.000 and the MINDS detector output (green) exceeded this during the tenth
minute of this sample. The red line (count) is the number of samples above the threshold during the previous five minutes. MINDS is
programmed to activate stage one alerting when the count exceeds 99, and stage two alerting when the count exceeds 249.

Given MINDS sampling rate of 10 Hz, these values represent 3.3% and 8.3% respectively, of the MINDS output exceeding the
threshold over the previous five minutes. These values were derived from original research data in which cumulative detection time
was plotted against cumulative driving errors (Figure 2). That data suggested that false positives could be minimized by using a cutoff
requiring about 3% of samples over five-minutes above the threshold as a reliable early indication of the onset of true sleepiness.

By triggering alerting devices early in the transition from awake to drowsy, sleep research has shown it is possible to maintain
functional alertness of the driver long enough to find a safe stopping place to sleep or change drivers (2002 Conversation with Richard
Grace, Ph.D., Carnegie Mellon National Robotics Engineering Center).



Figure 2

In the current version of ASCI MINDS software, the detection sensitivity is adjusted by changing the threshold, and the alerting
sensitivity is adjusted by changing the count. In the system provided to PFG, two modes of alerting were available: yellow (count>99)
and red (count>249) LED’s, and a buzzer. The one-second buzzing sound was activated at a 3 second repeat when count exceeded 99,
and at a one second repeat when count exceeded 249. Management elected to install the control box behind the seat, out of sight of the
driver, to reduce possible distraction from the LED’s and to prevent the driver from adjusting the detection sensitivity. Thus in this test
only the buzzer was available to notify the driver of impending drowsiness.

Figure 3

To assess the appropriateness of the tone and volume of the audible alert, after the second week (see below) a one-hour test drive was
performed in which ASCI staff adjusted the sensitivity to force activation of the buzzer at both the low repeat cycle and high repeat
cycle. Both the driver and PFG management felt the audible alert was loud enough to be heard above background truck noise, but not
so loud as to startle the driver and risk over-correction.

The tractor with MINDS system installed was driven on its regular route for portions of two weeks – two legs totaling approximately
60 hours of drive time. Unfortunately, technical problems arose which reduced the data available to management and ASCI:

• In the first leg, a configuration-programming error de-activated the alert buzzer. Additionally, the tractor’s 12 volt power supply
outlet experienced voltage spikes beyond the design limit of ASCI MINDS, burning out a chip on one of the three sensors. This
caused the algorithm to output a failure condition. No data was obtained for this run. The system was returned to ASCI and
repaired.

Drowsy-Driving Episodes vs.
MINDS Detection Time

0

5

10

15

20

25

Cumulative Time

C
u

m
u

la
ti

ve
C

o
u

n
t

Alerts activated
when 3.3%
(yellow) or

8.3% (red) of
previous 5

minutes
samples are

above
threshold.



• In the second leg, the MINDS on-board data log was either not recording properly or was inadvertently erased during
downloading to the PFG laptop computer.

• During the test drive, a possible voltage spike caused the raw sensor voltages to shift, necessitating a re-calibration.

• At conclusion of every test, PFG staff had to disconnect and re-connect power in order to download data – a condition not
experienced by ASCI staff using ASCI computers. ASCI attributes this to the older model of computer used by PFG, or to
improper computer configuration.

• After the data was downloaded and the PFG staff person was in the driver’s seat, for unknown reasons the alerting buzzer
sounded. ASCI thinks this episode may have been caused by another voltage spike which corrupted the data in some manner. In
normal operation, the MINDS software recognizes when a driver is present or absent – and requires twenty minutes of valid
(driver-present) data to initiate an alert-condition.

• Due to incorrect date/time chip selection in the unit tested, the date/time needed to be reset each time power was applied. This
will be corrected in future MINDS systems.

Additional issues uncovered during the evaluation related to: 1) The format and content of the MINDS on-board data log, while
appropriate for ASCI verification of performance, is inappropriate for trucking company management; 2) The data log downloading
procedure is cumbersome and prone to errors by personnel not familiar with the software; and 3) The older model of laptop computer
available at PFG was slow and cumbersome, leading to data downloading and configuration errors.

The following improvements are being implemented by ASCI to address these issues.

• The MINDS on-board data logging capability as used by PFG, is restricted by size of the on-board memory chip. However, by
logging only the minimum alertness, threshold, and count data in a condensed format, trucking company staff in the future will be
able to generate an Excel plot similar to Figure 2 above covering about 8 hours of operation (28,800 samples) rather than the
current plot-per-page of just 53 minutes (32,000 samples). For more extended data logging requirements, additional memory
chips will be needed and this will require hardware redesign, requiring about 6 to 8 weeks.

• The data logger downloading procedure possibly can be automated if an optimized, pre-configured laptop computer is supplied by
ASCI. Given that one computer costing approximately $1,500 could serve a fleet of about 50 trucks with installed MINDS units,
the cost of supplying this laptop will not be excessive. This limitation of 50 trucks per computer is hard-drive size. Assuming the
laptop comes with a 12 gb hard-drive, with 2 gb reserved for plotting software and files (Excel) and 10 gb available for truck data,
and further assuming a 50-truck fleet, each truck is allocated 200 mb of disk space. Further assuming that each 40-hours of
compressed data requires 120 kb of drive space, the laptop will hold 1,666 hours of data for the fleet of 50 trucks, about equal to
one year of data. Of course, the data periodically could be copied to separate storage media to allow multi-year use of the laptop.

• ASCI recommends the MINDS power come from the accessory outlet on the dashboard rather than the accessory outlet in the
sleeper cab. This will allow the driver to reset the system should false alerts occur. In addition, we suspect the power spikes may
be specific to the outlet in the sleeper cab on this particular tractor.

• ASCI recommends installing a visual “Fatigue Indicator” of driver alertness – preferably located on the driver display panel
adjacent to speedometer, RPM, or air pressure gauge. This can be an LED scaled from 0 (very sleepy) to 10 (alert), which will
give the driver a self-monitoring cue as to his/her relative alertness. While post-drive assessment of driver alertness by
management offers the opportunity to counsel a driver on past alertness problems, it is critically important to train the driver to
stop and rest or switch drivers according to the real-time Fatigue Indicator. ASCI suggests both the real-time countermeasure, and
post-drive counseling by management, is needed to make this an effective program which reduces accidents caused by drowsy
driving.
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ABSTRACT

Light transport vehicles are becoming more im-
portant in the European vehicle fleet. There is a
growing public interest in the safety of delivery
vans as they become increasingly regarded as the
workplace of the drivers. To date, only little atten-
tion has been given to the accident involvement and
to the safety performance of such vehicles both
from the research and the regulatory point of view.

Official statistics give an overview of the growth of
the number of these vehicles and their accident
involvement. More detailed accident analyses using
in-depth studies are presented from analysis of
cases collected by DEKRA and the Ford light truck
accident study. These analyses have highlighted
particular items of interest such as crash configura-
tions, injury severity, restraint use and compatibil-
ity. The occupant safety of current delivery vans is
described by the results of crash tests and brake
tests carried out by DEKRA. Crash tests were car-
ried out at a full frontal impact at 48 km/h (ac-
cording to FMVSS 208 / 301). In another test, the
vehicle was crashed at 56 km/h with 40 % overlap
(according to ECE-R 94). The responses from oc-
cupant dummies show low injury risk and reason-
able structural behaviour. Brake tests according to
ECE Regulation 13 show that the brake perform-
ance of current delivery vans is nearly the same as
for cars.
The authors highlight some areas of future consid-
eration for improving the operational safety of light
goods vehicles.

INTRODUCTION

Light goods vehicles/delivery vans belong to the
group of transport vehicles with the highest growth
rate in Europe over the last few years, with respect
to the number of registered vehicles (RÜCKER et.
al., 2002). More and more goods are being deliv-

ered directly to the customer’s doorstep in the
shortest possible time. Postal express and courier
service companies have successfully established
themselves in this sector, mainly using small and
medium-sized vans. In an effort to adapt to the
changing requirements, the equipment and engine
power of such vans have been improved. Nowa-
days, vans are capable of achieving speeds of over
150 km/h – a range which was formerly only at-
tained by cars. In Germany, delivery vans have
become increasingly involved in accidents and
police traffic surveillance controls in the last few
years. It is one of the tasks of accident research to
illustrate the actual situation with the aid of scien-
tifically proven facts, thus bringing more rational
arguments into the discussion. The increasing
number of small vans involved in accidents and
registered by police enforcement cameras can be
mainly attributed to the increased number of this
type of vehicle now on the road. Scientifically
founded and more detailed studies on the accident
involvement of small and medium-size vans are
very scarce to date. At best, the studies known to us
only broach to the subject superficially.

At the end of the 1990s, DEKRA’s accident re-
search division started studying the accident in-
volvement of small and medium-sized vans
(NIEWÖHNER et al., 2000; NIEWÖHNER et al.,
2001). Since then, this research has been continued
with a larger number of study cases. The present
paper also includes additional research carried out
for Ford’s accident research department on light
goods vehicle accidents in Great Britain. This has
been supplemented by crash tests carried out on
vans at the DEKRA Crash Centre and braking tests
carried out at the DEKRA Automobil Testing Cen-
tre. In this way, real evidence is provided on the
status quo of the safety of this class of vehicle.
Publications dealing with this subject which have
been issued by other institutions have been col-
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lected and are included in the discussion.

DEFINITION OF SMALL AND MEDIUM-
SIZED GOODS VEHICLES (DELIVERY
VANS)

In Germany, vans can be registered either as trucks
(Lastkraftwagen – Lkw) or as private passenger
vehicles (Personenkraftwagen – Pkw). In this re-
spect, specific definitions and characteristics have
to be observed (RÜCKER et al., 2002). Motor
vehicles (MVs) with a permitted gross mass above
3.5 tonnes have to observe specific speed limits
even outside of urban areas (§ 3 of the German
road traffic legislation – StVO). Motor vehicles
with a permitted gross weight of more than 7.5
tonnes must be fitted with a tachograph which can
be officially calibrated to register the vehicle’s
speed and the drivers’ working and rest times
(§ 27a of the German legislation for approval of
vehicles for public road traffic – StVZO). Apart
from this, holders of an older German driving per-
mit Class 3 (“Pkw”) are allowed to drive motor
vehicles of a permitted gross weight of up to 7.5 t,
without needing a special truck or lorry driver’s
permit.

In the sense of the present paper, small and me-
dium-sized goods vehicles are the so-called “vans”
in which the driver’s cabin and the luggage com-
partment are an integral unit. The interior of these
vehicles usually have a partition or bars to protect
the driver and passenger(s) from the load being
transported. We can distinguish between small vans
of up to 3.5 t permitted gross mass (Figure 1) and
large vans of between 3.5 t and 7.5 t permitted
gross mass (Figure 2).

   
Figure 1: small vans

Figure 2: large vans

NUMBER OF VEHICLES REGISTERED AND
NUMBER OF RELATED ACCIDENTS, AC-
CORDING TO OFFICIAL STATISTICS

Since light goods vehicles and vans do not form a
completely separated vehicle category (in Ger-

many), it is not possible to determine accurately
from official statistics the number of such vehicles
registered or the number of them involved in acci-
dents. However, the figures which are available for
trucks and which are categorised by maximum
permitted gross mass do provide some indications.

Number of vehicles registered

Figure 3 shows the figures for the numbers of vans,
trucks and articulated truck traction units registered
in Germany as trucks, as published by the German
Federal Motor Vehicle Bureau (Kraftfahrtbun-
desamt – KBA) for the 1st of July of the respective
years from 1986 up to 2001. In this figure, the
vehicles are categorised according to permitted
gross mass: vans up to 3.5 t, vans ranging from
3.51 t to 7.5 t and vans/trucks, including articulated
truck traction units, above 7.5 t.
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Figure 3: Development of the number of regis-
tered vans of permitted gross mass up to 3.5 t,
between 3.5 t and 7.5 t and trucks, including
articulated truck traction units, above 7.5 t.

The figures published by the KBA include the
vehicles registered in the new Federal States (for-
mer East Germany) only as from 1992 onwards. A
rapid rise in the numbers of all three vehicle groups
can be identified as being the result of German re-
unification in October 1990, especially as the area
covered by the statistics has increased. In the me-
dium-sized goods vehicle (3.51 t - 7.5t) and large
goods vehicle (over 7.5 t) this rate of increase did
not continue after 1992, but the registered number
of vans of permitted gross weight up to 3.5 t con-
tinued to rise steadily in the ensuing years. From
1992 to 2001, the number of registered vans of
permitted gross weight up to 3.5 t increased by
774,808 vehicles, or 75 %. These figures mirror the
considerable increase in small van sales reported by
vehicle manufacturers.

Accident statistics

The German Federal Statistics Bureau (Sta-
tistisches Bundesamt – StBA) publishes figures on
the numbers and types of vehicles involved in acci-
dents. Accidents occurring in the new Federal
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States were already included from 1991 onwards.
In relationship to vans, the so-called motorised
goods transport vehicles (Güterkraftfahrzeuge)
involved in accidents leading to personal injuries
are of interest. In these statistics, vans and trucks
with and without trailers are listed according to
their permitted gross mass (up to 3.5 t, 3.5 t - 7.5 t
and above 7.5 t). In the StBA statistics, articulated
truck traction units (called articulated trucks in the
StBA figures) are treated as a separate category.
These are mainly heavy goods vehicles which can
be categorised as trucks above 7.5 t permitted gross
weight.

Figure 4 shows the development of the related
numbers of accidents within urban areas in the
1986 - 2001 period. As can be seen, the number of
vans of the light vehicle class of up to 3.5 t in-
volved increased by 4,818, corresponding to 64 %
(from 1992 to 2001).

On country roads other than Federal motorways
(Autobahnen), the number of vans of the light ve-
hicle class up to 3.5 t involved in accidents with
casualties increased even more noticeably, namely
by 2,716, or 79 % (from 1992 to 2001), as illus-
trated in Figure 5. In these figures, the number of
light vehicles (up to 3.5 t) exceeds the number of
medium-sized trucks (3.5 t - 7.5 t) involved in
accidents of this kind from 1999 onwards.

On Federal motorways (Autobahnen), the number
of vans of the light goods vehicle class up to 3.5 t
involved in accidents with casualties increased by
948, or 80 % (from 1992 to 2001), as illustrated in
Figure 6. However, in this particular type of acci-
dent location, large goods vehicles of permitted
gross mass above 7.5 t, including articulated trucks,
continue to dominate.
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Figure 4: Development of number of vans/
trucks with permitted gross mass up to 3.5 t,
between 3.5 t and 7.5 t and above 7.5 t (includ-
ing articulated trucks) involved in accidents
with casualties inside urban areas in Germany
during the period 1986 to 2001 (source: StBA)
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Figure 5: Development of numbers of vans/
trucks with permitted gross mass up to 3.5 t,
between 3.5 t and 7.5 t and above 7.5 t (includ-
ing articulated trucks) involved in accidents
with casualties on country roads, excluding
motorways, in Germany during the period
1986 to 2001 (source: StBA)
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Figure 6: Development of numbers of vans/
trucks with permitted gross mass up to 3.5 t,
between 3.5 t and 7.5 t and above 7.5 t (includ-
ing articulated trucks) involved in accidents
with casualties on motorways in Germany dur-
ing the period  1986 to 2001 (source: StBA)

It is not possible to determine more accurate infor-
mation on the involvement of vans (light transport
vehicles) from the figures contained in the official
statistics. Apart from this, it is not possible to in-
clude those vans registered as private cars in this
separate statistical analysis. However, we may
safely sum up by concluding that both the absolute
and relative involvement of vans with a permitted
gross mass up to 3.5 t in accidents in Germany has
increased considerably since the beginning of the
1990s. This corresponds to the increase of the
number of vehicles of this category registered in
the respective period.

The available official statistics give no indications
that the risk of any individual van becoming in-
volved in an accident has increased, too. Due to
their increasing use in courier and express postal
services, an increase in the specific mileage of
these vehicles can be assumed. It is thus justifiable
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to assume that the accident risk of vans has even
shown a tendency to decrease with respect to the
specific vehicle mileage. Unfortunately, no scien-
tifically founded data on the accident risk of vans
in relation to the specific mileage of such vehicles
are currently known.

RESULTS OF IN-DEPTH STUDIES CARRIED
OUT BY DEKRA’S ACCIDENT RESEARCH
DIVISION

In spite of this, the considerable increase in the
number of accidents involving vans is reason
enough for accident research organisations to in-
vestigate the accident involvement of such vehicles
thoroughly.

In investigating real accident events, DEKRA’s
accident research division (DEKRA Unfallfor-
schung) makes use of accident analysis reports. A
large number of these reports are compiled all over
Germany by specially trained experts, mainly by
order of state prosecutors and courts. They serve to
clarify how the accidents developed and contain
comprehensive technical reconstructions of the
events, including observations on how the respec-
tive accident could have been avoided, as well as
supplementary information. The cases studied here
comprise a sub-set of all accidents some of which
are included in the official statistics whilst others
are not officially reported (GRANDEL et al. 1996).
Depending on the objectives of the respective proj-
ect, DEKRA accident research staff may co-operate
with medical staff, while observing data confiden-
tiality requirements, in order to supplement the
information in the reports, which is mainly of a
technical nature, with medical data – particularly
concerning the type and severity of injuries (BERG
et al., 2002).

In 1999, the division started to compile a database
on accident events in which vans (goods vehicles
with permitted gross masses up to 7.5 t) were in-
volved (NIEWÖHNER et al., 2000 and 2001). At
present, this database contains data on 186 cases
which occurred between 1995 and 2001. 96 % of
the goods vehicles in the cases investigated had a
permitted gross mass of 3.5 t or less.

Comparison of the cases studied by DEKRA to
the official statistics

In 166 of the cases studied by DEKRA, the acci-
dent location is exactly known.

Figure 7 shows their distribution in comparison to
the distribution of all 27,932 accidents in which
vans of a permitted gross mass up to 3.5 t were
involved, as recorded by official StBA statistics in
2001. Of these 27,932 recorded accidents, 20,678

led to injuries to persons and 7,254 were associated
with severe material damage (in the more exacting
definition according to the StBA). The bar chart
shows that the majority of the cases studied by
DEKRA occurred on country roads and on motor-
ways (Autobahnen).
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Figure 7: Comparison of locations of 166 trans-
port vehicle accidents (in DEKRA database) to
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and severe material damage occurring in Ger-
many in 2001 and involving vans of a permitted
gross mass of up to 3.5 t (StBA)

In 139 of the cases studied by the DEKRA accident
research team, information was available on the
severity of the injuries incurred by persons in-
volved in the accidents. A comparison with the
severity figures of the 27,932 accidents registered
by the StBA for the year 2001 shows that the cases
studied by DEKRA contained a higher proportion
of severe injuries and fatalities, as illustrated by
Figure 8.
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Figure 8: Comparison of the severity of 139
goods vehicle accidents (in DEKRA database) to
the locations of 27,932 accidents with casualties
and severe material damages occurring in Ger-
many in 2001 and involving vans of a permitted
gross mass up to 3.5 t (StBA)

This is because the commissioning of experts to
analyse accident occurrences is governed by the
cost/benefit relationship. As a result, experts are
more frequently called in to investigate the more
serious accidents. Due to the higher speeds leading
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to accidents of this kind, these mainly occur outside
of urban and built-up areas, and on motorways
(Autobahnen). This means that DEKRA accident
research focuses more strongly on serious acci-
dents.

In the 166 cases where the month of the accident
was known and recorded in the DEKRA database,
an aggregation in the warmer part of the year is to
be observed, Figure 9. This is also visible in the
distribution of the 27,932 accidents with casualties
involving vans of a permitted gross mass up to
3.5 t, as registered by the StBA for the year 2001.
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Figure 9: Monthly distribution of 166 transport
vehicle accidents (in DEKRA database) and of
27,932 accidents leading to casualties and severe
material damages occurring in Germany in 2001
and involving vans of a permitted gross mass up
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Other detail characteristics of the cases studied
by DEKRA

The time of day when the accident occurred is
known for 163 of the cases studied by DEKRA.
The corresponding distribution chart shows distinct
aggregations in the periods 6-8 a.m., 10-12 a.m. as
well as 2-4 p.m. and 4-6 p.m., Figure 10.

In accordance with their majority status in road
traffic, private cars were the type of vehicle most
frequently involved in collisions with vans, i.e. in
45 % of all cases, Figure 11. These are followed by
accidents involving the van alone (13 %) and then
by accidents between vans and heavier trucks of a
permitted gross mass of over 7.5 t (13 %).

The most frequent accident type – also termed
“situation leading to accident” – in which vans
were involved was found to be the accident in the
direction of traffic flow, as shown in Figure 12. In
second place, with 23 % of all accidents, are turn-
ing-off / road crossing accidents. Third in the fre-
quency rating are accidents in which the driver lost
control over the vehicle, constituting 16 % of all
occurrences.
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Figure 10: Distribution of 163 van accidents
over the time of day (DEKRA database)
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Figure 11: Distribution of other parties in-
volved in accidents, data for 166 van accidents
(DEKRA database)
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Figure 12: Accident types, data for 164 van
accidents (DEKRA database)

It was possible to reconstruct the collision situa-
tions of 158 of the van accident cases. The results
are shown in Figure 13. The majority of cases are
frontal van collisions. In 29 % of all cases, the front
of the van collided with the side of the other vehi-
cle involved, in 25 % with the front and in 11 %
with the rear of the other vehicle. Side-swiping
collisions (where the sides of both vehicles in-
volved in the accident touch) and accidents in-
volving the van alone, both with a proportion of
8 %, come fourth.
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Figure 13: Collision situation of 158 accidents
in which vans were involved (DEKRA database)

Vehicle speed and collision speed

In 151 cases it was possible to reconstruct the
speed at which the vans were travelling immedi-
ately before the accident occurred, and in 150 cases
it was possible to determine the collision speed.
Figure 14 shows the cumulative frequency for all
road types. A cumulative frequency of approxi-
mately 70 % is achieved by vehicle speeds in the
71 to 80 km/h range and by collision speeds in the
61 to 70 km/h range.
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Figure 14: Cumulative frequency of the speeds
at which 151 vans were travelling immediately
before the accident and of the collision speeds of
150 vans, both on all road types (DEKRA data-
base)

In five cases (3 %), vehicle speeds of over
130 km/h were observed. As this is a speed cur-
rently under discussion as a possible speed limit for
goods vehicles with a permitted gross mass of up to
3.5 t, these cases were investigated in more detail.
One of the accidents was a frontal collision with an
on-coming truck and occurred during daylight
hours on a country road. Here, there are indications
that the van’s driver was excessively tired. Three of
these accidents occurred on motorways and in-
volved two or more vehicles, the van running into
the rear of a truck travelling ahead of it. The fourth
motorway accident was a single-vehicle accident
due to a burst tyre. Two of the motorway accidents
occurred between 2:25 and 6:00 a.m. and the other
two accidents occurred during daylight hours. The
accident development situations of the three

front/rear collisions give reason to believe that the
respective drivers had been careless or had even
fallen asleep.

In all five cases, the accidents would have occurred
in virtually the same way and very probably had
the same severity if the speed had been limited to
130 km/h. This shows that no useful potential for
limiting the speed of light goods vehicles to
130 km/h can be deduced from these study cases.

Distribution of the responsibilities for the acci-
dents

Drivers of vans with a permitted gross mass of up
to 3.5 t are clearly overrepresented in an analysis of
official statistics to determine the ratio of main
parties to blame per 1000 persons involved in road
accidents, as illustrated in Figure 15. An above-
average number of van drivers were found to be the
main person responsible for accidents in both 1992,
when the ratio was 585/1000, and in 2001, when
the ratio was 630/1000 for all registered persons
involved in accidents. A similar situation can be
observed for vans of a permitted gross mass of 3.5 t
to 7.5 t (1992: 598 main accused persons per 1000
persons involved, 2001: 601 main persons accused
per 1000 persons involved). Seen in relationship to
the known number of vehicles registered and the
recorded number of accidents, these figures show
that drivers of delivery vehicles have been very
frequently responsible for causing accidents.

In accidents involving vans/trucks over 7.5 t per-
mitted gross mass, it was found that the drivers
were the main parties to blame in 515 and 525
cases per 1000 persons involved, respectively. The
corresponding figures for drivers of articulated
trucks were 502 and 518, which is quite close to the
average of 500. Bus drivers are the main person
responsible in only 389 and 395 cases per 1000
persons involved, respectively, this being far below
the average value.
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Figure 15: Main person responsible for causing
accidents with casualties, per 1000 persons in-
volved in accidents, for the years 1992 and 2001
(source: StBA)
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The cases recorded in the official statistics include
both single-vehicle accidents (in which the driver
of the vehicle is usually at fault) and accidents
involving two or more parties.

In this context, 166 of the cases studied by DEKRA
in which two vehicles were involved were investi-
gated to determine whether, in the opinion of the
accident research experts, the driver of the transport
vehicle was wholly responsible, mainly responsi-
ble, only partly responsible (approximately 50:50)
or hardly or not at all responsible for the accident.
Figure 16 shows the results of this analysis. This
shows that there is a tendency for the transport
vehicle driver to be more frequently at fault than
the other person(s) involved in the accident.
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essentially
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not known
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van driver other vehicle driver
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Figure 16: Distribution of the responsibility for
156 two-vehicle accidents involving vans, ac-
cording to experts’ opinions (DEKRA database)

In agreement with the deductions drawn from the
StBA statistics, potential benefits can be expected
from corrective measures concerning drivers. This
is already reflected in the training required to ob-
tain the respective driving permits for buses and
large trucks/heavy goods vehicles (HGVs). Sup-
plementary training of van drivers should also be
provided, for example regular discussions on
safety-relevant matters such as compliance with
regulations on driving (working) hours and rest
periods etc. at meetings of the vehicle fleet drivers.

Severity of injuries and use of safety belts

The 166 van accidents recorded in the DEKRA
database also involved 237 front-seat passengers of
these vehicles. It was possible to determine the
severity of the injuries suffered by 201 of these 237
occupants. Approximately 60 % of them sustained
injuries of which 30 % could be classified as severe
injuries. 17 % of the passengers and drivers sus-
tained slight injuries and 14 % sustained fatal inju-
ries.

Some of the relatively frequent and severe injuries
can be obviously attributed to the low utilisation of
safety belts. For 73 occupants, it was possible to
conclusively determine whether he/she wore a seat

belt or not, Figure 18. Approximately half of these
drivers and passengers (49 %) were not wearing a
seat belt. Among the unbelted persons about 89 %
sustained serious or fatal injuries whereas only
59 % of people who were wearing a seat belt sus-
tained these injuries.
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Figure 17: Severity of injuries to 201 front-seat
van passengers (DEKRA database)
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Figure 18: Safety belt usage by 73 van passen-
gers, according to injury severity (DEKRA da-
tabase)

FINDINGS OBTAINED BY FORD’S ACCI-
DENT RESEARCH TEAM

The following section contains detailed evaluations
and results of an in-depth collection of data of
nearly 500 van accidents in Great Britain. This
study is part of Ford’s European accident research
effort, it was commissioned by Ford and carried out
by the Vehicle Safety Research Centre of the Uni-
versity of Loughborough. The accident database,
which has been in existence for ten years now,
mainly contains data on delivery vans (permitted
gross mass up to 3.5 t), car-derived vans (e.g. Ford
Escort and Courier) and minibuses. To select the
relevant cases from the entire set of accidents re-
corded, two exclusion criteria were applied:

– the vehicle involved (van) needed to be towed
away following the accident because of the dam-
age sustained,

– at least one of the persons involved must have
been injured during the accident.
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In principle therefore, the set of accidents studied is
subject to random sampling. Most of the vehicles
involved were less than six years old when the
accident occurred. The injuries are classified ac-
cording to the “abbreviated injury scale” (AIS
system, 1990 – AAAM, 1990). LENARD et al.
published a detailed description of this study in
2002.

The British national accident statistics (RAGB,
2000) provide an important indicator for analysing
light goods vehicle (LGV) accidents from “in-depth
data surveys”. If we compare the proportion of
LGV drivers killed in accidents to the proportion of
passenger car and bus drivers killed in accidents,
respectively, these statistics show that the percent-
age of LGV driver fatalities, at 83 % of all occu-
pants, is much higher than for cars (65 % of the
fatalities are drivers) and bus occupants (7 % of the
fatalities are drivers). This corresponds well to the
number of occupants normally travelling in the
respective types of vehicle. For this reason, it is
particularly important to evaluate real accident data
with a view to potential improvement of driver
safety.

Figure 19 shows the distribution of the types of
collision covered by the sample. In the case of
multiple collisions, the collision which led to the
greatest damage to the vehicle was chosen as the
assigned collision type. As opposed to this, all
accidents in which the vehicle was turned by at
least a quarter of a revolution along its longitudinal
or transverse axis were classified as being  a “roll-
over” collision, irrespective of the severity of asso-
ciated additional collisions. In these figures, frontal
collisions are by far the most frequent types of
collision involving delivery vans.

frontal
59%

lateral
14%

rear
4%

roll-over
22%

others
1% N = 497

Figure 19: Type of collision, for 497 accidents
involving delivery vans in Great Britain (Ford
database)

The degree of utilisation of safety belts, as shown
in Table 1, was determined mainly by investigating
the vehicle after the accident, although the occu-
pants were also questioned about this fact. Evi-

dence that the driver had been wearing the safety
belt was found in 47 % of all cases. A further 9 %
of the drivers stated that they had been wearing the
safety belt although this was not  confirmed by the
vehicle inspection. The proportion of passengers
restrained is considerably lower than that of the
drivers.

Table 1
Utilisation of safety belts by 902 delivery van

occupants (Ford database)

driver co-driver passenger totalBelt
used abs. % abs. % abs. % abs. %
yes 233 47 4 11 71 18 308 33
claimed 46 9 5 14 17 4 68 7
no 151 31 16 46 244 62 411 45
not known 62 13 10 29 61 16 133 14
total 492 100 35 100 393 100 920 100

Risk of injury due to frontal collisions

Table 2 shows the effect of the other vehicle/object
involved in the collision on the driver of the deliv-
ery van. The proportion of fatal (6 out of 13) and
severe injured (MAIS 2+; 46 out of 99) to van
drivers is very high especially in collisions with
heavy goods vehicles (HGVs) and buses. This is
particularly significant as the proportion of HGVs
and buses in the entire number of vehicles on the
road is only small.

Table 2
Van driver injury severity in relation to the

other vehicle or obstacle involved in the acci-
dent, frontal collisions (Ford database)

fatal MAIS 2+ MAIS 1 MAIS 0 total*other
vehicle / 
obstacle

abs. abs. abs. abs. abs. %

car 2 37 83 19 143 46
HGV,  bus 6 46 40 1 94 30
tree, mast
or pole

1 5 25 4 35 11

wall, crash
barrier,
fence

1 5 10 1 17 5

others, not
known

3 6 9 5 23 7

total 13 99 167 30 312 100
* contains 3 cases with unknown injury effects

The proportion of drivers who were protected by
wearing a safety belt during a frontal collision is
shown in Table 3. The belt utilisation quota for all
cases has been determined to be 46 %, but 77 % of
the drivers killed were not restrained when the
accident occurred.
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Table 3
Safety belt utilisation by drivers of vans in-

volved in frontal collisions

fatal MAIS 2+ MAIS 1 MAIS 0 total*Belt
used abs. abs. abs. abs. abs. %
yes 3 45 83 11 143 46
claimed 0 9 20 4 33 11
no 10 40 37 8 97 31
not known 0 5 25 7 37 12
total 13 99 165 30 310 100
* contains 3 cases with unknown injury effects

Injury risk of drivers and passengers on the
struck side in lateral collision situations

The following findings relate to drivers passengers
sitting on the outermost seat of a van on the side of
impact in a lateral collision. In these accidents, the
vans collided most frequently with cars (64 %),
HGVs and buses (27 %), as shown in Table 4. The
total number of cases studied is not sufficient to
deduce statistically validated results, but a trend is
perceivable: namely that the highest risk of injury
occurs during single-vehicle collisions with
poles/masts etc. and collisions with HGVs.

Table 4
Injury severity of van drivers and occupants

seated on the side facing the collision in relation
to the other vehicle or obstacle involved in the

accident, lateral collisions

fatal MAIS 2+ MAIS 1 MAIS 0 total*other
vehicle / 
obstacle

abs. abs. abs. abs. abs. %

car 0 7 19 2 29 64
HGV,  bus 2 2 5 3 12 27
tree, mast
or pole

1 1 1 0 3 7

wall, crash
barrier,
fence

0 0 0 0 0 0

others, not
known

0 0 1 0 1 2

total 3 10 26 5 45 100
* contains 3 cases with unknown injury effects

CRASH TESTS USED TO ANALYSE OCCU-
PANT SAFETY

Nowadays, the safety equipment of modern deliv-
ery vans is of practically the same quality as that in
passenger cars. This has not always been the case.
A comparison of the safety equipment of vans in
the past ten years shows that the use of passive
safety elements has increased considerably since
Ford introduced the first series-equipment airbags
in 1994 (WILHELMI, 2002). Nowadays, airbags
for the driver seat are standard equipment in 90 %

of all vans, the same applies to ABS or power-
assisted steering. Airbags for the co-driver seat are
available as options for almost all vehicles.
Whereas, in the past, safety elements such as belt-
pretensioners, belt force limiters, height-adjustable
seat belts, lateral crash protection, differential
locking, wing mirrors with wide-angle sectors and
load-anchoring eyes in the cargo spaces were ex-
ceptions rather than the rule, they are now either
standard equipment or at least available upon cus-
tomer request.

A comparison of the safety equipment offered in
different variants of the same vehicle model series
has shown that minibuses are usually equipped
with a wider range of safety devices than goods
vehicles. Some manufacturers offer, for their mini-
bus-versions, safety elements which they do not
offer for the goods transport version of the same
model. The Volkswagen T4 can be named as one
example: the minibus version can be obtained with
the “Electronic Stability Program ESP”, but this is
not offered for the goods vehicle version. This
illustrates that, due to a lack of market demand,
there is still a need to adjust the standards of safety
equipment for goods transport vehicles.

The following section describes three crash tests
carried out by DEKRA’s accident research division
on Ford Transit vans. These serve to illustrate the
status of the interior safety of modern vans in
frontal collisions using the same criteria as applied
to cars. In addition, a crash test was carried out on
an older-model Fiat Ducato pick-up truck at a
lower collision speed. Up to date, only few results
of delivery van and light goods vehicle crash tests
have been published (BÜRGER, 1992). The Aus-
tralian New Car Assessment Program (ANCAP
CRASH TESTS, 2002) has provided some more
recent results of crash tests with utility vehicles.

Full-frontal impact crash tests

Three tests were carried out with the vehicle hitting
a rigid, non-deformable barrier with 100% of its
width (so-called full frontal tests), the test data are
given in Table 5. The occupants were modelled
using instrument-bearing dummies of type Hybrid
III (50th percentile male) which were fastened in by
safety belts. The driver seat was occupied during
all tests. The Ford Transit vans also carried passen-
gers on the co-driver seats. Test SH 02.018 was
carried out with a so-called double passenger seat,
so that two co-drivers (one in the middle, the other
on the outside seat) could be placed in the vehicle.

In accordance with the American safety standards
FMVSS 301 and 208 (currently valid up to 2003),
the Ford Transits were crashed into the barrier at 48
km/h (30 mph). Both test vehicles were equipped
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with airbags for the driver’s and outer passenger’s
seats. In test SH 02.018, the passenger on the mid-
dle seat was protected by a safety belt only.

Table 5:
Synopsis of full-frontal impact tests

Test no. Vehicle Mass
[kg]

Speed
[km/h]

Occupants

SH 02.018 Ford Transit
van,
built 2001

2,460 48.1 Driver, passenger
middle seat,
passenger outer
seat

SH 02.203 Ford Transit
van,
built 2001

2,350 48.4 Driver, passenger
outer seat

SH 02.180 Fiat Ducato
pick-up,
built 1994

2,450 31.7 Driver

For the older model Fiat Ducato pick-up, a consid-
erably lower collision speed, 32 km/h, was se-
lected. The objective of this test was to obtain in-
formative dummy stress data modelling a frontal
collision in which the occupants could survive.

Figure 20 shows pictures of the progress of the
collision in one of the Ford Transit tests. The un-
folding of the airbag and the external deformation
of the driver side of the vehicle can be seen.

Figure 20: Progress of the collision during full-
frontal test number SH 02.018 at 48.1 km/h

In line with the test conditions, the fronts of the
vehicles were deformed over their entire widths, as
shown in Figure 21.

The Ford Transit has two sturdy longitudinal frame
elements. These contributed symmetrically towards
absorbing the impact energy by converting it into
deformation work. No fluids leaked from the tanks
of either vehicle following the crash. The driver
and passenger airbags of both Ford Transit vehicles

were deployed. The survival space for the occu-
pants remained virtually fully intact in all test vehi-
cles. There were some folds to be seen in the
floors/foot spaces of the vehicles. It was possible to
open the driver and passenger doors of the two
Ford Transit manually without tool – contrary to
the doors of the Fiat Ducato, which had to be
opened with a tool. In all tests, the dashboards /
instrument panels showed traces of knee and lower
leg impact by the dummies. For example, Figure 22
shows the situation in the region of the outer co-
driver dummy’s knee in the Ford Transit in test
SH 02.018.

Figure 21: Deformation of the vehicle fronts
(top picture: Fiat Ducato after impact at
31.7 km/h; centre: Ford Transit after impact at
48.1 km/h; bottom: Ford Transit after impact at
48.4 km/h)

Figure 22:  Situation in the region of the outer
co-driver’s knee in a Ford Transit, showing
traces of knee and shin impact, in test number
SH 02.018



Berg 11

In addition, in test SH 02.018, carried out with
three occupants, the head of the passenger dummy
on the middle seat struck the instrument panel.

Except for the left-hand femur load measured in the
Fiat Ducato, all measured dummy stresses were
lower than the corresponding biomechanical limit
values. Some of the measurement results are dis-
cussed below.

Figure 23 shows the values of the Head Injury
Criterion (HIC). At a range between 423 to 561,
these are far below the limit of 1000. In test
SH 02.018, the value  determined for the middle
passenger, HIC = 550 showed a greater stress than
those for the driver (HIC = 399) and the passenger
on the outer seat (HIC = 423). This corresponds to
the middle passenger’s head striking the instrument
panel. In test SH 02.203, the head stresses of both
the driver (HIC = 559) and the passenger
(HIC = 561) were roughly equal. In conjunction
with the HIC evaluation of the driver of the older
model Fiat Ducato, it must be remembered that this
was tested at a lower collision speed.
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SH 02.180 Ducato F

SH 02.018 Transit F
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Figure 23: Head stresses of the dummies, de-
termined as HIC values (F: driver, BFm: middle
passenger, BFa: passenger on outer seat) , in
comparison to the limit value

The thorax deceleration values, a3ms, are shown in
Figure 24. They range from 32 g for the middle
passenger of the Ford Transit (test SH 02.018) to
40 g for the passenger on the outer seat of the Ford
Transit (tests SH 02.018 and SH 02.203), and are
also well below the limit value, which is 60 g in
this case.
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Figure 24: Thorax deceleration values, a3ms,
experienced by the dummies, in comparison to
the limit value

The values of the longitudinal forces measured in
the left-hand femur of the dummies are quite re-
markable, as shown in Figure 25. In the Fiat Du-
cato, the value obtained was 10.5 kN, which is in
the region of the 10 kN limit for this criterion. This
corresponds to the knee striking the dashboard,
behind which there is a sturdy cross-member. The
other values, which are between 1.0 and 2.2 kN, are
well under the limit.
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Figure 25: Maximum compressive forces F
measured in the left femur of the dummies, in
comparison to the respective limit value

One of the vehicles (test SH 02.018) was subjected
to a so-called static roll-over test in order to check
the leak-tightness of the tanks in accordance with
FMVSS 301 (Figure 26). In this test, the vehicle is
rotated, in stages, about a longitudinal axis by two
full revolutions. After each quarter of a turn, i. e. in
the 0°, 90°, 180° and 270° positions, the vehicle is
held stationary for 5 minutes. During this test, not
more than 142 g of fuel per 5 minute period may
leak out. The vehicle passed this test.

Figure 26: Test to check for tank leakage in
accordance with FMVSS 301

Offset-test with an overlap of 40%

A further Ford Transit van (of mass 2,502 kg, built
2000) was subjected to a so-called offset test with
40% of the front striking a fixed rigid barrier fitted
with a deformation element at 56.2 km/h. This test
is defined in the European regulation ECE-R 94.
As in the full-frontal test SH 02.018, the vehicle
was equipped with airbags for the driver and the
passenger seats. Dummies of type Hybrid III (50th

percentile male), were fastened in on the driver seat
and the middle and outer passenger seats by means
of the safety belts. Figure 27 shows the progress of
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the crash. The unfolding of the airbag and the ex-
ternal deformation of the driver side of the vehicle
can be seen.

Figure 27:  Progress of the collision during
offset test SH 02.019 at 56.2 km/h

The one-sided action of the impact forces on the
front of the vehicle is a typical characteristic of
offset crashes. Correspondingly, the longitudinal
frame element being directly hit has to convert
more of the impact energy than the one on the side
away from the impact. Figure 28 shows the de-
formed vehicle in the final rest position.

Figure 28: Front of the Ford Transit, shown in
the final position after collision at 56.2 km/h and
with a 40% coverage of the obstacle in an offset
crash test

Although there are no safety-relevant legal regula-
tions concerning goods vehicles with respect to
offset crash tests, the Ford Transit also showed
structural characteristics in this test which were
generally acceptable. The occupant cell did not
break apart. The foot space was damaged more
severely in front of the driver’s seat than during the
full-frontal tests. The floor was folded in the
driver’s area. Both the steering wheel and the pedal
assembly intruded further into the inner space than
after the full-frontal tests of the same vehicle type.

The driver-side door was jammed and could only

be opened manually with much greater force (a
force of 800 N was measured) after unlatching the
door from the inside of the vehicle. The passen-
ger’s survival space was virtually completely in-
tact. The passenger door could be opened manually
with normal effort and without tools. The instru-
ment panel / dashboard showed traces of being
struck by the knees and lower legs of all three
dummies. The head of the dummy on the middle
seat had struck the instrument panel. Both airbags
had been deployed and had helped to restrain the
driver and outer passenger.

All measured dummy stresses were below the re-
spective biomechanical limits. To illustrate this,
Figures 29 to 31 show the measured HIC, thorax
deceleration a3ms and the maximum compressive
forces in the left  thigh. The value ranges are:
HIC = 112 - 229, a3ms = 27 - 38 g and F = 0.9 - 3.9
kN.
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Figure 29: Head stresses of the dummies, de-
termined as HIC values (F: driver, BFm: middle
passenger, BFa: passenger on outer seat) deter-
mined in offset crash test SH 02.019
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Figure 30: Thorax deceleration values, a3ms,
experienced by the dummies, determined in
offset crash test SH 02.019
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Figure 31: Maximum compressive forces F
measured in the left femur of the dummies, de-
termined in offset crash test SH 02.019
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Generally speaking, the offset crash test shows that
light goods vehicles (LGVs) have not yet com-
pletely achieved the same high safety standards as
modern car designs. Although the legal require-
ments on goods vehicles with respect to passive
safety will not be made any stricter within the fore-
seeable future, vehicle manufacturers are commit-
ted to continually improving the safety of such
vehicles.

BRAKE TESTS FOR ANALYSING ACHIEV-
ABLE DECELERATION VALUES

In addition to passive safety, the active safety of
delivery vans is being widely discussed. In order to
examine the braking capacity of modern vans com-
pared to that of passenger cars, appropriate trials
according to ECE-R 13 were carried out at the
DEKRA Automobile Testing Centre (HÄUSSER-
MANN, 2003). The vehicles used in the trials were
a Fiat Ducato Maxi 2.8 idTD, a Mercedes Sprinter
311 CDI and a Renault Master 2.5 dCI. An identi-
cal model of each of these vehicles is made by
other manufacturers (Fiat: Citroen and Peugeot,
Mercedes: Volkswagen, Renault: Opel and Nissan),
meaning that the results of the test series can be
regarded as being representative. The trials were
carried out on dry tarmac surfaces on the test tracks
of the Euro Speedway Lausitz at an ambient tem-
perature of 4°C. The vehicles used the tyres fitted
by the respective car dealer (Renault Master: Mich-
elin all-round tyres, Fiat Ducato: Pirello summer
tyres, Mercedes Sprinter: Continental summer
tyres). As a comparison, a car - VW Polo - was
tested under identical conditions. All vehicles were
fully loaded, and the maximum permissible axle
load was used to the full in each case. First of all,
three tests were carried out at a speed of 100 km/h
using cold brakes. Then a further three test series
were carried out at an initial speed of 130 km/h,
also with cold brakes. Finally, a test was carried out
with warm brakes from a speed of 100 km/h. To
warm up the brakes, 16 full braking manoeuvres in
which the vehicle was brought to a total standstill
from 100 km/h were carried out in quick succes-
sion.

Figure 32 shows the braking distances, whereby
only the best value is shown for those tests involv-
ing several braking manoeuvres per vehicle at the
same conditions. With cold brakes, the braking
distances of all vehicles were very similar, both at
initial speeds of 100 km/h – the values being be-
tween 50.1 m (Mercedes Sprinter) and 54.4 m (Fiat
Ducato) and at 130 km/h – where the values ranged
from 80.5 m (Renault Master) to 88.2 m (Fiat Du-
cato). In a direct comparison, no difference be-
tween the braking capacity of the vans and that of
the car could be identified.

In the trials with warm brakes out of 100 km/h, the
braking distance of the VW Polo, namely 49.6 m,
was considerably shorter than the braking distance
of the vans, namely between 58.0 m (Fiat Ducato)
and 59.9m (Renault Master). On the one hand, this
indicates a reduced braking performance of the
vans under the extreme conditions given here. On
the other hand, one must take into consideration
that at a braking distance of 59.9 m from a speed of
100 km/h, the mean deceleration to a complete stop
according to ECE-R13, was still 8.1 m/s2. This is
considerably higher than the values required by
ECE, which for braking manoeuvres using the
driving brake system and with the engine running
but no gear engaged, are between 5.0 and 5.8 m/s²,
depending on the vehicle category.
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Figure 32: Braking distances obtained for
three delivery vans (Renault Master, Mercedes
Sprinter, Fiat Ducato) and a car (VW Polo) in
brake tests carried out according to ECE-R 13
under identical conditions.

SUMMARY AND OUTLOOK

In the 1990s, both the number of registered light
goods vehicles (up to 3.5 t permitted gross mass)
and their rate of involvement in accidents with
casualties increased considerably. In Germany,
between 1992 and 2001 the number of registered
vehicles of this type rose by 75% and their in-
volvement in accidents with casualties by 64%
(urban areas) and 80% (Autobahnen), respectively.
In accordance with manufacturers’ sales figures
and the high demand for transport services in the
courier and postal sectors, one can assume here that
the so-called “delivery vans” play a large role.
Against this background, there is a need to investi-
gate the involvement of these vehicles in accidents
and their safety, since this category is not treated as
a separate group in the (German) registration and
accident statistics. Up to now, too little is known
about the involvement of these vans in accidents
and about risk characteristics in relation to their
number and specific mileage.

The DEKRA accident research team has been in-
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vestigating accident occurrences with delivery vans
since the late 1990’s. In a pilot study, an accident
database for these vans was established. This cur-
rently contains data on 166 cases. From these data,
we know that cars are the most frequent counterpart
in accidents involving vans, that in the second
largest group of accidents only the van is involved
and in the third, the van collides with a heavy truck
or lorry. With regard to the type of accident/type of
occurrence causing the accident, accidents in the
direction of traffic flow are the most common, then
turning-off / road crossing accidents, and then acci-
dents in which the driver has lost control of the
vehicle. On the whole, frontal collisions are the
most frequent type of collision involving delivery
vans.

Among measures currently being discussed with a
view to reducing the number and severity of acci-
dents involving delivery vans, is a technical limita-
tion of speed to 130 km/h in small vans (up to
3.5 t). In the case of larger goods vehicles/vans
(permitted gross mass of 3.5 t to 7.5 t) registered as
goods vehicles (LKW) a speed limit of 80 km/h has
been imposed for some time now. An evaluation of
the reconstructed driving and collision speeds of
vans involved in accidents recorded in the DEKRA
database shows that less than 5% occur in the speed
range above 130 km/h, and that these accidents
could hardly have been avoided even if there had
been a technical limitation of the maximum possi-
ble speed of light transport vehicles to 130 km/h.
As the evaluation of the official accident statistics
also shows, most accidents involving goods vehi-
cles occur in towns or on main country roads. This
means that the potential benefit of speed limiters
set to 130 km/h maximum speed in vans would be
restricted to preventing a very small number of
accidents caused by excessive speeding on motor-
ways.

In agreement with official statistics, the DEKRA
cases show that the drivers of small vans cause
accidents more frequently than the average driver.
In this respect, further systematic analyses of the
accidents with relation to accompanying driving
behaviour of the drivers as well as targeted training
measures are necessary. In this connection, the
possible regulation of driving and rest times for
delivery van drivers should be considered.

As part of Ford’s European accident research work,
the Vehicle Safety Research Centre of the Univer-
sity of Loughborough, commissioned by the Ford
Motor Company, has collected and evaluated the
data of approx. 500 van accidents in Great Britain.
These examinations, too, show that 59% of van
accidents are usually head-on collisions. Here, too,
the collision counterparts are mainly cars (64%). In
27% of all cases the van collided with a heavy

goods vehicle. The most severe injuries incurred by
van occupants resulted from collisions with heavy
goods vehicles and stationary objects.

In the accidents studied in Great Britain, the use of
safety belts was very low in vans (50% for drivers,
30% for other occupants). Similar results are also
available for Germany. Observations made by the
DEKRA accident research team in 1999 on main
country roads showed that only around 18% of the
occupants of light transport vehicles (mainly vans)
were restrained. In other observation studies carried
out on motorways in 2001, the percentage of re-
strained occupants of light goods vehicles was
38%. These figures are much lower than the figures
for safety-belt use in cars, in which more than 90%
of drivers and adult front-seat passengers have been
regularly using their safety belts since the mid-80’s,
according to the German Federal Road Office. It is
a major aim therefore to encourage the use of
safety belts in light goods vehicles. In September
2002, at the International Automobile Fair (IAA) in
Hannover, the German Traffic Safety Council
(Deutscher Verkehrssicherheitsrat, DVR) launched
the campaign “Has it clicked?” together with the
trade association for vehicle use, DEKRA and other
partners. This campaign also targets van drivers.

Passive safety in modern small vans has already
reached a very high level, especially for occupants
who are restrained. This was documented by a trial
using a Ford Transit in three crash tests (two full-
frontal and one offset) in the DEKRA crash centre.
In the full-frontal test against a rigid barrier at a
collision speed of 48 km/h, the body structure with-
stood the crash stresses very well. The survival
space for the occupants remained intact. All loads
on the driver and two front-seat passengers re-
mained below the biomechanical limits. Also in the
offset crash, all dummy loads remained below the
corresponding limits. The results of an asymmetri-
cal load test fell slightly short of the high level of
safety achieved in modern car design. In a com-
parison full-frontal test in which an older-model
Fiat Ducato pick-up truck crashed into a rigid bar-
rier at 32 km/h, distinct improvements in the inte-
rior safety of modern delivery vans can be distin-
guished.

The braking performance of modern vans in com-
parison to a car was examined in brake tests. Here,
no difference could be found in cold brake tests
from 100 and 130 km/h. In warm brake tests from
100 km/h, slightly shorter braking distances were
measured for the car than for the vans, even though
the average deceleration to a complete stop of these
reached the high value of 8.1 m/s2.

Although no tightening of the legal requirements is
expected in the near future, the vehicle manufactur-
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ers have dedicated themselves to continually im-
proving the safety of these vehicles, too. As with
heavy commercial goods vehicles, a lot of delivery
vans nowadays are the driver’s place of work,
making the driver’s safety all the more important.

Vans are often described in the media as the new
“menace on the roads”. This is counterproductive
in view of the traffic space becoming more and
more crowded. What is needed is a partner-like
relationship among all types of road users in order
to avoid accidents and guarantee the flow of traffic.
Here, drivers of commercial vehicles, being the
“professionals”, have a special responsibility to-
wards other road users and themselves as well as to
their vehicle and cargoes. Special driver training
and improved vehicle technology contribute to
improving safety and the image of the delivery van
as an indispensable part of fast and flexible com-
mercial road traffic. Accident research work con-
tributes by systematically analysing and presenting
results, and by discussing findings and providing
appropriate suggestions for improvement.

REFERENCES

AAAM (1990): The Abbreviated Injury Scale:
1990 Revision, Association for the Advancement
of Automotive Medicine, Des Plaines, Illinois,
1990

ANCAP Crash Tests 2002 Results Utilities:.
http://203.147.151.126/motoring/cars/crash_tests/a
ncap/ute.shtml

BERG F.A., AHLGRIMM J, KUGELE M,
MATTERN R., MILTNER R: Interdisziplinäre
Beantwortung von Fragestellungen zur Airbag-
Thematik im realen Unfallgeschehen durch Sa-
chverständige und Unfallforscher. Verkehrsunfall
und Fahrzeugtechnik 40 (2002) Edition 3, pp 71-79
and Edition 6 pp 169-175

BÜRGER H.: Vergleich der Crashworthiness
zwischen Fahrzeugen in Frontlenker- und
Kurzhaubenbauweise - dargestellt am VW Bus der
3. und 4. Generation. VDI-Berichte (VDI Reports)
No. 968, Düsseldorf 1992

DIN 70010: Systematik der Straßenfahrzeuge -
Begriffe für Kraftfahrzeuge, Kraftfahrzeugkombi-
nationen und Anhängerfahrzeuge, April 2001,
FAKRA/Band 1/10 Delivery date June 2001 in
Beuth Vertrieb

DTLR: Road Accidents Great Britain: 2000, The
Casualty Report. The Stationery Office, London
2001

GRANDEL J., BERG F.A., NIEWÖHNER W.,
Sicherheitsanalyse in Straßengüterverkehr. Berichte
der Bundesanstalt für Straßenwesen, Series
“Mensch und Sicherheit” Edition M7, April 1993

HÄUSSERMANN M.: Heißes Eisen, Sicherheit
Transporter Bremstests. Lastauto Omnibus, (Edi-
tion 1 January 2003, ETM Verlag, Stuttgart

LENARD et. al. An overview of accidents and
safety priorities for light goods vehicles, Proceed-
ings of the Vehicle Safety 2002 Conference, Insti-
tution of Mechanical Engineers 28-29. May 2002,
London

NIEWÖHNER W., BERG F.A., FRONCZ M.:
Unfallgeschehen mit Transportern in Deutschland -
Ergebnisse einer Pilotstudie. Conference summary.
DEKRA Symposium Passive Safety in Commercial
Vehicles 5.-6. October 2000, Neumünster

NIEWÖHNER W., BERG F.A., FRONCZ M.:
Accidents with vans and box-type trucks (trans-
porters): Results from official statistics and real life
crash analyses. Paper ID-No. 316, Proceedings 17th

International Technical Conference on the En-
hanced Safety of Vehicles, Amsterdam, June 4-7,
2001

RÜCKER P., BERG F.A., NIEWÖHNER W.,
SFERCO R., FAY P., SCHRIEVER T.: Safety of
transport vans - results of accident analysis and
crash tests. 3. DEKRA Symposium Passive Safety
in Commercial Vehicles 17.-18. October 2002,
Neumünster, Conference summary

Statistisches Bundesamt: Fachserie 8, Serie 7,
Verkehrsunfälle, Verlag Metzler-Pöschl, Stuttgart.

WILHELMI T.: Untersuchung des Unfallgeshe-
hens und der passiven Sicherheit von Transportern.
Dissertation at Technical College (Fach-
hochschule), Wiesbaden and the DEKRA Accident
Research Centre, Stuttgart 2002



 1Yamada, 

Kiichi Yamada          

Takashi Wakasugi 

Japan Automobile Research Institute 

Japan 

Paper No. 188  

 

 

SUMMARY 

 

Various warning systems are being studied in the 

world to improve traffic safety. To enhance the 

information/warning systems, systems that are 

based on sensors installed on the roadside are under 

research. The system informs the driver of the 

traffic condition through the in-vehicle display 

and/or the roadside message board. We have 

evaluated effectiveness and risk of the forward 

obstacles collision avoidance support system using 

the driving simulator (DS) in Japan Automobile 

Research Institute (JARI). As a new evaluation 

criteria of the effectiveness the velocity at 100m 

ahead the obstacle was introduced that is able to 

show the difference of effectiveness of each type of 

information more clearly. The evaluation results 

shows that the forward obstacles collision 

avoidance support system is effective, especially 

when using the combination of the in -vehicle and 

the roadside massage information. Next, as a new 

evaluation method for system risk the driver-system 

integrated erroneous operation probability model 

was introduced. The result shows that the accident 

reduction ratio is 86%. 

 

INTRODUCTION 

 

  Various warning systems are under research to 

improve traffic safety, and several systems such as 

Forward Vehicle Collision Warning Systems and 

Lane Departure Warning System have been 

introduced into the market already. These systems 

are based on onboard sensors, which means that 

onboard sensors detect traffic environment around 

the host vehicle and inform the driver of dangerous 

situation. But, it is impossible for these systems to 

detect hidden obstacles such as an obstacle on the 

curve road ahead. To enhance the 

information/warning systems, systems that are 

based on sensors installed on the roadside are under 

research. The system informs the driver of the 

traffic condition through the in-vehicle display 

and/or the roadside message board. These systems 

are called ‘Cooperative Information/Warning 

System’. 

  When evaluating cooperative systems, the system 

should be evaluated from two major points of view. 

One point of view is effectiveness because the 

purpose of the system is to reduce the number of 

accidents. Another point of view is safety or risk 

because false information generated by errors of 

traffic recognition sensors might give unsafe 

influence to the driver’s judgments.  

Concerning the evaluation of the effectiveness of 

onboard systems, the response time to an event such 

as the warning is usually used. Figure 1 shows a test 

result of Forward Vehicle Collision Warning 

Systems (1) . In the case of onboard systems the 

driver is able to recognize traffic situation 

simultaneously when the warning is issued. On the 

contrary, in the case of roadside sensor based 

systems, when the information/warning is issued, 

the driver is not able to recognize the obstacle yet 

because the obstacle is hidden on the curve road 

ahead. Consequently, another new evaluation 

criteria should be applied to evaluate the roadside 

sensor based systems  

Concerning the evaluation of the safety or risk of 

the system we do not have appropriate method. 

Consequently, new evaluation criteria should be 

invented to evaluate the safety or risk of the system. 

We evaluated the effectiveness of cooperative 

SAFETY EVALUATION OF FORWARD OBSTACLES  COLLISION AVOIDANCE

SUPPORT SERVICE USING DRIVING SIMULATOR 
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system, especially the forward obstacles collision 

avoidance support system using the driving 

simulator (DS) in Japan Automobile Research 

Institute (Figure 2), and also evaluated the 

safety/risk of the system using the driver-system 

integrated erroneous operation probability model. 

In the paper test method, test results including 

driver’s speed reduction characteristics, workload 

reduction, and the evaluation result of the 

safety/risk are described. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1  A test result of Forward Vehicle 

Collision Warning System 

 

 

 

 

 

 

 

 

 

Figure 2  JARI Driving Simulator 

 

TEST METHOD 

 

  To evaluate information/warning systems validly 

the test method is important. Test scenario, 

information providing manner and test procedure 

will be introduced at first. 

 

 

 

Test Senario 

 

     Test Course  A simple test course with four 

corners was designed. Figure 3 shows the test 

course on DS. The details are as follows. 

l The course has two lanes. 

l Each curve radius is 250m. 

l An obstacle vehicle is placed on the curve, at 

150m behind the curve entrance. 

In this case the visibility distance of the driver 

is about 80m, which means the driver can find 

the obstacle vehicle at the point about 80m 

ahead the obstacle. 

l Vehicles on the adjacent lane are arranged. 
l The curve information is provided when an 

obstacle is not on the curve, and the obstacle 

information is provided when an obstacle is 

on the curve. The detail of the information is 

described in the following section. 
l Data obtained at the two corners which have 

same curve radius such as the corner 2 and 3 

are not distinguished when data processing. 
 

 

 

 

 

 

 

 

Figure 3  Configuration of the test course 

 

     Test condition 

l The number of test driver is twenty including 

male and female drivers of various ages. 

l Each driver is instructed to drive at about 

120km/h on the straight course and drive at safe 

speed on the curve reducing the vehicle speed. 

l Mental arithmetic is loaded to the driver as 

driving workload in some test cases. When simple 

series numbers with 5s interval are read aloud, the 

driver have to answer by adding a new number to 

the previous one.  
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Information①

Information③

Information②
Pi Pi Stop vehicle 
ahead

Pi Pi Pi Pi Be careful,
Stop vehicle ahead

Pi Pi Sharp curve ahead

停 止 車 あ り

こ の 先 カ ー ブ

停 止 車 注 意

Be careful, Stop 
vehicle ahead

Stop vehicle ahead

Sharp curve ahead

P1

P1

P2

No. Visual display Audible display Position

Information④

Information⑥

Information⑤

No. Road side message at P1’ Road side message at P2’

こ の 先 カ ー ブ カ ー ブ 注 意

こ の 先 停 止 車 両 停 止 車 両 注 意

こ の 先 停 止 車 両 停 止 車 両 注 意

Sharp curve ahead

Stop vehicle ahead

Stop vehicle ahead Be careful, Stop vehicle ahead

Be careful, Stop vehicle ahead

Be careful, Sharp curve ahead

Message is blinking

Message is not blinking

Ex. Question:5-5-7-8 (interval is 5s)  

Answer:10-12-15 

l Each driver informs the test conductor of his/her 

subject evaluation result for each information 

providing type. 

 

Information Providing Manor 

 

  To evaluate effectiveness of infrastructure based 

system various types of information providing 

manor were tested. 

 

     Information Providing Points  Figure 4 

shows the information providing points . The 

in-vehicle information is provided at points, P1 and 

P2 using the visible and audible display. The points, 

P1 and P2 vary according to the vehicle speed. The 

roadside message is provided at points, P1’ and P2’ 

using variable message boards. The detail is as 

follows. 

P1: when the driver starts decelerating at 1.0 m/s2 

from P1, the vehicle stops in front of the 

obstacle. 

    EX. P1 is 556m ahead the obstacle when the 

vehicle speed is 120km/h. 

P2: when the driver starts decelerating at 2.0 m/s2 

with 1.0s delay time from P2, the vehicle  

reduces the speed to 80km/h on 80m ahead 

the obstacle. 

  EX. P1 is 268m ahead the obstacle when the 

vehicle speed is 120km/h. 

P1’: 386m ahead the obstacle. 

P2’: 180m ahead the obstacle. 

 

 

 

 

 

 

 

 

 

Figure 4  Information providing points 

     In-vehicle Information and Roadside 

Message  Figure 5(a) shows the in-vehicle 

information. The in-vehicle information includes 

visible and audible display. Figure 5(b) shows the 

roadside message. The difference between the 

information 5 and 6 is whether the message is 

blinking or not. The message of the information 5 

is blinking to enhance driver ’s atention. 

 

 

 

 

 

 

 

 

 (a) In-vehicle information 

 

 

 

 

 

 

 

(b) Roadside message 

Figure 5  In-vehicle information and roadside 

message 

 

     Information Types  To evaluate 

effectiveness of information several types of 

information were chosen, in-vehicle type, 

roadside type and cooperative type including 

without information. Table 1 shows the 

information/message types chosen for the test. 

Each type is a standalone or combined 

information out of the information in Figure 5. 

 

P1: when the driver starts decelerating at
1.0 m/s2 from P1, the vehicle stops in
front of the obstacle.

      EX. 556m when the vehicle speed is
120km/h.

P1’: 386m ahead the obstacle

P1

P2

150m

P1’

P2’

P2: when the driver starts decelerating at
2.0 m/s2 with 1.0s delay time from P2,
the vehicle reduces the speed to
80km/h on 80m ahead the obstacle.

       EX. 268m when the vehicle speed is
120km/h.

P2’: 180m ahead the obstacle
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Test Procedure 

 

All test cases for each subject driver are shown 

in Table 2. No. 1 and No. 2 are only for practice. 

Tests from No. 3 to No. 6 are taken for the base data 

without information. Tests from No. 7 to 15 are data 

on the right turn corner, which are mainly used for 

data analysis. Tests from No. 16 to 19 are taken for 

supplemental data. Test No. 20 and 21 with mental 

arithmetic are taken to evaluate driver’s workload. 

No. 22 is taken to analysis driver’s behavior to a 

false information that means that an obstacle 

information is issued even when an obstacle does 

not exist really. No. 23 is taken to analysis driver’s 

behavior to a missing information which means that 

a curve information is issued even when an obstacle 

does exist really.  

The test procedure is as follows. 

(1) The subject driver does practice to be familiar 

with DS at first. 

(2) Tests from No. 3 to No. 6 are taken to obtain 

the base data without information. 

(3) Tests from No. 4 to No. 22 are taken for data 

analysis. Tests from No. 4 to 22 are applied 

randomly for each subject driver. 

(4) Test No. 23 is taken at last to evaluate driver’s 

over-reliance after having got information 

effectiveness. 

As mentioned before the instruction to the 

subject driver is that the subject driver should drive 

at about 120km/h on the straight course, reducing to 

safe speed on the curve according to own judgment, 

and applying emergency brake when the driver 

finds the obstacle on the road. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TEST RESULTS 

 

  As mentioned before in the case of roadside 

sensor based systems, when the 

information/warning is issued, the driver is not able 

to recognize the obstacle yet because the obstacle is 

hidden on the curve ahead. Consequently several 

evaluations of test result were examined. 

Table 1 Information types 
In-vehicle Roadside Type Purpose 

P1 P2 P1’ and P2’ 
Type 0 Curve 

/Obstacle 
- - - 

Type 1 Curve Information 
1 

- - 

Type 2 Obstacle Information 
2 

- - 

Type 3 Obstacle Information 
2 

Information 
3 

- 

Type 4 Curve - - Information 
4 

Type 5 Obstacle - - Information 
5 

Type 6 Obstacle - - Information 
6 

Type 7 Curve Information 
1 

- Information 
4 

Type 8 Obstacle Information 
2 

Information 
3 

Information 
5 

Type 9 Obstacle Information 
2 

Information 
3 

Information 
6 

 

Table 2  Test cases  
Test 
No. 

Curve 
0：250R 
1：250L 

Obstacle 
0：with 
1：without 

Information 
type 

Note 

1 0 0 0 Practice 
2 0 1 8 ↑ 

3 0 0 0 Base data  
without 

information 
4 1 0 0 ↑ 
5 0 1 0 ↑ 
6 1 1 0 ↑ 
7 0 0 1 In-vehicle 

information 
8 0 1 2 ↑ 
9 0 1 3 ↑ 

10 0 0 4 Roadside 
message 

11 0 1 5 ↑ 
12 0 1 6 ↑ 
13 0 0 7 Cooperative 

information 
14 0 1 8 ↑ 
15 0 1 9 ↑ 
16 1 0 1  
17 1 1 2  
18 1 1 3  
19 1 1 8  
20 0 1 2 With mental 

arithmetic 
21 0 1 8 ↑ 

22 0 0 8 False 
information 

23 0 1 7 Missing 
information 
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Subject Test Drivers 

 

  Figure 6 shows the distribution of the subject 

drivers involved in this experiment test. 

 

 

 

 

 

 

 

Figure 6  Distribution of subject drivers 

 

Gas Pedal Release Timing 

 

  Figure 7 shows the gas pedal release timing. 

Horizontal axis is the distance to the obstacle with 

the standard deviation. Longer distance to the 

obstacle means earlier timing of the driver action. 

As seen in the figure the driver tends to release the 

gas pedal at a little earlier timing when the 

curve/obstacle information is offered than when no 

information (base data). But, the timing difference 

between the curve information and the obstacle 

information is not observed clearly. 

 

 

 

 

 

 

 

 

 

 

Figure 7  Gas pedal release timing 

 

Brake Application Timing 

 

  Figure 8 shows the brake application timing. In 

this case the timing difference between the curve 

information and the obstacle information is clearly 

observed. The driver tends to apply the brake 

operation at earlier timing when the obstacle 

information is offered than when the curve 

information is offered. And the driver tends to apply 

the brake operation at earlier timing when the 

combined information with the in-vehicle and the 

roadside message information (Type 8, 9) is offered 

than when the single information (Type 2, 3, 4, 5) is 

offered. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8  Brake application timing 

 

Vehicle Speed At 100m Ahead The Obstacle 

 

  To clarify the difference of effectiveness of each 

information type the vehicle speed at 100m ahead 

the obstacle was examined. Figure 9 shows the 

result. The difference of effectiveness of each 

information type is shown more clearly. The driver 

reduces the vehicle speed to less than 80 km/h when 

the obstacle information is offered because the 

driver knows that he/she can stop easily at this 

speed when finding an obstacle. On the contrary the 

driver does not reduce the vehicle speed when only 

the curve information is offered.  

As mentioned in the previous section the driver 

tends to reduce the vehicle speed to less speed when 

the combined information with the in-vehicle and 

the roadside information (Type 8, 9) is offered than 

when the single information (Type 2, 3, 4, 5) is 

offered. 

  An interesting result was observed on the vehicle 

speed on Type 2* and Type 8* where the mental 
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*: with mental arithmetic

arithmetic is set to the driver as driving workload. 

The vehicle speed on Type 8* is much less than that 

of Type 2*. The detail analysis will be shown in the 

later section. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9  Vehicle speed at 100m ahead the obstacle 

 

Subjective Evaluation 

 

Figure 10 shows the subjective evaluation result 

of each information type. The combined 

information with the in-vehicle and the roadside 

information (Type 8, 9) has obtained higher point 

than the single information (Type 2, 3, 4, 5). 

 

 

 

 

 

 

 

 

 

 

 

Figure 10  Subjective evaluation result of each 

information type 

 

Evaluation of Driver’s Workload  

 

  As mentioned before the vehicle speed on Type 

8* is much less than that of Type 2*. Figure 11 

shows the result of driver’s workload evaluation. 

Horizontal axis is the ratio of the right answer for 

the mental arithmetic. Vertical axis is the vehicle 

speed at 100m ahead the obstacle. The right answer 

ratio of Type 8* is a little better than that of Type 2*, 

and the vehicle speed at 100m ahead the obstacle of 

Type 8* is much less than that of Type 2*. The result 

is understood as follows. 

l When the driver’s workload is high, the single 

information such as the in-vehicle information 

only is not well accepted by the driver because 

the driver is busy for the mental arithmetic. 

l The combined information with the in-vehicle 

and the roadside information that is transferred to 

the driver through both audible and visual sense is 

well accepted by the driver. 

 

 

 

 

 

 

 

 

Figure 11  Driver’s workload evaluation result  

 

SAFETY EVALUATION 

 

  The effectiveness of the forward obstacles 

collision avoidance support system was shown up to 

here. The safety/risk of the system is evaluated from 

here. 

 

Driver-System Integrated Error Probability 

Model 

 

  A driver-system integrated erroneous operation 

probability model that shows the combination of the 

driver’s operation error probability and the system’s 

false information probability is introduced first. The 

model makes it possible to show the effectiveness 

and risk of the system easily and to calculate the 

accident reduction ratio. 
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Figure 12 shows the driver-system integrated 

erroneous operation probability model. The model 

is based on the duplex model that means an accident 

occurs when the driver and the system cause 

erroneous operation simultaneously. The horizontal 

axis shows the driver’s operation probability 

consisting of the erroneous operation probability 

and the normal operation probability.  The sum of 

the driver’s erroneous operation probability (Pm) 

and the driver’s normal operation probability 

(1-Pm) is 1.0. The vertical axis shows the system’s 

operation probability consisting of the false 

operation probability and the normal operation 

probability.  The sum of the system’s false 

operation probability (Ps) and the system’s normal 

operation probability (1-Ps) is 1.0. Accordingly, 

each area in Figure 12 shows the probability when 

the driver and the system are in error condition or in 

normal condition. 

Parameters in Figure 12 are explained below.  

Pm: Erroneous operation probability of the driver 

before introducing the system 

Ps : False operation probability of the system 

Pm1: Erroneous operation probability of the driver 

under the normal operation of the system 

Pm2: Erroneous operation probability of the driver 

under the false operation of the system who 

caused erroneous operation before 

introducing the system 

Pm3: Erroneous operation probability of the driver 

under the false operation of the system who 

did not cause erroneous operation before 

introducing the system 

Integrated erroneous operation probability after 

introducing the cooperative information system is 

shown as below. 

  Pms
(i)= Pm1×(1- Ps)+ Ps×(Pm2+ Pm3) 

When considering the effectiveness of the system, 

the reduced erroneous operation probability(ΔPm) 

is shown as below because the driver’s erroneous 

operation probability before introducing the system 

is Pm. 

    ΔPm =Pm- Pms
 (i) 

Next, the accident reduction ratio (E) is shown as 

below.  

 

 

                                                      

 

 

 

 

 

 

 

 

 

 

 

Figure 12  Driver-system integrated error 

probability model 

 

Test Result Under False System Operation 

 

  Table 3 shows the summary  of the evaluation 

results under the false operation of the system 

including the result without information (i.e. before 

introducing the system). In this case the false 

information means that the system informs the 

driver that there is not an obstacle even though 

there is an obstacle. The results are shown below. 

l Eleven drivers out of the twenty subject drivers 

caused collision because the instructed vehicle 

speed is 120km/h on the straight course. 

l About fifteen percent drivers out of drivers who 

caused collision without information do not 

utilize the obstacle information. 

l The drivers who caused collision on false 

information are included in drivers who caused 

collision without information. 

l Only one driver who did not cause a collision 

without information caused a collision under false 

information. 

 

Pms
(i) 

Pm 
E=１- 
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Table 3  Test result under false information  
Information The number 

of the driver 
who caused 

collision 

Note 

Without 
information 
(Base data) 

11 Collision rate is high because 
the instructed vehicle speed is 
120km/h on the straight course. 
The number of the subject 
driver is twenty. 

With 
information 

 

Average 1.5 Average of the number of 
collision of each information 
type. 
The result shows that about 
fifteen percent drivers out of 
drivers who caused collision 
without information do not 
utilize the obstacle information 
even when supported with the 
system.  

False 
information 

 

9 Drivers who caused collision on 
false information are included in 
drivers who caused collision 
without information. 

False 
information 

1 Only one driver who did not 
cause a collision without 
information caused a collision 
under false information. 

 

Safety Analysis  

 

     Effectiveness Of The System  The test 

result under false system operation is applied to the 

driver-system integrated erroneous operation model. 

Pm1 =0.14×Pm 

Pm2 =0.8×Pm 

Pm3 =0.09×Pm 

  Therefore,  

Pms
(i)= Pm1×(1- Ps)+ Ps×(Pm2+ Pm3) 

    =0.14×Pm +0.75×Ps×Pm 

  Consequently, 

 

       

=0.86-0.75×Ps 

  When the false operation probability of the 

system is very small, the accident reduction ratio is 

86%. 

 

     Risk Of The System  When evaluating the 

risk of the system, we have to define it first. 

  Every system introduced in the real world has 

advantage and disadvantage. And it is seemed that 

we accept the system when the ratio between 

advantage and disadvantage is very small. For 

example, disadvantage/advantage is less than a 

value X.   

When introducing the system, the reduced 

erroneous operation probability(ΔPm) is secured. 

But under the false operation of the system, the 

driver-system integrated erroneous operation 

probability Ps×(Pm2+ Pm3) occurs. The risk ratio R 

is derived as below. 

 

 

  Test result is applied. 

    

 

  Unfortunately acceptable value is not agreed in 

the society. If the false operation probability of the 

system is 10-3,  

   R=1.03×10-3 

  The smaller value R is better. But, higher cost is 

necessary to improve the false operation probability. 

We think that in the case of information/warning 

systems R is between 10-2 and 10-3 because the 

driver has responsibility for driving. 

 

CONCLUSION 

 

Effectiveness of the forward  obstacles collision 

warning system was evaluated. As a new evaluation 

criteria the speed at 100m ahead the obstacle was 

introduced, which is able to show the difference of 

effectiveness of each type of information more 

clearly. The evaluation result shows that the system 

using the combined information with the in-vehicle 

and the roadside information is effective. Next, as a 

new evaluation method for system risk the 

driver-system integrated erroneous operation 

probability model was introduced. The result shows 

that the accident reduction ratio is 86%. 
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ABSTRACT

In this paper, potential benefits of a brake operated

pre-crash active seatbelt system are analyzed with

experimental verifications and numerical simulations.

The system is activated at the time of emergency

braking operation.

The statistical data from real world accidents (Japan)

as well as driving simulator analysis show that

drivers interact with the brake to avoid crash in about

50% of the total number of accidents. This indicates

that an inevitable crash can be detected before the

actual time of crash by observing the emergency

braking operation activated by the driver.

Experimental results show that restriction of

occupant's forward movement is achieved by

activating the system while braking. Numerical

simulation results show that the reduction of chest

injury parameters is expected due to restriction of

occupant's forward movement. It is also confirmed

that higher initial tension of the seat belt reduced both

chest deceleration and displacement.

INTRODUCTION

Significant improvements have been achieved in the

field of occupant protection both on car

crashworthiness and respective restraint system

development. Many active safety devices, such as

emergency brake assist, stability control systems and

ABS, have been provided in order to help the driver

in avoiding a crash or to help reduce the collision

severity. However, present technological

advancement is encouraging the development of

systems to be activated in pre-crash phase to help

achieve further improvement and enhancement of

vehicle safety.

In order to design an efficient pre-crash active safety

system, thorough analysis on how drivers behave in

accident situations is required. Deployment of these

systems must be carefully judged and activated only

when the driver really needs the assistance in most

critical situations without any loss of driving pleasure

or conflict with the drivers' natural behavior.

A part of this experimental system is, however,

already demonstrated in NISSAN ASV-2 promoted

by Ministry of Land, Infrastructure and Transport in

synchronization with other advanced related safety

systems on-board at the end of 2000 [5,6].

Concept and Configuration

Statistical Data from Real World Accidents

The statistical data [1] from real world accidents

involving Nissan vehicles in Japan show that drivers

interact with the brake to avoid crashes in about 43%

of the total number of accidents causing fatal and

serious injuries. In these accidents, 58% of occupants

who received fatal or serious injuries were belted.

From these statistical data, a seat belt pre-tensioner

activated by detecting braking prior to impact, can be

deployed in about 25% of these accidents. However,

the above figures will vary from country to country. A

detailed description can be found in previous
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literatures of 2-4. Therefore, judging emergency

braking may be used as a trigger to activate any

pre-crash safety device [5].

Figure 1. Nissan’s accident research analysis

related to its own vehicles involved in crash.

Overview of the Present System

The system consists of (i) brake pedal stroke sensor,

(ii) electronic control unit, and (iii) motorized seat

belt retractor (motor retractor). The main feature of

the system is that the motor retractor will be activated

when emergency braking operation is detected by

measuring the brake pedal stroke pattern and vehicle

speed.

Figure 2. Schematic diagram of the present

pre-crash active seatbelt system.

In a frontal crash, occupants in a car will be subjected

to inertia when emergency braking is applied. This

system can help reduce this forward movement of

occupants and may be able to help improve

occupants’ position in emergency braking situation.

Two main important system design parameters of this

system are (i) the timing at which the system

activates the motor retractor and (ii) the amount of

seat belt tension or retraction to be activated in order

to help minimize the extra forward movement of

occupants.

The system could help keep occupants in a better

position from the view point of passive restraint

systems before the crash. The system may also be

able to help enhance the initial restraint force acting

on the occupants at the early stage of crash, and

subsequently this helps reduce the risk of injury

during and after the crash.

Motor torque is transmitted to seat belt webbing via

reduction gear and clutch system. When the

electronic control unit judges emergency braking, the

electronic control unit supplies the required amount

of input current to the motor attached to the retractor.

At the same time, a clutch system incorporated inside

the retractor works to transmit motor torque to the

seat belt reel and the seat belt reel winds seat belt

webbing. The motor retractor and reduction gear

together form a single compact unit.

Detection of Emergency Braking

Brake pedal stroke is measured with a brake pedal

stroke sensor. The sensor signal is input to the

electronic control unit. The electronic control unit

calculates the brake pedal stroke speed and judges the

degree of emergency or severity of the braking

operation.

Figure 3 shows close correlation between brake pedal

stroke and vehicle deceleration. From this figure, the

degree of emergency or severity of the braking

operation can be judged by measuring brake pedal

stroke.
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Figure 3. Correlation between brake pedal

stroke and vehicle deceleration.

In the real world, different situations occur so, not

only the speed of brake pedal stroke but also the

length of stroke varies with type and situation of

emergency. Therefore, emergency braking should be

judged according to the combination of them. The

basic idea of detecting emergency braking is

described below in figure 4.

Figure 4. Brake pedal stroke vs. pedal stroke

speed characteristic curve in braking operation.

Figure 5 shows the comparison of time history of

brake pedal stoke and the deceleration of the vehicle.

It indicates that there exists a time lag of 50msec

(approx.) between the application of brake and the

deceleration. Therefore, the driver’s interaction with

brake pedal can be used as triggering switch without

any delay in activation. This also helps ensure higher

degree of occupant protection in real world safety at

the time of the emergency.

Figure 5. Comparison of time history of brake

pedal stroke and vehicle deceleration

Experiments Results

Evaluation Method of the System

Experiments conditions were broadly divided into

two types: (i) the fixed static test and (ii) on-board

dynamic test at different speeds with different level of

emergency brake, as shown in figure 6.

Figure 6. Static and dynamic tests.

In the static test, forward movement of occupants is

zero. This was mainly performed to check the

retraction performance (speed, durability, smoothness

of loading and unloading operations, etc.) of the

motor retractor.

On the other hand, the dynamic test induces forward

movement of occupants through inertia. This means

the dynamic test results can be affected by occupants’

size, seating position (driver or passenger) and degree
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of deceleration. Therefore, the performance of the

system in the real world during emergency braking

can be evaluated only in dynamic tests.

Retraction Performance in Static Test

The seat belt retraction results in removing webbing

by creating tension in it. The maximum applied

tension of 300N in the present test covering the

sustainable range within occupants’ tolerance limit.

Since, no saturation level in retraction vs. tension

characteristic-curve was observed, as shown in figure

7.

Figure 7. Retraction performance of motor

retractor.

This linear upward monotonic increase of shoulder

belt tension with the increase of retraction length

clearly indicates that upper limit of the seat belt

tension should be set or adjusted in accordance to

occupants’ tolerance limit.

Influence of Belt Tension on Occupant’s

Forward Movement in on-board Dynamic Test

Experimental results show that restriction of

occupant's forward movement may be achieved by

activating the motor retractor in emergency braking.

Forward movement, measured at the chest mid-point

of the occupant, and the corresponding belt retraction

length with and without application of the motor

retractor are shown in figures 8 and figure 9,

respectively.

Figure 8. Occupant’s forward movement and

webbing movement without motor retractor.

Figure 9. Occupant’s forward movement and

webbing retraction with motor retractor.

In the case of no motor retractor activation, the

retraction length becomes minus (approx. –20mm)

which means the seat belt is slightly extended as it is

locked by webbing locking device.

On the other hand, with the activation of the motor

retractor, retraction length becomes positive and the

occupant’s forward movement was reduced as some

amount of belt is pulled in (approx. 75mm).

Estimation of Occupant Injury in Sled-Test

Besides reduction of occupants’ forward movement,

initial restraint was improved with the motor retractor.

In the normal use of seat belt, the belt may not be

tensed around the occupant. A motor retractor can

help tighten the belt around the occupant. This can

result in earlier restraint of occupants at the event of
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crash and consequently helps reduce chest forward

movement and chest deceleration as shown in figure

10.

Figure 10. Performance of initial belt restraint in

full-lap frontal test condition with air bag and

pyro-pretensioner (validated by experiment and

simulation).

Early restraint could make it possible to absorb more

occupant energy with the seat belt in early stage of a

crash and then the residual amount of energy can be

absorbed with less excursion of the chest at the later

stage of crash. This results in the reduction of the

peak value of chest deceleration as well as forward

movement. The restraint-efficiency of the seat belt, as

measured by the linearity factor, is improved

approximately by 5%. The linearity factor can be

determined by the ratio of the area under deceleration

–displacement G-S curve and corresponding area

calculated by multiplying maximum deceleration

with maximum displacement.

From these experiments results, a motor retractor was

proved to be an efficient tool to help reduce the

occupant’s forward movement and to help improve

initial restraint.

Overall occupant restraint performance during the

crash phase, including HIC, can then be effectively

tuned in conjunction with the air bag design.

Results of Numerical Simulation

Method of Numerical Simulation

Numerical simulation was conducted on the

assumption that a driver activated the brake prior to

collision as shown in Figure11.

Figure 11. Conditions of numerical simulation.

This indicates a situation of applying a stiff 7m/s2

brake with an initial velocity of 80 km/h before it

crashes at 64 km/h ODB test conditions to simulate

an 56km/h offset car-to-car crash in real world. The

initial dynamic behavior or movement of the vehicle

before crash, was measured by experiments. This

experimental data were used as initial conditions of

MADYMO simulation [7].

The initial position of the occupant was considered as

the most critical parameter in this estimation. For

both cases of with and without the motor retractor,

the initial positions of occupants are shown in figure

12.

Numerical simulations were performed with a

pyro-pretensioner and an air bag in standard AM50

HYBIII-MADYMO dummy model.
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Figure 12. Change in initial position of a dummy

before crash (numerical simulation).

Forward Movement of Occupant

Numerical simulation results show that the reduction

of injury risk is expected due to restraint of the

occupant’s forward movement in emergency braking.

Thus, the forward movement of occupant in the event

of crash could be reduced. This means that the

possibility or risk of secondary impact between the

occupants and the interior of a car could be reduced

in certain crashes. With more seat belt retraction,

there is less occupant forward movement as shown in

figure 13.

Figure 13. Forward chest movement reduction

by seat belt retraction by motor retractor.

Injury Risk

Figure 14 and figure 15 confirm that the more belt

retraction, the lower the chest deceleration and

displacement.

The decrease in chest displacement is observed due to

less thrust or contact force with the deployed air bag

during the later stage of impact. In other words, the

reduction of occupants’ forward movement may not

only cause a delay in time of contact but also the

duration of contact which can be optimized

accordingly to help achieve the best possible restraint

performance.

Figure 14. Improvement in occupant's chest

deceleration.

Figure 15. Improvement in occupant's chest

displacement.

CONCLUSION

An overview of the present pre-crash active seatbelt

system is described. The system is activated when

emergency braking is detected. Based on Nissan

accident research analysis, the implementation of this

system is expected to help enhance occupant safety in

the real world.
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The system performance was verified by

experimental results. These data include forward

movement of occupants, seat belt tension and length

of retracted webbing. Static tests are performed to set

the broad specification of the motor retractor and also

to check the different operation modes. From the

dynamic tests, the performance in real world

occupant safety can be estimated. A decrease of

occupant’s forward movement indicates that the risk

of secondary injury could be reduced due to the

effectiveness of initial restraint performance.

Predicted numerical simulation results support

experiment results. The forward movement of

occupants, chest deceleration, and chest displacement

in the event of crash are basically functions of

occupants’ position prior to impact and retraction.

The results showed the tendency of lower injury level

with more retraction in certain dynamic conditions.
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ABSTRACT

The ANCAP (Australian New Car Assessment
Program) have been conducting offset frontal
crash tests into a deformable barrier since
1995. During this time the results of the
ANCAP tests have shown significant
improvements in occupant protection
measured via reduction in dummy injury
measurements, i.e. HIC, chest ‘g’, etc.

Occupant protection has improved with
manufacturers designing structures to
minimise the occupant space intrusion with the
aim to have the crash energy absorbed by
deformation of the frontal vehicle structure.
Also new restraint technology has been
included along with the vehicle structure
designed to optimise the restraint technology.

This paper will review crash tests
measurements to evaluate if changes in vehicle
structures and restraint technology have
changed the loads in either the occupant
compartment or on the front seat belts.

ANCAP measure the ‘B’ pillar accelerations
and also the front seat occupant seat belt loads.
The maximum accelerations and time recorded
for the right (driver) hand side ‘B’ pillar was
used to represent the loads on the passenger
compartment. The seat belt loads that are used
in the paper are the maximum loads on both
the sash and lap sections of the driver’s three
point seat belts.

The analysis showed that while the dummy
injury measurements have reduced there has
not been a corresponding reduction in either
‘B’ pillar accelerations or seat belt loads.

INTRODUCTION

From 1995 ANCAP included a 40 % offset
frontal crash into a deformable barrier in
accordance with the test protocols developed
by the EEVC in 1993. This test was initially

conducted at 60 km/hr, which was the speed
for the proposed European regulations.

However, ANCAP increased the crash test
speed to 64 km/hr to be consistent with both
the US IIHS who also started conducting
consumer crash tests at this speed in 1995 and
the developing Euro NCAP program.

This study has used the results of 49 passenger
cars tested by ANCAP. For the high volume
sellers ANCAP has tested up to 4 different
model years of some makes.

The dummy injury measurements have
improved from over 1000 HIC and 44 mm of
chest deflection to less than 300 HIC and 21
mm of chest deflection.

ANCAP has conducted some offset frontal
crashes with off-road 4 wheel drive passenger
cars and also light utilities. The results from
crash tests of these vehicles have not been
included in this study.

B-PILLAR PEAK ACCELERATIONS

The initial part of this paper examines the B-
pillar peak accelerations for the driver’s side of
the vehicle measured during the ANCAP tests
see Table A1.

The driver’s side B-pillar accelerations are
used for an indication of the acceleration
experienced by the occupant compartment.
The driver’s side is chosen as the driver’s side
of the vehicle impacts the deformable barrier
in the offset frontal test, generating higher
loads than the passenger’s side.

In the offset frontal test a tri-axial
accelerometer is mounted on both the driver’s
and passenger side of the vehicle at the base of
the B-pillar near the seat belt anchorage.

For the assessment of B-pillar performance the
longitudinal acceleration, Gx, was chosen as
this was consistently measured by ANCAP
since 1995. Additionally, Gx should give an
indication of the performance of the vehicle’s
structure.

During 1999 the resultant B-pillar acceleration
was calculated. This showed that Gx was the
dominant factor in the resultant B-pillar
acceleration in terms of both peak acceleration
and time. Unfortunately, this data was not
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available for all the vehicles included in this
study.

To determine if there was any variation in
vehicle structural performance that may result
in any significant variation in driver’s side B-
pillar peak acceleration an analysis of the
results was undertaken. Gx was plotted
against both year of manufacture of the tested
vehicle and also the test mass.

The graph of vehicle test mass vs. Gx, Figure
1, showed a scatter around a line that trended
upwards from approximately 30g at 1050kg to
approximately 37g at 1850kg.
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Figure 1. Test mass vs. Gx

Similarly, the plot of YOM against Gx, Figure
2, also showed an upward trend.
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Figure 2. YOM vs. Gx

A regression analysis was conducted with the
following results:

- Gx vs. YOM, r2 = 0.1172
- Gx vs. test mass, r2 = 0.2291

While the graphs both showed an upward trend
the regression analysis did not show any
significant correlation between Gx and YOM
or test mass

A similar analysis was conducted using the
time of max acceleration, tmax, plotted against
both year of manufacture and test mass.

The plot of test mass vs. tmax , Figure 3, showed
a slight upward trend while the plot of YOM
vs. tmax, Figure 4, showed a downward trend.

A regression analysis was conducted with the
following results;

- tmax vs. YOM, r2 = 0.0244
- tmax vs. test mass, r2 = 0.0436

0

20

40

60

80

100

120

140

160

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Test mass

tim
e

(m
s)

Figure 3. Test mass vs. tmax
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Figure 4. YOM vs. tmax

A review of the high-speed film of some tests
indicates that the Gx occurred when the test
vehicle bottomed out on the barrier. This is
more prevalent with the larger cars.

The analysis conducted did not show any
significant change in B-pillar accelerations, or
time of maximum acceleration with either
YOM or mass of test vehicle.

VEHICLE CATEGORIES

As there was not any significant change due to
either YOM or test mass when considering all
49 vehicles the data was reviewed by vehicle
category, i.e. large, medium and small. These
are the test categories used by ANCAP and are
based on vehicle mass.

The mean and standard deviation of grouped
YOM for each of the three categories were
calculated. The main limitations of the large
and medium car categories are the low
numbers in each YOM grouping. Any review
of results will need to take this into account.
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Table 1 showed that there was a small decrease
in test mass for later YOM without any
significant change in either maximum Gx or
time of maximum Gx for the large cars.

Table 1.
Large Cars

YOM Mass
(kg)

Gx max
(g)

tmax

(msec)
mean 1741 39.3 86.500/01

4 vehs s 44.7 6.1 9.7
mean 1795 38.5 79.096/97

2 vehs s 78.9 5.3 1.3
mean 1811 40.6 90.4941

2 vehs s 19.1 3.8 4.9
mean 1783 39.4 85.6All

9 vehs s 56.0 4.7 8.0

The analysis of medium cars, summarised in
Table 2, showed that there was an increase in
test mass with the newer vehicles. This
corresponded to a decrease in maximum Gx
(for 64 km/hr tests). There was no
corresponding change in time of maximum Gx
for this group.

Table 2.
Medium Cars

YOM Mass
(kg)

Gx max
(g)

tmax

(msec)
mean 1652 31.1 98.399/00

2 vehs s 3.5 9.2 3.9
mean 1602 35.9 81.897/98

3 vehs s 83.2 4.1 7.9
mean 1552 34.8 85.895/96

3 vehs s 114 6.0 7.8
mean 1444 31.7 90.6941

2 vehs s 113 3.8 7.8
mean 1538 33.2 88.7All

9 vehs s 120.7 4.9 8.6

The test mass of the small cars, results
summarised in Table 3, varied with the
standard deviation of some YOM groupings
greater than 10 % of the mean test mass.

However, the maximum Gx did not vary
significantly, except for the 95/96 grouping,
which had a single vehicle with a maximum
Gx of 111.5g and a time of maximum Gx of
144.5msec.

If this test was ignored the mean Gx max for
95/96 models was 29.7g and tmax was
76.7msec. The results would then be
consistent in mean Gx max with a decrease in
tmax for the small car groupings shown.

A regression analysis conducted on the small
car results showed that the best correlation was
between test mass and time of peak
acceleration. However, this was still not a
significant correlation with r2 = 0.1925

Table 3.
Small Cars

YOM Mass
(kg)

Gx max
(g)

tmax

(msec)
mean 1273 31.7 73.800-02

6 vehs s 174 4.0 12.4
mean 1202 39.9 85.295/96

8 vehs s 114 29.3 26.4
mean 1230 30.2 82.4941

4 vehs s 132 6.2 4.6
mean 1240 30.4 79.4931

9 vehs s 102 3.4 17.5
mean 1239 34.2 82.3All

s 124 15.4 15.0

Note: 1 denotes models tested at 60 km/hr in
Tables 1, 2 and 3.

SELECTED MODELS

While the above analysis did not show any
change in B-pillar measurements there has
been a consistent reduction in dummy injury
measurements, HIC and chest deflection,
during the time ANCAP has been conducting
offset frontal crash tests.

The next stage in the review was to examine in
more detail a number of vehicle models to
review the driver B-pillar measurements,
driver seat belt loads and driver dummy injury
measurements over different model years.

A comparison of the B-pillar acceleration
trace, Gx, for each vehicle model was
conducted. However, the different crash test
speeds of the early tests and different vehicle
masses make this difficult.

The results were also used to calculate the
change in kinetic energy over the previous 5
milliseconds (msec), i.e.

∆KE = ½ m. ∆ v2 (1).

Where, ∆v = ∆a/5msec (2).

The data was corrected to align the start point
of each crash. The Gx data up to 120 msec
was then used to calculate the change in
energy. 120 msec was chosen as the final
point in this analysis as the vehicles had
completed the crash at this point. Any velocity
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changes after completion of the forward crash
is ignored for this calculation.

Five different vehicles have been chosen:
General-Motors Holden Commodore, Ford
Falcon, Toyota Camry, Toyota Corolla and
General Motors-Holden Barina.

General Motors-Holden Commodore

ACNAP has tested 3 model years of
Commodore: 1994, 1997 and 2000. ANCAP
plan to test the 2002 model year Commodore
but the results are not available at the time of
preparing this paper.

The 1994 Commodore was tested at 60 km/hr
and contained seat belt webbing grabbers and a
driver’s airbag.

The 1997 Commodore was tested at 64 km/hr.
This model was heavier than the previous
Commodore while having a similar wheelbase
and similar occupant protection package. The
1997 Commodore had an improved front
structure, driver’s airbag and seat belt webbing
grabbers and pre-tensioners.

The 2000 model was again tested at 64 km/hr
and had a driver’s airbag and seat belt pre-
tensioners. The 2000 model had a longer
wheelbase and was higher than the 1997
model.

The B-pillar acceleration graphs showed
similar acceleration traces with the peak
acceleration of the 1994 test more than 10g
lower than the 1997 model as the 1994 test was
conducted at 60 km/hr.

The ∆KE graph, figure 5, showed the test on
the 2000 model started with slightly less
energy than the 1997 model test and
maintained that difference throughout the test
until the peak acceleration was reached. The
2000 model impacted 0.4 km/hr slower and
was 62 kg lighter.

Table 4
Commodore driver results

YOM Lap belt
load (kN)

Sash belt
load (kN)

HIC Chest
(mm)

2000 6.55 7.7 537 39.9
1997 7.01 - 510 36
1994 5.84 12.89 730 39

Note: ‘-‘ in Tables 4 to 8 indicates no result
available from the test report.

Even though the 1994 model had the lowest
peak Gx, due to the lower crash test speed, it
had the higher HIC. The maximum lap belt
loads were higher for the later tests and while
the maximum sash belt load in the 1994 test
was significantly higher than the 2000 test.
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Figure 5. Commodore ∆KE

Ford Falcon

ANCAP have tested 3 model year Falcons;
1994, 1997 and 2001. ANCAP plan to test the
2002 model year Falcon but the results are
unavailable at the time of writing.

The 1994 Falcon was tested at 60 km/hr and
had a driver’s airbag and seat belt webbing
grabbers. The 1997 Falcon was a facelift
without any additional safety features. This
model was tested at 64 km/hr.

The 2001 model was a new vehicle and
contained driver’s airbag, seat belt pre-
tensioners and webbing grabbers. This model
was a similar size and mass to the 1997 model.

The maximum Gx, HIC and chest deflection of
both the 1994 and 1997 models were similar
even though the 1994 model was tested at 60
km/hr. Maximum Gx occurred slightly later
in the 1994 test.

The different test speed and later maximum
Gx, are shown in the ∆KE graph, figure 6,
where the energy curves for the two tests are
similar and begin to converge toward the time
of maximum Gx.

It is difficult to use the data from the 2001
model test for a comparison as the seat belt
loads were not available. Also, the
acceleration trace shows a number of peaks
prior to the maximum Gx that are not
consistent with the other two tests.

The test report did not contain any explanation
for multiple peaks.
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Table 5
Falcon driver results

YOM Lap belt
load (kN)

Sash belt
load (kN)

HIC Chest
(mm)

2001 - - 381 26
1997 4.55 7.43 636 36
1994 4.29 8.41 600 35
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Figure 6. Falcon ∆KE

Toyota Camry

ANCAP have tested 4 model Camry’s; 1994,
1995, 1997 and 2000. ANCAP plan to test the
2002 model year Camry but the results are
unavailable at the time of writing.

The 1994 model Camry was tested at 60
km/hr. The 1995 model was the same as the
1994 model but was tested at 64 km/hr.

The 1997 model Camry was a new vehicle that
was slightly larger and heavier than the earlier
models. The 2000 model was the same as the
1997 model. The 2000 model had a driver’s
airbag as standard equipment. The 1997
model was not tested with a driver’s airbag,
which was optional.

The acceleration traces show that the
maximum Gx of the 1994 and 1995 tests were
similar. However, the time of maximum Gx of
the 1994 test was later. The maximum seat
belt loads were also similar, while the 1995
test conducted at the higher test speed had
higher dummy injury measurements.

Table 6.
Camry driver results

YOM Lap belt
load (kN)

Sash belt
load (kN)

HIC Chest
(mm)

2000 7.83 5.74 768 35.7
1997 4.77 7.48 700 45
1995 5.09 5.97 835 40
1994 5.48 5.22 640 37

The acceleration traces of the 1997 and 2000
models were also similar. However, the
maximum seat belt loads were significantly
different with a higher lap belt and lower sash

belt maximum load in the air bag equipped
2000 model. The HIC’s were similar while the
chest deflection was lower in the 2000 model
test.

Again the ∆KE graph, figure 7, showed similar
curves for all three crashes taking into account
the lower test speed of the 1994 test. The
graphs for tests of the 2000, 1997 and 1995
models overlay each other.
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Figure 7. Camry ∆KE

Toyota Corolla

ANCAP have tested 3 model Toyota Corolla’s;
1993, 1994 and 2002.

Both the 1993 and 1994 models were tested at
60 km/hr. Both models had similar test masses
and while a driver’s airbag was available
neither vehicle included the airbag.

The 2002 model was smaller then the previous
models, i.e. shorter wheelbase and lighter.
Also the 2002 model came standard with
driver’s airbag and seat belt pretensioners.

The acceleration traces, and also energy graphs
for both the 1993 and 1994 models were very
similar. While the 1993 model had a higher
peak Gx, the duration of the peak loading was
similar for both models.

Also the maximum seat belt loads were
similar. However, the dummy measurements
on the 1994 model were higher than the 1993
model.

Table 7.
Corolla driver results

YOM Lap belt
load (kN)

Sash belt
load (kN)

HIC Chest
(mm)

2002 7.5 5.83 218 26.5
1994 6.37 6.22 1240 53
1993 6.53 6.16 1020 48

The lap belt load in the 2002 model test was
higher and the sash belt load was lower than
the previous tests with substantially reduced
dummy HIC and chest deflection.
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The test on the 2002 model resulted in higher
maximum Gx and ∆KE, however, the graphs
followed a similar curve to the earlier tests.
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Figure 8. Corolla ∆KE

General Motors-Holden Barina

ANCAP have tested 4 model Barina’s;
1993,1994, 1996 and 2001. Both the 1993 and
1994 models were tested at 60 km/hr, while the
1996 and 2001 models were tested at 64km/hr.

The B-pillar acceleration data was not
available for the 1994 model, however, the
peak seat belt loads and dummy injury
measurements were.

The Barina models increased in mass over the
years and the 1996 and 2001 models had
driver’s airbags as standard equipment while
the 1993 and 1994 models did not.

When the Gx traces were converted to ∆KE,
figure 9, the 1996 and 2001 model Barina’s
had similar traces, however, the 1993 model
energy curve was significantly different. The
1993 model energy curve was flatter then both
the 1996 and 2001 Barina’s.

The maximum seat belt loads for the 1993
model were very low and the HIC and chest
deflection for the driver dummy high. The
other models had higher maximum seat belt
loads, more in line with the other vehicles
considered, and the HIC's and chest deflection
also were lower.

Table 8.
Barina driver results

YOM Lap belt
load (kN)

Sash belt
load (kN)

HIC Chest
(mm)

2001 6.66 7.07 431 28
1996 5.38 4.90 307 21
1994 6.33 6.91 620 33
1993 3.57 3.22 1210 44
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Figure 9. Barina ∆KE

DISCUSSION

The analysis of peak B-pillar longitudinal
acceleration, Gx, showed an upward trend with
increased test mass and also for newer
vehicles. However, the regression analysis did
not show any significant correlation with either
YOM or mass of the test vehicle.

The peak Gx ranged from 40g to 17g while the
time of max Gx was between 103msec and
48msec. However, the mean Gx and tmax for
the vehicle categories studied covered a
smaller range; 39g and 85msec for large cars,
31g and 90msec for medium cars and 33g and
79msec for small cars.

Similarly, there was no significant correlation
between the time of peak Gx, tmax, and either
YOM or mass.

When the data was broken into vehicle
categories the results were not consistent
across the categories.

Both Gx and tmax remained consistent for large
cars while the medium cars had a reduced Gx
while tmax remained consistent. Both these
categories had a low number of results in the
groupings, only 2 vehicles in some cases.
Therefore, the results may not be
representative.

When the small car category was considered it
was found that Gx remained consistent while
tmax reduced from over 80 msec to 73.8msec
for the later models. This may indicate that the
frontal structure on the small cars tested has
become more rigid and does not crumple as
quickly. Using the EuroNCAP small car
results may assist with this analysis.

The lack of correlation and variation in both
Gx and tmax could be due to limitations of the
offset frontal test at 64 km/h. Offset test
assesses performance of structure, i.e. how
well passenger compartment retains survival
space.
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The offset test at 64 km/hr may result in
vehicles bottoming out on the barrier prior to
all the crash energy being absorbed by the
frontal vehicle structure. Alternatively, this
could indicate there have been only limited
changes to the front vehicle structure to
manage the crash energy.

This corresponds to research conducted by
both the US IIHS and also NHTSA. In their
2001 study, the IIHS found no correlation
between stiffness and offset structural
performance of vehicles. Similarly, a 1999
NHTSA study on the US NCAP results for
light trucks and vans (LTVs) found that during
the 14 years of US NCAP frontal crash testing,
on average, LTVs have become less stiff.

Additionally, the ANCAP crash tests have
shown significant improvements in occupant
protection as measured by the test dummies
and also through analysis of the vehicle
deformation.

The ANCAP crash tests have demonstrated
that while the integrity of the vehicle passenger
compartment has improved with reduction in
intrusion the HIC and chest deflection
measures have also reduced.

The analysis of 5 different models presented
here has shown that the maximum seat belt
loads varied between 4.7 kN and 7.8 kN for lap
belts, and 4.9 kN & 7.7 kN for sash belts.

The maximum seat belt loads for each model
varied from test to test without any trends for
increasing or decreasing loads developing. It
was expected that the seat belt loads would
vary to compensate for any change in the
energy management of the vehicle structure.

CONCLUSIONS

This paper reviewed crash tests measurements,
driver side peak longitudinal acceleration, time
of peak acceleration and driver seat belt loads
from ANCAP offset frontal crash tests.

This analysis indicates that the occupant
restraint system may still be the most
significant factor in reducing serious head and
chest injury.

While the analysis showed some trends, i.e.
peak Gx increased with increased test mass, a
regression analysis did not show any
significant correlation between peak Gx and
either time of peak acceleration or YOM.
Therefore, this analysis does not indicate any

significant changes to vehicle structures that
affect the peak longitudinal acceleration
measured at the base of the driver’s B-pillar.

When individual vehicle categories are
considered the small cars showed a decrease in
time of peak acceleration with newer vehicles.
A review of additional results of offset frontal
crash tests on small vehicles, such as
EuroNCAP tests, would assist with reviewing
this position.

The analysis showed that while the dummy
injury measurements have reduced there has
not been a corresponding reduction in either
‘B’ pillar accelerations or seat belt loads.
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APPENDIX A

Table A1.
Right (Driver) B-pillar Peak Gx Measured during ANCAP tests

Right (driver) B-pillarVehicle YOM, Make and Model Category Test mass (kg)
Gx (g) tmax (ms)

2001 Toyota Avalon Large 1726 34.44 99.3
2000 Mitsubishi Magna Large 1706 42.52 78.6
2001 Ford Falcon Large 1792 34.07 79.4
2000 Holden Commodore Large 1814 46.25 88.8
1997 Ford Falcon Large 1823 42.24 78.1
1997 Holden Commodore 1 Large 1857 - -
1996 Mitsubishi Magna Large 1707 34.70 79.89
1994 Ford Falcon 2 Large 1798 43.22 86.9
1994 Holden Commodore 2 Large 1825 37.90 93.8
2000 Toyota Camry Medium 1655 37.52 95.5
1999 Daewoo Leganza Medium 1650 24.58 101.1
1998 Mazda 626 Medium 1508 32.65 80.6
1999 Subaru Liberty Medium 1665 40.44 74.6
1997 Toyota Camry Medium 1635 34.45 90.3
1996 Honda Accord Medium 1592 36.75 92.81
1996 Hyundai Lantra Medium 1424 39.42 77.4
1995 Toyota Camry Medium 1641 27.95 87.22
1994 Toyota Camry 2 Medium 1630 28.40 102.5
1994 Subaru Liberty LX 2 Medium 1415 31.25 83.9
1994 Subaru Liberty GX 2 Medium 1450 28.90 89.1
1993 Hyundai Lantra 2 Medium 1400 31.85 83.8
1994 Holden Commodore (4 cyl) 2 Medium 1326 31.85 83.8
2002 Toyota Corolla Small 1093 31.53 83.2
2001 Mazda 121 Metro Small 1054 36.30 55.0
2001 Holden Barina Small 1296 34.54 78.8
2001 Kia Rio Small 1313 33.92 89.0
2000 Mazda 323 Small 1365 26.93 70.9
2000 Daewoo Nubri Small 1520 26.74 65.8
1996 Honda Civic Small 1342 36.89 99.27
1996 Nissan Pulsar Small 1367 29.66 77.03
1996 Daihatsu Charade Small 1162 28.74 82.37
1996 Nissan Micra Small 1056 31.50 64.11
1996 Toyota Starlet Small 1111 111.5 144.5
1996 Holden Barina Small 1197 27.97 65.47
1996 Mitsubishi Mirage Small 1111 32.15 70.94
1995 Daewoo Cielo Small 1273 21.06 77.53
1994 Hyundai Excel 2 Small 1240 23.56 88.2
1994 Ford Laser 2 Small 1384 34.16 83.5
1994 Holden Barina 2 Small 1062 36.61 80.5
1994 Toyota Corolla 2 Small 1326 26.57 77.5
1993 Toyota Corolla 2 Small 1321 31.95 85.5
1993 Hyundai Excel 2 Small 1248 26.31 92.1
1993 Subaru Impreza 2 Small 1332 30.84 98.9
1993 Mitsubishi Lancer 2 Small 1233 31.65 61.9
1993 Honda Civic 2 Small 1256 33.66 92.9
1993 Mazda 1212 Small 1091 25.29 46.7
1993 Ford Laser2 Small 1270 30.4 88.0
1993 Holden Barina 2 Small 1059 27.84 64.9
1993 Nissan Pulsar 2 Small 1348 35.79 84.1
Notes: 1. ‘-‘ denotes data was not available

2. 60 km/hr test
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ABSTRACT

Developments in child restraints are currently being
discussed and debated in Europe and the USA,
amongst other countries. Lessons can be learned from
earlier experience in other markets, such as Australia.
When earlier real world experience is taken into
account, there is the opportunity to ensure that the
same costly mistakes are not repeated in new
developments. Further, this can assist faster
harmonisation in regulation and/or consumer rating
systems.

Australian research on child restraints started in the
late 1960s through organisations such as the Traffic
Accident Research Unit of New South Wales
(TARU). This early work recognised the benefits of
children being restrained in the rear seat and "riding
down" the crash with the vehicle.

Australian Standard AS E46 for child restraints was
issued in 1970. It required at least three points of
attachment between the child restraint system (CRS)
and the vehicle. Most CRS utilised either three
special attachment straps or a combination of an adult
seat belt and a top tether to achieve this requirement.
This was aided, in 1976, by an Australian Design
Rule (then ADR34) that required standardised top
tether anchorage points to be provided on the parcel
shelf of all sedans. Australia has therefore had more
than 25 years of experience with top tethers on CRS.

The performance of CRS in real world crashes has
been closely monitored, including a number of in-
depth studies, in Australia and has been
complemented by laboratory research using sleds,
crash barriers and computer modelling. In the light of
this experience the Australian Standard has evolved
to eliminate shortcomings. Unfortunately, in the early
stages, Australian children have died or been

seriously injured during the lesson-learning process
of the development of the Australian Standard.
Recent studies of real world crashes in Australia have
shown that CRS provide exceptional protection to
children, including quite young children who are
restrained in forward facing child seats. Initial
concerns about the vulnerability of such young
occupants to neck injury have not been substantiated
in real world crashes reported in Australia.. In
Australia no serious neck injuries, in the absence of
head contact, have been reported amongst children
correctly restrained in forward facing child seats,
even in very severe frontal impacts.

Despite the favourable Australian experience the
restraint of young children in forward facing child
seats sometimes remains a controversial issue
internationally. This paper therefore addresses the
issue in some detail.

A UNIQUE AUSTRALIAN STANDARD

All CRS sold in Australia must comply with
Australian Standard 1754. This standard sets outs
requirements for the design of child restraints, such
as ease-of-use, and dynamic performance.

During the 1980s the New South Wales Government
set up a network of child restraint fitting stations to
improve the quality of installation of CRS, including
retrofitting top tether anchorages. From this network
road safety researchers gained invaluable first-hand
knowledge of the kinds of problems that people
encountered using child restraints.  They then
developed solutions to those problems, and identified
areas where improvements in the Standard were
required.
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This was important, because it meant that when
issues were brought to the Standards Committee’s
notice, the road safety authorities were able to
provide good advice based on first-hand experience,
and to make specific suggestions for any
improvements or changes required. Rarely is such
expert, "hands on" experience available for the
purpose of developing standards.

The combination of a standard for CRS and an
Australian Design Rule for CRS anchorages in
vehicles has some significant outcomes which set
them apart from other standards in North America
and Europe.  These include (see Figure 1):

1) mandatory top tether strap

2) single point of adjustment of the harness

3) six point harness with double crotch straps

4) rear seat mounting is normal practice

5) careful specification of the location of mounting
points for top tether straps in vehicles (to assist
accessibility and optimise performance)

6) a locally  developed (rag doll style) infant test
dummy which is much more flexible than
overseas infant dummies. The increased
flexibility was required to better replicate
ejection. Less flexible ATDs were found to
sometimes get caught unrealistically on harness
webbing.

Some of these features are discussed in more detail
below.

Top tether strap

Top tethers provide much more secure attachment of
child restraints compared to being attached by the
seat belt only. In particular, they provide more rigid
attachment at the top part of the child restraint, so
that it can “ride down” the crash whilst the vehicle is
crushing. This considerably reduces excursion of the
child's head relative to the vehicle interior so the head
is far less likely to hit other parts of the vehicle
interior - the most likely cause of serious injury to a
properly restrained child.

A further advantage of top tethers is that they allow
good, reliable performance with a lap-only adult seat
belt. Therefore the centre rear seating position, which
usually has a lap belt, can always be utilised (in NSW
40% of forward facing child seats are installed in the
centre rear seat).

Six point harness with double crotch straps

During the review of the Australian Standard in the
early 1970s shield style CRS were considered as an
alternative to the use of a harness. However, dynamic
tests of shield style CRS that were sold widely
outside Australia revealed structural deficiencies and
a risk of ejection. There were also concerns about the
application of force to the abdomen rather than the
chest and pelvis that are better able to cope with crash
forces. For these reasons the performance
requirements of the revised standard discouraged
shield style CRS. Shield style restraints never  came
into common usage in Australia, and none are
currently approved .

Outside Australia  there are conflicting  views on the
performance of shields. Webber (2000) reports on
serious deficiencies with both "tray shield" and "T
shield" CRS, common in the USA, and better relative
performance of harness restraint. On the other hand,
Hummel and others (1993) concluded from German
study that "there is a significant higher tendency to
severe injuries where 4/5 point (harness) systems are
used". However, in the German study the sample
sizes were small, the shield systems may have been a
more effective design than those in the USA, the
harness cases may have included the inferior four
point systems and none of the CRS had top tethers.

Figure 1.  Features of Australian CRS.
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In Australia early experience with four point
harnesses proved to be very unsatisfactory with a
high risk of the child submarining and being exposed
to either ejection, dangerous loading of the abdomen
or strangulation. Unfortunately there were several
cases of children dying in stationary vehicles when
the child slid  down and was caught by the neck. In
the early 1980s, CRSs with four point harnesses were
recalled for the addition of crotch straps. Crotch
straps reduce the risk of submarining and are now
required by the Standard.

Double crotch straps were initially introduced
because of a fear (not substantiated by any actual
incidents) of causing damage to the child’s
reproductive organs. A considerable amount of
research was conducted into trying to find a
repeatable standards test to measure the pressure
applied by child restraints, and identify an injury
criteria for  that part of a child’s anatomy, however
no reliable method was ever identified. Ultimately,
after more than five years of research, the Australian
Standards Committee decided to simply mandate the
design feature of twin crotch straps, rather than try to
find a way of assessing the performance of single
crotch straps. Subsequently all child restraints made
and imported into Australia have been  successfully
designed or adapted to incorporate dual crotch straps.

Single point of adjustment of the harness

Early model child restraints had adjusters on many of
the harness straps. Road safety researchers found that
the more adjusters in a child harness there were, the
more potential there was for incorrect or slack
adjustment.  The decision was made to mandate a
design feature of a single harness adjuster only, so as
to reduce the potential for loose fitting harnesses.
Some single point adjusters were initially awkward;
however development has now seen adjusters become
a lot easier to use.

Rear seat mounting

There has been considerable publicity relating to the
problems of airbags interacting with child seats
installed in the front seat. This has been a major issue
in Europe and North America. It is recognised that
parents in many Northern Hemisphere countries have
an expectation their child be in the front seat
alongside them, particularly so for infants. This is not
the case in Australia and concerns about the use of
the rear seat have been shown to be unfounded.

Because all Australian CRS must have a top tether
and the anchorages for top tethers are exclusively
located in the rear of Australian cars, Australian

parents have developed the habit of always
restraining young children in the rear seat. In fact
most of the current generation of Australian parents
were, as children, restrained in the rear in similar
CRS to those used today.

The exclusive use of rear seats means Australia has
not encountered any of the problems due to the
interaction of CRS with front airbags and there is no
need to disable front passenger airbags in Australia.

INTERNATIONAL STANDARDS AND ISOFIX

Australia has had ongoing involvement in the
International Standards Organisation Committee
developing a new Standard for child restraint systems
(ISO-CRS) since its earliest meeting in the mid
1980s. At that time it was recognised that child
restraints needed to be more firmly attached in cars
and there was a need for separate attachment systems
for child restraints that did not rely on adult seat
belts.

The UK representative on the ISO CRS committee,
Richard Lowne, presented to the committee the
results of an evaluation of a wide range of methods of
attachment of child restraints and concluded that the
most effective and easily implemented system would
be one which had the child restraint attached at two
points at the base and a single top tether. At that time,
however, opposition to top tethers was so strong in
some parts of Europe that this concept was not
adopted and the system proposed was a four point
attachment system, with attachments at each of the
four corners of the base of the child restraint and no
upper restraint.

Ten years of development of the rigid, four-point
ISOFIX  system was undertaken, and it was close to
implementation when the U.S. automotive
manufacturer, General Motors lobbied the ISO CRS
committee with the proposition that the combination
of top tethers with lower flexible anchor straps could
offer most, if not all, of the benefits of a four point
rigid base system at a lower cost, with easier
compatibility for adult occupants..

This brought about an impasse position on the ISO
Committee and stalled progress. Fortunately soon
after that, following lobbying,  the U.S. Government
set up a special U.S. 'Blue Ribbon' taskforce to look
at how better restraint systems could be offered to
North American children. An outcome of that review
was the LATCH system and a requirement for top
tether anchorages in cars. This directed development
of child restraints in North America to top tethers
(Webber 2000).
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The new USA rules gave the option of child restraints
being attached by a top tether and two lower
anchorage points. This caused a review of the
ISOFIX so that vehicle seats intended for use with
CRS must be provided with two rigid lower
anchorages and "a means to limit the pitch rotation of
the CRS". In most countries the latter requirement
will be achieved with a top tether. Remaining
opposition to top tethers, which is now mostly
German-researcher based, and the unique CRS
provisions in Sweden is unfortunate but has no
significant effect on the global adoption of top
tethers.

The provision of top tether anchorages is not an issue
with most European, Japanese and Korean car
manufacturers - all imported vehicles in Australia
have the fixings in place. Indeed, for some time now,
many manufacturers have included the top-tether
anchor/weld nuts on all models in non-Australian
markets to reduce manufacturing complexity.

Vehicles with ISOFIX anchorages are now on the
market. The Australian CRS standard is being
reviewed to encourage designs that take advantage of
the potentially improved lower restraint provided by
ISOFIX and LATCH, compared with adult seat belts.
Australian research indicates that some forms of
LATCH could improve the performance of
Australian CRS in side impact crashes. LATCH also
has the potential to eliminate the main form of misuse
in Australia - incorrect use of the adult seat belt for
securing the CRS (discussed later).

On the other hand, the lack of ISOFIX lower
anchorages for the centre rear seating position may
reduce the use of this more protected seating position
by children in CRS. Although, under the proposed
Australian Standard, the CRS must be able to be used
in vehicles with and without ISOFIX it is possible
that,  unless a local (compatible) variant of LATCH is
implemented, parents will use outboard seating
positions that have ISOFIX/LATCH anchorages in
preference to the centre seat that only has a seat belt.
Australian child restraints with top tethers are able to
utilise either three point or two point adult seat belts
(or ISOFIX, under the changes to the Standard).
Conversely, older children who use an adult seat belt
are much safer in a three point seat belt (booster seats
with no upper restraint must not be used with a two
point seat belt). The increased use of outboard seating
positions with ISOFIX anchorages for CRS might
result a greater proportion of older children using the
centre rear seat. This is a concern because there are
still many models that only have a two-point seat belt
in this position.

CONSUMER INFORMATION

Australia has operated a Child Restraint Evaluation
Program (CREP) for more than a decade. CRS are
subjected to dynamic tests (some more severe than
the Australian Standard) and usability trials.
Consumers are advised of the best performing
restraints (via brochures and the internet).

It was realised early in the development of CREP that
it would not be appropriate to apply dummy injury
performance limits to the ratings due to a lack of
biofidelity of the dummies and uncertainty about the
interpretation of dummy head injury measurements to
injury risk in children. Dummy injury measurements
are considered during the CREP assessment process
but are secondary factors - head excursion and risk of
head contact are considered far more important
(Kelly and others, 1996).

Of particular concern to Australian researchers is that
misguided attempts to reduce dummy head injury
measurements could result in greater head excursion
and therefore greatly increased risk of a head contact,
resulting in serious head and neck injury.
Controversial assessment of EuroNCAP child
occupant tests is resulting in some observers
concluding that the more rigid fixation of CRS given
by ISOFIX anchorages, is leading to greater risk of
injury. Real crash experience in Australia with top
tethers that provide a firm attachment to the vehicle,
has found that children are able to survive extremely
severe crashes without serious injury. This real world
experience is contra-indicative of the children injury
criteria being considered in Europe and North
America, some of which are based  on extrapolation
of adult limits (Brown and others 2001, Trosseille
and others 2001, Melvin 1995, Beusenberg and
others 1993).

Japan NCAP recently introduced a CRS rating
system for consumers. NHTSA is considering the
introduction of a consumer rating program for CRS in
the USA (NHTSA website). Submissions to NHTSA
have expressed concern about the reliance on dummy
injury measurements. Australian experience supports
such caution. In the current state of dummy
development and knowledge about child injury
tolerances, it would be inappropriate, and quite likely
counter-productive, to base a CRS consumer rating
program primarily on child dummy injury
measurements.

Similar concerns apply to a CRS assessment protocol
being developed by the European New Car
Assessment Program (EuroNCAP). Australian
researchers, consumer organisations and state
authorities involved in ANCAP are concerned that
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insistence by EuroNCAP on inappropriate head, neck
and chest injury limits might encourage CRS that
offer inferior real world protection (Paine and Brown
2001). ANCAP maintains a strong position and input
to EuroNCAP regarding this issue.

When head injury criteria, instead of the more
important head excursion limits, are the main form of
performance evaluation, then more rigid child
restraint attachment systems tend to be rated poorly.
However, these more rigid systems reduce the
prospect of harmful head contacts, and subsequent
head injury.

AUSTRALIAN RESEARCH

A comprehensive range of research has been
undertaken in Australia to support the development
of Australian and international standards, Australian
Design Rules and CREP. This has included in-depth
crash investigations (discussed in the next section),
laboratory testing using sleds or vehicle-to-barrier
tests, computer modelling and user surveys. This
experience has reaffirmed the soundness of the
design concepts of Australian CRS.

Sled tests at Crashlab (Roads and Traffic Authority of
New South Wales) have been used to compare CRS
with and without top tethers; assess the effects of
different mounting points for top tethers; assess
restraint effectiveness for different size child
dummies and assess prototype CRS design features
such as ISOFIX concepts.

One remarkable series of crash barrier tests at
Crashlab involved the same model car being
subjected to a full frontal crash barrier test at
progressively higher speeds, from 40km/h to
100km/h. Child dummies were placed in CRS with
top tethers in both outboard rear seating positions.
One CRS had a high mount top tether(Australian
style), whilst the other had a low mount (early US
style) .An important finding was that the deceleration
of the rear parcel shelf levelled off at about 60km/h.
Beyond this speed the front seat occupant space was
severely compromised but the survival space in the
rear seat remained intact (top image, Figure 2 - note
the open rear door, revealing the CRS and child
dummy).

The child dummy injury measurements also did not
increase markedly beyond those of the 60km/h
impact (for which there is real world evidence of
survival without injury). After considering these
dummy measurements and the retention of rear seat
occupant space it was concluded that the 100km/h
crash was survivable for young children in forward
facing child seats.

STUDIES OF REAL WORLD CRASHES

Studies of real world crashes involve varying levels
of details about the characteristics of the crash and
the resulting injuries.

Limitations of mass crash data

Analysis of mass crash data is useful for examining
general road safety trends and factors that are an
influence in a large proportion of crashes. However,
experience has shown that mass crash data is of very
limited use for evaluating infrequent events, such as
fatalities to child occupants. For example in New
South Wales during the 1990s there was an average
of 6 children aged up to 4 years who were killed in
motor cars each year. With such small numbers any
year to year variation could easily be due to the
randomness of the event and it would take
exceptional circumstances to conclude that there had
been a significant change from one year to another.
Similar caution is needed when comparing child
occupant fatalities between countries. This
uncertainty, combined with a lack of good
information about exposure of children to car
accidents (for example, child kilometres travelled),
hinders efforts to compare accident rates between
countries.

A far better approach is to investigate the
effectiveness of CRS in real world accidents - so
called "in-depth" studies.

Figure 2.  Variable speed crash tests by
Crashlab. Lower image shows peak of 40km/h
crash. Top images shows peak of 100km/h
crash, which was considered to be survivable
for the child dummies in CRS installed in the
rear seat.
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In-depth crash studies

Study design

Great care is needed in the design and analysis of
studies involving injuries to children. In addition to
sampling issues (such as the inherent bias in the
selection of cases), it is very important that injury
mechanisms be thoroughly investigated. For
example, there have been cases in Australia and
overseas where serious neck injuries have been
reported with restrained children. However, in all
Australian cases that have come to the attention of
road safety researchers it has been found that the neck
injury was associated with a head contact, which in
turn was due to gross misuse of the restraint or gross
intrusion into the occupant survival space. This work
has indicated  that a child's neck appears to be
surprisingly resilient in pure tension but is susceptible
to a combination of tension and shear force - as
typically occurs with a head strike.

It is hypothesised even a small force applied to the
head, while the neck is in tension, can change a high,
but manageable neck tension into a injury causing
event.

This provides further reason to give priority to
minimising head excursion, rather than reducing non-
contact head forces, with associated greater
excursion. (Herbert and others 1974, Henderson
1994).

Australian CAPFA study

The most recent and most comprehensive Australian
study of children and child restraint performance in
real world crashes was conducted in NSW throughout
the year 1993 (Henderson 1994; Henderson et al
1994). The primary objectives of this study, which
was conducted for the Child Accident Prevention
Foundation of Australia (CAPFA, now Kidsafe), was
to investigate the performance of the child restraint
systems available at the time. The ability of
Australian child restraint systems to provide effective
crash protection was confirmed by this study. Of the
247 children aged 14 years or younger included in
this study, 228 were using some form of restraint and
very few sustained serious injury. This was the case
even though the sampling methods were such that
data collection was skewed towards the serious end
of crashes.

Of particular interest was the sub-set of children
restrained in forward facing child seats with a top
tether and harness. There were 38 children in this
subset.

Figure 4a.  Two year old child in FFCR in centre rear
position uninjured.

Figure 4b.  18 month old child in FFCR in left rear seat
uninjured.

Figure 4c.  Nine month old child in FFCR sustained
only bruising.

Figure 4d.  Three year old in FFCR in centre rear seat
sustained broken arm from adjacent occupant. Three

adults killed.
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There was one fatality - a young child using a
forward facing restraint. Investigation found that the
child had not been secured in the harness and the
CRS had not been secured to the vehicle. Instead the
adult seat belt had simply been placed around both
the child and the CRS. The sash portion of the seat
belt was lined up with the neck of the child and this
was the most likely cause of the fatal neck injury.
The important point about this case is that it took an
in-depth analysis, including expert examination of the
vehicle and CRS, to determine the likely cause of the
fatal injury. Cursory examination of this case might
have suggested a neck injury due to the CRS.

There were four more cases of serious injuries or
worse (AIS2 or more). All involved either gross
misuse or gross intrusion.

There were no cases of serious injury resulting from
deceleration forces alone. On the contrary, there were
several remarkable cases of survival in very severe
crashes. Some of these are described in figures 4a to
4d.

Within recent EuroNCAP technical meetings there
have been claims that vehicles are becoming stiffer,
to cope with the offset crash test, and therefore the
very good high speed performance of CRS may now
have been exceeded by stiffer cars. Australian
research findings do not support this. Firstly a review
of full-frontal and offset crash tests conducted by
ANCAP since 1993 and EuroNCAP since 1996
reveals no clear trend with peak deceleration of the
passenger compartment. Secondly, several of the
cases of survival documented in the CAPFA study
involve frontal crashes that are much more severe
than the NCAP offset crash test - in other words,
there is a large factor of safety inherent in the NCAP
test. Thirdly, the injury measurements from current,
non-biofidelic child dummies cannot be reliably
linked to the risk of serious injury to forward-facing
children in real crashes. Indeed, in-depth studies of
severe crashes will continue to be required to validate
the next generation of child dummies (Trosseille and
others 2001, Melvin 1995, Beusenberg and others
1993).

Other in-depth studies

The findings reported by overseas researchers
studying the types of injury sustained by restrained
children have been strikingly similar to those of the
CAPFA Study, regardless of the type of study or
where in the world the study was carried out. (for
example: Rattenbury & Gloyns, 1993; Tingvall,
1987; Newgard and Jolly in 1998; Isaksson-Hellman,
1997). The most important findings are that:-

• Most injuries suffered by restrained children are
minor - CRS perform exceptionally well when
compared with adult seat belts, and

• The head (including the face) is the most
commonly injured and most frequently seriously
injured region of the child’s body.

Webber (2000) refers to a recent study of children
aged 2 to 5 which found that children in seat belts are
3.5 times more likely to suffer moderate to severe
injuries, particularly to the head, than those in CRS.

These studies confirm there is a need for placing a
high priority on potential for head injury when
assessing the design of child restraints and their
performance in particular vehicles. Head injuries
mainly occur following contact with the vehicle
interior or intruding objects. Limiting head excursion
in frontal impact is therefore a priority in child
restraint performance. The ability of child restraint to
prevent head contact and absorb energy in side
impacts is also of critical importance.

Arm and leg injuries in children in forward facing
seats are usually a result of contact with the vehicle
interior or other occupants in the vehicle.

Gross misuse has been reported in a large proportion
of the serious and fatal injury cases from in-depth
studies. Reducing the incidence of misuse therefore
deserves high priority.

Review of neck injury cases

Australian researchers are well aware of concerns
about the risk of neck injury for young children in
forward facing child seats. They have therefore
carefully investigated claims of serious neck injury
due to tensile loads in the neck. No cases have been
encountered in Australia, despite monitoring by road
safety authorities. There have been a number of
overseas cases where it was initially claimed that
serious injury from pure tensile loads occurred.
However, in all cases that have been investigated by
Australian researchers, it was subsequently found that
a head contact occurred and contributed to the neck
injury.

The most extensive study ever of children injured in
car crashes in North America, is currently being
conducted by Traumalink at the Children's Hospital
of Philadelphia with funding from Statefarm. The
study's in-depth stream has attempted to follow up on
any reports of significant neck injury to a child car
occupant. To date their study has not found any
significant neck injury, where head contact could be
excluded. There was one case of fatal neck injury
(atlanto-occipital distraction) where the researchers
reported it was not clear if the child’s head sustained
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an injury load path contact. However, this case had a
penetrating injury in the submandibular area.
External intrusion forced the drivers seat rearward
into the child’s centre rear position, and there was
injury evidence that the harness was quite loose.
(Arbogast et al, 2002 ).

In the mid 1990s, there were reports to the ISO CRS
committee from German researchers that serious neck
injuries were being encountered in forward facing
child restraint systems. It was initially thought these
may be occurring without head contact. The member
reporting the cases was asked for further information.
Subsequent reports to the ISO CRS committee
indicated that there was possible head contact in all
cases. In any event there were no reports of neck
injury, for forward facing child restraints that had
pitch control devices, such as top tethers. One of us
(Griffiths) was an ISO CRS committee member at the
time and recalls these outcomes, which do not appear
to have been formally published.

MISUSE OF CHILD RESTRAINTS

Top tethers

An early concern with top tethers was that they might
not be used. This concern may have been a factor in
the reluctance, in the 1970s and 1980s, of USA and
Europe to use top tethers. Australian experience
found that this was initially correct. A network of
Restraint Fitting Stations was developed and
publicised. After several years of perseverance,
correct usage became common, and the benefits of
improved performance began to be realised. . The
latest usage survey revealed less than 5% of child
seats in New South Wales were being used without a
top tether (Paine and Vertsonis 1998). In any case,
early crash studies revealed that the CRS still
performed reasonably well when restrained solely by
the adult seat belt – a less than optimal situation but
not necessarily dangerous.

Use of adult seat belt for attaching CRS

Amongst the range of CRS available in Australia
there are a variety of methods by which the adult seat
belt is intended to be threaded through the CRS.
Adding to the complication faced by carers is that
"convertible" style CRS, that can be used facing
rearwards or forwards, have different belt paths and
adjustment mechanisms. Partly as a result of this
complication, about 12% of forward facing child
seats in New South Wales had the seat belt threaded
incorrectly (Paine and Vertsonis 1998). This was the
dominant form of misuse of forward facing child
seats. Many of these cases were confined to a few

older designs of CRS where the belt could be
threaded several different ways and looked correct
each way. In these cases the "incorrect" belt path still
provided adequate restraint and, by itself was
generally not a serious safety hazard (a further
advantage of top tethers).

Harness adjustment

A loose harness increases the loads applied to the
child, increases the forward excursion of the child
and increases the likelihood of a child wriggling
partially out of the harness.

The quality of harness adjustment can only be
reliably assessed with a child in the CRS. This is
difficult to achieve in the field and the assessment is
likely to be subjective. Subject to this uncertainty, the
proportion of loose harnesses in Australia is likely to
have decreased as CRS designs have improved. The
provision of a single point of adjustment of the
harness has contributed to this improvement.

CONCLUSIONS

The child restraint designs used in Australia have
been shown to provide exceptional protection to child
occupants in severe crashes. Cases of serious injury
always  involve misuse of the child restraint or gross
intrusion.

Lessons learnt

• Australian research has indicated that the first
priority in CRS design is to minimise excursion
of the child's head. To achieve this, the child
should be coupled as tightly as possible to the
structure of the vehicle.

• Top tethers, in combination with an adult seat
belt, are a very effective way to firmly attach the
CRS to the vehicle. Correct usage of top tethers
can be achieved by fitting stations and education.

• Six point harnesses distribute the crash forces to
load-bearing parts of a child's body and eliminate
the risk of ejection.

• No cases of serious neck injury to a child in a
forward facing child seat with top tether and six
point harness have ever come to the attention of
Australian researchers, provided the CRS and
harness are correctly used and there is no
intrusion into the child's survival space.
Australian researchers have found many cases of
children, some as young as 8 months old,
surviving very severe crashes without injury.
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Still room for improvement

The following areas show potential for further
improvement.

• Reduction in forward excursion of the child's
head appears to be more important than reducing
non contact head forces. Some styles of CRS
marketed in Australia have featured top tethers
that are not mounted as high as possible on the
CRS. These have be shown to have inferior
performance to high-mounted top tethers.

• Compatibility between vehicle and CRS needs
greater attention. Top tether anchorage location
could be revised to improve dynamic
performance, improve accessibility and eliminate
the potential for interference from luggage. Seat
back contours could be improved so that CRS fit
better. A draft assessment protocol has been
developed by Australian NCAP for this purpose.

• CRS could provide much better head protection
in side impacts. Large padded "wings" with
energy absorbing material interposed between
the child's head and the side of the car or
intruding object could achieve this (also applies
with booster seats that are used in conjunction
with adult seat belts).

• The ease of use of various adjustments within
CRS could be improved. Retractable top tethers
and harnesses would eliminate slack. Shoulder
height adjustment could be made simpler to use.

• To minimise excursion of the lower part of the
CRS, the routing of the adult seat belt should be
as low as possible.

• Designs of CRS that can easily utilise either
adult seat belts or ISOFIX anchorages for lower
restraint are needed, together with an education
program about the use of such CRS. Tell-tale
devices that confirm the CRS is correctly
installed could be considered.

• There are increasing numbers of vehicles with
luggage tie-down rings behind the rear seat.
These could be confused with top tether
anchorage points and their purpose needs to be
more clearly indicated to parents/carers who
install CRS.

Australian consumer test programs such as CREP and
NCAP can provide incentive for improvement. These
programs also provide feedback for improvements to
standards, by giving an indication of those products
that perform much better than the minimum required
to meet the standards.

There is an ongoing need to monitor crashes
involving injury to children and to conduct in-depth
crash studies from time to time. CRS usage surveys
also provide feedback on CRS design problems and
the need for parent/carer educational programs.
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1. Abstract

Approximately 20% of car-to-car accidents in the
U.S. are believed to be rear-end collisions, and
approximately 10% of the whiplash injuries resulting
from rear-end impacts require longer term therapy.
Thus, the societal cost of whiplash injuries is a
common problem worldwide, so its prevention is a hot
topic globally. However, whiplash injuries involve a
very wide range of symptoms, such as surgical
symptoms, neurological symptoms, audiological
symptoms, otorhinolaryngological symptoms, sense-of-
balance symptoms, teeth-occlusion symptoms, etc.
Whiplash injuries have such subtle characteristics that
patients themselves complain of various symptoms in
addition to these diverse symptoms, even in the
absence of objective medical evidence, at times.

We have developed an AM 50%-tile finite-element
model of the whole human body, called THUMS (Total
HUman Model for Safety), to study the mechanisms of
human-body injury during a collision. In this research,
the same model was utilized to study the mechanisms
of injury to the cervical vertebrae region from whiplash
during a collision. We developed a cervical spine
model that newly incorporates spinal cord, nerve roots,
cerebrospinal fluid (CSF), spinal dura mater, etc., and
then verified the accuracy of this model by means of
cadaver test data. Its validity was examined on the
basis of various hypotheses studied to date: the myalgia
hypothesis, the theory of nerve-root pressure caused by
compression of the spinal cord and nerve roots, the
theory of facet joint impingement, the theory of the
shear deformation of facet joints and ligaments, etc.
Also, whiplash symptoms resulting from the leakage of
CSF (i.e., the low intracranial pressure syndrome),
which recently has attracted attention in Japan, also are
evaluated with respect to the existence of spinal dura
mater spinalis injury.

2. Introduction

Japan also has many whiplash accidents. Figure 1
shows the proportions of the number of persons by
injury locations in all accidents, based on Ref. [1]
regarding insurance payouts during the year from April
2000 to March 2001 in Japan. With approximately
520,000 cases, the neck was the most common injury
location, accounting for approximately 45% of the all
accidents. The approximately 440,000 victims of car-
to-car rear-end accidents accounted for at least one-
third of all victims, the overwhelming majority (i.e.,
340,000) of whom were victims of neck injuries in
rear-end collisions.

Persons injured (Total of all accidents =
1,136,416 persons)

Head-Face

Neck

Pelvis-Spine

Thorax

Abdomen

Upper extremity

Lower extremity

Whole region

Neck

520,000 persons

Figure 1 Number of Victims in All Accidents, by
Injury Location [1]

Physical loss of Neck
(Total loss of car to car accidents= 317

Billion Yen)
Head-on collisions

Side collisions

Collisions due to

crossing or turning
Minor collisions

Rear-end collision

Others

Rear-end

192.8 Billion Yen

Figure 2 Neck Injury Losses by All Car-to-Car
Accidents [1]

Also, Figure 2 shows the proportions of losses resulting
from neck injuries of rear-end collisions in all car-to-
car accidents. It is evident from the figure that they
were highest at ¥192.8 billion and accounted for 60%
of all car-to-car accidents and 14.5% of the all
accidents. In Japan, as elsewhere, reduction of
whiplash injuries is a major challenge. In addition, the
term “whiplash injuries” in this paper means the
whiplash associated disorders (WAD) defined by the
Quebec Task Force [2] in 1995.

3. Anatomical Cervical Spine

3-1. Vertebral Body and Ligament [3], [4]

Figure 3 shows the atlas (C1) and the axis (C2),
which is the upper cervical vertebrae, as well as the
third cervical vertebra (C3) and those below it, which
are the similarly shaped lower cervical vertebrae. At
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each vertebral body, the cancellous bone is surrounded
by thin and hard cortical bone. Upper and lower
vertebral bodies are connected by the intervertebral
disc of fibrocartilage. To control the movement of the
cervical vertebrae within their physiological ranges, the
vertebral bodies are surrounded by the anterior
longitudinal ligament (ALL), the posterior longitudinal
ligament (PLL), the articular capsule of the joint
between articular processes, the ligamentum flavum
(LF), the interspinouos ligament (ITL), the
supraspinous ligaments (SSL), intertransverse ligament
(ISL), and other ligaments, as shown in Figure 3.

Figure 3 Cervical Vertebrae and Ligaments [3],[4]

3-2. Spinal Cord and Dura Mater [5]

The spinal cord is in the spinal canal within the
vertebral foramen surrounded by the vertebrae. As
shown in Figure 4, the spinal cord itself is protected by
the pia mater, the dentate ligament, the subdural space
and subarachnoid space filled with CSF, and the dura
mater. The colorless, transparent CSF is produced by
the choroid plexus of the cerebral ventricle, circulates
within the cerebrospinal subarachnoid space, and is
absorbed in the brain’s superior sagittal sinus. It is said
that, in a healthy adult, the capacity is approximately
150 ml and the daily production is approximately
500 ml. The low intracranial pressure syndrome, which
recently has attracted attention in Japan, is caused by
the leakage of CSF from the dura mater, which
decreases the amount of spinal fluid and lowers the
intracranial pressure. As a result, the brain cannot float
in spinal fluid, so the brain drops downward. This is
believed to intensify symptoms such as headache,
nausea, vertigo, lassitude, and back and neck pain.
Eight pairs of cervical nerves go out of the cervical
region.

3-3. Nerves [3]

The nerve roots that exit from the spinal cord pass
through the dura mater and then through each

intervertebral foramen at each level of the vertebral
body, for which they go out of the spinal canal.

Figure 4 Meninges to Brain, Spinal Cord and
Cerebrospinal Fluid [5]

Figure 5 Sensory Innervation of Nerve in Spine [3]

As a result, these nerve roots are affected by spinal
displacement or trauma. Figure 5 shows the structure of
the sensory innervation of the spine. The nerves
resulting from the sinus–vertebral artery nerves are
distributed in the posterior annulus fibrosus and the
PLL. Capsular structures also have sensory nerves, and
bone structures are controlled via the autonomic
nervous system. The paraspinous muscles also have
sensory nervous system. It is believed that any physical,
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chemical or emotional, psychological stimulation will
result in nerve-root pain.

3-4. Cervical Vertebral Artery [6]

The vertebral artery passes from cervical vertebra
C1 to C6 and through the transverse foramen. So,
deformation of a cervical vertebra as the result of its
hyperflexion-extension or suddenly turning around
sometimes exerts pressure on the artery, which causes
vertigo, fainting, etc. Pressure on the vertebral artery
stimulates the sympathetic nerves surrounding it,
thereby causing headache, nausea, tinnitus, facial pain
and flushing, pharyngeal sensory abnormality, etc.

4. Mechanisms for the Occurrence of Whiplash
Injury

King [7] summarized the whiplash theories to date
and listed the main ones as follows:

I: One hypothesis is that whiplash injuries are caused
by severe hyperextension such that the head’s
extension angle exceeds 90º. This was the initial
theory. Later, the introduction of the headrest
failed to prevent whiplash injuries perfectly, so
other hypotheses were proposed.

II: In another one, pain is caused [8] by the spinal
nerves or the dorsal roots as the result of increased
pressure in the spinal canal and the cervical region
during extension in whiplash. Static and dynamic
pulling tests of the cervical region were performed
using pigs. It was reported that, in the static pull
test, no abnormality was observed in the nerve
roots of the cervical region; in the dynamic test,
however, abnormality was observed in nociceptive
nerve plexus, by means of variation in the pressure
within the spinal canal, based on S-shaped
deformation of the cervical region. In the
following equation (1), the predicted pressure (Pa)
at the C4 vertebra level was estimated based on
hydraulic theory on CSF flow and from the
experimental values.

( ) ( ) ]Vrel
2

*2
1Arel*[0.1*1100Pa += (1)

The Neck Injury Criteria (NIC) [9] was proposed
as criteria for evaluating cervical region injuries.

( )Vrel
2

L*ArelNIC += (2)

Here, L is the length parameter, Arel is the relative
acceleration between the head and 1st thoracic
vertebra T1, and Vrel is their relative velocity in
the same way.

III: Hypothesis based on facet joint surface
impingement between upper and lower vertebrae
[10]
During a rear-end collision, shear forces and axial
compressive forces are exerted on the cervical

vertebrae. According to this hypothesis, the center
of rotation by extension during whiplash moves
upward, so facet joint injury occurs as the result of
the facet joint impingement when the lower
articular process of the upper cervical vertebra
contacts the upper articular process of the lower
cervical vertebra. Also, cervical-region pain occurs
as the result of the inflammation that occurs after
the synovial folds with the articular capsule of the
joint are stimulated by the facet joint impingement.

IV: Hypothesis based on the shear deformation of the
capsules that covers the facet joint
In this hypothesis, the compressive loading of the
cervical vertebrae as the result of the straightening
of the thoracic spinal column by the contact to seat
during a rear-end collision causes the cervical
vertebrae to slide relative to each other, thereby
stretching the joint capsule which results in
inflammation and pain.

5. Summary of the Head-to-Cervical Spine Model

To evaluate and study various whiplash-injury
mechanisms in this study, we developed a model of the
head-to-cervical complex, shown in Figure 6, based on
the THUMS whole-body model. The spinal cord, CSF,
nerves, cervical artery, etc., was newly added to enable
the evaluation of various whiplash injuries. To measure
the CSF pressure, which is the basis of NIC, the pia
mater, dura mater, and spinal fluid surrounding the
spinal cord also were modeled. For the nerves, the
average cross-sectional area of the nerve roots is
extremely small (i.e., approximately 1.2 mm2), so the
time steps for calculation were taken into consideration
to model with bar elements.

Figure 6 Head to Cervical Spine Complex Model

Also, the main phenomenon with whiplash
generally occurs within 200 ms during rear-end
collisions. It was reported [11] that, when passengers
are subjected to rear-end collisions unexpectedly in
traffic accidents, at least 200 ms are required to
reflexively activate the muscles, so muscle function is
minimal during a whiplash. In this study, therefore, the
whiplash injury mechanism was analyzed without a
muscle model. Furthermore, for details of the head and
cervical region model, refer to Appendix I.
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6. Verification of the Cervical Spine Model

Before whiplash injury was verified by means of a
head-to-cervical spine model, the flexion–extension
characteristics, which are especially important in the
whiplash phenomenon, were verified at the vertebra
level. As mentioned previously, there is considerable
anatomical difference of their shapes between upper
cervical vertebra and lower cervical vertebra. As a
result, the flexion–extension behavior of the lower
cervical vertebra and the upper cervical vertebra was
verified individually.

6-1. Cervical Vertebrae Unit

(I) Flexion–Extension Behavior of the Lower
Cervical Vertebra [4, 12]

Because the lower cervical vertebrae have similar
shapes, the C4-C5 cervical-vertebrae complex was
selected as the representative lower cervical vertebrae
in this study. The material properties and types of soft
tissues vary. Therefore, many hours are required to
verify the behavior of the human-body model. The
material properties of the ligaments, membranes, and
fibers of such cervical-vertebrae regions were
identified by using iSIGHT, general-purpose software
for optimization. Figure 7 shows a comparison between
simulation and experimental result on the bending
moment vs. the rotation angle characteristics in the
flexion-extension.
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Figure 7 Flexion-Extension Characteristics at C4-
C5 level

The abrupt rise in the extensional moment results from
the contact between the lamina of vertebral arch of
adjacent cervical vertebrae. The qualitative trends on
simulation result agree well with the tests. This
procedure was found to be effective in identifying
material properties, so the same method also was
applied to the C1–C2 upper cervical vertebrae, where
the types, shapes, and functions of ligaments differ
significantly from those of the lower cervical vertebrae.

(II) Flexion–Extension Behavior of the Upper
Cervical Vertebrae [13]

As the verification data, the material properties were
identified by means of the experimental data [13]
obtained by using the head-to-C2 specimen of a
human body. Figure 8 shows a comparison of the
moment vs. rotation angle during the flexion–
extension of the head-to-C2 region. As in the case

of the lower cervical vertebrae, it is evident that
they agree well.
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6-2. Verification of the Head-to-Cervical Spine
Complex Model [11]

The behavior during whiplash extension will be
verified next, based on the experimental data obtained
by using the cervical spine specimen of a human
cadaver, as shown in Figure 9.

Figure 9 Schematic Diagram of the Whiplash
Apparatus in Ref. [11]

As in the case of the head-to-cervical spine
model, this specimen was composed of the head to T1,
and except for the ligaments around the cervical
vertebrae, the soft tissues including muscles were
removed. Also, substitutes for the headrest and the
human head, such as those shown in Figure 9, were
used in place of the cadaver and real headrest. T1 was
anchored to the sled by means of a resin mount. Also,
the peak acceleration level applied on the sled was
varied from 2.5 to 10.5 G. For the following two
reasons, we decided to analyze up to the moment in
time when the head contacts the headrest.

(a) The aim of the whiplash trauma test in Ref. [11]
is to target the behavior of the cervical vertebrae
until the head substitute collides with the
headrest.

(b) Details such as the placement of the test device,
dimensional conditions, headrest characteristics,
etc., are unknown.

The initial distance from the occiput to the headrest
was set to 10 cm, on average [14]. The mass of the

Whiplash Trauma Sled

Head SurrogateHeadrest

Cadaveric
Cervical Spine
Specimen
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head model was approximately 4.5 kg, and the inertial
moment around the y-axis was 0.0184 kg·m2. In this
analysis, a rigid-body model was used for the head.
Also, in this analysis a peak acceleration of 10.5 G was
used as a sled condition. Figures 10 and 11 shows the
simulation results, which are the head’s horizontal
relative displacement at head center-of-gravity position
and its rotational angle during extension up to 60 ms as
well as a comparison of the experimental results.
As is evident from Figure 11, at approximately 60 ms
the head’s horizontal relative movement distance
reached 10 cm, at which time the head began to contact
the headrest. It is obvious that the experiment and
simulation trends agree well.
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6-3. Discussion of Cervical Spine Behavior

Figure 12 shows the behavior from the head to the
cervical region. Figure 13 is a diagram of the rotational
angle-time histories of each part of the cervical
vertebrae. It was observed that the head hardly moved
until 30 ms, after which the cervical vertebrae
deformed into an S-shape (heavy red line in Fig. 12) as
a result of the horizontal movement of the sled, that is
T1. As aforementioned, 60 ms was the instant when the
head contacted the headrest.

0 ms 30 ms 60 ms

Figure 12 Head and Neck Responses during
Whiplash
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Cervical Vertebrae including Head

It was possible to reproduce the S-shaped
deformation of the cervical vertebrae, which appear at
the initial stage of the whiplash phenomenon, so we
studied in further detail the analytical results for each
part of the cervical vertebrae.
Figure 14 shows the relative rotational angles which
mean the angles of the upper vertebra relative to the
neighboring lower vertebra. In this whiplash
phenomenon, the upper cervical vertebrae including
head are flexed, while C5-C7 vertebrae are extended.
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Figure 15 shows the resultant force-time histories on
the facing facet joints on the right side. There is no
modeling of joint cartilage in this model. From this
figure, it is evident that, immediately after a whiplash,
opposing superior and inferior joint surfaces impinge,
producing impact loading. The observed trends were
for the loading of the C1-C2 facet joint to increase in
the first half due to the initial flexion, while for the

X
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loading of the C6-C7 joint to increase in the second
half due to extension from the beginning.
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Also, Figure 16 shows a history of the moment about
Y-axis, axial (Z-axis), and shear (X-axis) force in the
upper cervical region.
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of Upper Cervical Region

Also, Figure 17 shows the relative displacements
between C4 and C5 facet joints. As an example,
“Anterior Disp-X” in this figure means the
displacement in X-direction at anterior sites in the
inferior surface of C4 joint and the superior surface of
C5 joint.
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Figure 17 Relative Displacements at the Location of
C4-C5 Facet Joint

Up to 60 ms, the maximum relative displacement in the
anterior site was approximately 2 and 1 mm in x- and
z-directions, respectively. Also, their displacement in
the posterior one was approximately 1 and 0.8 mm in
the x- and z-directions, respectively.
Their peak displacements are nearly same to the
experimental results reported by Yoganandan et al. [15].
They used human cadaver head-neck complexes with
skins and musculature intact and took vertebrae’s
behavior during whiplash by high-speed video camera.
Also, when developing the NIC criteria, Svensson et al.
[8] measured the CSF and intracranial pressures in pig
and human-cadaver tests. Similarly, we too predicted
the CSF pressure by using our model. Figure 18 shows
the pressure–time curve of the CSF during that time.

To simulate the hydrodynamic responses of the
CSF, analysis was performed based on the Murnaghan
equation of state [16], in which the compressibility is
increased artificially. The predicted results were on the
same order as the CSF pressure values in the whiplash
experiments with cadavers [17], but it seems that the
profile is different from the experimental one, though
they couldn’t be compared each other under same
condition.
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Figure 18 Pressure-Time History of CSF

6-4. Evaluation of Whiplash Injuries

The validity of this model was verifiable, so we
checked the analytical results by means of the injury
criteria as well as the injury check items based on
whiplash injury hypotheses proposed to date. As
mentioned previously, in the head-to-cervical spine
complex specimen tests used for verification, the
headrest was set so that the head did not extend beyond
its physiological ranges, thereby minimizing neck
injury. Also, the same paper [11] makes no mention of
an injured area or the presence or absence on whiplash
injuries, so it was determined that there is no injury to
the cervical vertebrae under a 10.5 G sled condition.
The injury evaluation results yielded by our head-to-
cervical spine model are tabulated in Table 1. Also, the
principal disorders are explained.

Table 1 Prediction of Cervical Injuries during
10.5G Whiplash Trauma

○ no injuries - indefinite × injuries
Check items for injuries Judgment
Strain on Vertebral Bone ○



Hasegawa. 7

Stress on Disc�Tension
Compression

×
○

Stress on Joint Cartilage: Shear
Compressive

○

○

Strain on Joint Capsule ○

Strain on Ligaments: ALL
PLL

� � � � � � � � � LF
� � � � � � � � � ISL

×
○

○

○

Strain on Nerve Root ○

Strain on Dura Mater : Longitudinal
Transverse

○

○

Strain on Artery ○

NIC ×
Upper Neck Moment(Nm) ○
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Figure 19 Strain-Time Histories of ALL

� As shown in Figure 19, under these conditions the
strain of the ALL between C6 and T1 exceeded 40%
after 40 ms, so it was determined that there was injury.
Similarly, failure stress exceeding 3 MPa [23] was
found on the tension side in the intervertebral discs
between C6 and T1. It is possible that the constraint
condition may be strict for T1 in whiplash analysis,
compared with the experimental conditions. Also, the
joint-capsule strain at C5-T1 level is shown in Figure
20.
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Figure 20 Strain-Time Histories of Joint Capsule

A strain 138% of joint capsule at C5-C6 is not
considered to be an injury. From the viewpoint of the
injury threshold value, the level has no margin. As a
result of facet joint impingements, the synovial fold
might be pinched by a facet joint [10]. Also, it has been
asserted that the surfaces of the facet joint and
cartilaginous parts might develop cracks at an
extremely low shear stress [18]. Then, from the
viewpoint of the failures of the joint surface, we
measured the stress on it. We roughly computed the

stress by dividing the X- and Z- contact force on the
joint surface by the estimated surface area of 60
mm**2 on average. It follows that X-shear stress and
Z-compressive stress on the joint surface are below the
failure stress, based on Repo et al., [18]. Cartilaginous
parts lack nerve fibers, so pain ordinarily is not felt.
However, if the same part becomes inflamed, it affects
the synovial fold, so it is quite possible that pain will
occur.
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Figure 21 Strain-Time History of Dura Mater

Fig. 21 shows the strain-time curve of the dura mater.
In this case, no failures of dura maters were found in
longitudinal and transverse direction. The peak strain
of dura mater in transverse direction was about 20%
below 34% of failure strain, it seems to have the high
potential of CSF to leak from it. During whiplash, no
failures were found in vertebral arteries and nerves. In
this analysis, the strain levels with vertebral artery are
about 2% at the most, and their levels with nerves are
around 12%. Both level was below the failure strain,
however, in the case of twisted neck, nerves might
have a high probability of the failure.
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Figure 22 NIC-Time History

Also, Figure 22 shows the NIC time curve determined
from the head and T1 acceleration data, by using L=0.2
in the Eq. (2). Immediately after a whiplash (i.e., at
about 15 ms), the NIC criterion (15 m2/sec2) already
has been exceeded. The NIC seems to be more
sensitive than the evaluation items for the other
disorders. For reference, Figure 23 shows the head
position at 100ms.
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Figure 23 Head Response at 100 ms

The relative distances of head C.O.G between 0ms and
100ms are about 17cm in horizontal direction and
11cm in vertical one, respectively. All damage is
evaluated in check items of Table. 1, except for the
vertebral cortical bone. In the times with no head-rest,
we realize that it is responsible for hyper-extension of
the neck in the rear-end collision, and it increases the
degree of injuries greater than those with head-rest.
In the present time equipped with head-rest, we can
also realize its effect to help prevent the hyper-
extension. When it doesn’t set the headrest against the
head correctly, it shall reduce the effect to prevent it.
We assumed our whiplash analysis with headrest. As
stated above, however, injuries at some site of the
cervical spine are found in Table. 1. This suggests that
we can’t eliminate a range of whiplash injuries by
means of preventing neck hyper-extension only [19].
For this reason, injury mechanism analysis using
human FE model will be helpful from now. To the end,
it is essential to improve and enhance the functions for
highly non-linear visco-elastic properties of soft tissues,
and fluid analysis, such as CSF, to predict the injuries
in the delicate area of the cervical spine.

7. Study of the Whiplash Injury Parameters, Based
on Rear-End Collision Accident Data

The validity of this model was confirmed in a
preceding paragraph. So, the same model was used to
study the relationship between whiplash injuries and
vehicle acceleration-time history data during rear-end-
collision accidents.

Krafft et al. [20] reported the whiplash symptoms
that occurred and the vehicle acceleration-time curves
for all eight cases of actual rear-end-collision accidents.
The vehicle acceleration data in the real accidents were
used to predict whiplash injury. In this instance, two
particularly extreme cases were selected:

(i) Case A in which headache and neck pain persisted
even after six months and

(ii) Case B without whiplash symptoms. The details
of these are summarized in Table 2.

Table 2 Cases of rear-end-collision accidents [19]

Case A Case B
Acceleration-
time history

Fig. 24 Fig. 24

�V 23.3 km/h 4.3 km/h
Mean
acceleration

6.7 G 2.1 G

Peak 14.7 G 3.7 G

acceleration
Driver Restrained

female, 58years
Restrained
male, 54yeara

Symptoms After 6 months,
there was still
neck pain and
headache

No

0

50

100

150

0 0.02 0.04 0.06 0.08 0.1
Time (sec)
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n
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/s
^2

)
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Figure24 Vehicle Acceleration Rear-End Collision
Accidents [19]

The vehicles involved in the accidents had
headrests, so as mentioned in a previous paragraph, the
distance between the headrest and the head was set at
10 cm in all cases. The existence of whiplash disorder
was determined based on the time required for the head
to contact the headrest. The results of the prediction of
disorders in both cases are tabulated in Table 3.

Table 3 Results of the prediction of whiplash
disorder, based on the human-body model

Check items for injuries CaseA CaseB

Strain on Vertebral Bone ○ ○

Stress on Disc� Tension
Compression

×
○

○

○

Stress on Joint Cartilage: Shear
Compressive

○

○

○

○

Strain on Joint Capsule ○ ○

Strain on Ligaments: ALL
PLL

� � � � � � � � � LF
� � � � � � � � � ISL

×
○

○

○

○

○

○

○

Strain on Nerve Root ○ ○

Strain on Dura Mater :Longitudinal
Transverse

-
-

○

○

Strain on Artery ○ ○

NIC × ○

Upper Neck Moment ○ ○

In Case B, all disorder check items were
determined to be injury free. From the previous
analytical results, we believe that it is fairly reasonable
to predict a wide range of whiplash injuries by using
this model. Furthermore, in order to include spinal cord
disorders, too, we also plan to evaluate this from
different viewpoints, such as the spinal canal stenosis.
To accurately predict the sensitive whiplash-disorder
prediction criteria (e.g., NIC) based on the fluid
pressure, more refined fluid analysis is necessary, for
example, like ALE method.
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8. Conclusions

(1) A cervical spine model that enables the evaluation
of a wide range of whiplash symptoms was
developed and validated.

(2) The results of whiplash injury predictions based
on the vehicle acceleration data during real rear-
end-collision accidents were reasonable, and they
proved to be applicable also to the prediction of
various whiplash injuries.

(3) It was found that the human body FE model is an
effective tool for analyzing new injury
mechanisms and can contribute significantly to the
development of injury-evaluation techniques, such
as the suggestions for real dummy improvements
and the guidelines of injury criteria based on the
injury occurrence mechanism and so on, with
experimental tests in the future.

9. Future Plans

We plan to incorporate the cervical spine model
developed in this study into the whole human body
model and to perform whiplash analyses using the full-
scale car model, as shown in Figure 25.

Figure 25 Whiplash Analysis of Whole Human
Model with Full Seat Model

At present, the analysis of a human-body model
requires considerable time, even when a supercomputer
is used. Feeding back the study results obtained by
means of the human body model to test dummy
construction and evaluation criteria could possibly have
future vehicle development application.

This research targeted whiplash. In the future,
however, we would like to apply the human-body
model to further research of other injury mechanisms.
Furthermore, we would like to apply it in a wide range
of other fields, not merely the field of automobile
collisions.

For that purpose, we will need to supplement the
efforts of our own automobile engineers by increasing
collaboration with the research organizations of
manufacturers, universities, etc., in a wide range of

disciplines (e.g., medicine, engineering, accident
investigation).

10. Acknowledgements

For their assistance with this analysis we would
like to thank the parties concerned at Toyota Central
R&D Labs, Inc., especially Ms. Kato. We also would
like to thank Dr. Hsu of Engineous Japan Inc., Dr.
Cholewicki of Yale University, and Dr. A. Eichberger
(University of Technology, Graz) for their advice.

References

[1] The Marine & Fire Insurance Association of Japan,
Inc.,�2002 traffic accident survey from automobile
insurance payment data: the number of bodily injuries
and property damage accidents, and the sum of
economic loss�, http://www.sonpo.or.jp/ Japan, 2002
[2] W. O. Spitzer, et al.,�Scientific monograph of the
Quebec task force on whiplash-associated disorders�,
Spine [Suppl]:20, 1995.
[3] A. A. White III, M. M. Panjabi, 1990,�Clinical
biomechanics of the spine�, 2nd Ed., Lippincott
Williams & Wilkins, Philadelphia.
[4] Marko de Jager,�Mathematical head-neck models
for acceleration impacts�, Thesis Technische
Universiteit Eindhoven, pp.42-47, 1996
[5] U. Kaneko, 1982,”Nippon Human Anatomy, Vol.
III Angiologia, Systema Nervosum”, Nanzando
Company, Limited, Tokyo, Japan
[6] K. Nibu, et al.,�Dynamic elongation of the
vertebral artery during an in vitro whiplash
simulation�, Eur Spine J., Vol. 6.pp.286-289, 1997
[7] A. I. King, 1999,”What is a reasonable hypothesis
for the cause of whiplash associated disorders?” SAE
TOPTEC,Costa Mesa, California
[8] M. Y. Svensson et al.,1993,�Pressure Effects in
the Spinal Canal during Whiplash Extension Motion�
A Possible Cause of Injury to the Cervical Spinal
Ganglia, IRCOBI,pp.189-200
[9] O�Bostrom et al. (1996�A New Neck Injury
Criterion Candidate-Based on Injury Findings in the
Cervical Spinal Ganglia after Experimental Neck
Extension Trauma�, IRCOBI, pp.123-136
[10] K. Kaneoka., et al, 1998,�The Mechanism of
Whiplash Injury� 1998.10.23-24, Proceedings of 2nd

Toyota Human Life Support Biomechanics Symposium,
pp.45-50
[11] Jacek Cholewicki, et al.,�Head kinematics
during in vitro whiplash simulation�, Accid. Anal.
and Prev., Vol.30, No.4, pp.469-479, 1998
[12] M. M. Panjabi., et al., 1994, “ On the
understanding of clinical instability”, Spine, Vol. 19,
No. 23, pp.2642-2650
[13] R. W. Nightingale, et al., 2002, “Comparative
strengths and structural properties of the upper and
lower cervical spine in flexion and extension”, Journal
of Biomechanis, Vol.35, pp.725-732



Hasegawa. 10

[14] R. Minton, et al., 1997, “Causative Factors in
whiplash injury: Implications for current seat and head
restraint design”, IRCOBI, pp.207-222
[15] N. Yoganandan, et al., 1998, “Cervical Spine
Vertebral and Facet Joint Kinematics under Whiplash”,
Journal of Biomechnical Engineering, Vol. 120,
pp.305-307.
[16] Pam-Crash Ver.2000 Solver Notes Manual
[17] A. Eichberger, et al., 2000,”Pressure
measurements in the spinal canal of post-mortem
human subjects during rear-end collision and
correlation of results to the neck injury criterion”,
Accident Analysis & Prevention, Vol. 32, pp.251-260
[18] R. U. Repo., et al., 1977,”Survival of articular
cartilage after controlled impact”, Journal of bone and
joint surgery, Vol.59-A, No.8, pp.1068-1075

[19] A. Nygren, et al., 1985,”Effects of different types
of headrests in rear-end collisions”, 10th ESV
Conference, pp.85-90
[20] M. Krafft, et al., 2000,”How crash severity in rear
impacts influences short- and long-term consequences
to the neck”, Accident Analysis & Prevention, Vol. 32,
pp.187-195
[21] Viewpoint Primier Catalog, 2000 edition

http://www.viewpoint.com
[22] N. Yoganandan, et al., 1998,”Biomechanical
assessment of human cervical spine ligaments”, SAE
#983159
[23] H. Yamada, 1970, “Strength of biological
materials”, Williams & Wilkins Company, Baltimore
[24] S. C. Cowin, 1991,”Bone Mechanics”, CRC Press,
Inc., Florida

Appendix I The description of cervical spine model

We constructed new models such as spinal cord, dura mater, CSF and so on, based on the human geometrical data of
Viewpoint DigitalTM and incorporated them into the existing cervical model of THUMS. And we analyzed by using
Software “Pam-Crash”. Figure 26 shows the disassembled diagram of the cervical spine model.
(a) Head-Cervical Spine Complex Model
(b) Global View of Cervical Spine
(c) Visualization of Vertebral Canal
(d) Cross-section at C7 level

HeadHead

((b) Cervical Spineb) Cervical Spine

((C)C) Vertebral CanalVertebral Canal

Carotid ArteryCarotid Artery

((a) Head-Cervical Spinea) Head-Cervical Spine
Complex modelComplex model

DuraDura MaterMater
Spinal CordSpinal Cord

Vertebral CanalVertebral Canal

DuraDura MaterMater

PiaPia MaterMater

Spinal CordSpinal Cord

Nerve RootNerve Root

Cerebrospinal FluidCerebrospinal Fluid

((d) Cross-section at C7 leveld) Cross-section at C7 level
T1T1

ALLALL

C7C7

IntervertebralIntervertebral DiskDisk

Figure 26 Disassembled Diagrams of the Cervical Spine Model

Appendix II The sites of whiplash injuries and the failure criterion
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Injury sites Type Threshold level for criterion References
Stress on Joint Cartilage Stress Shear 5Mpa

Compression 25MPa
[18]

Strain on Joint Capsule Strain 143.6� [22]
Dura� Mater Strain Longitudinal 19�

Transverse 34.2%
[23]

Nerve Strain 18.4� [23]
Artery Strain 85% [23]
Intervertebral Disc Stress Compression 10.8MPa

Tension 3.0MPa
[23]

Neck extensional moment Moment 57 Nm
Cortical Bone on vertebral body Strain 1.5% [23]
ALL Strain 36.9� [22]
PLL Strain 28.1� [22]
LF Strain 88.2� [22]
ISL Strain 67.9� [22]

Appendix III Material Property

Intervertebral Disc E=3.57 (MPa)
Nucleus Eq.(3) E=2.083

(GPa)
Go =10.5 (kPa) G∞ =0.026 (kPa) β =1200 (/sec)

Vertebral Body(Cortical�
Bone)

E=18.9 (GPa) t=1 (mm)

Vertebral Body(Spongy Bone) E=0.162 (GPa)
Dura Mater (Anterior) (Longitudinal)E=44.1(MPa) (Transverse)E=4.668(MPa) t=0.34 (mm)
Dura Mater	Posterior
 (Longitudinal
E=43.35 (MPa) (Transverse)E=1.826(MPa) t=0.69 (mm)
Pia Mater E=11.5 (MPa) t=0.069 (mm)
Spinal Cord Eq. (3) K=2.19(GPa) Go =10 (kPa) G∞ =2 (kPa) β =80 (/sec)

Cerebral-Spinal Fluid Eq.(4) B=10000 (Pa) γ =7 Po =0 (Pa)

ALL Reference [21]
PLL Reference [21]
Joint Capsule Reference [21]
LF Reference [21]
ISL Reference [21]
SSL E=17.1 (MPa)
Nerve Root Reference [22] d=1 (mm)
Artery Reference [22] d=2.5 (mm)

Where E is Young Modulus, K is Bulk Modulus, G is Shear Modulus, and β is Decay Constant,
t =Thickness, d = diameter

For linear visco-elastic material, ( )e tGGoG)t(G β−∞−+∞= (3)

For the pressure for the Murnaghan Equation of State model, ( )













−ρ

ρ γ
+= 1

o
BPoP (4)

Where P is pressure, Po is initial pressure, and ρ
ρ

o
is the ratio of current mass to the initial mass density and with

γ = 7.
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ABSTRACT 
 
Recent research revealed that greater 
proportion of heavier male occupants and 
lighter female occupants sustain serious 
injuries in frontal crash. The cause is 
thought that the frontal occupant restraint 
systems are designed to minimize the 
injury risk for 50t h percentile occupant 
only, and its characteristics are not 
adjustable. In this study, vent hole area of 
the airbag and load limiter force of the seat 
belt were controlled according to occupant 
sizes, and the effect of occupant protection 
for different occupant sizes were 
evaluated. 
MADYMO 3D was used in this analysis, 
and evaluation was performed not only in 
the 5t h, 50t h, and 95th percentile occupant 
size dummies,  but also in the various 
physiques occupant size dummies. The 
various physiques occupant size dummies 
were created using the physique scaling 
application of MADYMO. 
As a result, all size of occupant dummies, 
from 5th to 95th percentile occupant 
dummies were evaluated, and injury 
severity of those occupant dummies were 
described.  
 
INTRODUCTION 
 
Recently, injury risks of occupants have 
decreased by wearing seat belts and 
equipping airbags, and these restraint 
systems have been improved to decrease 
injury risks moreover.  Figure 1 shows 
results of accident analyses in the United 
States, which were investigated by NHTSA. 
Number of lives saved by seat belts and 
airbags are increasing every year.  In 2000, 
seat belts saved 11889 lives and airbags 
saved 1584 lives. 
And it  is known that the control of 
characteristics of the airbag and the seat 
belt according to impact severity is 
effective to reduce the occupant injury 
risks. Vehicles with such restraint systems 
are beginning to prevail throughout the 

world.  
On the other hand, analyses of Phase 4 and 
5 of the Co-operative Crash Injury Study 
(CCIS) reported that heavier male drivers 
and lighter female drivers tend to sustain 
more serious injuries than average male 
drivers. 
Results of frontal crash tests,  with 5t h 
percentile female dummies and 50t h 
percentile male dummies conducted by 
NHTSA, show that the injury risks of the 
5th percentile dummies are different from 
those of the 50t h percentile dummies. 
Therefore, researches to reduce injury risks 
for all occupants with various physiques by 
controlling restraint systems have been 
conducted recently. 
In this study, characteristics of an airbag 
and a seat belt are controlled according to 
occupant physiques, and the effects are 
evaluated with various occupant physiques. 
Objectives of this study are as follows. 
• The characteristics of an airbag and a 

seat belt, which minimize the injury 
risks for three typical occupant physique 
dummies (5th percentile female dummy, 
50th percentile male dummy and 95th 
percentile male dummy), are found and 
the injury reduction effects are clarified. 

Figure 1. Number of lives saved by
wearing seat belts and equipping
airbags 

9790
10414 10750 11018 11197

11889

470 686 842 1043 1263 1584

0

5000

10000

15000

1995 1996 1997 1998 1999 2000

Seat belts Airbags



Iyota Page 2 

• These characteristics are applied to 
various physique dummies between 5t h 
percentile female dummy and 95t h 
percentile male dummy, and the 
differences in the injury risks are 
clarified. 

 
METHODS 
 
Simulation Model 
 
MADYMO simulation was used in this study. 
Typical small car layout was used for this 
simulation, with belted driver in 56km/h 
(35mile/h) full frontal crash against a rigid 
barrier. 
 
Specifically, the model was made as follows. 
• Airbag volume: 45 lit ters 
• Inflator output: 160kPa 
• Seat belt: with pre-tensioner and load 

limiting retractor (LLR) 
 
The following dummy models are used. 
• 5th percentile female Hybrid III dummy  
• 50th percentile male Hybrid III dummy  
• 95th percentile male Hybrid III dummy  
• Scalable Hybrid III dummy model 
These dummy models are packaged in 
MADYMO. 
 
Seating positions for each dummy model is 
as follows. 
• 5th percentile dummy: Foremost pos. 
• 50th percentile dummy: Middle pos. 
• 95th percentile dummy: Rearmost pos. 
• Scaled dummies: According to the 

physiques, seating position changes 
between foremost position and rearmost 
position. 

 
Characteristics of airbag and seat belt 
control 
 
In this study, controlled objects according 
to the occupant physiques were 
characteristics of airbag and seat belt,  
which are most popular occupant restrain 
systems. The airbag characteristics are 
mainly determined by inflator 
characteristics and vent hole area. The seat 
belt characteristics are mainly determined 
by characteristics of pre-tensioner and LLR. 
In this study, the vent hole area and the 
LLR characteristic were chosen as the 
controlled objects to simplify this study. 
Figure 2 shows the controlled 
characteristics of the vent hole area and the 

LLR load used in this study. The vent hole 
area has two stages and they are switched 
with elapse of time. The LLR load also has 
two stages and they are switched by 
extending length of the seat belt. For 5 th  
percentile female dummy, only the lower 
load level is used.  

 
Evaluation procedure 
 
Examinations are conducted by comparison 
of injury values and restrain system 
characteristics, in case of conventional 
“base system” and “control system.” 
In the “base system,” the vent hole area 
and the LLR load have single characteristic,  
which are determined to minimize the 
injury values for 50t h percentile male 
dummy. 
In the “control system,” the vent hole area 
and the LLR load are controlled according 
to occupant physiques. Those control 
characteristics are determined by 
MADYMIZER, mathematical programming 
algorithm in MADYMO. The design 
variables are vent hole,  which includes two 
different areas and three changing times, 
and LLR, which includes two different 
loads and two changing lengths. In this 
optimization, the rating formula of 
US-NCAP shown below is used as the 
objective function.  
 

( )CHESTHEADCHESTHEADCOMB PPPPP ×−+=  

( )3600351.002.5exp1
1

HIC
PHEAD ×−+

=  

Figure 2. Control characteristics of
airbag and seat belt 
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( )GCHEST
PCHEST ×−+

=
0693.055.5exp1
1  

 
An optimized flow, as shown in figure 3, is 
used to derive the specifications, which 
can minimize the injury values for three 
occupant physiques (5t h percentile female 
dummy, 50th percentile male dummy and 
95th percentile male dummy) 
simultaneously. The injury values of three 
physiques are compared between base 
system and control system. Moreover, some 
occupant models with middle physiques 
between 5th percentile dummy and 50th 
percentile dummy, between 50t h percentile 
dummy and 95th percentile dummy are 
created using MADYSCALE in MADYMO, 

to evaluate injury value difference by 
physiques. Female models and male models 
for every 10t h percentile are created as the 
middle physiques as shown in figure 4.  
The injury values, when applying three 
specifications derived by the optimization 
flow to these dummies, are calculated, and 
those results are compared. 
 
RESULTS 
 
Effect of injury risk reduction by the 
airbag and the seat belt control 
 
     The injury values in the “base 
system”  HIC, chest G’s and Pco mb 
(US-NCAP injury index) of the three 
typical occupant physiques (5th percentile 
female, 50th percentile male and 95t h 
percentile male) in the “base system” are 
shown in figure 5. Each injury value is 
normalized with the injury value of 50t h 
percentile male. The chest G’s and Pc o mb of 
5th  percentile female and the HIC, chest 
G’s and Pc o mb of 95th percentile male are 
higher than those of 50t h percentile male. 
Especially, the HIC of 95th percentile male 

MADYMO analysis of
5 t h  percenti le dummy

MADYMO analysis of
50 t h  percenti le dummy

MADYMO analysis of
95 t h  percenti le dummy

Calcu lat ion of  
object ive function 
PAF0 5+PAM 50+P AM 95

Check convergence Optimizat ion end

Optimizat ion of 
design variab les 

Yes 

No

Figure 3. Optimization flow chart for three occupant physiques 

Figure 5. Comparison of injury values
in the “base system” 
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Figure 4. Sizes of scaled dummies 
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is much higher.  
 
     Optimized specifications for three 
occupant physiques  Figure 6 shows the 
control characteristics of the optimized 
vent hole area and LLR load. In the vent 
hole characteristics,  the switch timing of 
the vent hole area, from small to large, 
delays in the order of dummy size, 5th  
percentile female, 50th percentile male and 
95th percentile male. In the LLR 
characteristic, for 5th percentile female, 
only lower load is used. For 50th and 95th 
percentile male, the load is controlled from 
high to low, and the extending seat belt 
length, at the load change, for 95t h 
percentile male is longer than that for 50th 
percentile male.  

 
     The injury values in the “control 
system”  Figure 7 shows the injury values 
(HIC, chest G’s, and Pco mb) when the 
optimized specifications are applied to 
each dummy. Each injury value is 
normalized with the injury value of 50t h 
percentile male. All of the injury values of 
5th  percentile dummy are almost the same 
as those of 50th percentile male. Although 

the HIC of 95th percentile male is higher 
than that of 50th percentile male, the 
difference in the control system is smaller 
than that in the base system.  

 
Figure 8 shows the comparison of injury 
values between the base system and the 
control system. Each value is normalized 
with the injury value in the base system. 
All injury values are lower than those in 
the base system except the chest G’s of 
50th percentile male.  

 
Evaluation of various occupant 
physiques 
 
The Pc o mb is calculated by applying the 
three optimized specifications (for 5t h 
percentile female, 50th percentile male and 
95th percentile male) to various occupant 
physiques, which are made by 
MADYSCALE, is shown in figure 9. The 
dummy weight is indicated on the 
horizontal axis as an index of occupant 

Figure 6. Control characteristics of 
the optimized vent hole area and the
LLR 
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physique. In case of the specification for 
5th percentile female, if the occupant 
physique is enlarged from the 5th percentile 
male, the Pco mb is almost equivalent until 
approximately 60kg. However the Pco mb 
increase rapidly over 60kg.  
In case of the specification for 50t h 
percentile male, if the occupant physique 
becomes smaller than the 50t h percentile 
male, the Pco mb increase gradually. If the 
occupant physique becomes larger, the 
Pco mb increase rapidly from around 85kg 
and over. 
In case of the specification for 95t h 
percentile male, if the occupant physique 
becomes smaller,  the Pco mb increase 
gradually.  

 
DISCUSSION 
 
Effect of injury risk reduction by airbag 
and seat belt control 
 
     Injury values in the “base system”  
In the base system, it is considered why 
chest G’s of 5 th percentile female and HIC 

and chest G’s of 95t h percentile male get 
worse than those of 50th percentile male. 
Figure 10 shows behaviors of 5th percentile 
female, 50th percentile male and 95t h 
percentile male when each dummy moves 
to foremost position. The 50th percentile 
male deforms the airbag sufficiently, and 
moves just in front of the steering wheel. 
On the other hand, the 5th percentile female 
deforms the airbag only a little. The 95t h 
percentile male deforms the airbag 
completely and the head strikes the 
steering wheel. Therefore, though the 
kinetic energy of 50t h percentile male 
seems to be absorbed by the airbag and 
seat belt efficiently, the kinetic energies of 
the others do not seem to be absorbed 
adequately. 
Figure 11 shows time histories of the head 
and chest accelerations of 5th  percentile 
female, 50th percentile male and 95t h 
percentile male. The chest acceleration of 
5th  percentile female peaks at about 45msec 
and the peak value is higher than that of 
50th percentile male. This is thought that 
the LLR load mainly determines the value 
at that time. Because the LLR load in the 
base system is the same for each dummy 
and the mass of 5th  percentile female is 
smaller than that of 50t h percentile male. 
This is the reason why the chest G’s of 5th 
percentile female is higher than that of 50t h 
percentile male.  
The head acceleration of 95th percentile 
male increases rapidly at about 80msec 
because of the contact between the head 
and the steering wheel. This is thought that 
since the mass of 95t h percentile male is 
larger than that of 50t h percentile male, the 
restraint forces by the seat belt and the 
airbag are too low. Therefore, the forward 
moving distance of the 95th percentile 
dummy becomes larger and the head 

(a) 5t h percentile dummy (b) 50t h  percenti le dummy (c) 95t h percentile dummy

Figure 10. Behaviors of 5t h percentile female dummy, 50t h percentile male dummy and
95t h percentile male dummy move to foremost position 

Figure 9. Pc o mb for various dummy
sizes when applying three optimized
specifications 
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impacts against the steering wheel.  
It is necessary that the value after the 
contact against the steering wheel is to be 
treated as a reference value, because the 
steering shaft is treated as a rigid body in 
this simulation model.   
 
     Injury values in the “control 
system”   Reasons why the injury values 
of 5t h percentile female and 95th percentile 
male in the control system are reduced, 
compared with those for the base system 
are considered.  
Figure 12 shows time histories of the head 
and chest accelerations, the airbag internal 
pressures and the shoulder belt loads of 5th  
percentile female in the base system and 
the control system. It is confirmed that the 
head and chest accelerations in the control 
system is reduced because of the reduction 
of the airbag internal pressure by the 
expansion of vent hole area and the 
reduction of the shoulder belt load by the 
use of the lower load of the LLR.  
Figure 13 shows the behaviors of 5t h 
percentile female in the control system 
when the dummy moves to  foremost 
position. The dummy deforms the airbag 
enough and moves until just in front of the 
steering wheel. The kinetic energy of the 
dummy seems to be absorbed by the airbag 
and seat belt efficiently. 
Figure 14 shows time histories of the head 
and chest accelerations, the airbag internal 
pressures and the shoulder belt loads of 

Figure 13. Behavior of 5t h percentile 
female dummy moves to foremost 
position

Figure 12.  Head and chest
accelerations, airbag internal pressure
and shoulder belt load of 5t h percentile
female dummy 
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Figure 11. Head and chest
acceleration in the base system  
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95th percentile male in the base system and 
the control system.  
The airbag internal pressure between about 
40msec and 70msec in the control system 
is higher than that in the base system 
because of the reduction of the vent hole 
area. Also, the shoulder belt load until 
about 60msec in the control system is 
higher than that in the base system because 
of using the higher load of the LLR. 
Therefore the forward movement of the 
dummy becomes shorter, so the contact 
between the head and the steering wheel 

does not occur.  
Then, it is considered why the HIC of 95th 
percentile male in the control system is 
still larger than that of 50t h percentile 
dummy. 
Figure 15 shows the behavior of 50t h 
percentile male and 95th percentile male at 
45msec when the airbag deploys fully. 
There are some spaces between the 95th 
percentile male and the airbag, because the 
seat position for 95th percentile male is 
rearmost position. Therefore, it is 
considered that delayed restraint force of 
the airbag is one of the reasons for worth 
HIC than 50t h percentile male.  
 

 
Evaluation for various dummy sizes 
 
The changes of the injury risks for various 
occupant physiques are discussed. From 
figure 9, the Pco mb when applying the 
specification for 5t h percentile female 
dummy and the specification for 50t h 
percentile male dummy to 70t h percentile 
female dummy is much higher than that of 
5th  percentile female dummy and 50th 
percentile male dummy respectively. In 
addition, 70th percentile female dummy is 
about 60kg physique.  

Figure 14. Head and chest acceleration,
air bag internal pressure and shoulder
belt load of 95t h percentile male 
dummy  
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Figure 15.  Behavior of dummies when
air bag deploys fully 

(a) 50t h percentile male 

(b) 95t h  percenti le male 
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Figure 16 shows time histories of head and 
chest accelerations, airbag internal 
pressures and shoulder belt loads of 70th 
percentile female dummy when 5t h 
percentile male dummy and 50t h percentile 
male dummy specifications are applied. 

 
In case of the 5th percentile female 
specification, the forward movement of the 
dummy increases because the shoulder belt 
load is too low and finally the dummy 
impacts against the steering wheel (see Fig. 
17). This phenomenon causes the increase 
of the injury values.  
 

 
The Pco mb increases sharply around 60kg 
because the contact between the dummy 
and the steering wheel begins to occur at 
that weight. 
In case of the 50t h percentile male 
specification, the injury values seem to get 
worse because the shoulder belt load is too 
high. 
Reasons of the changes of the injury values 
between 50th percentile male and 95t h 
percentile male are considered to be the 
same as above. 
In this way, the evaluation for various 
occupant physiques is useful to determine 
where the three specifications should be 
switched. Two switching points at the 
dummy weight are identified in order to 
minimize the injury values for all 
physiques of occupants in Fig.18. One is 
the intersection point on the line of Pco mb 
of the specification for 5t h percentile 

Figure 16. Head and chest acceleration,
air bag internal pressure and shoulder
belt load of 70t h percentile female
dummy 
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Figure 17. Behavior of 70t h percentile 
female dummy moves to foremost 
position in 5t h percentile female 
specification (at 85msec) 
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Figure 18. Pc o mb for various dummy 
sizes when applying three optimized 
characteristic 
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female and the line for 50th percentile male. 
The other is the intersection point on the 
line of the specification for 50th percentile 
male and the line of that for 95t h percentile 
male. 
The Pco mb around the switching point from 
the specification for 5t h  percentile female 
to that for 50th percentile male, about 60kg, 
gets worse sharply as shown in figure 18.  
As mentioned before, contact between the 
dummy and the steering wheel or excessive 
restraint force by the airbag and seat belt 
increases the Pc o mb. To prevent this sharp 
increase, it  is considered effective to 
strengthen the specification for 5t h 
percentile female or to weaken that for 50h 
percentile male. 
Figure 19 shows the results of the modified 
specifications. Though the Pc o mb of 5t h 
percentile female in the modified 
specification is a little higher, the Pco mb 
around about 60kg decrease. As a whole 
the specifications after the modification 
seem to be better than those before the 
modification. It is confirmed that the 
evaluation by the dummy models with 
various physiques is effective to consider 
the system which reduces the injury risks 
for all occupant physiques.  

 
It is necessary to detect the physiques of 
the occupants precisely in order to control 
the airbag and seat belt according to the 
occupant physique. Such sensing system 
has been studied recently. In the 
development of such sensing systems, the 
evaluation by the dummy models with 
various physiques is necessary to 
determine the switching physiques and to 
evaluate the influence of the sensor 
threshold and so on.  

 
CONCLUSIONS 
 
The effect of injury reduction 
 
If the characteristics of airbag and seat belt, 
which are set for the average physique, are 
applied to smaller occupants,  the restraint 
force is too strong and the injury values 
get worse. If they are applied to larger 
occupants, a contact between the occupant 
and the steering wheel occurs because of 
the lack of the restraint force and the 
injury values get worse. 
The expansion of the airbag vent hole area 
and the reduction of the LLR load can 
reduce the HIC and chest G’s of 5t h 
percentile female, because the airbag 
internal pressure and the shoulder belt load 
decrease. 
The reduction of the vent hole area and the 
increase of the LLR load can reduce those 
of 95th percentile dummy because the 
airbag internal pressure and the shoulder 
belt load increase. However there is a limit 
in reduction of HIC of 95t h percentile 
dummy because the restraint by the airbag 
delays due to the seating position. 
 
The evaluation of various occupant 
physiques 
 
When the optimized specifications for a 
single physique is applied to other 
physiques, the amount of forward 
movements increases as the mass of the 
upper part of the body increases. When an 
occupant impacts against the steering 
wheel, the injury values increase sharply. 
On the other hand, the peak accelerations 
of the head and chest increase when the 
mass of the upper part of the body 
decreases due to the relative increase of 
the restraint force. 
In order to minimize the injury values for 
all physiques of occupants, the evaluation 
of middle physiques is effective to 
determine the physiques at which the 
specifications should be switched and to 
derive the system specifications which can 
reduce the injury values around switching 
points. 
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ABSTRACT

Two different rollover crash scenarios were
simulated with the software Madymo. The vehicle
kinematics in the numerical simulation were
prescribed by the use of sensor signals of real crash
tests. The Madymo 50% Hybrid III dummy model as
well as the Madymo human model was applied to
these simulations and the model kinematics were
analysed and compared.

Differences in the kinematics of human and dummy
occupant models in rollover crash simulation will be
presented and discussed with respect to car safety
issues. Questions concerning the application and
validation of human models in vehicle rollover will
be considered and required investigations to improve
occupant model performance in rollover simulations
will also be addressed.

INTRODUCTION

In the past years the main topic in automotive safety
were frontal, lateral and rear end impacts. As the
injury risk in rollover crashes is high and an upward
tendency of the incidence rate of rollover accidents
may be expected due to increasing sales figures of
Minivans and SUVs, occupant safety in rollover
accidents becomes an area of great interest. In spite
of this fact little is known about the kinematics of
occupants in such situations. But the information
about the occupant kinematics is very important to
improve existing restraint systems (e.g. airbags, belt
system) or to develop new safety systems for rollover
accidents.

Compared to other car accident scenarios a rollover
crash is characterised by a complex vehicle motion, a
long duration and low linear accelerations. Because
of those unique characteristics it is questionable

whether crash tests with dummies which were
developed for frontal, side or rear impact are useful
measurement tools to understand the kinematics of
occupants in rollover crash scenarios. So far no
dummy for rollover crash tests is available and
realistic rollover crash tests with volunteers are
forbidden because of the high injury risk. So today
the use of available standard dummies for frontal,
side or rear impacts in rollover crash tests is the only
way how to investigate occupant kinematics in
rollover crash scenarios despite the above mentioned
uncertainties.

Beside the real world crash tests there are virtual
crash tests, i. e. numerical simulations of crash tests.
The virtual tests are used especially in the
development phase of new cars for a quick and cost
saving investigation of different crash configurations
and design variants. In those virtual tests numerical
models of the car and the dummies are used to
calculate the kinematics and dynamics of the crash.
The numerical models of dummies are built and
validated on the basis of real dummies, they are a
kind of numerical copy of the real dummy. Because
of that a simulation with those dummy models will
not bring new insight into occupant kinematics.

In the last years the development of human models
was intense (See Figure 1). Human models are built
upon cadaver data, they are a kind of numerical copy
of a human body. It is expected that the simulation
with human models results in human-like kinematics
and bypass the problem of the dummies in rollover
crash scenarios. But today there is only little
experience with the application of human models
especially in complex crash scenarios.

Therefore the main objective within the overall goal
of getting more knowledge about occupant
kinematics in rollover accidents was to apply a
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human model in a virtual rollover crash test and to
investigate the human model kinematics especially in
comparison to the dummy kinematics. The
kinematics of the human model as well as the dummy
model is going to be discussed in view of their
biofidelity. Future investigations needed to improve
the performance of occupant models for rollover
simulations are going to be addressed.

a) b)

c)

Figure 1. a) HUMOS-Model [1] b) ESI H-Model
[2] c) Madymo Human Models [3].

METHOD

Vehicle Kinematics

Standard rollover crash tests of different type have
been performed with a 50% Hybrid III dummy: a
vehicle sliding sideways into a gravel pit, a vehicle
driving down a bank, a vehicle driving up a ramp and
a vehicle sliding laterally against a curb. The vehicle
was a current popular passenger car. In this paper the
first results of the crash test configuration "sliding
laterally against a curb" and "sliding sideways into a
gravel pit" are presented.

During the rollover crash test the linear accelerations
(x-y-z-direction) and the rotational velocities (roll,
pitch, yaw) of the vehicle were recorded (See Figure
2).

The recorded sensor signals were filtered and
transformed from the local (car) coordinate-system
into the inertial coordinate-system.

A lot of attention had to be paid on the
transformation from local to global coordinate data,
because it is not possible to transform local linear
accelerations to global accelerations in the same way
as transforming displacement data because of the
gravity. So there was a need for some extra
calculations to consider the gravity in the
transformation process.

Figure 2. Measured linear acceleration in z-
direction at the car COG (curb).

The result of the sensor signal processing was the
vehicle kinematics in the inertial coordinate system.
These kinematics from the rollover crash test were
used to prescribe the motion of the vehicle in the
numerical simulation.

Occupant Compartment

The occupant compartment model comprised car
bottom, seats, belts, doors, roof, windows, steering
wheel, knee bolster, and the instruments panel (See
Figure 3).

Figure 3. Occupant compartment model.
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Doors, instruments panel and belts were modeled
using finite element meshes. The steering wheel and
knee bolster were built out of ellipsoids and for the
roof and windows planes were used. Planes were also
used for the seat base and the backrest whereas the
side cushion of the seat was made up of ellipsoids.

Contact Definitions

In case the occupant comes into contact with the
environment (occupant compartment) the forces
between the environment and the occupant model
have to be calculated. For that reason contact pairs
have been defined before starting the simulation. For
these predefined contacts force-deformation
characteristics of the interior were acquired by
component tests and used in the simulation model.

Validation of Occupant Compartment Model

Simulations with MADYMO 50% Hybrid III model
were performed and the results were compared to the
crash test results to validate the model set-up
including seat cushions, FE belt, compartment
geometry and vehicle motion. The comparison was
done by a qualitative analysis of the car and occupant
movement seen in the film of the crash test and in the
visualisation of the simulation. Moreover, the time of
contact between head and side window and the
acceleration of the driver head in the crash test was
compared to the simulation results.

Human model

Two different types of human models exist: multi
body models and finite element models. With a multi
body model one can calculate the kinematics and
dynamics of linked bodies but no structural analysis
(e. g. bone stress) can be done. In contrast to the
multi body model the finite element model is useful
for structural analysis on tissue level but needs a lot
of computational time. The main interest of this
investigation was the kinematics of the occupant
model, therefore a multi body model was chosen for
this study.

The MADYMO human occupant model, which is a
multi body model developed by TNO, was used to
investigate the occupant kinematics. It is made up of
chains of rigid bodies connected by kinematic joints.
Inertial properties, range of joint motion and joint
characteristics are based on published biomechanical

data. The outer geometry of the human occupant
model is represented by facets to ensure reliable
results for the contact of the skin with the interior
including belt and airbags. The MADYMO human
occupant model is a multi-directional occupant
model with a flexible spine and a flexible torso. It is
not designed for a specific impact direction and
therefore it is suitable for complex vehicle accident
scenarios like rollovers. The model is commercially
available and has been validated against PMHS and
volunteers for different impact situations [4].

Positioning

The human occupant model had to be placed in the
correct position to get useful results from the
simulations. So the joint angles were adjusted to
meet the sitting position of a driver and the model
was placed in the seat in such a way that an
equilibrium between body weight and seat cushion
forces occured, i. e. the occupant model was in rest.

For this purpose a pre-simulation prior to the rollover
simulation had to be performed. In this pre-
simulation the human model was put just above the
surface of the seat and the simulation was started.
The model dropped into the seat cushion and because
of the damping of the seat cushion oscillated in a
position with equilibrium of forces.

Figure 4. Human model in driving position.

The result of this first pre-simulation was the correct
sitting position of the human occupant model.
Starting from the result of the first pre-simulation the
FE-belts had to be put on. Here another pre-
simulation prior to the rollover simulation was
needed. The FE mesh is placed very near to the outer
geometry of the occupant model. Then a simulation
was started where the end points of the belt moved
backwards and so the belt was wrapped around the
facets of the model. In the simulation output the
point in time with the most realistic belt position was
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chosen and the FE coordinates at this time were
taken as starting data for the correct belt position.
After the two pre-simulations the model set-up was
ready for the rollover simulations (See Figure 4).

Rollover Simulations

The occupant kinematics in two different rollover
scenarios were simulated: sliding laterally against a
curb and sliding sideways into a gravel pit. Both
scenarios were simulated with the use of a dummy
occupant model as well as with the use of a human
occupant model.

The initial velocity of the car before sliding against
the curb and before sliding into a gravel pit was 32,1
kph. The duration of the simulations was three
seconds. For the simulations with the dummy model
the integrator RUKA4 with a step size of 0.0001 was
used wereas for the simulations with the human
model the Euler integration with a step size of
0.00001 was necessary.

Evaluation

The occupant kinematics up to the first head to side
window contact and the rebound short after the first
head contact was analysed. The analysis was done
qualitatively by looking at the overall kinematics of
the occupant models in the simulations and
quantitative by evaluating the time of the head to side
window contact.

RESULTS

Validation

Before starting the rollover simulations the validity
of the compartment model especially the seat and
belt had to be checked. This was done by a
comparison between the dummy model kinematics of
the "sliding against a curb" and the dummy
kinematics of the hardware crash test of the same
rollover type. Figure 5 shows the acceleration of the
dummy driver head in the test and simulation,
respectively. The head contact in the test occured at
125 ms whereas the dummy head in the simulation
hit the window at 135 ms (See Table 1). There is a
difference of 10 ms which is acceptable for a rollover
simulation. A qualitative analysis of the occupant
kinematics showed only little deviations between

dummy and dummy model movement. This proved
that the occupant compartment including the seat and
the belt was modelled in a reasonable way.

Figure 5. Head acceleration of the experiment
(blue line) and of the simulation (red dotted line).

Table 1.
Comparison of experiment and simulation: time

of head to side window contact

Time of head to side window contact
Experiment 125 ms
Simulation 135 ms

Sliding against a curb

Figure 6. Vehicle movement "sliding against a
curb" (sequence from bottom to top).
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Figure 6 shows the vehicle kinematics of the first
phase of the rollover simulation "sliding against a
curb".

There are obvious differences in the kinematics of
the human model and the dummy model as shown in
the figures 7 to 9: the human model slides sideways
to the door, the shoulder is contacting the door and
the head is oriented parallel to the window until the
head contacts the side window. The spine is only
slightly bent. In contrast to the human model
kinematics the dummy is sligthly tilted towards the
door and the head is strongly tilted towards the side
window. This results in a strongly bent cervical
spine.

Despite of these differences in the kinematics the
head of the human model contacts the side window
only 9 ms prior to the head of the dummy model (See
Table 2).

Table 2.

Time of head to side window contact for the
simulation of "sliding against a curb"

Time of head to side window
contact

Human model 126 ms
Dummy model 135 ms

The reason for the tilting of the dummy model is its
stiff "soft tissues" and its stiff torso. When the
dummy is accelerated sideways the hip is
immediately constrained by the lap belt because
there is very little compliance of the body parts of the
dummy. So the translational motion of the dummy
model is limited and a torque around the hip is
induced. The induced rotation around the hip is
constrained by the lap belt too so the rotation
movement is shifted towards the lumbar and thoracic
region of the spine. This part of the dummy is less
flexible than in the human model (and in real
humans), there is no human like spine, i. e. no
vertebras are modelled, and so there is only little
flexibility in this region. This stiffness of the dummy
torso and shoulder in combination with the flexible
cervical spine results in a whip-effect of the head, i.
e. the head is accelerated with respect to the upper
body.

Figure 7. Occupant model position 30ms before
head to side window contact (human model on
top).

Figure 8. Occupant model position at head to
side window contact (human model on top).
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Figure 9. Occupant model position 30ms after
head to side window contact (human model on
top).

The difference between the dummy and human
model kinematics caused by different body flexibility
and pliability are well documented by the figures 7 to
9. This differences have an influence on the injury
mechanics and therefore are important when looking
for optimized restraint systems and safety design.

Sliding into a gravel pit

Figure 10 shows the vehicle kinematics of the first
phase of the rollover simulation "sliding into a gravel
pit". The vehicle kinematics of this rollover type
shows in principle the same tilting movement as of
"sliding against a curb". But this particular vehicle
kinematics has a longer lateral deceleration phase
when the vehicle is sliding in the gravel pit, the tilt
starts later than in the "sliding against a curb".
Figures 11 to 13 show in principle the same
differences between the kinematics of the dummy
model and the human model. But the head of the
dummy model hits the side window 13 ms earlier
than the human model (See table 3.).

Table 3.
Time of head to side window contact for the

simulation of "sliding into a gravel pit"

Time of head to side window
contact

Human model 313 ms
Dummy model 300 ms

This finding is in contrast to the findings in the
"sliding against a curb" rollover where the human
model hit the window earlier than the dummy model.
This shows that the differences between the dummy
and human model kinematics can not be transfered
from one accident scenario to another. The
movement of a multi body system is a very complex
process and depends strongly on the used model.

Figure 10. Vehicle movement of "sliding into a
gravel pit" (sequence from bottom to top).
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Figure 11. Occupant model position 30ms before
head to side window contact (human model on
top).

Figure 12. Occupant model position at head to
side window contact (human model on top).

Figure 13. Occupant model position 30ms after
head to side window contact (human model on
top).

CONCLUSIONS

As a result of the kinematic differences between
dummy and human occupant model the question
about the consequences of these findings arises.
There are two differences that have implications on
the injury risk and therefore on the design of the
restraint systems. The contact of the body with the
door which is only seen with the human model and
the unequal head movement of the two models.
Looking at the human model kinematics a restraint
system protecting the occupant from injuries caused
by crashing into the door is recommended whereas
the results of the dummy simulation indicate that
there is no need for such a saftety system. The risk
assessment of severe head injuries may be different
depending on the occupant model used because the
point of impact and the head position at impact is
different and so the injury mechanism varies.
Moreover the risk of getting the head out of the
window may be influenced by the occupant model
type as well. But at present further investigations are
required for reliable conclusions in this respect.

In general numerical simulation can be a useful tool
to determine the occupant kinematics needed for the
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design of safety devices. But the choice of the
numerical representation of occupants is critical as
our simulations demonstrate. To arrive at correct
conclusions the results have to be interpreted
carefully.

Crash test dummies (both the real ones and the
numerical models) are rather mechanical devices
than human bodies, their lack of biofidelity in certain
situations is evident. Human models promise to be
more human like than dummies, but the current
human models are not perfect, either. Taking the pre
crash phase into account or looking at crash
scenarios with long duration it is not sufficient to
represent the occupant as a dead body - the human
models need refinements to get results directly
comparable to real world situations.

These indispensable refinements of human models
are related to the activity, motion control and
behavior of living human beeings. So the modelling
of this features is strongly dependent on the
knowledge about these issues. Unfortunately there is
no generally accepted and valid theory about human
motion control enabling the computation of realistic
muscle forces. Moreover the human behavior is task
specific and stamped by the individual character. So
there is a great need for more investigations into
active human movements.

Because of ethical reasons it is impossible to validate
occupant simulation results with experiments
whenever severe impacts on the body are involved.
The validity of a human like occupant model in
severe impact situations can only be assessed by
comparing injuries of accident victims with
calculated model injuries of well documented real
world accidents and their associated simulation.

To date occupant models are imperfect and so great
care must be taken when choosing a numerical
occupant model. The desired output as well as the
given situation (front/side impact, duration, etc.)
must be considered.
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ABSTRACT

Recently various researchers have attempted to

clarify the mechanism of whiplash injuries, but the

mechanism is not yet wholly understood. This is

because researching tests are difficult to reproduce

actual rear-end automobile accidents.

To solve this problem, we made experimental and

numerical analyses.

First of all, we developed a new biomechanical�

cervical� model� named as ”K-D neck model” to

reproduce human neck movements at low-speed

rear-end collisions. Shear displacements in the plane

of the intervertebra l d isks were observed.

Secondary, in order to verify the biomechanical�

fidelity of the K-D neck model, numerical analyses

using finite element models with both active and

passive muscle elements were conducted to compare

among each lateral head displacement of the cadaver,�

the volunteer and the K-D neck model.

To reduce whiplash injuries, the new headrestraint

system equipped on a car seat was developed. The

headrestraint swings forward after low-speed

rear-end collisions. By the sled tests, we measured

the neck’s lateral and longitudinal cervical

movements in� every 1 millisecond, and observed

that the faster support of the dummy head was

effective to reduce both lateral and longitudinal

displacements between each cervical� vertebra.

INTRODUCTION

The percentage of accidents resulting from

rear-end� collisions in recent years accounts for 27.5

percent of all vehicle accidents in Japan (Figure 1.).

Though the death rate is low in these type of

accidents, the minor injury rate is very high (Figure

2.). About 90 percent of these minor injuries are neck

injuries and the so-called “whiplash injury” which is

prone to occur in these low-speed rear-end collisions

makes up a large share of these injuries

Bumping� into�
the� rear-end

21.5%

Single Vehicle collision 5.9%

Rear-end collision 27.5%
(collided from behind)

Head-on collision
8.7%

Figure 1. Accident pattern ratio in Japan
(1992 JARI)

Car to car overhead
collision 23.2%

Others 13.4%

Figure 2. Driver injury level in rear-end collision
(1992 JARI)

Minor injuries 89%

Death 0.04%
Unhurted 10%

A NEW SEAT SYSTEM DEVELOPED BY K-D NECK MODEL

TO REDUCE WHIPLASH INJURIES

Masatoshi Tanaka
Daihatsu Motor Co.,LTD
Japan

Hiroaki Yoshida, Sadami Tsutsumi
Kyoto Univers ity

Japan

Paper No.203

R
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In year 2000, 530000 men were suffered from neck

injury and the amount of insurance payment is 3.0

billion dollars (equal to 350 billion yen) a year.

The mechanism of whiplash injuries is not yet

wholly understood. To investigate the mechanism of

whiplash injuries in low-speed rear-end collision, we

hold two analyses.

1. Experimental analyses with the new

biomechanical cervical model (named as K-D

Neck Model)

2. Numerical analyses with a finite element

method (FEM)

NECK MODEL COFIGURATIONS

The neck of the human body (Figure 3.) is

composed of cervical vertebrae, ligaments,

intervertebral disks, muscles and the other items.

 

 

Figure 4. shows the structure of the K-D Neck

Model .The shortest response period of muscles

against stimulation is approximately 150 to 250ms. It

is obvious that effects by muscles within 150ms can

be excluded. This model is therefore comprised of

several elements : cervical vertebraes, ligaments,

intervertebal disks, and other soft tissues. An

integrated, polymerized artificial material with

biomechanical properties that closely resemble the

matching parts in the human body is used.

Substituting the cervical vertebrae

� A copy of the cervical vertebrae is made from

polyurethane based on a medical model of the

cervical vertebrae*.

Substituting the ligaments

Three-dimensional textiles** are used for the

ligaments. These three-dimensional textile structures

are comprised of multifilaments, cotton thread, and

coupling threads such as monofilaments.

Substituting the intervertebral disks

Silicone rubber is used.

Other items

The cervical ligaments are covered with colorless

silicone rubber*** in view of the soft tissue

structures around the ligamentous neck. The

colorless, transparent rubber allows to observe

movements of the K-D Neck Model.

* Cervical vertical model for a medical science,�

Synthes Ltd.� � � � � � � � � � � � �

** Cubic-eye HA6003, Yunitika Co.,Ltd.� � � � �

Anulus �

fibrosus

Figure 4. K-D Neck Model

Intervertebral
disk

Nucleus �

pulposus

Ligament

Figure 3. Structure of a human body neck

Cervical
vertebra
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*** RTV Rubber KE1603, Shin-Etsu Chemical

Co.,Ltd

Conventional Neck Model

The Hybrid-�dummy was developed based on

experimental data from volunteers and cadavers. The

neck structure is composed of five aluminum plates

with hard rubber connecting them each other.

This model was designed for higher-speed forward

impact tests, so it needs further consideration to use

the model for low-speed rear-end impact tests.

NECK MODEL COMPARATIVE

VERIFICATION TEST

Pendulum Test

In order to verify the validity of the K-D Neck

Model, several pendulum tests were carried out with

the same method as conventional dummy

certification tests. And the tests included evaluations

whether each cervical sections were suitable for

low-speed rear-end sled tests.

Pendulum Teat Result And Discussion

In order to evaluate whether the biomechanical

cervical dummy was adequate, the neck rotation

angel and neck bending moment were collated and

compared with previous documents* so that the

evaluation was carried out. (Figure 5.)

 

0 10 20 30 40 50 60 70 

0 

10 

20 

30 

40 

The cadaver test data are from results at a collision

speed of 16 kilometers per hour and the volunteer

test data are from results at 5 to 7 kilometers per hour.

The dummy and K-D Neck Model test data are from

results at 5 kilometers per hour. The lines � and

� in figure. 5 are test results obtained from the

cadaver and volunteer test. The dummy test results

should fall within this area.

* Meltz,H.and Patrick,L..,Strength and Response of

the Human Neck, SAE Paper No.710855(1971)

Cadaver

A cadaver has no stiffness in the muscular tissue

so the bending moment occurs after a certain increase

of the rotation angle

Volunteer

Volunteers are tensed in anticipation of the impact,

so that their muscle tissues have stiffness.

Hybrid-�Neck Model

The Hybrid-� neck model was mainly designed

for use in forward impact tests and has high stiffness

suitable for higher-speed forward collision tests.

Thus it doesn’t rotate as much as volunteer in

low-speed rear-end collisions.

K-D Neck Model

The head rotation angle of the K-D Neck Model

is wider than the one of the other models, in spite

of a smaller bending moment. Therefore, the K-D

Neck Model is less stiff than the Hybrid-� neck

model.

Based on the above results, we concluded that the

K-D Neck Model had more flexibility compared with

the other dummy models. Whiplash injury also

occurs when the occupant does not anticipate a

collision, so muscle strain or contraction is not

considered as a significant factor. In other words, the

K-D Neck Model simulates a occupant in no

anticipation of a collision.

�  

�  �  �  �  

A:Volunteer
B:Cadaver
C:Hybrid-�neck Model
D:K-D Neck Model
E:TRID- neck Model

N
e

c
k

M
o

m
e

n
t

Head Rotation Angle (Deg)�

� � � Figure 5. Neck extension torque vs angle responses
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SLED TEST

In the next step of the experiments, sled tests were

carried out using the K-D Neck Model and the

Hybrid-�dummy� neck model.� The K-D Neck

Model was incorporated into the Hybrid III type

dummy and low-speed rear-end collision sled tests

were� carried� out with a conventional passenger

seat. Fig. 4 is a photograph of the K-D Neck Model

used in the tests. The small black points on the

cervical vertebra are image analysis points. In� these�

tests,� each� cervical� movements were analyzed.

A driver seat was affixed to the sled as shown in

figure 6. A Hybrid-� 50th percentile dummy was

used and restrained with a seat belt. Test conditions

are shown in Table 1.

Sled Test Results And Discusion

Sled tests were held to obtain cervical movements by

high speed video pictures at a speed of 8 kilometers

per hour .

Measuring Method Of Shear Displacements

..

Longitudinal and lateral cervical vertebra

movements can be measured over time using the

black points on the cervical vertebra as cervical

vertebra behavior analysis marks.

In this test, with a high-speed video camera

clamped to a truck, the displacement distances in the

longitudinal and lateral directions of C2, C3, C4, C5,

C6 were measured every 1 msec and photographs

were automatically analyzed by computer.

Measured Results Of Cervical Vertebra

Displacements

Fig.9 and Fig.10 show results from cervical

vertebra displacements in the forward vs. backward

direction and also extension vs. flexion direction for

�V = 8km/h in a passenger seat affixed with the

Figure 6. Sled test

Table 1. Test condition

Velocity� (�V) 8km/h
Seat Frontal driver seat

Headrestraint Equipped
Dummy model Hybrid-�50th

percentile dummy

0msec 20msec

40msec 60msec

� 80msec 100msec

120msec 140msec
F i g u r e 7 . H i g h s p e e d v i d e o c a m e r a i m a g e
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head restraint. Figure 8 shows the directions of each

cervical movements.

In these graphs, “ Cn – Cn + 1” is used as the code

showing displacement in cervical vertebras. The code

“C2 - C3” for instance indicates the C2 displacement

distance for C3. These figures show that maximum

displacement of each cervical vertebra generally

occurs within an interval 130 to 150 msec

immediately after the rear-end collision.
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Figure 9. Lateral cervical displacement distances in
a conventional seat
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Figure10 . Longitudinal cervical displacement
distances in a conventional seat

3-D textile connects each cervical vertebra and is

elastic. Therefore, each cervical vertebra can move

separately and freely to some extent. The head

equipped on the K-D Neck Model was moving

backward when the torso of the Hybrid� dummy

was pushed forward by the reaction force of the seat

back. Thus, since the lower cervical vertebrae

moved forward and the upper cervical vertebrae

moved backward, it is supposed that shear

displacement in the plane of the intervertebral disks

was observed between C5 and C6. Consequently,

the head remained back due to the inertia after

contacting the headrestraint, while the torso

continued to move forward. Therefore, the whole

neck came to move forward and shear displacement

appeared between C2 and C3.

Fig.7 shows one example of high-speed video

images in these tests, and consequently we believe

that this so-called “shear displacement in the plane of

the intervertebral disks ” occurs between the cervical

vertebraes. This phenomenon was not observed in the

neck sections of the Hybrid-� neck. We also

hypothesize that this phenomenon is responsible for

causing whiplash injuries.

It has been recognized that hyperextension is the

important cause of whiplash injuries. However, in

recent studies, it has been reported that there are

other injury mechanisms, such as the formation of

the S-shape. As mentioned previously, in the sled

test by using the K-D Neck Model in low-speed

rear-end collisions, whiplash motion and S-shape

were naturally observed. Furthermore, shear

displacements in the plane of the intervertebral disks

were found. Therefore, it is supposed that shear

displacements may occur in rear-end collisions and

would be one of the most important causes of the

mechanism of whiplash injuries.

NUMERICAL ANALYSIS WITH FEM

To confirm that the sled tests with the K-D Neck

Model � simulate the human volunteers’ neck

movement well, we prepared some FEM models with

muscles to verify the fidelity of the K-D Neck

Fifure 8. Direction of cervical movements
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Model.

It is impossible and not allowed to use the real

passengers who are unaware of collision. Usually,

volunteers should be aware of collisions and avoid

themselves suffering neck injuries so that their

muscles could make their necks more rigid. But any

active muscles systems are not able to realize in the

cervical neck models.

In order to solve this problem and also to consider

carefully the muscles effects, we made the structure

of the FEM neck model including muscle elements

shown in figure11. The properties of muscle

elements were mechanically described in the formula

defines as ‘Hill type muscle model’ shown in

figure12.

The active force (Fce) was defined in the formula

shoen in figure 13.

And the active force versus velocity relationship is

shown in figure 14.

The passive elastic force (F PE) is shown in figure15.

Figure 16 shows the results of the FEM analyses.

The longitudinal axis is horizontal displacement of

head and the lateral axis is ‘Time’ after collision.

The cadaver has definitely no active muscle forces,

so its active state of muscles A must be 0.

If the muscle active state A = 1, the model indicates

the neck movement with the most rigid muscles.

P E  

Figure 12. Hill-type muscle model

C E  
FF  

Muscle force F = Fce + Fpe

CE : Contractile element

PE : Parallel elastic element

P E

Figure 13. Definition of active force Fce(1)

 

Figure 14. Definition of active force Fce(2)

 

Figure15. Passive elastic force FPE

  

Figure 11. FEM model with muscles
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From the FEM results, it was found that the average

behavior of the volunteer’s necks was similar to the

model for A=0.8, and this result reveals that the

volunteers have rather (pretty) stronger tensile

stresses in their neck muscles.

While the K-D Neck Model� was similar to the

model A=0.5, and this result means the K-D Neck

Model adequately� simulates the neck without any

anticipation to rear-end collisions. We consider that

the situation of ‘A=0.5’ means not so rigid as tensed

volunteers but relaxed volunteers.

We may conclude that these FEM models with

muscles showed the K-D Neck Model had better

biomechanical fidelity of the human neck behavior

under impacts.

Figure 17 shows the minimum principal stresses

around the cervical vertebrae model with the stress

peaks around C6, C7 area at 110 milliseconds and

around C2 area at 130 milliseconds.

These results agree with the shear displacement

phenomena in location and timing as shown before.

 

NEW SEAT STRUCTURE

We considered that the rapid (quick) support of the

passengers’ head should reduce whiplash injuries by

lessening shear displacement in the cervical spines.

Figure 18 is the structure of the new passenger seat

system we designed.

The headrestraint swings forward after low-speed

rear-end collisions. By the sled experiments, we

measured the dummy’s lateral and longitudinal

cervical movement and observed that the faster

support of the dummy head was effective to reduce

the displacement between each cervical vertebra .

A head restraint and a pressure plate coupled to the

headrestraint are housed within the seatback. When

the vehicle occupant is moved backwards during a

rear-end collision, the passenger’s back intrudes into

the setback. The force of the passenger’s body moves

the pressure plate rearward. Near the swivel center

set at the upper part of the seatback frame, the

headrestraint linked coupled to the pressure plate

Figure 16 Horizontal displacement of head.

Figure 17.Minimum principal stress

 

 

Pressure plate

Head restraint

Spring

Pivot center

Figure 18. New seat structure



                                             TA N A K A  8

then moves forward to support the back of the

occupant’s � head immediately. The headrestraint

swinging mechanism in this way functions to reduce

whiplash injuries.
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Fig. 20 and Fig. 21 show measurement results

obtained with the whiplash reduction passenger seat.

These figures demonstrate that the maximum

displacement in the cervical vertebra is generated

within an interval of 130 to 150 msec immediately

after the rear-end collision, just the same as with the

conventional passenger seat mentioned above.

However with the new whiplash reduction seat, the

amount of displacement is greatly reduced in the

lateral direction as 38% and in the longitudinal

direction as 90%. Analysis results clearly

demonstrate in fig. 22 and fig. 23.
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Figure 20. Lateral cervical displacement
distances in a new seat system

Figure 19. Mechanism of dynamic support

� head restraint

�The occupant moves

rearward in relation to

the seat

�Head restraint moves forward.
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Figure 21. Longitudinal cervical displacement
distances in a new seat system
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CONCLUSION

This paper describes the sled tests using the K-D

Neck Model .The detailed analyses were further

made about the behavior of the vehicle occupants in

the low-speed rear-end collision using the� K-D

Neck Model � by focusing particularly on the

phenomena of cervical� vertebra displacements in

the lateral and the longitudinal directions. As the

results of the analyses, we draw the following

conclusions.

We succeeded to observe the phenomena of the

each cervical displacements in the lateral and

longitudinal directions with the K-D Neck Model.

The forward and rearward displacements of the

cervical vertebra hypothesized to be a major factor in

causing whiplash injury has been reduced 38%

laterally and 90% longitudinally between C4 and C5

by using the whiplash reduction passenger seat.

We proved it possible in the sled experiments with

the K-D Neck Model mounted on the Hybrid-�

dummy to simulate the phenomena of the cervical

displacements in the longitudinal and lateral

directions, which is difficult to be reproduced with

conventional neck models..

The displacement phenomena of cervical

vertebraes, which was difficult to be measured in

sled experiments with cadavers nor with actual

human bodies nor with the volunteers in the past, can

be recognized in detail from the analyses of images

recorded by the high speed video camera.

Consequently, it becomes possible to measure

quantitatively the cervical displacement in the

longitudinal and the lateral direction that is

hypothesized causing whiplash injuries.

Finally, the K-D Neck Model is proved to be the

effective device which can repeatedly simulate, at the

comparatively low cost, the neck behavior of a

vehicle occupant involved in the low-speed rear-end

collision. We intend to study and improve the K-D

Neck Model further in the future to apply the model

to the investigation of the mechanism causing

whiplash injuries of vehicle occupants and to the

research and the development of the restraint system

to reduce whiplash injuries.
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DEVELOPMENT OF OCCUPANT CLASSIFICATION SYSTEM

Tsutomu Takano
Nissan Motor Co., LTD
Japan
Paper Number 206

� ABSTRACT

An Occupant Classification System (OCS) that
detects the existence and physique of the passenger
seat occupant for the Advanced Air Bag requirements
of FMVSS208 was developed.
This paper describes an OCS which distinguishes
small women (5th percentile adult female dummy:
AF05) from young children (less than 6-year- old
child dummy: AC06) pertaining to the following
items.
(1) The reason of classification between AF05 and
AC06.
(2) The relation between the occupant seating position

and OCS output.
(3) An influence on the OCS output of the belt tension

load and the way of compensation it.
This sensor system satisfies the suppression
requirements of the FMVSS208.
Additionally, other seating positions which Nissan
considers important in Real World can also be
detected.

� INTRODUCTION

In May 2000, NHTSA published in the Federal
Register (65 FR 30680) a rule to require advanced air
bags. They are intended to create less risk of serious
air bag-induced injuries, particularly for small women
and young children. 1

During the first stage phase-in, from September 1,
2003, to August 31, 2006 increasing percentages of
motor vehicles will be required to meet requirements
for minimizing air bag risks.1 Nissan has been
proceeding with research and development for the
sensing system which can detect occupant
classification by measuring weight on the seat. This
sensor system enables compliance with automatic
suppression requirements of FMVSS208 and Real
World requirement.
This paper describes about OCS and its performance.

� The classification of the occupant detection

The option chosen by Nissan from FMVSS208
requirements is shown Figure 1. The airbag system is
designed to operate for occupants AF05 and larger
and is designed to suppress for occupants AC06 and
smaller.

Figure 1. The option chosen by Nissan from
FMVSS208 requirements

� Sensor system

The system differentiates between the weight of the
child (AC06 and smaller) and AF05 which are
described in regulations. There are unique challenges
in accomplishing this, however.
(1) Child's seating posture

Because children’s feet may not reach the floor,
the weight of the child is entirely on the seat.
Furthermore, if the child is in a Child Restraint
Seat (CRS), this additional weight is also on the
vehicle seat.

(2) Adult seating posture
Because adult’ feet are set on the floor, the load on
the seat becomes lighter than the adult’s real
weight. Approximately 20% of the adult’s weight
is supported by the floor in sedan type vehicles.
This will change by the height of Hip Point and the
seat shape.

The various dummy and human weights defined by
FMVSS208 are shown in Figure 2.

Figure 2. Comparison of occupant weight

According to the Figure 2, child weight is not more
than 30.1kg and adult weight is more than 37.4kg.
There is a gap between child weight and adult weight.
This gap in the weight can be distinguished by the
sensor system.
The sensor system is shown in the Figure 3 and 4.



 

Takano 2 

Figure 3. Sensing system

The load on the seat cushion is measured by the
pressure detection mat, which is put between seat pan
and cushion.

Figure 4. Structure of Sensor

� Detection performance

Confirmation of this sensor system was done using the
FMVSS208 occupant detection requirements.
A result of an analysis is shown in Figure 5.
An adult (beyond AF05) and a child (less than AC06)
have definite separation and can be distinguished.

Figure 5. Result of experiment (FMVSS208)

As seen in Figure 5, the theoretical value used for the
child and CRS was actually more conservative
(higher) than when humans were used. The
separation band was actually twice as large as it was
theoretically calculated. One of the reasons for the
larger separation was because the shape of child

restraints dispersed the load over a larger area and a
portion of the force was transmitted to the seat pan,
and not to the ODS. (See Figure 6)

Figure 6. Sensing mechanism

This separation however is reduced when it is
considered that the CRS is secured by a seat belt. (The
belt tension condition for FMVSS 208 is 134N.) The
belt tension load increases the measured weight of the
CRS on the vehicle seat, shown on the right side of
Figure 5. Figure 7 describes the relationship between
belt tension and the increased seat load. To address
this, a belt tension sensor (BTS) is used to monitor the
belt tension, and a compensation formula (Figure 7) is
used to recalculate the measured weight (Figure 5).

Figure 7. Compensation of belt tension

With this adjustment, the separation between the adult
and children AC06 and smaller can be maintained.

Additional factors that influences sensor performance
in Real World were also considered.
(1) Vibration by driving

Sensor output changes by an occupant’s moving
up and down during driving due to road surface
unevenness and vibration of the vehicles.
The test result was shown in the Figure 8.
The direct output signal from the sensor has sharp
fluctuations. However, the signal becomes more
stable by using an electronic filter and logic.
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Figure 8. Influence of vehicle vibration

(2) Creep of the seat cushion
The load transmission characteristic of seat
cushion urethane changes by slow degrees. This
change occurs in a short time for 20-30 minutes,
and it is restored after unload. The example of the
change character is shown in Figure 9.

Figure 9. Influence of seat creep

(3) Deterioration
Using a seat for a long time, the load transmission
character of the seat cushion changes due to cushion
and trim cover deterioration.
A change of measured weight in the durability test is
shown in Figure 10.
The measured weight declines slowly as the reaction
force of the seat declines due to the deterioration.

Figure 10. Influence of deterioration

(4) Others
Temperature, humidity and tolerance of parts also
can influence the sensor performance.
The measurement weight includes measurement
changes due to the above factors, and in Real
World it is necessary to consider. The logic and
sensitivity of the sensor is designed to minimize
the above effects and to accurately classify the
occupants.

� Seating Position

Nissan takes into consideration not only the
requirements of FMVSS208 but also the situations
that occur in Real World.
The points of selection as an evaluation posture were
shown in the following.
(1) Seating postures that can be maintained for long

periods of time.
(2) Common postures that can be maintained even

for a short period of time.
The test result is shown in Figure11 that evaluate
requirements of FMVSS208 and Real World
condition.
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The elements mentioned above (vibration, creep,
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deterioration and others) can influence the measured
weight value. When the threshold for the sensor is set
up, it must consider these influences. These influences
were analyzed by experiments and are shown by
Sensor Gray Zone in Figure 11. The separation
between child and adult at the seating positions
(requirements of FMVSS and Due Care which Nissan
considered) is greater than the Sensor Gray Zone
indicating that this sensor system can distinguish
between the adult and child in Real World situations
in addition to the requirements of FMVSS 208.

As previously explained, this system has been shown
to be able to effectively classify various sized
occupants in various seating postures in real world
conditions. Nevertheless, certain occupants who are
unusually or improperly positioned may not be able to
be detected by the sensors. Therefore, information
regarding such improper positions need to be
explained in the vehicle's owners manual to educate
the consumers. In addition to such information, a
telltale lamp is incorporated into the instrument panel
to alert the customer of the current airbag condition,
whether it is 'on' or in a suppressed condition.

� Conclusion

The OCS described here can satisfy the requirements
of FMVSS 208 and is effective in identifying the size
of occupants seated in the right front seat. Despite its
ability to differentiate various size occupants and
meet FMVSS 208, Nissan continues to believe that all
children 12 and under be properly restrained in the
rear seat. Studies of real world crash performance
have indicated that the rear seat environment has
inherent advantages over the front seating locations
and will continue to provide safety benefits for
children 12 and under.
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ABSTRACT

This paper describes a newly developed thermoelectric
infrared imaging sensor, having a 48 x 32 element
thermoelectric focal plane array (FPA), and two
experimental vehicle systems. One is a blind spot
pedestrian warning system that employs four infrared
imaging sensors. This system helps alert the driver to
the presence of a pedestrian in a blind spot by detecting
the infrared radiation emitted from the person’s body.
The system can also prevent the vehicle from moving in
the direction of the pedestrian. The other is a rearview
camera system with an infrared detection function.
This system consists of a visible camera and infrared
sensors, and it helps alert the driver to the presence of a
pedestrian in a rear blind spot. The FPA is basically
fabricated with a conventional IC process and has the
potential for low cost.

INTRODUCTION

Advances in electronics in recent years have led
to the adoption of many different types of sensors on
vehicles, including pressure sensors, accelerometers
and visible charge-coupled device (CCD) cameras.
These devices are being used to meet societal demands
for cleaner exhaust emissions, lower fuel consumption
and help improve safety and comfort, among other
requirements. In Japan, safety performance of vehicles
has been a rising concern in conjunction with the
increase in traffic accident fatalities since the late
1980s.

Infrared (IR) radiation refers to a form of light
having wavelengths longer than those of visible light.
Various types of warm bodies, including the human
body, emit IR radiation or visible light corresponding to
their temperature. Infrared sensors capable of detecting
such radiated energy are an extremely useful means of
human body detection because they can detect the

presence of a person even at night without any
illumination.

The IR radiation emitted by the human body,
however, is of the long wavelength type (LWIR) in the
10-µm wavelength band, and its detection requires
some ingenuity because of its extremely low energy
level compared with that of visible light. Detection
methods until the 1980s were limited to the use of
cooled sensors (HgCdTe detectors, etc.) that were
cooled to ultra-low temperatures in the vicinity of 77 K.
Such sensors could not be used on ordinary passenger
cars because of such aspects as the cooling system
service life, weight and power consumption.

However, two types of uncooled IR imaging
sensor, which had been originally developed as a U.S.
military technology(1,2), were implemented in
commercial applications in 1992. These sensors
provide detection performance nearly equal to that of
cooled devices. The IR focal plane array (IR-FPA) used
in these uncooled IR imaging sensors requires accurate
temperature control in the vicinity of the phase
transition temperature, necessitating the use of an
additional device such as a Peltier thermoelectric
cooler. Even uncooled IR imaging sensors, which have
fewer components than cooled IR imagers, are still high
in cost, which limits their automotive use to high-end
luxury cars at present. To promote widespread use of
IR imaging sensors on vehicles in the coming years, it is
necessary to reduce their cost further. We have focused
on the thermoelectric type of IR-FPA(3,4,5) that is highly
compatible with the conventional IC manufacturing
process, does not require any temperature control
mechanism or optical chopper and allows easy design
of the second-stage processing circuit because of its
thermoelectric nature, all of which help to give it a low
cost potential. A CCD type of thermoelectric IR-FPA
with over 10,000 pixels has already been announced.(3)

However, we adopted a CMOS imager system(5) with
the aim of reducing the cost further, and have attained
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high sensor performance by miniaturizing and
optimizing the thermoelectric IR-FPA.

Moreover, we have applied the thermoelectric IR
imaging sensor research to develop a prototype
nighttime pedestrian warning system(6) and a blind spot
pedestrian warning system. These systems were
developed through our participation in the first and
second phases of the Advanced Safety Vehicle (ASV)
project promoted by the Ministry of Transport
(currently the Ministry of Land, Infrastructure and
Transport) beginning from 1991.

This paper describes the thermoelectric IR
imaging sensor, the blind spot pedestrian warning
system research incorporated in the Nissan ASV-II and
a rearview camera system with an IR detection
function.
�

INFRARED IMAGE SENSOR

Infrared Radiation Emitted by Human Body
Infrared radiation is a form of electromagnetic

radiation having wavelengths from 0.78 to 1,000 µm
and is one type of light wave. With respect to IR
applications, the bandwidths having high transmittance
in the atmosphere (atmospheric window) are divided
into the short wavelength IR (SWIR) region, middle
wavelength IR (MWIR) region and long wavelength IR
(LWIR) region, as shown in Fig. 1. Selective use is
made of these different wavelength regions depending
on the target temperature.

The wavelength characteristics of the IR
radiation emitted by the human body are determined by
its radiant exitance, which is determined by the
absolute temperature of the human body surface and its
emissivity.
�
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Fig. 1 Spectral transmittance characteristics in the
atmosphere�

As the first step of this study, the atmospheric
temperature dependence of the facial surface
temperature and the influence of solar radiation were
measured in an environmental testing facility for
automobiles. Under a shady condition, with only
illumination and air-conditioning ventilation, the facial
surface temperature showed a very small change of
4.1°C in relation to an atmospheric temperature change
of 30°C, as shown in Fig. 2. Even under a condition of
midsummer solar radiation (height of the illumination
used for solar radiation was 3 m and the energy density
at the floor was 2.76 MJ/m2 x h), it was found that the
facial surface temperature rose only 1°C compared
with that under the shady condition. At an atmospheric
temperature of 27°C (300K) or lower, it was observed
that a temperature difference of 5°C or more was
obtained with respect to the facial surface temperature.
�
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Fig. 2 Dependence of facial surface temperature on
atmospheric temperature and solar radiation (height of
the face: 1.7 m; air-conditioning ventilation only;
height of illumination used for solar radiation: 3 m;
solar energy density: 2.76 MJ/m2 x h)

The characteristics of IR radiation emitted by the
human body were then determined. An object that
absorbs all light is referred to as a blackbody, and it also
becomes a complete radiator under the application of
Kirchhoff's law. The emissivity of the human body is
around 0.98, which is close to that of a blackbody. The
spectral radiant exitance of a blackbody is determined
by Planck's radiation law and is given by

Wλ =2�hc2 / [�5 ( ech/�kT- 1 )] (1)
where Wλ is the emitted radiation per unit wavelength
and unit area (W/cm2 x µm), h is Planck's constant (=
6.63 x 10-34 W x s2), k is the Boltzmann constant (= 1.38
x 10-23 W x s/K) and T is the absolute temperature (K).
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The maximum radiation intensity wavelength λm can be
found with Wien's displacement law as

λm x T = 2.897 ±0.4 µm x K
(2)
As is clear from Fig. 2, the facial surface temperature is
nearly constant in a range of 31°-36°C (304-309K).
Therefore, the maximum radiation intensity
wavelength of the IR radiation emitted by the human
body is λm ≈9.5 µm, as indicated in Fig. 3. Accordingly,
use of LWIR radiation in a wavelength range of 8-13
µm is suitable for human body detection.
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Fig. 3 Spectral radiant exitance of a blackbody

48x32 element Thermoelectric IR FPA�
The thermoelectric IR-FRP consists of tiny

thermocouples connected in series that utilize the
Seebeck effect to convert the temperature difference
between the hot and cold junctions into a voltage. In
order to increase the temperature difference, the
thermocouples are formed on a thin membrane that is
fabricated in a micromachining process. The
thermocouples are fabricated of p-type and n-type
polysilicon layers, consisting of materials commonly
used in general semiconductor processes and
connected in series.

Figure 4 shows the sensor structure of one pixel
of a prototype 48 x 32 element thermoelectric IR-FPA.
Incident IR radiation is absorbed by the Au-black
absorber in the center of the sensor and converted to
thermal energy, which is transmitted in turn via the hot
junctions, beam and cold junctions by means of heat
radiation to the Si substrate that serves as a heat sink.
To increase the thermal resistance between the hot and
cold junctions, a portion of the Si substrate is removed
to form a cavity. In addition, high sensitivity is attained
by using a vacuum-sealed package to avoid internal

heat conduction through the air. The responsivity R of
the thermoelectric IR-FPA is given by

R = n�α�Rth�η                                         (3)
where n is the number of thermopile pairs, α is the
Seebeck coefficient (sum of p-type and n-type), Rth is
the thermal resistance between the hot and cold
junctions and η is infrared absorptivity. Equation (3)
indicates that increasing η and Rth is effective in
improving responsivity R. The optimum values of η
and Rth were calculated on the basis of the sensor size
and the accuracy of the fabrication process.
Additionally, a precisely-patterned, high-IR
absorptivity Au-black layer, which was developed
independently in our laboratories, was adopted to
improve η. As a result, absorptivity of more than 90%
has been achieved at a wavelength of 10 µm.

This pixel structure was then used to fabricate
the prototype 48 x 32 element thermoelectric IR-FPA.
A scanning electron micrograph of the 48 x 32 element
IR-FPA chip is shown in Fig. 5. The dimensions of the
various parts of the sensor are as follows: chip size of
10.5 x 7.44 mm, pixel pitch of 190 x 190 µm and
thermopile width of 0.8 µm for the six pairs of
thermopiles. The positive terminal of each pixel is
connected to an output line through two built-in NMOS
transistors controlled by an external input signal. The
negative terminal of all the pixels is connected to the
same common terminal. Additionally, because this
device has comparatively high internal resistance of
116 kΩ, it is necessary to limit the bandwidth of the
second-stage circuit for the purpose of reducing
Johnson noise (thermal noise). In order to obtain the
desired video frame rate, the entire sensor is divided
into 12 blocks of four columns each, and signals are
output in parallel from 12 output lines. This
vacuum-sealed IR-FPA achieves responsivity of R =
21,000 V/W and a thermal time constant of 25 msec,
representing high levels of performance compared with
similar commercial devices.

This thermoelectric IR-FPA with its low cost
potential was then incorporated into an IR imaging
sensor that has been developed independently in our
laboratories for automotive applications. A photograph
of the IR imaging sensor is shown in Fig. 6, and its
specifications are given in Table 1. The IR imaging
sensor is a compact, lightweight device, measuring 100
mm in width, 60 mm in height (excluding the bracket)
and 80 mm in depth and weighing 400 g.

A block diagram of the IR imaging sensor is
shown in Fig. 7. The sensor has a germanium meniscus
single-element lens with a focal length of f = 15 mm
and f/0.7. Both sides of the lens are coated with an
anti-reflection coating having a wavelength of 10 µm.



Hirota
Page Number 4

This IR imaging sensor operates under a program
stored in a Read Only Memory (ROM) incorporated in
the Central Processing Unit (CPU, SH7034). The 2-D
array sensor outputs successive signals in parallel from
the 12 blocks based on an address signal request from
the CPU. The output signals are amplified and sent to
the CPU via an 8-bit analog-to-digital converter (ADC).
The CPU performs offset compensation and
responsivity compensation and then makes a pedestrian
detection judgment. A function is also included for
converting video data to an NTSC video signal by
means of a video digital-to-analog converter (DAC).
This IR imaging sensor can output a pedestrian
detection signal and image data in the NTSC video
signal format via the RS-232C interface. With its f/0.7
lens, the IR imaging sensor achieves a noise equivalent
temperature deviation (NETD) of less than 0.4°C.

Figure 8 shows a facial image of a person
wearing eye glasses that was obtained with this IR
imaging sensor. The eye glasses portion appears as a
dark region because infrared rays in the 10-µm
wavelength band do not pass through glass.

Si Substrate

(111)
(111)

Cavity

Si3N4 membrane

(100)

p+ poly Si

n+ poly Si

Beam

Al-Si Wire

Au-black
absorber

Etch hole

Thermocouples
Cold�junctions

Hot�junctions

Infrared radiation

Si Substrate

(111)
(111)

Cavity

Si3N4 membrane

(100)

p+ poly Sip+ poly Si

n+ poly Sin+ poly Si

Beam

Al-Si Wire

Au-black
absorber

Au-black
absorber

Etch hole

Thermocouples
Cold�junctions

Hot�junctions

Infrared radiation

Fig. 4 Sensor structure of one pixel of the 48 x 32
element thermoelectric IR-FPA

Fig. 5 SEM micrograph of the 48 x 32 element
thermoelectric IR-FPA (chip size: 10 x 7.44 mm)

Fig. 6 Automotive IR imaging sensor incorporating the
48 x 32 element thermoelectric IR-FPA
�

Table 1 Specifications of the IR imaging sensor�
Performance Parameter Capability (@300K )

Array configuration 48 x 32

Chip dimensions 10.5 mm x 7.44 mm

Pixel size 190� m

Spectral response 8 – 13 � m

Responsivity 2100 V/W

Thermal time constant 25 msec

Lens f�15 mm, f/0.7

NETD (@f0.7) 0.4 °C

Field of view 30° x 20°

Outputs RS-232C, Detection,
NTSC

Power 12 V, 0.25 A

Overall dimensions 100 mm x 60 mm
x 80 mm

Weight 400 g

Amp.
(�8)

Amp.
(�100)

Meniscus
Ge lens
(f=15, f/0.7)

8bit ADC

CPU
(SH7034)

�12

Serial/Parallel
Converter

Imagedata

Video
DAC

Video (NTSC)

Detection

RequestFPA
(vacuum
Sealed

Package)

Fig. 7 Block diagram of the automotive IR imaging
sensor
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Fig. 8 IR image obtained with the automotive IR
imaging sensor�

BLIND SPOT PEDESTRIAN DETECTION
SYSTEM RESEARCH
�

Concept�
This system was incorporated in the Nissan

ASV-2. The concept of this system is to detect infrared
radiation emitted by the human body or other objects
with the aim of helping to prevent blind spot accidents
by alerting the driver to be careful and by preventing
the vehicle from moving in the direction of a detected
person. This is accomplished by four IR imaging
sensors, mounted at the front and rear, which detect
children or other heat sources in the driver's blind spots
(within 3 m and within the sensor field of view) where
they cannot be seen and could become obstacles as the
vehicle begins to move. The concept of the system is
illustrated in Fig. 9.

Two new functions were added to this system,
taking into account the characteristics of blind spot
accidents. One is a human body detection function
using four IR imaging sensors, and the other is a
function for preventing the vehicle from moving by
means of braking control. There can be a time
difference ranging from several seconds to several
minutes between the time a driver enters a vehicle and
starts the engine and the time the vehicle is put in
motion. It is possible that the circumstances around the
vehicle may change during that interval. Because
children in particular are apt to do unexpected things,
incidents have been reported where blind spot
accidents occurred even though the driver confirmed
the safety of the environment around the vehicle before
getting in. The IR imaging sensors, capable of detecting
IR radiation emitted by the human body regardless of
whether it is day and night, were adopted for this
system because it was thought that a function for
selectively detecting the human body and other heat
sources would be the best way of helping to prevent
such blind spot accidents. The function for preventing
vehicle movement by braking control was added as a

capability because there are instances when there is
insufficient time to execute an evasive maneuver
because of the extremely short distance between a
vehicle and an obstacle.
�

System Configuration
The system configuration is shown in Fig. 10.

Infrared imaging sensors mounted at the vehicle's four
corners serve to detect a pedestrian in the driver's blind
spots. In the event a pedestrian is present in the
direction in which the vehicle is about to move, the
system issues audible and visual warnings to alert the
driver and activates throttle and brake actuators to
prevent the vehicle from moving. The components
making up the system include: four IR imaging sensors
incorporating a pedestrian detection judgment
capability; a blind spot pedestrian warning control unit
that integrates the signals from the IR imaging sensors
and sends a signal to the Control Area Network (CAN);
a vehicle motion control unit or an Auto Box (main
controller) that manages vehicle motions; an integrated
human-machine interface (HMI) control unit; a
monitor and a warning unit; and throttle and brake
actuators that prevent the vehicle from starting off.
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Only forward movement is allowed

Temperature difference between
pedestrian and background ∆T ≥ 5°C
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Temperature difference between
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Fig. 9 Concept of the blind spot pedestrian warning
system
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Fig. 10 Overview of the blind spot pedestrian warning
system

Detection Range of IR Image Sensor and Mount
Position

The mounting positions of the IR imaging
sensors are closely related to their detection range. A
study was made of the mounting positions under the
following conditions.
(1) Two IR imaging sensors each would be used at the
front and rear, for a total of four sensors.
(2) The sensors would have a field of view of 30°
(horizontal) by 20° (vertical).
(3) The detection range would be 3 m under the
condition that the temperature difference ∆T = Tt - Te
= 5°C.
(4) The sensors would be mounted so that they did not
interfere with the lamps, cooling equipment, tailpipe
and other vehicle parts.

An experiment was conducted to measure the
potential blind spot areas around the Nissan Cima
(FY33) sedan that was the base vehicle of the Nissan
ASV-2. The eye point in the driver's seat was set at a
height of 1.05 m from the ground. Measurements were
made of the areas where the ground (ground height of 0
m) could not be seen directly with the eye or by means
of the mirrors from the driver's seat, assuming that the
task was to detect a human body lying on the ground.
The results are shown in Fig. 11. It was found that the
blind spots at the front were within a distance of 2.7-4
m from the vehicle body and those at the rear were
within a distance of 9-11 m. Taking those results into
account, the positions of the four IR imaging sensors
were determined so that they satisfied the four
conditions mentioned above.

Photographs of the test vehicle are shown in
Fig. 12. In Fig. 12-(b), two IR imaging sensors of the
same type as those used at the front are mounted inside
a germanium window at the rear. As indicated in Fig.
12-(a) and (b), the two front sensors were installed at a
height of 370 mm and were spaced 1,580 mm apart, and

the two rear sensors were mounted at a height of 515
mm and were spaced 1,000 mm apart. The sensors at
both the front and rear were positioned so that their
optical axis was horizontal. The front sensors were
installed at a relatively low height on account of the
shorter blind spot distance at the front, while those at
the rear were mounted higher because of the longer
blind spot distance in the rearward direction and also to
avoid interference with the tailpipe. The front sensors
were spaced farther apart because a larger detection
range was needed at the front than at the rear in
connection with the front-wheel steering of the vehicle.
The front and rear detection ranges thus determined for
the system are indicated in Fig. 11-(b). With the present
system, there are small areas very close to the front and
rear of the vehicle where detection is not provided. To
cover these areas as well, either the field of view would
have to be expanded or approximately three sensors
each would have to be installed at both the front and
rear.

4m

3m
2.7m

9m

11m

3.5m
1m

Detection areas
at ∆T = 5°C

>3m

>3m

Detection areas
at ∆T = 5°C

>3m

>3m

�
� � � � � ���� � � � � � � � � � ����

Fig. 11 (a) Road surface areas that cannot be seen from
the driver's seat of the Nissan ASV-2 base vehicle
(Cima) at an eye point height of 1.05 m from the ground
and (b) detection areas at ∆T = 5°C�

Operation
The flowchart in Fig. 13 outlines the operational

sequence of the system. At the time the vehicle is
stopped, it is assumed that there are no pedestrians in
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the front and rear detection ranges. In response to a
request signal from the Auto Box, the IR imaging
sensors capture baseline image data (image A) and
record the data in their internal memory units. When a
vehicle is parked for a long time, it is presumed that the
atmospheric temperature and sunlight will change, so
the baseline video data (image A) are updated
accordingly. The IR imaging sensors take images at
periodic intervals of approximately 30 s and update the
baseline image data (image A) if there is no heat source
in the image. The baseline image data are not updated
when a heat source is present.

Also, at the time the vehicle is about to start off,
the IR imaging sensors capture start-off image data
(image B) in response to a request signal sent from the
Auto Box. To remove the influence of background heat
sources, a differential image (image C) is calculated by
subtracting image A from image B. The IR imaging
sensors then process differential image C to detect heat
sources. When a heat source is detected, a detection
signal and the position of the sensor that detected the
heat source (e.g., right front) are sent to the Auto Box
via the blind spot pedestrian warning control unit. If the
position of the sensor that detected the heat source (i.e.,
front or rear) coincides with the vehicle's intended
direction of movement, the Auto Box judges that a
pedestrian is present in that direction. It then alerts the
driver by means of an audile warning and a display
screen indicator, using signals sent through the
integrated HMI control unit.

The Auto Box also activates brake and throttle
actuators that forcibly prevent the vehicle from moving
in the direction of the detected pedestrian. Conversely,
if the sensor position and direction of movement do not
coincide, the Auto Box judges that there is no
pedestrian in the vehicle's direction of movement and
allows the vehicle to proceed.

The system judges that a heat source is present
if an object corresponding to a temperature difference
of 4°C or greater is in 10 or more pixels of the
above-mentioned differential image C. That number of
pixels is approximately equal to the size of a human
face at a distance of 3 m (corresponding to a 15-cm
angle).

Infrared image sensors
370 mm

1580 mm

Infrared image sensors
370 mm

1580 mm

(a)

Ge windows
(Infrared image sensors)

515 cm

1000mm

Ge windows
(Infrared image sensors)

515 cm

1000mm

(b)

(c)

Fig. 12 Nissan ASV-2 equipped with the blind spot
pedestrian warning system. (a) Front view, (b) rear
view (with Ge window) and (c) enlarged front view
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Fig. 13 Operational sequence of the blind spot
pedestrian warning system

Detection Results
Human body detection distances were

measured under different atmospheric temperature
conditions to verify the operation of the prototype
system. The results are given in Fig. 14. In a low
temperature range of 10°-22°, the detection distance
was 6-8 m, which would cover a large portion of the
rearward blind spot mentioned in figure 11. On the
other hand, the detection distance decreased to 3-3.5 m
in a temperature range of 24°-30°C. Under a condition
of a temperature difference ∆T = Tt (surface
temperature of a pedestrian) - Te (background
temperature) ≥ 5°C (i.e., the atmospheric temperature
(background temperature) is no more than 27°C), a
detection distance of 3 m or greater was obtained with

the prototype system specifications. Additionally, it
was also confirmed in actual vehicle tests conducted
with the Nissan ASV-2 that the system detected the
presence of a human body and prevented the vehicle
from moving in that direction. These results provide
confirmation that the prototype system is effective in
helping to protect pedestrians in potential blind spots.
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Fig. 14 Relationship between IR imager detection range
and atmospheric temperature

REAR VIEW CAMERA WITH INTRARED
IMAGE SENSORS

This system is a fusion of a visible rearview
camera and the IR imaging sensor described above,
enabling it to alert the driver to the presence of
pedestrians in the rearward blind spot. The in-vehicle
configuration of the system is shown in Fig. 15, and the
positions of the devices are shown in Fig. 16.

An image processor combines the image signal
from the visible camera with the detection results of
two IR imaging sensors to produce a rearview image
that is shown on a dashboard display screen. As shown
in Fig. 15, the IR detection area achieved with the two
IR imaging sensors is a trapezoid that measures 1.7 m
along the width of the vehicle), 2.7 m on its long side
and 2.1 m in distance from the vehicle. The long-side
dimension with the IR imaging sensors and the distance
along the ground are 2.7 m. A detected heat source is
indicated on the screen by a red dot at the center of
gravity of the detected region, and an audible warning
is also given to alert the driver.

Based on the results shown in Fig. 14, the system
is capable of detecting a human body in the entire
detection area under a condition of ∆T = Tt - Te ≥ 3°C.
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Fig. 15 System configuration
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Fig. 16 IR camera system installed on Nissan ASV-2.
(a) Enlarged view of installation positions and (b)
entire rear-end
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Fig. 17 Display screen showing detected human body

SUMMARY

The characteristics of IR radiation emitted by the
human body were investigated by measuring the
dependence of the facial surface temperature on the
atmospheric temperature and solar radiation. The
results made it clear that the facial surface temperature
shows little change under a condition of a light wind.

A 48 x 32 element thermoelectric IR imaging
sensor was developed that has the potential for a low
cost. This sensor was used to develop a prototype blind
spot pedestrian warning system that was incorporated
in the Nissan ASV-2. In addition, it was also used to
develop a prototype rearview camera system with IR
detection capability.

The human body detection range is influenced by
the background temperature and is 3 m under a
condition of a temperature difference ∆T = 3°C. This
detection range may be is effective for detecting the
presence of pedestrians in potential blind spots around
a vehicle, however research work in this area is
continuing.

In future research work, it will be necessary to
enhance the sensitivity of the IR imaging sensor so that
it functions more effectively under various
environmental conditions and to improve the
weatherability of the optical system.
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ABSTRACT

A finite element model of the human neck that

consists of the vertebral bodies, internal discs,

ligaments and muscles has been developed in this study.

Not only representing the precise geometry of the

human body parts, this study also focused on the

muscular response during impacts. A spring-dashpot

model has been introduced to activate muscle elements

in the head-neck-thorax complex. The evaluation

process of the model was divided into two steps. In the

first step, the head responses of the neck model were

examined while the input was given to the T1 motion

and some other connecting points. The complete upper

body motion was simulated in the second step by

modeling a seat system mounted on a sled. The

simulation results showed good agreement with the

experimental data and suggested that the model well

simulates the head and neck kinematics and responses.

INTRODUCTION

Many efforts have been made to reduce the

cost and period of car design by adopting virtual tests

before making prototypes and by using design

optimization. Owing to such demands, development of

computational technology has been accelerated during

the last couple of decades. Numerical simulations are

now widely used in automobile industries. Among

various methods of numerical simulations, finite

element method (FEM) has been widely used with its

advantage in visualization and accuracy. Now finite

element simulations are adopted in most design sections

despite the fact they require heavy computational

resources such as CPU power, memory size and disk

space. There is a great benefit in using them especially

for an area of car crash safety in terms of reducing the

number of expensive crash tests.

A new challenge in finite element simulations

in an area of crash safety is real human modeling. The

model must be carefully validated against human body

kinematics and responses under various impact

conditions, in order to simulate injury. Whiplash

injuries, which are mostly observed in low-speed

rear-end collisions, are becoming an important issue in

crash safety area. According to recent insurance

statistical data on automobile accidents in Japan,

approximately 50% of car-to-car crashes have resulted

in neck injuries, particularly at low impact speeds.

Despite its frequency, the mechanism of whiplash

injuries is not completely understood. A possible

mechanism hypothesized by some researchers was that

whiplash injuries could occur within the physiological

range of neck motion [1], [2], [3].

Human neck models have been developed to

examine the validity of hypothesis and to better

understand injury mechanisms [4], [5], [6]. The most

difficult point in neck modeling is to reproduce

muscular activities during impacts. Because there are

numerous muscles involved in neck motion and

rear-end collisions sometimes last long enough to

generate muscular reactions, kinematics and responses

of the occupant’s neck is greatly affected by

physiological factors. Among several approaches in

muscle modeling, Wittek et al. has successfully

simulated the neck motion by introducing a Hill-type

model [7]. They also obtained different responses with

and without muscular tension that could suggest a
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possible difference in injury level between occupants

who is aware of a collision and who is not. Timing of

muscle activation should be carefully controlled with

respect to the impact conditions. In this study, a

simplified method was adopted for muscle modeling. In

order to reproduce muscle responses during impacts,

force-elongation curves were directly applied to

spring-dashpot elements. By controlling the magnitude

and profile of function curves, it became possible to

study contribution of the neck muscles as well as to

simulate the neck motion in rear impacts.

MODEL DESCRIPTION

Overview

The structure of the entire model is shown in

Figure 1, which is LABMAN model and used as the

base in the first step of validation. Hereafter, we call it

base model. Its geometry is based on an average adult

male, and its physical properties were defined by being

referred to literature data of LAB (Laboratoire

d’Accidentologie et de Biomecanique). In the

simplified model for the first validation study, soft

tissue parts were removed because the load was directly

applied to the torso instead of considering a contact

with the seat back, as many researchers did. The other

features including the geometries and physical

properties were defined so as to be duplicated the base

model. Figure 2 compares the simplified human model

just taken out of the base model and the revised one

with newly introduced muscle elements. In the base

model, the possibility of passive muscular responses not

to represent each neck muscular function has been

evaluated. On the other hand, one hundred and sixty

one spring-dashpot elements were used to represent the

neck muscles in the revised model. Their constitution

and mechanical properties were carefully defined by

making reference to anatomy textbooks.

Modeling of Neck Muscles

In the revised human neck model, responses

and restrictions in head-neck kinematics are controlled

by a total amount of 161 spring-dashpot elements

Figure 1. Base entire human model.

(a) Base(solid, shell) (b) Revised(spring-dashpot)

Figure 2. Comparison between base and revised

muscle model in the simplified human model.

Table 1.
Classified muscle element groups

Levator Scapulae
Trapezius Descendens
Trapezius transversa
Sternocleidomastoid
Scalenus Anterior
Scalenus Midius
Scalenus Posterior
Longus Capitis
Longus Colli Vertical
Longus Colli Oblique Inferior

Rectus Capitis Anterior
Lumped Hyoid
Multifidus Cervics
Splenius Capitis
Splenius Cervivis
Semispinails Capitis
Semispinails Cervivis
Longissimus Capitis
Longissimus Cervicis
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representing the neck muscles with finite section area as

illustrated in Figure 2-(b). The elements can be

classified into 19 groups, as shown in Table 1, which

are corresponding to anatomical classification. For each

muscle group, mechanical properties were characterized

based on a Hill-type algorithm as described by [8]

(1),

where F is the total amount of muscular force

working at two ends of a spring-dashpot element and

CE
F is a component representing an active muscular

force such as conscious bracing, while the later two

components
PE

F and
DE

F represent passive muscular

forces. These components can be characterized with

respect to living human responses as follows.

(2).

(3).

(Linear Damper) (4).

In above equations, t , and are time,

elongation of a muscular and elongation rate

respectively. max
F in Equation (3) indicates the

maximum contraction force which the muscle can

generate. The function , which represents a

relationship between muscular elongation and

normalized muscular force
P

F , can be given as an

exponential function with respect to a non-dimensional

value , where 0fib
L is the initial muscular

length. The viscoelastic effects of muscles are taken

into account by a linear dashpot, having a constant

coefficient damp
C , with respect to elongation rate .

Active responses of muscles are characterized

by three factors as shown in Equation (2). The first

factor a
( )N t determines the state of muscle activity,

which is given as a value between 0.0 and 1.0. The

second factor is a function showing a

relationship between muscular elongation and

normalized muscular force. The last one n
( )

v
F v gives

a magnitude of muscular force with respect to

elongation rate . Namely, these factors can be

described by the following equations:

in (5),

, where

(6),

(7),

where t means real time, ref
T is a reflex time, init

A

means the initial active state and init
E is the initial

excitation level. At a reference state, init
E is equal to

init
A . ne

T and a
T are time coefficients related to

excitation and activation respectively. Figure 3-(a)

shows variation of a
( )N t given by Equation (6) with

respect to a response time t . opt
aL is a parameter

representing the ratio when the muscle generates its

maximum contraction force. sh
C is a shape function

describing a relationship between elongation and

muscular force as shown in Figure 3-(b).
n

v is a

non-dimensional value, which is derived from dividing

a real elongation rate v by a maximum shortening

velocity vmax . short
C , leng

C and mvl
C are the
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parameters related to muscular contraction, elongation

and maximum force limit respectively. Figure 3-(c)

shows the relationship between
n

v and n
( )

v
F v .

As mentioned above, mechanical properties of

muscular elements are described by Equation (1) while

typical features in active response are known by

function curves in Figure 3. Assuming that viscoelastic

effects can be neglected by n
( ) 1

v
F v = and

DE
=F O ,

force-elongation characteristics in muscular elements

are drawn as function curves in Figure 4.

In this study, non-linear viscoelastic

characteristics were given to spring-dashpot elements

so that they could clearly represent mechanical

responses of the neck muscles. The following three

situations were considered to simplify the functions for

muscle elements especially in active responses as

shown in Figure 3-(a).

1� Cadaver ( a
( ) 0N t = )

2� Human without Notice ( a
( ) 0.05 0.1N t = � )

3� Human with Notice ( a
0.1 ( ) 1.0N t< ≤ )

Among above situations, CE
F in Equation (1) becomes

zero in the first case, where all the effects related to this

component described in Equation (5) to (7) are

neglected. In the later two situations, the living human

effects, which are described in Equation (6) and (7),

should be introduced. In this study, n
( )

v
F v was

assumed to be 1.0 for simplicity, which eliminates

effects of CE
F at negative and high rate of

n
v . One

reason for this assumption is that it is convenient to

separate the responses related to CE
F with respect to

different situations as listed above. The other reason

comes form difficulties in handling spring-dashpot

elements in each numerical analysis code. A general

form of nonlinear characteristics for spring-dashpot

elements are expressed by

(8),

where elastic component , viscous component

and linear viscous component are included.

On the other hand, the form of spring-dashpot element

described in Equation (1) can be summarized as

follows.

(9).

Considering the general form of spring-dashpot element,

1.0

0.0

Na(t)

t [sec.]

Tref

Amin

0.0

Non-Active Active

(a) Activity

1.0

0.0
1.0

(b) Property function

L ( )δF

0fib

opt

( )L
L

δ+

sh increaseC →
1.0

0.0
0.0

(c) Sensitivity of rate

v n( )F v

max

v
v

-1.0

Figure 3. Muscle property function at active response.
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Figure 4. Response of muscles model.
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it is reasonable to divide the component CE
F into two

parts, active and passive components, so as to be

described using the linear formation in Equation (9). In

addition, it is assumed that n
( ) 0

v
F v = and

for simplicity in the following simulation.

MODEL VALIDATION

Rear Impact Test

A dataset was taken from a series of rear

impact tests conducted at JARI (Japan Automobile

Research Institute) in the NISSAN-JARI whiplash

project (1998). The subject, a human volunteer, was

asked to sit on a rigid seat mounted on a sled, and the

sled slid on inclined rails from the top to the end. At the

end of the rails, an energy-absorbing device caught the

sled to generate the given deceleration of the subject as

illustrated in Figure 5.

The slope angle was 10 degrees and the initial

height was adjusted so that the delta-V (velocity just

before the impact) was eight km/h. Test runs were

repeated several times so that the subject is relaxed

enouph. For a direct and simple comparison, three cases

without the head-restraint were selected from a series of

volunteer tests.

Test Results

In this test, the behavior of an occupant in

low-speed rear-end collision, i.e. the mechanism of

whiplash injuries could be reproduced. One of features

in neck kinematics in whiplash can be perceived to be

S-shape motion due to the push from the rigid seat and

the stretch of vertebral column. The feature in head

kinematics can be recognized as the complex

acceleration in the both logitudinal and virtical

directions due to the S-shape neck motion.

Figure 6 shows the acceleration and the

velocity of the sled, Figure 7 (a) and (b) show the

accelerations at T1 and Figure 7 (c) and (d) show the

accelerations at Sternum. Acceleration due to the rear

impact was translated into the acceleration toward

frontal direction. In order to specify the velocity

boundary conditions, deceleration data were transferred

to velocity data by integrating on local axes with

respect to time. Rotational motion of the torso was

simulated by plural translations at T1, T6 and Sternum.

Average data were calculated from the test data of three

Figure 5. Slope-type sled test set-up and
volunteer.

-50

-40

-30

-20

-10

0

10

0 50 100 150 200 250 300

No. 1
No. 2
No. 3

Time [ms]

Acceleration [m/s2]

(a) Acceleration of SLED.

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

0 50 100 150 200 250 300

Time [ms]

Velocity [m/s]

No. 1
No. 2
No. 3

(b) Velocity of SLED.
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boundary condition in complete upper model.
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cases in order to apply input data as their functions to

the model.

Figure 8-(a) and (b) represent the resultant

acceleration at head COG (center of gravity) toward

x-direction and z-direction in the coordinate system

located at head COG respectively.

Simulation Model

Figure 9 illustrates the boundary conditions

defined on the neck model in order to simulate the rear

impact tests. Since the simplified neck model was used
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Figure 9. Definition of input on B.C. to partial
model.

in the first step of this study instead of the entire body

model, boundary conditions were directly induced on

the model. The first focus of this validation is to

reproduce the head-neck responses with respect to the

torso motion induced by rear impacts, as illustrated in

Figure 9. The head motion at COG should be, therefore,

monitored under the given boundary conditions on T1,

T6 and Sternum.

In the definition of mechanical response

functions for muscle elements, the activity factor

( )
a

N t was assumed to be constant during the impact

regardless of a reflex time. Based on this assumption,

four different states were considered in the following

parametric study with respect to the values,

a
( ) 0.005,N t = 0.1, 0.5 and 1.0. It was assumed that the

state with a
( ) 0.1N t = is a basis for muscles in a living

human. Considering slight activity of the neck muscles

to keep the head straight up, a
( ) 0.5N t = was assumed

for dominant muscles in flexion and extension motions

(flexors and extensors) as shown in Figure 10.

The complete upper body motion was

simulated in the second step on this study, by modeling

the rigid seat system mounted on the sled. In this upper

body model, the neck muscle modeling method revised

in the above partial model is introduced into the base

human body instead of solid and shell muscle elements.

As simulation results to evaluate and revise the model,

the head motion at COG should be monitored under the

contact of the upper body with the seat back in the same

way of the partial model analysis.

Simulation Results

Figure 11 compares in acceleration at the head

COG between the test results and the simulation results

of the simplified neck model shown in Figure 2. Test

results were shown as corridors for x-direction

(horizontal) and z-direction (vertical). The calculated

responses were also compared between the revised

model and the base model with same boundary

conditions. The test result in x-direction acceleration

shows a slight negative peak in early phase and a

prominent positive peak between 100 to 150 ms. The

tendency of the response curve calculated by the

revised model matches well with the test corridor, while

the base model generates higher peaks both in negative

and positive directions. The test result in z-direction

acceleration shows a positive peak during the first half

and a negative peak in the second half. The simulation

results show a slight mismatch both of the base and the

revised model. The revised model does not show a

positive peak during the first half while the timing of

peak is late in the base model result. In the second half,

the revised model matches better with the test corridor

than the base model.

Figure 12 shows accelerations at the head

Figure 10. Characterization of muscle properties.



Kobayashi - 8 -

COG in the simulation results of the complete upper

body compared with the test results that represented by

the corridors. The calculated responses were also

compared between the complete upper body model and

the simplified neck model in which same

spring-dashpot muscle elements wer introduced. These

simulation results of the acceleration in x-direction

match well with the test corridor except the higher

response level in the later half compared to that of test

result. In complete upper body model, direct contact

condition between upper body and sled seat was

reproduced, so that the timing of each peak in response

curve approached that of test result. Therefore, the

tendencies of the response curves calculated by the

complete upper body model are similar to those of the

simplified neck model analysis, since the same method

to represent the neck muscles is adopted in both

models.

In addition to checking the head responses,

kinematics of the cervical vertebrae (C1 – C7) was also

verified. Figure 13 shows time history curves of

rotational angle at the vertebra bodies. The simulation

results show that the trailing absolute angle curve of the

upper vertebra denotes a slight negative peak in the first

half phase and a prominent positive peak in the second

half phase. A similar tendency was observed in the

lower vertebra but the magnitudes of both peaks were

smaller. On the other hand, the trailing relative angle

curve of each vertebra indicates a slight negative peak

in the first half phase and the prominent positive peak

in the second phase. They had a similar tendency but

the magnitude of positive peak was independent of the

position of cervical vertebrae.

Combination of such rotational motions of the

vertebrae generated an S-shape motion in the cervical

spine, which is known as a typical neck behavior in rear
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impacts. The results suggest that the model showed

reasonable responses to simulate volunteer tests.

DISCUSSION

Summarizing the comparisons, the revised

neck model shows closer responses to the test results

compared to the base neck model, especially in

x-direction. The complete upper body model with the

contact between the upper body and the sled seat gives

a better match with the test corridor. These results

suggest that the idea of using spring-dashpot elements

with the Hill-type algorithm is valid to simulate muscle

responses in a living human.

It was confirmed that the revised neck model

and complete upper body model with the new muscle

elements could be beneficial to simulate the head-neck

kinematics and responses during the early phase in a

rear impact when retraction occurs. The model should

be, however, improved for its response in z-direction. In

this case, z-direction indicates the moving direction in

the axis of head COG which is rotating, but the upward

direction in the global axis. Hence, it is important to

remind that the direction of the applied load to the head

COG largely depends on the neck shape. In addition to

this, it is important to reproduce the subject test

condition i.e., the posture in the moment of rear impact.

Although we tried to reproduce it carefully, it would be

useful to consider the influence of the above condition

upon the head motion in order to improve the

simulation results.

CONCLUSION

The developed human neck model with

muscles of spring-dashpot elements has shown good

agreement with the volunteer test data in low-speed

rear-end impact simulation. However, the head COG

acceleration in upward direction of local coordinate

system in the head is underestimated. In order to

improve the model responses, a detailed consideration

and modeling of the contact between the sled seat and

the upper body, i.e. the posture of human model is

required so as to reproduce an actual phenomenon in

the test. Additionally, the possibility of application to

different test conditions such as cadaver test would be

expected based on the concept of the neck muscle

modeling in this successful study.
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SUMMARY

ACC system has been developed and carries out the spread of various vehicles. This paper explains MT vehicle equipped

with outline of ACC along with the investigation and the results of driving tests. Especially the mental workload reduction

was evaluated. In addition, characteristic problems and its solutions were introduced in this paper.

INTRODUCTION

In recent years, ACC is put in practical use and has been amounted on various vehicles. Conventionally, the system was

applied to the vehicles which are with AT (automatic-transmission) or CVT. For the needs expansion of ACC, we

successfully developed one for a MT (manual transmission). Because of the feature of MT operated to the range of a gear

position chosen by the driver, the driver is required as making a shift change at an appropriate moment, which is not

required on an AT vehicles.

As another significant feature of MT vehicles, it can transmit engine torque to tires directly from the clutch without a

torque converter. It enables high response control which is not in AT vehicles. On the other hand, it became the subject to

realize a smooth vehicle behavior. Therefore, we developed ACC for MT vehicles which has both a high response and

smooth operation by new control method.

This paper describes the outline of the validity of ACC for MT vehicles and the technology which realized the smooth

vehicle behavior.

SYSTEM FEATURES

System Outline

This ACC system uses a laser sensor for the headway distance measurement and electronically controlled vacuum brake

booster for deceleration. And they are on the MT vehicles. The system configuration is shown in Fig. 1.
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Figure1 ACC System Configuration

ACC control unit outputs engine torque command value to the engine control unit. Based on this command, the engine

control unit controls throttle opening. As for braking, the vehicle uses engine brake and hydraulic pressure brake by

electronically controlled vacuum brake booster together in the same way as ACC for AT vehicles.

System Feature

 

One of the big differences between MT and AT is whether the driver needs to shift the gear position. Since, in MT

vehicles, ACC can be used only in the speed range of the gear position which the driver chose, the control range of ACC is

restricted for each shift position compared to AT vehicles. And ACC control will be canceled at the time when clutch

disconnection is detected in a shift change by clutch SW.

Another great difference is transmitting engine torque which is transferred to tires directly through a clutch without a

torque converter. Because of the direct transfer of engine torque as driving force, high response can be realized. In contrast, it

generates the backlash of the drivetrain and causes the disturbance of a vehicle behavior.

USEFULNESS EVALUATION OF ACC WITH MT

Frequency of MT Gear Shift

As for the MT vehicles, a driver itself must operate a shift if necessary, and ACC automatically canceled at that time. If
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shift operation is demanded from driver at many times, the re-set of ACC is very troublesome by driving under the state of

ACC set.

Table 1. �

Gear Shift Frequency

We investigated the frequency of gear change in ACC operation speed range in vehicle without ACC. Analyzing this data,

it turns out that the gear position change was hardly operated in ACC operation speed range. If the driver use ACC on MT

vehicle, the physical workload is obviously decreased. It can be said that ACC on MT vehicle is also useful enough because

gear shift frequency of MT vehicle with ACC can be supposed almost equal to vehicle without ACC. Next, we point out the

character of ACC on MT vehicles with a viewpoint of mental workload.

MENTAL WORKLOAD

Outline

When using ACC with MT, we feel the driving fatigue is lower than the case of not using ACC. In this section, we will

discuss the reduction effect of mental workload based on the results of heart rate, flicker value and subjective evaluation.

Condition of Evaluation

This evaluation was performed on TOMEI automobile highway under the following 4 patterns.

Evaluation Patterns

1) CVT vehicle, not using ACC

2) CVT vehicle, using ACC

3) MT vehicle, not using ACC

4) MT vehicle, using ACC

Number of Subjects

2 divers (The drivers A and B are familiar to this system)

Driving Conditions

Driving for 80minutes continuously between 70 and 100 km/h.

Average of shift down (6thto 5th) frequency on the highway

� 5.94 Times / 100km

It is counted the shift down frequency between 40 km/h and 100 km/h. 



 

KUBOTA 4 

Obtained Data

1) Heart rate (While driving)

2) Flicker test (Before driving and after)

3) Subjective evaluation (After driving)

Test Vehicle Specs

1) PRIMERA 2.0L, CVT with ACC (This car is already sold in Europe and Japan)

2) PRIMERA 2.0L, 6 speed MT with ACC ( This car is already sold in Europe)

NISSAN PRIMERA

Analysis Based on Heart Rate Data

 

This paragraph presents the results of mental workload measured using cardiograph data. In the analysis, the interval and

its variance in the heart rate data is examined to determine an index to show driver's mental condition as to whether the

driver is tense or relaxed, etc.

� � � � � � � � �

���

������

����
�

�
� �����

����
������

������	 ������

�

Figure2. Heart rate Wave
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Fig. 2 shows the calculation formula to identify the correlation between the waveform of heart rate and fluctuation of

heart rate interval. Pulse wave of heart rate waveform is referred to as R wave and its interval is referred to as RRI (R-R

interval). RRI is an inverse of cardiograph. Accordingly, it is known that when RRI decreases, the subject is tense. RRV

(R-R variance) is normalized fraction of RRI. When the driver’s tension increases, RRV decreases and it increases when the

driver is more relaxed. Fig. 3 and Fig. 4 show subject A's average value of RRI and RRV for every 20 min while long time

driving. Subject B showed the identical result. When comparing the results of the four conditions ( with and without the

System, CVT and MT ) in the graphic chart, there is no clear deference of four conditions. Because the results of subject A

shows that he is fully relaxed in all conditions. Using paragraph can not find differences. That is, ACC of MT does not

increase mental workload and its level is as much as the case of no using ACC system.

Fig.ure3. RRI (subject A)
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Figure4. RRV(subject A)

Analysis Using Flicker Tester

In the experiment we performed, we measured the workload using flicker tester which was used in the traditional

measurement. When a person sees a flashing light, it is seen by the person as a continuous light when the flashing speed

reaches a certain speed. The frequency of the light at that point is referred to as flicker value which is used as one of the

criteria to measure the fatigue of a person. When flicker value lowers, a person is deemed to be more tired. The

measurement was performed under the condition of long time driving. Flicker measurement was performed before and

immediately after the experiment is completed. In Fig. 5, the result of flicker measurement of the two subjects A and B are

shown. Vertical axis shows the flicker value and horizontal axis indicates subjects A and B when the system is on and off.

White and black circles on the graphic chart show flicker value before and after the experiment, respectively. When

comparing the result of the experiment with and without the System, it is found in both subjects A and B that the rate of

decrease of flicker value after the experiment shows a greater value when the system is not used. Therefore, it is estimated

that there is a greater fatigue when the system is not used. And in the case of MT, the difference between ACC used and not

used is greater than CVT’ s. So we estimate adopting ACC to MT vehicle is more effective than CVT vehicles.
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Figure5. Results of Flicker value

Analysis of Subjective Evaluation

We have discussed so far the effect of reduction of mental workload identified through biological measurement. This

section analyzes the results of the subjective evaluation data. We asked the subjects four questions ("do you feel neural

fatigue?", "do you feel that there are many physical operations?", "do you feel any pressure for time?" and "do you get

irritated?") and the classified the response with reference to NASA-TLX method, which is often used in measuring

workload. The evaluation was performed immediately after the long distance driving. Fig. 6 shows averages of two subjects

for each of evaluated items. Bars in gray indicate the experiment results when the System was not used and black bars

indicate the experiment results with the System. The workload was found higher for all the evaluated items when the system

was not used. The improvement of MT vehicle is bigger than CVT vehicles.
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Figure6. Subjective rating for driving loads

ADOPTING PECULIER TO MT VEHICLE

ACC was very useful system at MT vehicle, however some peculiar troubles arose. Here we show characteristic

problems happened by MT vehicles.

Outline of Acceleration Shock

Since acceleration shock and so on is conveyed to the driver, and it feels an uncomfortable for MT vehicles. In AT and

CVT vehicles, the acceleration shock is not occurred because the torque converter absorbs the mechanical backlash.

Correcting ACC control logic, in order to check and solve the problem. It can transmit engine torque to tires directly from

the clutch without a torque converter.

Driver feels uncomfortable shock in some driving conditions. The acceleration shock is generated in following 2

situations.

(1) After forward vehicle decelerate, it accelerates again.

(2) Driver operates resume function

Acceleration shock is shown in Fig.7.
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Figure7. Acceleration shock data

It turns out that engine speed changes when an acceleration shock occurs by evaluation data. This can be conjectured to

mean that the drivetrain backlash caused the acceleration shock when the engine torque rises rapidly. The shock is marked 2

in subjective evaluation. By which subjective rating is defined by evaluation, 10 is the best level that can not be felt. 4 is NG

level. So 2 shows the level of the shock is big problem.

Adding Simple Control Logic

First, simple restriction of engine torque command was set up, and the confirmation of the effect was done. When the rate

of engine torque rising is limited lower, the backlash becomes smooth. Then there is few acceleration shock . The result is

shown in Fig. 8.
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Figure8. Simple restriction of engine torque command

From the result, jump of engine speed becomes small and it could checked that a shock has been decreased to it. Similarly

it is improved to subjective rate. It paid attention to subjective rate changing by the difference in the rise slope of engine

torque, and the correlation was analyzed. This is shown in Fig. 9.

Figure9. Correlation of subjective rate and engine torque rising

Fig. 9 shows the relation between rise slope value of engine torque command and subjective evaluation value. As the

above-mentioned guesses, if the rise slope value of engine torque command will be small, the level of an acceleration shock

becomes small and subjective rating value are also high. But if a rise slope of engine torque is suppressed too much, vehicle
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acceleration becomes poor and it become impossible in order that it might fill the performance of ACC system.

An acceleration shock could be made small by giving a limit to an engine torque order. On the other hand, vehicle

acceleration is NG level because the engine torque occurs late.

Adding New Control Logic

Introducing new control logic to coexist acceleration shock relief and poor acceleration improvement, and check the

effect. The new logic limits the rise rate of engine torque command until drivetrain backlash happen, and after that the

restriction is removed.

New Logic Feature

New logic restricts an engine torque command value as simple control logic till drivetrain backlash happen. The logic is

shown in Fig. 10.

Figure10. New logic concept

Evaluation Result

The acceleration shock was solved by the new control logic without sacrificing vehicle acceleration performance by ACC

operation. The result is shown in Fig. 11
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Figure11. New logic test result

CONCLUSION

The feature and the theme in the case of applying ACC to MT vehicles are summarized below.

1) System cancel which is caused by MT gear change never spoils the convenience of ACC because MT operation

frequency in ACC set speed range is rare.

2) When ACC was mounted to MT, it confirmed that mental workloads has been decreased.

As a result, it has become clear that ACC is a very effective system for MT vehicles as well. 3)Although the particular

acceleration shock caused by drivetrain backlash, it is possible to solve it by modifying the engine torque command

characteristic. With this method, coexistence of rapid response and smooth vehicle behavior are realized.
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ABSTRACT

Even though the risk of whiplash injury is the
highest in rear-end impact, there is an increased
focus on frontal and frontal-oblique impact during
recent years. The amount of injuries in these
directions may be larger than in rear-end impact.
Therefore, a European project was initiated to
investigate causes and countermeasures in this area,
as was previously done for rear-end impact.

Accident studies showed that the amount whiplash
cases was generally higher in frontal impact
compared to rear-end. In all impact directions, the
injury risk for female occupants was about twice
the risk of male occupants. Given these results,
there is a need for occupant protection against
whiplash in frontal impact as well. Since there is no
omni-directional whiplash dummy on the market,
one of the aims was also to develop such a device.
As a start several existing dummies, like THOR,
Hybrid III, BioRID and RID2 were evaluated for
this purpose. So far none of these dummies seemed
fit to handle all the directions wished. The first start
of more detailed development was to obtain typical
human responses with human volunteers and Post
Mortem Human Subjects. These tests will then be
used for the whiplash dummy evaluation.

Future work will concentrate on dummy
development and evaluation, test methods and
evaluation of seats available on the European
market and the definition of seat parameters, which
could reduce whiplash injury risk.

INTRODUCTION

During recent years the main focus in whiplash
research has been on rear-end impacts. Rear-end
impacts have the largest risk of whiplash injury
(Temming and Zobel, 2000) and therefore much
effort is being spent on decreasing this injury risk.

The total number of frontal whiplash cases may be
higher, despite the smaller risk. According to
German accident data (Temming and Zobel, 2000)
38% of the injury cases are single impact frontal
accidents (589 of 1558), with an injury risk of 12%
(100% are all belted occupants), while 15% of the
injury cases are single impact rear-end accidents
(233 of 1558), with an injury risk of 26%. A
Swedish study by Von Koch et al. (1995) shows
that 23% of all injury cases resulted from frontal
impact, while 64% resulted from rear-end impact.
Therefore, it is clear that also in frontal impact
there is a need for improvement of whiplash
protection.

In the first European Whiplash (Cappon et al.,
2001) project the rear impact loading phase was the
main focus. The research at the time was mainly
limited to the loading phase of rear impact, since
most of the proposed injury mechanisms assume
whiplash to occur in the loading phase. On the
other hand, some of the mechanisms of whiplash
injury are suggested to originate from the rebound
phase of rear impact (Von Koch et al, 1995). The
rebound phase involves neck flexion, as in frontal
impact. Therefore, the current research aims at
reducing whiplash in frontal and oblique impact
and studies the rear-end rebound phase.

The final aim of this three year study is to be able
to advise on injury reducing measures. In the end a
test method will be proposed for evaluation of seats
and restraint systems with respect to their whiplash
protection. In this evaluation stage also a dummy is
needed in order to assess the protection of a
system. Part of the current project is to recommend
on a dummy design that can be used for this
purpose. Resulting from the findings in this project,
design guidelines for safer seat and restraint system
design will be proposed.
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In order to reach these goals, the workplan used is
fairly similar to the Whiplash 1 workplan (Cappon
et al, 2001). At the start accident and injury
statistics are gathered in order to determine which
parameters are important in the various impact
directions. In order to save dummy development
time a preliminary evaluation of existing dummies
is performed. Then a series of human testing is
carried out to find the more specific typical human
responses in various loading conditions. This
typical response is needed for the evaluation of a
whiplash dummy, which should perform well in
rear (and rebound), frontal and oblique impact.
Finally, accident studies and dummy development
will result in a test method proposal, which will be
used for seat and restraint system benchmarking.
This paper will discuss the accident analysis, the
evaluation of existing dummies and will give an
overview of the human testing within the project.

ACCIDENT ANALYSIS

The main aim of accident statistics is to determine
the parameters of a crash, which have an influence
on whiplash injury risk. Parameters like impact
speed, deceleration, direction of impact, body size
and gender may have influence on injury
occurrence and injury severity. In the current
project four different databases from different
countries are used to determine which parameters
and trends are important. Folksam Research, ETH
Zurich, GDV and Volkswagen are responsible for
this part of the program. This paper will not go into
details about the analysis, but will summarise the
overall trend found in the analyses.

Influence of Gender and Age

In each of the studies a significant higher risk for
women to suffer a whiplash injury was found. VW
found an almost double whiplash injury risk
throughout the entire age range of women
compared with men. The same study found that the
risk for females increases from the age of
approximately 18-27 years. After reaching this
peak no further increase could be observed. The
risk for male occupants increased to its highest
level in the same age group (18-27 years). Here as
well, no further striking increase of risk with rising
age could be found in general, only a slight
increase at the age class 67 years and over.

VW found that in the whole range of body height
classes (<157, 158-162, 163-167,..., >187 cm) the
risk for male occupants to get whiplash was nearly
constant and significant lower than the female risk.
The taller the women were, the higher was their
risk to suffer a whiplash injury.

Concerning the seating position, VW observed a
significant higher whiplash risk for female front

passengers. The injury risk at this position for
female occupants was about 26% (versus 8% for
males) while the injury risk for females in the
driver seat was only 19% (versus 10% for males).

GDVfound that female drivers showed a much
higher risk of whiplash injuries than males did (e.
g.: Quebec Task Force (QTF) Grade II: 25% males,
39% females). Furthermore, the injury risk for front
seat passengers and drivers was almost equal.
Surprisingly, regarding the passenger seat males
and females showed approximately the same
incidence of QTF-Grade I-III in this study. So the
higher risk for women to suffer whiplash could not
be proved for the front seat passenger.
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Figure 1 Folksam data shows a much higher
risk for female occupants in frontal impact in
the entire crash severity range

Folksam showed an almost doubled injury risk of
females throughout the entire impact severity range
(figure 3). They were also able to prove that in
frontal impacts drivers in general had a 30% higher
risk of initial symptoms than front seat passengers.

Accident Severity

Accident severity is often described with velocity
change (Delta V) or acceleration (peak or mean
impact acceleration).
In the study of VW, the risk curves for males and
females steadily increased with increasing speed
change until reaching a maximum risk value in
frontal impact of 13-17 km/h for females and 18-22
km/h for males. After reaching this maximum, no
further increase could be observed.

Folksam observed in their study that the mean
acceleration better explained the risk of whiplash
than the parameter Delta V did. The curves of risk
versus mean acceleration are shown in Figure 2 and
Figure 3, respectively, for rear and frontal impact.
From these figures one can also conclude that the
impact severity for longer term whiplash injury is
higher than for short term injury.
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Figure 3 Injury risk as a function of mean
impact acceleration in frontal impacts

In rear-end impacts the average change of velocity
and mean acceleration for occupants with
symptoms for more than one month were 20 km/h
and 5.3g, respectively, and for occupants
recovering within a month 10.3 km/h and 3.9g. In
frontal impacts the average change of velocity and
mean acceleration for occupants with symptoms for
more than one month were 30.5 km/h and 7.9 g,
respectively, for occupants recovering within a
month this was 19.6 km/h and 5.4 g.

The study of ETH and GDV took into account the
whiplash cases at certain changes of velocity or the
average Delta v in different collision types. ETH
found out that in rear-end impacts the occurrence
of QTF Grade II was predominant in rear impact at
a delta v of 8-13 km/h and at a delta v of 18-25
km/h in frontal impact.

Collision Type

All parties have studied the absolute numbers of
whiplash cases resulting from either frontal or rear-
end impact. Table 1 provides and overview of the
results. All parties, except ETH, show a higher
amount of frontal whiplash cases, than rear-end
whiplash cases.

Table 1 Amount of whiplash injuries in the
databases. Division between party and impact
direction

Organisation Total Frontal Rear
ETH 668 140 447
Folksam 62 47 15
GDV 754 332 246
VW 650 310 199

Concerning the injury risk and the direction of
impact VW showed that the risk of whiplash was
more than twice as high in rear-end collisions than
in frontal and side impacts. For males: 20% versus
8% and 7% and for females: 46% versus 17% and
14%, respectively (100% is all injured occupants).
Also here the risk for women was twice as high as
for males in all collision types.

Figure 4 Injury risk related to gender and
impact direction

Folksam reports an injury risk of 26% in frontal
impact and 38% in rear-end impact for the driver
(100% is all drivers in the included sample). For
the front seat passenger, the figures are 20% and
57%, respectively (100% is all front seat
passengers)

Concerning the pulse angle which is defined as the
angle between the vehicle´s x-axis and the direction
of the pulse induced during the collision, VW made
an interesting discovery: In frontal collisions, the
range of impact angles causing injury seemed to be
much larger for female occupants than for male
occupants (Figure 5)
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Figure 5 Risk to suffer whiplash by pulse angle
and impact direction related to gender. The
angle range of females is much larger than for
males.

Airbag Use

Folksam is the only party considering the
protection aspect of airbags in frontal whiplash
injury cases. Injuries were divided in two
categories: lasting less than one month (initial
symptoms) and lasting more than one month. In the
Swedish study in frontal impacts airbags were
found to reduce the risk of initial symptoms by
24%, and the risk of symptoms for more than one
month by 45%.

Overall Result

Despite the different inclusion criteria, some
general trends can be observed in all databases:
- Females have a double risk of whiplash injury

(VW, Folksam, GDV)
- Frontal impact with whiplash occurs most

frequently (VW, Folksam, GDV)
- The average impact severity (Delta V and G

level) resulting in whiplash in frontal impact is
twice as high as in rear impact (all databases)

- Great portion of frontal impacts is angled
(Folksam, ETH, VW)

- Vast majority of rear impacts is not angled
(GDV)

HUMAN BODY RESPONSES

Reference Seat

The first task of this part of the project was
designing and building a reference seat, which was
needed later on in the project, as will be explained.
A limiting factor in many volunteer and PMHS

tests is the use of a specific car seat. Most of the
time this car seat is not available anymore after a
few years and it is very difficult to perform dummy
tests in similar conditions as the original volunteer
or PMHS tests. Therefore, it was decided to build a
well defined flexible seat, which could be used for
all human testing and dummy evaluations and
which could be copied easily by any other party
wishing to do similar testing.

The needs for this specific seat were defined as
follows:
- The seat should have adequate durability. It

had to be capable of sustaining a large number
of crash tests with maintained dynamic
properties.

- The seat should have geometrical properties
that resembled a typical car seat.

- The seat should have a design that was
possible to reproduce in an uncomplicated
mathematical model.

- If possible, the seat should also have dynamic
properties that resemble those of a typical
(future) production seat.

The resulting seat (Figure 6) has four flexible back
panels, each with individual stiffness properties.
The inner frame with the panels can rotate in the
outer rear frame. This should simulate the plastic
deformation of the seat back during overload. The
plastic deformation is obtained by using a stiff
indentor and a metal strip, which can be replaced
when overload has occurred. The head restraint
was initially flexible, but inertia caused the system
to be too stiff during impact. Therefore, the head
restraint has been fixed to the inner seat back frame
and soft padding with known characteristics was
applied to safely test the volunteers later on. The
seat back panels were only covered with an overall
thin layer of plastic in order to decrease friction
between subject and seat and to prevent grabbing
of the panels in the subject's skin. Foam was
applied at the panel side rims only in volunteer
testing, to prevent hard contact between legs, arms
and the metal sheeting.
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Figure 6 Reference seat used for human and
dummy testing

Human Testing

For the development of a whiplash dummy, insight
is needed into the typical human behaviour in
loading conditions which closely resemble the real
life scenarios causing whiplash. Clearly, one
cannot use volunteers in harmful conditions.
Therefore, the testing has been split up in two
series:
1. Human volunteer testing at impact levels

below the injury threshold
2. Post Mortem Human Subject (PMHS) testing

at impact levels above the injury threshold

The injury threshold is determined by the detailed
analysis of accident material. Especially the crash
recorder data of Folksam are extremely valuable at
this stage. Based on their findings and the other
accident studies, it was decided that a voluntary
frontal impact should not exceed the speed of 12
km/h and a g-level of 4G. Practically speaking this
means that a test with a volunteer will start at a
very low level (7 kph) and the level is increased as
soon as it is clear that the volunteer experiences no
inconveniences after the test. In this situation the
reference seat was used and it became clear that the
low seat friction combined with the belt system
was the limiting factor. The volunteers experienced
large belt tension in frontal impact, which became
inconvenient around 10 km/h.

The accident analysis results pointed out that the
injury chance for females is larger than for males.
For this reason, both males and females were
tested. The experiments were performed at three
different laboratories in various test conditions:
- TRL performed rear impact oblique (15

degrees) tests at low velocity (7 km/h) with
their own rear impact seat (Figure 7). They
measured accelerations at head, T1, chest and
pelvis. Loads in the seat back and head

restraint were recorded, EMG data of the neck
muscles was measured and pressure
distribution patterns of the interaction between
the volunteer's back and the seat back were
obtained.

- GDV performed rear impact rebound and
frontal impact tests with the reference seat at a
velocity of approximately 9 km/h. These
volunteers were equiped with accelerometers
at the head CG, T1 and sternum. EMG
measurements were obtained for the major
neck muscles in order to monitor muscle
activity during loading phase and rebound. In
order to track the displacements of head and
spine, markers were attached to head and T1.
The rebound phase was also monitored
completely, contrary to the analysis by Van
den Kroonenberg et al (1997) earlier.

- Graz University did frontal, frontal oblique (30
degrees) and rear impact rebound tests with the
reference seat at speeds up to 12 km./h for
frontal tests. Accelerations were measured at
head, T1, sternum and pelvis. Markers were
applied at head, sternum and T1.

Figure 7 Volunteer 3D setup at TRL, rear
impact oblique testing

Figure 8 Volunteer 2D test setup at Allianz in
cooperation with GDV, rear and frontal impact
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The analysis of these tests is currently ongoing.
The typical responses will be used in a later stage
to evaluate the biofidelity of the whiplash dummy,
which is part of the subsequent task.

DUMMY DEVELOPMENT

The aim of this task is to provide a whiplash
dummy, which shows biofidelic behavior in rear-
end, frontal and oblique impacts. This task consists
of several smaller tasks:
a) A series of human testing is chosen to act as a

reference for dummy biofidelity. These are
translated into a series of biofidelity
requirements for the dummy;

b) A set of existing dummies is evaluated against
these biofidelity conditions in order to find
out whether an already existing dummy (part)
may comply to the desired targets;

c) Based on the evaluation a (omni-directional)
whiplash dummy design is proposed;

d) This dummy design is then evaluated against
newly defined criteria derived from the
human testing of the present project
(described above).

This paper reports on task a) and b).

Initial Biofidelity Requirements

An omni-directional whiplash dummy design must
be based on existing knowlegde of crash
conditions, materials and performance. In order for
the dummy to be used for whiplash reducing
measures, it is necessary that the dummy reflects
the human response as close as possible, the so
called biofidelity of the dummy. The response of
the dummy to a crash event has to match the
response of an average human in all relevant
impact directions and loading phases. The best way
to set up biofidelity requirements for a dummy is
using existing tests on human subjects, either
volunteers or Post Mortem Human Subjects
(PMHS).

Frontal and Oblique Impact - In case of frontal
impact the human test data which are available and
relevant for this subject are rather limited. Several
researchers have performed frontal tests using
PMHSs with airbags at high impact severity,
causing more serious injuries than whiplash
trauma. Therefore these are not relevant for the
current whiplash research, in which an impact
severity of 25 km/h and 6G mean acceleration are
average. The only extensive set of frontal impacts
in reasonably well defined conditions, causing no
serious injury are the tests of the Naval
BioDynamics Laboratory (NBDL). The pulse of
these tests is longer, resulting in a large Delta V of
60 km/h, but the acceleration rate is comparable to
the ones found in typical, whiplash related, frontal

impacts. The frontal and oblique impact test are
used for the dummy evaluation. Results are not
fully available at this stage of the project, but
mainly focus on dummy kinematics with respect to
time.

Rear Impact and Rebound - For rear impact the
biofidelity requirements are based on a set of rear
impact tests performed by the Laboratory of
Accidentology and Biomechanics (LAB) in France
(Bertholon, 2000), also used for the development of
the RID2 dummy (Cappon, 2002), and by
Chalmers University in Sweden, used for the
development of the BioRID dummy (Davidsson,
1998). The LAB tests used for the biofidelity
requirements were done without a head restraint,
which is usually not the case in a real life accident.
However, one can consider this a worst case
scenario, in which the future dummy should still
perform well.

The biofidelity requirements derived from the
Chalmers data were used for the development of
the BioRID dummy. It was originally developed
within a Swedish research project on whiplash. At
the time BioRID I was based on a series of
volunteer tests in a flexible laboratory seat with a
head restraint, which resembles a reproducible
version of a standard car seat. Since the volunteers
were not to be harmed, the delta-V was chosen to
be low severity 7 km/h, 3.5 G peak acceleration. A
total of 11 subjects were subjected to 23 tests in
this setup at the given speed. For the biofidelity
requirements a well defined set of 5 tests was used
(Davidsson, 1998).

Figure 9 Chalmers volunteer setup as used for
BioRID requirements

The biofidelity targets, which were used for the
BioRID dummy development also take into
account some spinal influences and do not only
consider the head-neck complex. The requirements
were chosen as follows (Davidsson, 1998):
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- Head x-displacement with respect to the sled
coordinate system

- Head x-displacement with respect to the T1
coordinate system

- Head angle with respect to the sled and with
respect to T1

- T1 x- and z displacement and T1 rotation with
respect to the sled coordinate system

- Hip z-displacement (ramping up)
- Change of distance between the hip and T1

(spine straightening)
- Head CG x-acceleration

Additionally, for the Whiplash II project the
following signals were chosen as well:
- Head CG z-acceleration
- T1 x-acceleration
- Pelvis x-acceleration

None of the requirements in any of the biofidelity
test condition focus on seat back interaction and
thorax-belt interaction. Nevertheless, these are
important to obtain the correct input for the head-
neck system. The human testing in Whiplash II has
to take this missing information into account and
go a few steps further in order to find these missing
data.

Dummy Evaluation

The dummy evaluations performed at LAB using
several dummies were already presented earlier by
Cappon (2002), as were the Chalmers tests. The
latter did not include the evaluation of THOR and
the rebound phase. Therefore, some typical
responses will be presented here.

Figure 10 Head x-displacement in the sled
coordinate system, volunteer corridor and
dummy responses

In this setup the BioRID P3, the RID2, Hybrid III
and THOR were used. Figure 10 displays the head
CG x-displacement with respect to the sled.
Positive displacement is in the posterior direction.
The shapes of all dummy responses are very good.
Maximum forward rebound displacement occurs at
300-350 ms. The Hybrid III forward motion turns

too early and the RID2 slightly late. The THOR
and the BioRID have the best timing but somewhat
too large excursions.

Figure 11 Head angle in the sled coordinate
system, volunteer corridor and dummy
responses

The rotation of the head is given in Figure 11.
During the first 150 ms the head angle of all
dummies rises slightly too early with respect to the
volunteer tests, which means the translation phase
of the head before rotation (head lag) is a bit too
short. BioRID performs best and RID2
overestimates the maximum head rotation of the
volunteers slightly and has a very large rebound
(for which it was not designed). Hybrid III shows
an early, but correct maximum head rotation when
related to the sled, while THOR and BioRID have
better rebound timing though the maximum
forward excursions are somewhat too large.

Figure 12 T1 x-displacement in the sled
coordinate system, volunteer corridor and
dummy responses

In Figure 12 and Figure 13 the linear displacements
of the T1 vertebral body are shown. The rearward
T1 x-motion is too small in the Hybrid III. In the
end phase, the T1 x-displacement is well
reproduced by THOR. The RID2 rotates a bit early
and BioRID is somewhat soft. The Hybrid III
shows too little forward T1 x-displacement. The T1
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z-displacement is under estimated by all dummies,
BioRID shows half of the displacement required,
while RID2 shows very little upward motion and
tends to sink into the seat, as does the Hybrid III.
THOR performs the worst in this case. Note that
this parameters is heavily related to pelvis ramping
up and spine straightening. The friction and surface
shape between the dummy and the seat-back
influences the ramping. The RID2 and the BioRID
designs incorporate smooth back shapes and the
BioRID back has reduced friction, in contrast to the
Hybrid III and the THOR.

Figure 13 T1 z-displacement in the sled
coordinate system, volunteer corridor and
dummy responses

Figure 14 and Figure 15 show the ramping up and
spine straightening, respectively. The ramping up
of BioRID is within the defined corridor, while
both THOR and RID2 show similar behavior
having too little ramping. Initially, the spine
straightening for BioRID is good as well, but its
rebound in that sense seems to be too fast. RID2
shows the right timing, but too little straightening
as such and THOR shows no spine straightening at
all. Unfortunately, data concerning the pelvis are
not known for the Hybrid III dummy.

Figure 14 Ramping up (pelvis z-displacement),
volunteer corridor and dummy responses

Figure 15 Spine straightening, volunteer
corridor and dummy responses

The dummy evaluation showed the major areas
where certain dummies lack performance or
biofidelity. Hybrid III has large problems in rear-
end impact and also THOR has limitations. BioRID
has the best biofidelity in this rear impact
evaluation, but is not able to bend in oblique
direction, as it has a 2D spine. It was not used in
the severe frontal NBDL test program due to the
risk of damage. RID2 has limitations in ramping up
and it is soft in forward rebound, but is in principle
a 3D design. It was not designed for frontal impact
and would have to be redesigned to get adequate
stiffness and to meet the higher durability
requirements in that crash direction.

DISCUSSIONS AND CONCLUSIONS

Whiplash in frontal impact has been generally
overlooked in past research. A large focus was
granted to whiplash injury associated to rear
impact. Yet, the figures in this study point out that
the problem in frontal and frontal oblique impact
may be even larger, even though the injury risks
are lower than for rear impact. Accident statistics in
this study have again shown that the whiplash risk
of females is almost twice as large as for males.
This is not only the case in rear-end impact.
Furthermore, the age group at risk are the young
adults (18-27 years) for both sexes. Another
observation was that females sustain whiplash over
a larger range of impact angles than males do.

In the current dummy development task, a two
phase approach was used, in order to save
development time. Initially dummies were
evaluated against existing data of PMHS tests and
volunteer tests. As indicated in previous studies
Hybrid III is not a good candidate for rear impact.
THOR was also found to have limitations in rear
impact, especially where T1 z-motion is concerned.
BioRID was not considered for severe frontal and
frontal oblique impact. The RID2 is able to handle
oblique impact, but its neck is too compliant for
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frontal impact. Note that all existing dummies that
may be suitable for whiplash are based on 50th

percentile male anthropometry, and hence represent
the average male driver. This is a consequence of
the research which has been done since the mid-
nineties with a focus on the mid-size male. At this
moment, further development work will be based
on this size of dummy, although it is recognised
that a need exists for a female whiplash dummy,
since females are higher at risk.

In the mean while, more specific data for whiplash
dummy evaluations were generated. A series of
sled tests with volunteers were performed, which
will be extended in a later stage with PMHS tests.
An important improvement with respect to
previous studies, is that a special reference seat
with known characteristics and dimensions was
constructed. It allows other parties to do similar
testing on the short and long term without the need
to buy a production car seat, which is no longer on
the market. The detail with which the volunteer
tests are performed, including pressure mapping
and EMG data measurement, allows a more
thorough analysis of the dummy performance later
during the project.

Derived from the test data available and the
accident statistics, a proposal for a test method will
be made. Since the problem of whiplash in frontal
impact is at least as large as in rear impact, this
procedure has a good chance to start the discussion
of regulatory measures in this field. Together with
the whiplash dummy as a result of this project, it is
expected that the entire whiplash problem can be
addressed more adequately in the future.

FUTURE WORK

Since the project is not finished until 2004 there is
a large part of the work yet to be done. Below the
main activities are highlighted:
- Long term injury reports of the accident

analysis task.
- PMHS tests using high speed X-Ray to be

performed by Graz University
- Evaluation of the whiplash dummy versus the

human testing at various laboratories
- Proposal for a test method procedure for

whiplash in frontal impact
- Design guidelines for safer seat and restraint

system and a demonstrator
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HGV CAB STRENGTH
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ABSTRACT

Currently in Europe there is no required legislation
concerning the strength of HGV cabs in order to
protect the occupants during a crash. Although
some regulations and standards exist these have not
been developed in a comprehensive manner to
address typical real world accidents.

Through a three year project, that included accident
investigation, computer simulations and cab
testing, a new standard has been proposed for
improving HGV cab strength.

A pendulum impact test addresses the frontal
impact accident types and a quasi-static oblique
roof crush test addresses the rollover accidents.
Each test used a 95%ile Hybrid III dummy to
define the occupant residual space.

The proposed standard will potentially form the
basis of future European legislation regarding HGV
cab safety.

INTRODUCTION

In relative terms, occupant safety in HGV’s is
good. Usually the HGV has the higher mass during
a vehicle-to-vehicle collision and so is subject to
lower decelerations. In addition the HGV cab
occupants are generally above the impact region.
However, when the impacted vehicle is of similar
mass and geometry, it can be seen that occupant
safety is often poor, especially in the ‘cab-over’
construction type that is common in Europe.

This paper presents work carried out by Cranfield
Impact Centre Ltd for developing an HGV crash
safety standard, based on accident investigations,
computer simulations and laboratory cab testing.
The work was performed on behalf of the
Department for Transport, UK.

ACCIDENT INVESTIGATION

The study of approximately 200 HGV accidents,
involving at least one occupant fatality, identified
the main accident scenarios and the overall
phenomena affecting the cab safety and hence the
safety of the occupant. The focus was specifically
on the effectiveness of seat belts and cab
strengthening in aiding the prevention of fatal and
serious injuries to cab occupants.

One critical piece of information recorded during
the investigation was the principal contact surfaces
and volume penetrations. This denoted which part

of the surface of the cab was struck as the primary
contact area.

The complete volume of the cab, regardless of its
size, was divided into a ‘grid’ of numbered cuboids
as shown in Figure 1. Across the width of the cab,
the grid divided the cab into three equal parts. In
side view, the cab was also divided into three
segments of equal width. For cabs that had a
sleeper compartment, an additional set of volumes
was included, (numbered 55 to 72).

Figure 1. Cab reference system for analysing
cab intrusion.

For crashes involving multiple impacts, the
combination of photographic and written evidence
was used to determine the contact that resulted in
the primary cause of injury.

The grid system in Figure 1 was also used to record
the amount of deformation of the cab from the
photographic evidence and written text.

Another important piece of information recorded
was the effectiveness of fatality reduction
measures. For each accident, an assessment was
made of how effective the following measures
would have been in reducing the fatal injury to a
lesser, survivable level of injury. In view of the
essential need to prevent occupant ejection, the two
measures considered were:-

• Seat belts only
• Seat belts combined with cab strengthening
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Across the 200 cases, 4 major accident categories
were detected. These were:-

• HGV overturned (63 Cases)
• HGV hit on-coming vehicle (49 Cases)

• HGV hit rear of stationary/slow-moving
vehicle (43 Cases)

• HGV ran off road with no rollover (35 Cases)

HGV Overturned Accidents

Figure 2. Typical overturned cab accident.

These constituted the largest accident category with
63 cases. In 38 of these, overturning resulted from
the HGV running off the road. It is believed that
driver fatigue and falling asleep was significant in
this respect. Furthermore, 14 cases of overturning
were due to ‘dynamic instability’ where the HGV
toppled-over due to its lack of stability. In 3 cases,
overturning was caused by the separation of a road
wheel. In 45 out of 63 cases, the HGV rolled onto
its side and in 16 cases it rolled onto its roof. Of the
26 cases where the HGV impacted a crash barrier,
in 18 of these, the HGV overturned as a result of
impacting the barrier. The relation of crash barrier
performance to HGV overturning is worthy of
further consideration.

There were a total of 67 fatalities from the 63
accident cases in this category. For 22 of these, it
could not be estimated whether their death would
have been preventable by seat belts alone or by
belts plus cab strengthening. Of the remaining 45, it
was estimated that 15 (33 %) deaths were
preventable, i.e. 12 (27 %) by 3-point belts alone
and 3 (7 %) by seat belts and a 'reasonable' cab
strengthening.

HGV Impact with On-Coming Vehicle

This formed the second largest category with 49
cases. In 41 cases, the ‘other’ vehicle that was hit
was another HGV. Impact with small vehicles
posed no risk to HGV occupants in this study. Of
the 49 cases, 31 occurred on rural A-roads where
operating speeds were comparatively high and

opposing traffic was not physically segregated.
Typical of such cases was where one or other HGV
lost control on a bend to some extent and impacted
an on-coming HGV. The front or side of the ‘other’
HGV were the areas that struck the cab of the
‘subject’ HGV most frequently in this study.

Figure 3. Typical accident involving impact with
an on-coming vehicle.

There were a total of 50 fatalities in this category.
For 17 of these, it could not be estimated whether
their death would have been preventable by seat
belts alone or by belts plus cab strengthening. Of
the remaining 33, it was estimated that 14 (42 %)
deaths were preventable, i.e. 10 (30 %) by 3-point
seat belts alone and 4 (12 %) by seat belts and a
'reasonable' cab strengthening.

HGV Impact with Rear of Stationary/Slow-
Moving Vehicle

Figure 4. Typical accident involving impact with
the rear of a stationary vehicle.

Although this formed the third largest category in
this study, with 43 cases, there was a greater
similarity between the accidents in this category
than in any other. It therefore constituted the most
significant category, in the sense of relating to one
specific accident type. Of the 43 accidents, 42
involved the HGV hitting the rear of another HGV.
These accidents happened predominantly on
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motorways and dual carriageways (36 cases). In 41
cases, the HGV which was hit, was either
stationary (on the hard-shoulder or in a traffic
queue - 29 cases), or was slow-moving (due to
being a heavy-load or on an incline - 12 cases).
The rear of a rigid or articulated HGV load
platform, in its various loaded and unloaded states,
presented a rigid surface which often intruded
severely through the sheet metal and windscreen of
the impacting HGV.

There were a total of 43 fatalities in this category.
For 12 of these, it could not be estimated whether
their death would have been preventable by seat
belts alone or by belts plus cab strengthening. Of
the remaining 31, it was estimated that 14 (45 %)
deaths were preventable, i.e. 8 (26 %) by 3-point
seat belts alone and 6 (19 %) by seat belts and a
'reasonable' cab strengthening.

HGV Ran Off Road with No Overturning

There were 35 cases where the HGV left the
carriageway without overturning. This category
covered a number of different outcomes and
contained the most disparate range of accidents of
the four major categories. Objects struck included
falls from bridges (6 cases), trees (5 cases), low
walls (5 cases) and others. The common factor in
this category was that the vehicle did not overturn.
The largest sub-group in this category was impacts
with concrete bridge supports and other vertical
stanchions, located on the central reservation and
side verge of motorways and dual carriageways.
With regard to these latter impacts, it was seen on
several occasions, that an HGV, which had initially
impacted a crash barrier, would be entangled and
guided into a more serious impact with a bridge
support. Predominantly, the category ‘ran off road’
accidents took place on high speed roads such as
motorways and dual carriageways.

There were a total of 35 fatalities in this category.
For 8 of these, it could not be estimated whether
their death would have been preventable by seat
belts or by belts alone plus cab strengthening. Of
the remaining 27, it was estimated that 13 (48 %)
deaths were preventable, all by seat belts alone. In
the sample considered it did not appear that a
'reasonable' cab strengthening would have helped.

DEVELOPMENT OF A CAB STANDARD

From the accident investigation carried out, the
following generic accident types were defined:
offset frontal impact, full frontal impact and 180°
and 90° rollover. These were simplified into the
following two categories for which the new cab
standard would address:-

• Rollover

• Frontal Impact

Rollover

Finite Element (FE) Simulations

FE computer simulations were carried out for a
‘gentle’ 180° rollover (ie. down a 45° slope) shown
below in Figure 5. The magnitude of the cant-rail
load and manner of cab deformation were shown to
vary during the rollover phase. The recommended
Type Approval test conditions were determined at
the time of peak load.

Figure 5. Typical rollover accident simulation.

Figure 6. Cant-rail loads v displacement
towards survival space for 4 different rollover
accident simulations.

Recommended Type Approval Test to
Represent Rollover Accidents

The proposal of the roof crush Type Approval test
consists of the following:-

(a) Concentrates on the intermediate phase during
rollover down an embankment and argues that
the most dangerous loading occurs in the later
stages of the 180o roll (which was
substantiated by simulation) with the
momentum rolling the vehicle ‘gently’ through
180o and ‘lifting’ the mass after the initial
ground contact, thus reducing the ground
reaction in comparison with the state when the
mass ‘comes down again’, at roll angles
between 135o and 180o.
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(b) Proposes that the cab be mounted on the
chassis which is rigidly attached to the test
bed; the cab is tilted through 25o (driver’s side
up) about its longitudinal axis and loaded
statically by a large flat, horizontal platen
(Figure 7). The friction between the cant-rail
and platen needs to be minimised.

Figure 7. Proposed roof crush test loading.

(c) The requirement is defined in terms of the
maximum oblique load that the cab must resist
without intruding into the residual space
defined by a seated ‘driver’, i.e. a 95 %ile
dummy or an appropriate volume contour.

(d) The maximum test force represents a
factorised front unladen axle load of the
heaviest vehicle for which the cab is intended
(an upper limit is set in the case of multi-axle
tractor units). The unladen axle load is taken as
reference because:-

d1 : the cargo is likely to become detached
from the vehicle in a rollover and act in
a ‘self-arresting’ mode,

d2 : the rear end of the vehicle will also
‘self-arrest’.

The factor multiplying the front axle weight was
determined from the rollover simulation where a
peak load of 10.9 tonnes was generated on the cant-
rail when using a front axle weight of 3.5 tonnes.

However, the FE model was shown to be over-stiff
when comparing the peak loads for the roof crush
simulation (8.1 tonnes) and roof crush test (7.2
tonnes). Therefore, a factor of 7.2/8.1 = 0.88 was
applied to the peak load during the rollover
simulation, in order to more accurately predict the
peak load generated during an actual rollover.

Adjusted peak load during rollover simulation =
0.88 x 10.9 = 9.6 tonnes.

Factor = 9.6 / 3.5 = 2.7

Therefore,

Max. Load = 2.7 x Unladen Front Axle Weight
(limit = 100kN)

Roof crush tests

Two roof crush tests were carried out using the
conditions outlined in the previous section. The
first test was performed on an all-steel cab (Figures
8 and 9).

Figure 8. Load v displacement results for all-
steel cab (failed).

Figure 9. Permanent deformation of all-steel cab
after roof crush test (picture shows cab ready
for frontal impact test).

The second test was performed on a slightly larger
cab constructed using glass fibre composite panels
mounted onto a steel sub-frame (Figures 10 & 11).

Figure 10. Load v displacement results for
steel/composite cab (failed).
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Figure 11. Deformation of steel/composite cab
during roof crush test.

The maximum load requirement for each cab is
shown as the horizontal dotted line on the
displacement graphs. The graphs show that both
cabs fall below the proposed standard for the
oblique roof crush.

Frontal Impact

Finite Element (FE) simulations

FE computer simulations were carried out for 12
different frontal impact accident scenarios. The
FE model used for these simulations is shown in
Figure 12.

Figure 12. Detailed FE model of HGV for
frontal impact accident simulations.

The cab was attached to the chassis via two front
and two rear mounts, which were modelled as rigid
and non-failing.

A 12 tonne truck with initial velocity of 22mph was
simulated. This represented an initial KE equal to
600kJ.

A rigid, 95%ile Hybrid III dummy was seated on
the impacted side of the cab and positioned with
knees and hips 100mm forward and chest 200mm
forward of the normal seated position. The dummy
was used to gauge the extent of driver intrusion
whilst in a forward position relating to that of a 3-
point belted dummy subjected to a typical frontal
impact. The dummy did not interact with the

deforming cab structure and so did not influence
the extent of deformation.

The simulations varied the following parameters:-

• Rigid/rolling barriers
• 100% and 50% overlap

• High/low barriers

• Deformable barrier sections to represent
underrun guards and chassis rail interactions

• Barrier overhang

• Material properties of steel cab

A typical frontal impact simulation is shown in
Figure 13. The truck model impacts a simplified
model of the rear end of another truck of the same
mass, which is free to move upon impact.

Figure 13. Deformed shape of typical frontal
impact accident simulation.

The 95%ile Hybrid III dummy was rigidly
positioned in the driver’s seat. No contact
definitions were defined between the dummy and
cab, allowing the extent of driver intrusion to be
visually monitored.

Figure 14 shows the time history plots for the
internal energy absorbed by the impacting vehicle.
The plot shows the total energy absorbed by the
vehicle and also the proportion of energy absorbed
by the chassis and the cab.
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The amount of energy absorbed by the cab was
used to help determine the magnitude of the impact
energy used in the recommended Type Approval
test.

Figure 14. Energy time history for above frontal
impact accident.

Simulations were also carried out for 13 possible
testing configurations in order to predict the cab
performance and determine which configuration
was most suitable for a Type Approval test.

One important aspect of the Type Approval test
was the shape of the pendulum impactor –
cylindrical or flat? (Figures 15 and 16).

Figure 15. Cylindrical Figure 16. Flat
impactor. impactor.

The flat impactor distributes the impact load over a
larger area of the cab and is therefore less
aggressive to the cab structure.

Fig 17. Cab mount loads Fig 18. Cab mount loads
for cylindrical impactor. for flat impactor.

However, it loses it’s kinetic energy more rapidly
than the cylinder and hence creates relatively high
loads at the cab-to-chassis mounts (Figs 17 & 18).

The aim of a Type Approval test was to reproduce
the required cab deformation (and hence driver
intrusion), using the safest and therefore lowest
energy option. Also, the cab mounts are not as
important as the cab structure for protecting the
driver and so the test should not load these
components excessively.

The final reason for choosing a cylindrical
pendulum was to comply with existing test rigs in
Europe, of which the chain hung cylinders are
relatively common.

Both sets of simulations (accident and test) were
critical in the quantification of the impact energy to
be used in the recommended Type Approval test.

Recommended Type Approval Test to
Represent Frontal Impact Accidents

The recommended test represents the offset frontal
impact into the rear of another HGV. The test was
proven (by simulation) to be the worst case
scenario and hence covered full frontal impacts
also.

The dynamic impact test consisted of a 1 tonne
cylindrical pendulum impactor (chain hung),
striking perpendicular to the front of the cab at a
50% offset. The residual space to be left intact was
again the 95%ile Hybrid III dummy. The energy of
impact = 40kJ.

Figure 19. Proposed frontal impact test.

0

50,000

100,000

150,000

200,000

250,000

300,000

350,000

400,000

0.00 0.05 0.10 0.15 0.20 0.25

Time (s)

E
n

er
g

y
(J

)

IE - cab
IE - chassis
IE - total

0

20,000

40,000

60,000

80,000

100,000

120,000

140,000

160,000

180,000

200,000

220,000

240,000

260,000

280,000

300,000

0.00 0.05 0.10 0.15 0.20 0.25

Time (s)

L
o

ad
(N

)

Front, Nearside

Front, Offside

Rear, Nearside

Rear, Offside

0

20,000

40,000

60,000

80,000

100,000

120,000

140,000

160,000

180,000

200,000

220,000

240,000

260,000

280,000

300,000

0.00 0.05 0.10 0.15 0.20 0.25

Time (s)

L
o

ad
(N

)

Front, Nearside

Front, Offside

Rear, Nearside

Rear, Offside

0-30mm

ground level

h1
h1+(h2-h1)/2

h2



Anderson 7

Frontal impact tests

Six frontal impact tests were carried out on various
cab types, using the conditions outlined in the
previous section. However, the impact energy
ranged from 20 to 40kJ. The energy was adjusted
for each particular cab due to the following
reasons:-

• some of the cabs had already sustained
damage from having been roof crushed

• incremental impacts were used when the
strength of the cab and mounts were difficult
to predict

The cabs tested included the following construction
types:-

• All steel

• Steel/composite

• All composite

Cab strengthening measures were recommended
due to the initially poor performance of the all steel
‘walkthrough’ cab type (Figures 20 and 21). The
modifications included reinforcements to the front
panel, door, B-pillar, and mounts, and were
designed in a commercially feasible manner.

Figure 20. All-steel cab, rigid mounts, 20kJ.

Figure 21. All-steel cab, original mounts, 38kJ.

Figure 22. All-steel cab, with strengthening
modifications, 40kJ.

The testing phase showed that the cab
strengthening methods significantly improved the
cab performance with regard to frontal impacts
(Figure 22).

CONCLUSIONS

Accident investigations showed that a reasonable
increase in cab strength combined with wearing a
3-point seat belt would substantially reduced the
number of HGV fatalities.

Type Approval test conditions have been
successfully developed through a procedure of
accident investigations, computer simulations and
laboratory cab testing. The loading in the roof
crush test and energy in the frontal impact test have
both been evaluated through reasoned methods,
giving a high degree of confidence in their
representation of actual accident phenomena.

The cab standard for rollover accident scenarios
consists of a quasi-static roof crush test at an angle
of 25° to the horizontal. The cab must reach a
maximum load equal to 2.7 times the unladen front
axle weight of the vehicle before the residual space
defined by a 95%ile dummy template is intruded
upon. A maximum load of 10 tonnes has been
imposed.

The cab standard for frontal impact accident
scenarios consists of a dynamic 50% offset impact
using a chain hung cylindrical pendulum. The
impact energy is 40kJ (pendulum mass equal to 1-
1.5 tonnes) and the residual space, not to be
intruded upon, is a seated 95%ile dummy template.

The roof crush and frontal impact tests outlined
above, are proposed for future HGV cab safety
standards.

Simple cab strengthening modifications were
shown to be sufficient to bring a sub-standard HGV
cab up to the required standard.
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INFLUENCE OF PASSENGERS DURING COACH ROLLOVER

James Anderson
Majid Sadeghi
Cranfield Impact Centre Ltd.
UK
Paper No. 216

ABSTRACT

UN-ECE Regulation 66 [1] provides rollover safety
for coach passengers by ensuring an adequate
residual space remains during a standard rollover
test. At present the energy requirement of the coach
superstructure depends directly upon the unladen
mass of the vehicle, with the passenger mass
assumed to be self-arresting.

However, all modern coaches possess either 2 or 3-
point seatbelts and if used by the passengers, the
extra mass coupled to the coach structure increases
the amount of energy to be absorbed during the
rollover test.

Within the EC and DfT(UK) funded ECBOS
(Enhanced Coach and Bus Occupant Safety)
project, bay section rollover testing and validated
computer simulations were performed in order to
quantify the influence of the passenger mass on the
structural deformation during rollover.

This work found that the percentage mass of the
occupant that is effectively coupled to the coach
structure during rollover was 71% for lap-belts,
93% for 3-point belts and 18% for unrestrained.
These results will now be used for possible
modernisation and updating of the Regulation.

INTRODUCTION

The UN-ECE Regulation 66 (R66) rollover test
involves ‘gently’ rolling a coach or bay section of a
coach into a 800mm rigid ditch (Figure 1). The
structure is slowly tilted on a platform, until it’s
centre of gravity causes it to topple under it’s own
weight into the ditch. The criteria for passing the
test is that no intrusion into the passenger residual
space occurs (Figure 2).

Figure 1. Phases of R66 rollover test.

Figure 2. R66 residual space template.

The regulation may also be passed by assessing the
energy absorption using a numerical model that
includes component test data (calculation method).

The current regulation requires the coach structure
to be unladen when tested (ie. no passengers or
luggage). However, with seat belts becoming more
common in coaches, the restrained passengers will
increase the effective vehicle mass and also it’s
centre of gravity height. This would increase the
deformation of the vehicle during a rollover
accident and hence increase the risk of injury to the
passengers.

Therefore updating of the regulation is required in
order to take account of the potential passenger
mass that may be coupled to the coach during
rollover. Due to the fact that passengers are not
rigidly attached to their seats when belted (ie.
certain body parts are still free to move), it is
necessary to find what proportion of the passenger
mass is effectively coupled to the seat. This will
vary for 2 and 3-point seat belts, as different body
parts are being restrained by the two belt types.

This study has quantified the proportion of the
passenger mass that is coupled to the coach for 2
and 3-point seat belts and also for unrestrained
occupants.

It is envisaged that the R66 rollover regulation will,
in future, take account of the increased loading as
follows:-

• Full vehicle/bay section rollover test will carry
an appropriate ballast rigidly tied to the
structure.
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• Calculation method for passing R66 will
increase the energy absorption requirement
(E*) by an appropriate factor.

ROLLOVER TESTING OF BAY SECTIONS

Two bay section rollover tests were performed in
order to assess the influence of lap-belted
occupants and provide validation data for the
computer models.. The two tests used identical bay
section structures, the first without any dummies
and the second with four 50%ile Hybrid III lap-
belted dummies.

Bay section design

The general design of the bay section was taken
from an R66 approved TransBus [2] coach design
constructed from mild steel. The TransBus coach
was designed for the R66 energy to be absorbed by
seven similar body rings along it’s length, requiring
each ring to absorb approximately 9kJ of strain
energy before contact with the R66 residual space
template.

The basic bay section design (Figure 3) used two
complete body rings (ie. one ring consists of 2
window pillars, roof cross beam, floor cross beams
attaching through to chassis longitudinals). These
two rings were connected via longitudinal beams at
floor, waist and roof level. A stiff framework
connected the rings below the floor level and
helped to provide a stable structure.

Figure 3. Basic bay section frame.

Each bay section had one row of seats (Figure 4)
with retractable arm-rests. Each individual seating
position was fitted with a lap belt.

Each bay section was fitted with a 1mm sheet steel
roof panel and 1mm sheet steel window panel on
it’s ground contact side. These panels were
included to allow the dummies to interact with the
bay section in a realistic manner.

Figure 4. Bay section with welded strip masses
(grey), bolted lumped masses (red) and seats.

Mass and CG Height Determination

Extra mass was required to ballast the bay section
so that during the rollover it’s predicted
deformation would be close to the R66 residual
space and provide permanent structural
deformation.

From component testing performed during a
previous project on the same structure, it was
estimated that the two body rings in the bay section
would absorb approximately 18 kJ before contact
with the R66 residual space.

The ballast was obtained by a combination of
permanently welded steel strips (grey) and bolted
steel blocks (red) at floor level (see Figure 4). The
bolted blocks could be transferred between the bay
sections, reducing the amount of ballast required
for the two rollover tests.

The main design parameters of the bay section
were then as follows:-

Height (H) 3.50 m

Width (W) 2.46 m

Length 1.80 m

CG Height (Hs) 1.65 m

Total Mass (M) 1,920 kg

Framework + panels 362 kg

Welded strips (grey) 538 kg

Bolted blocks (red) 937 kg

Seats (2 pairs) 83 kg

From the above data and using the E* equation
from [1] to calculate the total energy absorbed by
the structure during rollover,

(1)

E* = 0.75 x 1,920 x 9.8 x 1.24

E* = 17.5 kJ (estimated energy to be absorbed by
the bay section during rollover)
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Test Instrumentation

The following instrumentation was used during
each rollover test:-

• Four wire potentiometers were used to record
the time dependant displacement of the two
window pillars on the contacted side, at cant-
rail and waist-rail levels (see Figure 5).

• One off-board high speed digital camera was
positioned to view the front of the bay section.

• Two off-board normal speed VHS cameras
were positioned for a general view and rear
view of the bay section.

Figure 5. Two wire potentiometers
attached to the front body ring.

Rollover Test Results

Rollover Test 1: No Dummies

Figure 6. Rollover test 1: Permanent
deformation of bay section.

No material separation occurred during the rollover
test. The main plastic deformation was due to
bending in the window pillars at floor and roof
level

The maximum displacement at the top of the
window pillar was 414mm, the permanent
displacement was 340mm. The displacement time

histories of the four wire potentiometers are shown
in Figure A1 in the Appendix.

Rollover Test 2: Four Lap-belted Dummies

Figure 7. Rollover test 2: Permanent
deformation of bay section.

No material separation occurred during the rollover
test. The main plastic deformation was similar to
that in rollover test 1 ie. bending in the window
pillars at floor and roof level. The four dummies
remained securely belted throughout the rollover
test.

The maximum displacement at the top of the
window pillar was 467mm, the permanent
displacement was 380mm. The displacement time
histories of the four wire potentiometers are shown
in Figure A2 in the Appendix.

Comparison of Deformation

The inclusion of lap-belted dummies caused the
bay section to deform an extra 53mm at the top of
the window pillar. A visual comparison of the
maximum elastic deformation for each bay section
is shown in Figure 8.

Figure 8. Sketches of bay sections showing
maximum elastic deformation.

Rollover Test 1 Rollover Test 2
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COMPUTER SIMULATIONS

General Model Description

The principle of the computer model was to
simulate the dynamic rollover tests of the coach
bay section structure including dummies. Once the
computer model had been validated using the test
data, it would then be used to gain additional
information on the rollovers (eg. energy values)
and also to predict the effect of varying further
parameters (3-point belted and unrestrained
dummies).

The computer model (see Figure 9) was created as
a three dimensional finite element model and run
using the explicit LS-Dyna3D software. The
geometry of the model was the same as the bay
sections used during testing.

Figure 9. FE model of bay section.

The simulation began from the point of topple of
the bay section, allowing it’s free fall motion to be
modelled and the speed upon impact with the
ground to be automatically calculated.

During the free fall motion of the bay section, the
base of the two legs were constrained artificially.
The constraints only allowed rotation about the
longitudinal axis of the bay section and at the point
of impact with the ground, were released allowing
the bay section to move freely.

The ground was modelled as rigid and non-failing.

The steel tubular framework of the bay section was
modelled using 3D beam elements. These allowed
moment versus rotation properties to be input
directly to the likely hinge locations providing
accurate elasto-plastic collapse behaviour.
Otherwise the beams deformed elastically
according to their theoretical properties.

The roof and window panels were modelled using
3D shell elements and rigidly attached to the beams
(ie. no detachment allowed). The shell elements
possessed theoretical elasto-plastic material
properties.

The seat geometry was taken directly from the
actual seats used during the rollover tests. The seats
were modelled mainly using rigid solid elements in
order to reduce the CPU run time. The part of the
seat back that deformed during testing was
modelled using deformable elements, with
theoretical material properties. All the seat
elements allowed a friction coefficient to be
defined between themselves and the dummies.

Each seat under-frame was simplified by the model
and only allowed rotation to occur at three points
(seat joint to sidewall, top of legs, bottom of legs).
The rotational stiffness at these points was arbitrary
and was one of the properties varied during the
model validation process.

Standard FE Hybrid III 50%ile dummy models
(from LS-Dyna3D) were used to represent each of
the four dummies (see Figure 10). Each dummy
consisted of 3D shell elements that represented the
outer surface of the dummy volume. The joints
between the body segments used the validated
stiffness properties supplied with the model.

Figure 10. FE model of bay section including
four Hybrid III 50%ile dummies.

Bay Section Model with No Dummies (bay_sim1)

The ‘bay_sim1’ model consisted of the following
attributes:-

Nodes: 1,630
Beam elements: 261
Shell elements: 176
Solid elements: 560
Lumped masses: 58
Spring elements: 4
Joint elements: 14
Seatbelt elements 0

The model was calibrated to match the same
maximum displacement at the top of the window
pillar that was recorded during rollover test 1 (ie.
414mm). In order to achieve the correct
displacement, the following parameters were
varied:-

• Elastic stiffness of seat leg joints
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• Moment versus rotation data for bottom of
sidewall stump pillar and diagonals

The following time history graphs for ‘bay_sim1’
are shown in the Appendix:-

• Figure A3 - displacement time histories at
waist level and top of window pillar

• Figure A4 - comparison of FE displacement
data with the test data from rollover test 1

• Figure A5 - energy time history graph (kinetic
energy and internal energy)

Figures 11 and 12 show the model at the point of
maximum deformation and permanent deformation
respectively.

Figure 11. Model ‘bay_sim1’ at maximum
deformation.

Figure 12. Model ‘bay_sim1’ at permanent
deformation.

Bay Section Model with Lap-belted Dummies
(bay_sim2)

The ‘bay_sim2’ model consisted of the following
attributes:-

Nodes: 14,495
Beam elements: 357
Shell elements: 11,756
Solid elements: 560
Lumped masses: 58
Spring elements 100
Joint elements: 70
Seatbelt elements 16

The model was calibrated to match the same
maximum displacement at the top of the window
pillar that was recorded during rollover test 2 (ie.
467mm). In order to achieve the correct
displacement, the following parameters were
varied:-

• Stiffness and initial slack length of seat belt
elements

• Friction coefficient between dummies and
seats

• Contact definitions between dummy parts

• Contact definitions between dummies and bay
section parts

The following time history graphs for ‘bay_sim2’
are shown in the Appendix:-

• Figure A6 - displacement time histories at
waist level and top of window pillar

• Figure A7 - comparison of FE displacement
data with the test data from rollover test 2

• Figure A8 - energy time history graph (kinetic
energy and internal energy)

Figures 13 and 14 show the model at the point of
maximum deformation and permanent deformation
respectively.

Figure 13. Model ‘bay_sim2’ at maximum
deformation.

Figure 14. Model ‘bay_sim2’ at permanent
deformation.
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Bay Section Model with 3-point Belted Dummies
(bay_sim3)

The ‘bay_sim3’ model consisted of the following
attributes:-

Nodes: 14,495
Beam elements: 357
Shell elements: 11,756
Solid elements: 560
Lumped masses: 58
Spring elements 100
Joint elements: 70
Seatbelt elements 28

The ‘bay_sim3’ model remained the same as
‘bay_sim2’, except for the addition of a shoulder
belt for each of the four dummies.

The following time history graphs for ‘bay_sim3’
are shown in the Appendix:-

• Figure A9 - displacement time histories at
waist level and top of window pillar

• Figure A10 - energy time history graph
(kinetic energy and internal energy)

Figures 15 and 16 show the model at the point of
maximum deformation and permanent deformation
respectively.

Figure 15. Model ‘bay_sim3’ at maximum
deformation.

Figure 16. Model ‘bay_sim3’ at permanent
deformation.

Bay Section Model with Unrestrained Dummies
(bay_sim4)

The ‘bay_sim4’ model consisted of the following
attributes:-

Nodes: 14,495
Beam elements: 357
Shell elements: 11,756
Solid elements: 560
Lumped masses: 58
Spring elements 100
Joint elements: 70
Seatbelt elements 0

The ‘bay_sim4’ model remained the same as
‘bay_sim3’, except for the removal of all the seat
belt elements and the addition of extra contact
definitions.

Each double seat possessed two arm rests (ie. one
at each end of the double seat). The pelvis of each
dummy was ‘wedged’ between an arm rest and the
other dummy’s pelvis, providing contact loads
which lightly restrained each dummy into it’s seat.
Also the outer hand of each dummy (ie. the one
close to an arm rest) was fixed to the arm rest to
represent the occupant holding on. This restraint
was removed once the bay section contacted the
ground, in order to represent the occupant’s grip
being jerked free.

The following time history graphs for ‘bay_sim4’
are shown in the Appendix:-

• Figure A11 - displacement time histories at
waist level and top of window pillar

• Figure A12 - energy time history graph
(kinetic energy and internal energy)

Figures 17 and 18 show the model at the point of
maximum deformation and permanent deformation
respectively.

Figure 17. Model ‘bay_sim4’ at maximum
deformation.
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Figure 18. Model ‘bay_sim4’ at permanent
deformation.

DISCUSSION

Table 1 below summarises the main results from
the rollover tests and computer simulations.

Table 1. Summarised results from rollover tests
and computer simulations.

TEST RESULTS SIMULATION RESULTS

Roof max. Roof perm. Roof max. Roof perm. Impact KE IE max. IE perm. E* Occ Mass
OCCUPANT
CONFIGURATION

(mm) (mm) (mm) (mm) (kJ) (kJ) (kJ) Factor [1] Factor [2]

None 414 340 415 340 21.1 16.0 11.8 76% ---

4 (Lap-belted) 467 380 467 380 25.9 18.8 13.5 73% 71%

4 (3-point belted) --- --- 483 395 26.1 19.1 13.7 73% 93%

4 (Unrestrained) --- --- 428 276 25.8 17.1 10.4 66% 18%

Table notes:-
1. E* factor = IE max. / Impact KE
2. The occupant mass factor is a measure of the effective mass of the occupants that is coupled to the coach

during rollover. This is based on the displacement of the structure and uses the following boundary
criteria:-

• 0% is equivalent to bay section with no dummies (ie. 415mm max. displacement)
• 100% is equivalent to bay section with four dummies rigidly attached in seats (488mm max.

displacement, obtained from additional simulation model not reported)

From the above table it can be seen that for lap-
belted occupants the effective mass of the occupant
coupled to the rollover structure is 71%.

For the 3-point belt system, the effective mass of
the occupant coupled to the rollover structure is
93%. The shoulder belt restrains the torso
effectively to the seat back allowing only the head,
neck and legs to move freely.

The unrestrained dummies increased the
maximum structural displacement from 415mm to

428mm, representing an occupant mass factor of
18%. This figure depends significantly on the how
the dummies react during the freefall phase of the
rollover. During this simulation each pair of
dummies were held into their seats by being
‘wedged’ between the two arm rests. This resulted
in the two offside dummies being in mid-air by the
time the maximum structural deformation occurs.
The ‘flying’ dummies then contact the bay section
as it is recovering it’s elastic deformation, having
the effect of increasing this recovery and resulting
in a relatively low permanent structural
displacement of 276mm.
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A simple extrapolation of the results above can be
made in order to assess the effect of belted
passengers on a typical full length coach:-

• A typical coach would possess seven energy
absorbing ‘rings’ which could be loaded with
up to 56 passengers (ie. 8 passengers per
‘ring’)

• The rollover test using lap-belted dummies
showed an increase in the roof corner
displacement of two ‘rings’ by an extra 53mm.
Therefore,

� 2 dummies per ring = 53mm

� 8 dummies per ring = 4 x 53 = 212mm

Therefore, a fully laden coach of 56 lap-
belted passengers could increase the roof
corner displacement by 212mm toward and
beyond the passenger residual space.

• The rollover simulation using 3-point belted
dummies showed an increase in the roof corner
displacement of two ‘rings’ by an extra 68mm.
Therefore,

� 2 dummies per ring = 68mm

� 8 dummies per ring = 4 x 68 = 272mm

Therefore, a fully laden coach of 56 three-
point belted passengers could increase the
roof corner displacement by 272mm toward
and beyond the passenger residual space.

CONCLUSIONS

The mass of the occupant that is effectively
coupled to the coach structure during the R66
rollover test is:-

• Lap-belted occupants 71%
• 3-point belted occupants 93%

• Unrestrained occupants 18%

REFERENCES

1. UN-ECE Regulation 66, ‘Uniform Provisions
Concerning the Approval of Large Passenger
Vehicles with Regard to the Strength of their
Superstructure’.

2. TransBus International (Plaxton Coach and Bus),
Eastfield, Scarborough, North Yorkshire, UK.

APPENDIX

Figure A1. Displacement time history for
Rollover Test 1: Bay section, no dummies.

Figure A2. Displacement time history for
Rollover Test 2: Bay section, lap-belted
dummies.

Figure A3. Displacement time history graph for
‘bay_sim1’ model: Bay section with no dummies.
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Figure A4. Comparison of FE (blue) and test
(red) time history data for ‘no dummy’ scenario.

Figure A5. Energy time history for ‘bay_sim1’
model: Bay section with no dummies.

Figure A6. Displacement time history graph for
‘bay_sim2’ model: Bay section with lap-belted
dummies.

Figure A7. Comparison of FE (blue) and test
(red) time history data for the ‘lap-belted
dummies’ scenario .

Figure A8. Energy time history for ‘bay_sim2’
model: Bay section with lap-belted dummies.

Figure A9. Displacement time history graph for
‘bay_sim3’ model: Bay section with 3-point
belted dummies.

Figure A10. Energy time history for ‘bay_sim3’
model: Bay section with 3-point belted dummies.

Figure A11. Displacement time history graph
for ‘bay_sim4’ model: Bay section with
unrestrained dummies.
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Figure A12. Energy time history for ‘bay_sim4’
model: Bay section with unrestrained dummies.
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UNIVERSAL COACH SAFETY SEAT

Majid M. Sadeghi
Cranfield Impact Centre
United Kingdom
Paper No. 217

ABSTRACT

Bus and coach seats with 3-point seat belts, when
properly designed, implemented and used, are safer
than any current available seat and restraint option.
However, they imply cost and weight penalties and
can also be ‘too rigid’ for unbelted passenger sitting
behind.

A universal coach safety seat has been developed and
tested that meets the following requirements:-

(a) The seat carries a 3-point belt that adequately
restrains two 50%ile dummies under the most
extreme condition of UN-ECE Regulation 80
(R80), also when the seat simultaneously
restrains unbelted or lap-belted 50%ile dummies
seated behind.

(b) The R80 specified injury criteria of the unbelted
or lap-belted dummies seated behind the test seat
are met under condition (a) and also when the
test seat is empty.

(c) The technical requirement (a) and (b) were met
using conventional materials (low cost steel,
plywood, foam and standard belts) and
production methods, resulting in a twin seat of
36.3kg.

INTRODUCTION

Improved protection for a coach occupant is
influenced by two main parameters. The first is the
residual space (minimum space required to prevent
occupant throughout the accident) within the vehicle.
The excessive collapse of super structure (intrusion
into residual space) generally results from vehicle
rollover. This parameter has been studied resulting in
Regulation 66 that specifies the extent of structural
collapse without intruding into the defined space
based on the seat geometry (Ref. ESV paper no. 216).

The second parameter concern occupant interaction
with the boundary of the residual space. This could
involve occupant body segments impact with the
structure’s interior surfaces or partial/total ejection
from the vehicle. In either case the induced loads on
the occupant’s body segments are highly likely to
exceed human tolerance loads. To prevent such a
condition it is necessary to minimise the relative

displacement of the body segments relative to the
seat.

A number of serious coach accidents in UK and else-
where in Europe generated a growing concern about
the feasibility of improving coach safety by fitting
seat belts. In the late 1994 the European Commission
initiated a project to deal with the problem. The
results have been presented in [1] and some of the
main conclusions were:-

(a) Passenger ejection is a major cause of death and
injury particularly in minibus and coach
rollovers, but also in frontal and side impacts.
All minibus and coach seats occupants are
'exposed' to danger in rollovers as well as other
accidents.

(b) Seat belts can significantly reduce or prevent
passenger ejection, but the whole system: seat,
seat belts and all anchorages must be properly
designed, manufactured, installed and used.

(c) Some of the R80 compatible seats approved with
unbelted dummies can maintain acceptable
injury levels even when dummies are lap-belted.
However, lap belts increase the head strike
exposure and the belt angles should be controlled
to reduce danger of abdominal in juries.

(d) Seats with 3-point belts offer, in principle, the
best protection to belted occupants, but can be
'too hard' to those sitting behind, particularly if
they wear lap belts. This raises important
questions whether 'hard' 3-point belt seats can be
mixed with other types and whether the
protection of un-belted occupants be considered.

(e) Combined loading, with lap or 3-point belted
dummies in the test seat and unbelted dummies
behind impose very much higher seat and
anchorage loads and a significant geometry
change in comparison with a standard R80 test.
Combined loading should be considered, so that
the unbelted occupants sitting behind do not
compromise safety of belted occupants.

(f) Dynamic tests on seats, anchorages (and
obstacles if any exist in front of a seat with lap-
belts) ought to be applied to reflect the body
dynamics in front impacts and particularly the
head-strike.

(g) An 'ideal' solution would be a seat that can
protect occupants under all conditions, i.e.
unbelted, lap belted and 3-point belted, as well as
any combination of these. These options were
met with much scepticism in terms of their
commercial feasibility (size, cost and weight).
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PROJECT OBJECTIVES

The objective of the Project was to investigate the
feasibility of an M3 coach twin seat that would meet
the following requirements:-

(a) the current ECE R80 (empty) seat test with
unrestrained dummies sitting behind;

(b) the proposed conditions combining the current
ECE R80 (empty) seat test with lap-belted
dummies behind (Draft Commission Directive
lli/5l62/94/EN concerning the Directive
74/408/EEC);

(c) the combined loading, involving 3-point belted
dummies in the seat and unbelted dummies
behind;

(d) the combined loading, involving 3-point belted
dummies in the seat and lap-belted dummies
behind;

(e) weight and cost-related constraints that would
make the seat commercially feasible; this
feasibility may be justified even if such seat can
be safely used (as regards rear passengers too)
only in the 'exposed' seating positions ; however,
the maximum possible benefit would arise from
an 'all round', large quantity seat to which lap or
3-point belts can be retrofitted.

Conditions (c) and (d) go much beyond the proposed
conditions under (b), not only in terms of the level of
loading, but also as regards the geometry change of
the tested seat occupied by belted dummies.

The current R80 compatible seats are designed to
protect unbelted occupants only and the Australian
Design Rule 68/00 (first approved in October 1992)
concerns safety of the 3-point belted occupants only.
To the best knowledge of all people involved in this
Project, a seat meeting criteria above neither existed,
nor has a similar attempt been made in the past.

GENERAL APPROACH TO THE PROBLEM

The work programme included:-

(a) Engineering background study,

(b) Component tests,

(c) Occupant and structural simulation studies,

(d) Concept selection and parametric studies,

(e) Proposal for the main deforming and non-
deforming components,

(f) Blending the safety features with the other
functional and manufacturing constraints of an
assumed 'production seat',

(g) Production of seat test prototypes,

(h) Dynamic tests on a HyGe reverse accelerator rig,

(i) Static test on anchorages according to the
Directive 76/115/EEC.

ENGINEERING BACKGROUND AND
DEFINITION OF TEST CONDITIONS

The first step involved investigation of the
conclusions arising from the EC seat belt project [1],
past CIC projects on aircraft, railway and coach seats
and from literature. This resulted in the framework
within which the concept solution was found and
identified priority issues in the theoretical and
experimental work. Decisions reached at this stage
were, for example, to:-

(a) Achieve the solution by a controlled and
progressive collapse of the seatback and
underframe structures;

(b) Interpret the 'seat pitch' as 'seat spacing' in the
ECE Regulation 36 (i.e. measured between the
front of the seat back of the auxiliary seat and the
rear of the seat back of the seat tested), which
increases the distance between the 'equivalent'
points on the auxiliary and test seats by
approximately 50 to 60 rnrn and creates a more
severe test scenario;

(c) Make the test conditions as severe as possible
while still within the bounds of ECE R80 on
acceleration and total velocity change. The test
pulse was therefore tailored to be very close to
12g over approximately 30 ms of acceleration,
with a total velocity change of 30 kph - this has
brought the seat as close as was possible to the
M2 minibus category too.

The parameters of interest are shown in Figure. 1.

Figure. 1. Seat structure and main features of
relevance.

Seat pitch

Restraint
system

Seatback joint
stiffness
Seat anchorage
strength

Seatback
compliance
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COMPONENT TESTS

Component tests comprised:-

(a) Static bending collapse tests on a selection of
mild steel tubes used within the seat structure to
establish the reference material properties. These
were used to predict bending moment-rotation
curves and section optimisation using an in-
house computer program.

(b) Static compression tests on the seat cushions and
backs to enable correct dummy positioning in the
dynamic occupant / seat simulations using
program MADYMO.

(c) Dynamic pendulum tests on the energy
absorbing materials to estimate the impact
response of different combinations of materials
and geometries and generate MADYMO input
data. Typical of the tests carried out is that using
a pendulum (Figure 2.), made of aluminium
carrying a mahogany head former sculptured to
represent closely the face of the HYBRID III
dummy.

In this test an accelerometer was mounted centrally
immediately behind and in line with the head-to-seat-
back contact. The seat back test specimens with
different padding of the head impact zone were
mounted on a frame with a seat-back like geometry.
The angle of impact was adjusted to approximate the
relative kinematics of the head-strike of a lap belted
occupant against an empty seat in front. Test results
included the impact velocity, deceleration signal,
visual inspection and photography.

ANALYTICAL STUDIES

The analysis activities were carried out broadly in
parallel with the component tests, with some
additions after the first full scale tests. For more
efficient use of time, where ever possible, the
sin1ulation was carried out applying quasi-static
structural analysis method, linked in an iterative loop
with a dynamic occupant / seat interaction analysis
applying MADYMO code. The main role of the static
analysis was to:-

(a) 'translate' the general collapse properties of the
seat structure indicated as favourable by the
dynamic simulations into design
recommendations on the main deforming and
non-deforming members at the levels of the
overall layout and component collapse
properties.

(b) feed input data back to the dynamic analysis
after assuming a certain design and generating
the component and overall collapse properties.

(c) control the compatibility of the MADYMO and
structural collapse modes and identify design
problems and favourable collapse modes.

Figure 2. Testing various materials for required
compliance properties

Component moment-rotation curves at plastic hinges
were generated using program to facilitate the
analysis of the complete structure. The loads were
applied in two or three directions at seat belt
anchorage points, knee, torso and head contact region
using axially collapsible beams whose load-
deflection curves reflected the loading sequence
observed in earlier tests [1], or dynamic analysis.

However, static analysis has serious limitations in
identifying the truly dynamic effects of the
interaction between the dummy and deforming seat,
represented by highly oscillating time histories with
shifts between different contact regions.
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Dynamic analysis was carried out to:-

(a) investigate different concept solutions, both in
qualitative and quantitative terms,

(b) investigate the chosen concept as regards the
effect of the collapse properties of the structure
and contact regions on the occupant kinematics
and injury criteria.

The main difficulties concerned reliability of the
input data and the potentially high sensitivity of the
injury criteria to relatively small variations of input
parameters (both affected by quasi-static analysis and
pendulum tests).

The seats were studied in the four configurations
shown in Figure 3, each implying different conditions
for both the seat and dummies (al1 50 %ile male):-

Figure 3(a) Front dummies 3-point belted, rear
lap-belted.

Figure 3(b) Front seat empty, rear dummies lap-
belted.

Figure3 (c) Front dummies 3-point belted, rear
unbelted.

Figure 3(d) Front seat empty, rear dummies
unbelted.

The parameters considered in the dynamic study were
the head and knee contact stiffness, seatback
structure strength, underframe stiffness and strength
(in a 'macro' sense, i.e. not including individual
structural elements) and seat belt stiffness. Table 1
(overleaf) shows the dummy results obtained with a
'recommended' design used in the first test on each
scenario in Figure 3. Results correspond to the rear
seat dummies with top figures predicted by analysis
and the bottom two corresponding to the test results
(first the "window" side occupant (50 %ile Hybrid
II), then, after the'/’ sign, the "aisle" side (50 %ile
Hybrid III)).
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Table 1.

Table 1 is illustrative not only as regards the
agreement between the theoretical and the first
experiments, but also in terms of the scatter of the
test results. Further 'fine' tuning of the seat was
necessary, mainly based on additional pendulum
tests.

THE BASIC DESCRIPTION OF THE NEW
SEAT

The concept of the new seat was based on the desire
to achieve both the safety and commercial viability.
This immediately led to a decision to aim for:-

(a) utilisation of conventional materials and
production methods, typical for the bus and
coach seat manufacturing industry,

(b) a design that would, ideally, be suitable as a
standard seat for all seating positions, resulting
in the following benefits:

(b1) high number of units, hence lower unit cost,

(b2)possibility to offer lap or 3-point belts as
options on the same seat,

(b3)possibility to retrofit lap or 3-point belts
after the original purchase.

The same requirements also enhanced the need to
minimise the weight of the seat. Weight minimisation
often implies use of advanced materials, such as
aluminium and composites. However, it was only
practical (and fully justifiable) to go for the same
basic materials used in other seats, i.e. steel tubes,
plywood, low-cost foams (meeting the Directives on
the burning behaviour of interior materials used in
buses in coaches - which is not yet in force). This
was also the case for range of brackets, joints, etc.
also made of steel and using conventional production

procedures. The total weight with one leg and
anchorages was 36.3 kg.

The 3-point belt was of standard configuration. Both
shoulder belt slots were in the middle of the seat, to
remove them from the aisle and have a common seat
for the left and right side of the coach. The retractors
were under the cushions. The seat design, which is
patent pending, was chosen to combine:-

(a) compatibility with all the geometry/installation
requirements for M3 vehicles;

(b) stiff and strong seat leg and all anchorages,
attached to standard vehicle rails;

(c) deformable seat underframe;

(d) deformable and detachable seat back, for
production/fit consideration;

(e) provision for the reclining mechanism (which
was however reinforced and blocked in all tests,
except for one rear seating position in Test 6);

(f) contact properties in the knee, head and chest
contact regions.

FULL SCALE DYNAMIC TESTS

Full scale dynamic tests were carried on a HyGe
reverse accelerator sled rig, with test conditions
adjusted to be as severe as possible for the M3
vehicles, as described above. The auxiliary (launch)
seats were standard production seats and compatible
with ECE Regulation 80. In view of the geometric
similarity of the front face of the standard and the
new seats and since the R80 seats with lap-belted
dummies did not appear to deform permanently, it is
argued that the test conditions reasonably represented
the case where all seats are of the new type.

All seats were mounted on rails identical to those
used in standard reference coaches.

All the tests (except Test 5 which involved seat rows
1 and 2 only) examined two scenarios using a single
firing of the HyGe sled rig (examples are shown in
Figures 4 and 5).

Where in Figure 4:-
• Row 1 (new seat) - 3-point belted with

uninstrumented Hybrid II dummies in both seats,

• Row 2 (R80 seat) -lap belted, instrumented
dummies, near (window seat), Hybrid II, next to
Hybrid III,

• Row 3 (new seat) – empty,
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• Row 4 (R80 seat) - unbelted, instrumented
dummies, near (window) seat Hybrid II, next to
Hybrid III.

Figure 4. HyGe sled test of the universal coach
safety seat with 50 %ile male dummies .

The test arrangement for Figure 5 was:-

• Row 1 (new seat) - 3-point belted,
uninstrumented Hybrid II in both seats,

• Row 2 (R80 seat) - unbelted, instrumented
dummies, near (window) seat Hybrid ll, next to
Hybrid III,

• Row 3 (new seat) – empty,

• Row 4 (R80 seat) - lap-belted, instrumented
dummies, near (window) seat Hybrid ll, next to
Hybrid III.

Figure 5 HyGe sled test of the universal coach
safety seat with 50 %ile male dummies.

One scenario was tested using rows 1 and 2 and the
other with rows 3 and 4. The general test
arrangement was as follows:-

Row 1: tested seat - new seat in Tests 1 to 6, loaded
with uninstrumented, 3-point belted Hybrid II
dummies,

Row 2: launch seat - R80 seat in all tests, loaded with
instrumented Hybrid II (window seat) and Hybrid III
(aisle seat) dummies (50 %ile in tests 1 to 5, and 95
%ile (aisle) and 5 %ile (window) in Test 6) ,
dummies were unbelted in Tests 1 and 2, or lap-
belted in Tests 3 to 6,

Row 3: tested seat - empty in all tests,

Row 4: launch seat - standard R80 seat in all tests,
with instrumented Hybrid II (window) and 50%ile
Hybrid III dummies, unbelted in Test 3, otherwise
lap-belted.

The 'pitch' (i.e. seat spacing) between the test and
launch seats was 750 mm in all tests, apart from rows
3 and 4 in Test 6, which had a spacing of 650 mm.
The gap between the seat back in row 2 and cushion
in row 3 was approximately 150 mm, so that there
was no interaction between the seats in rows 2 and 3.
The reference injury criteria required by the ECE
Regulation 80 and the new draft amendments to the
76/115/EEC Directive were:-

(a) the head injury/acceptance criterion (HAC): 500.

(b) the chest (thorax) acceleration acceptance
criterion (HAC): 30 9 for up to 3 ms.

(c) the femur force acceptance criterion (FAC):
10kN (8kN for more than 20 ms).

Although not part of any safety legislation, the neck
injury criteria in most Hybrid III dummies were also
measured to investigate an important injury
mechanism. These are based on the comparison of
the processed time histories (level - duration) of the
neck loads with a 'tolerance corridor' and expressed
in percents of the tolerance limit. An 'acceptable'
result reads less than 100 %.

The main test conditions and results are summarised
in Table 2. Extracts from the high speed films from
each test scenario are shown in Figs 4 and 5.

Test 1 was to be preceded by a static seat belt
anchorage test to investigate whether joint separation
may occur. Unfortunately, this could not be done and
indeed the seat back in the first row fractured at the
reclining mechanism and had to be re-designed.

Test 2 and all subsequent test had an identical main
structure. The seat met all the structural, dummy
kinematics and injury criteria, including the extra
neck- related data, with the exception of the unbelted
Hybrid II dummy in the second row whose HAC was
just above the limit (567). There was no damage to
anchorages and all seats stayed firmly anchored after
test. This demonstrated that the same seat can carry
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3-point belted occupants and also restrain the
unbelted passengers behind. When empty, it also
protects the rear lap-belted passengers.

Table 2. Summery of the dynamic test configurations, crash pulses and injury details from 6 test batches.

Seat Seating spacing Test 1 Test 2 Test 3 Test 4 Test 5 Test 6
1st All seat spacing 750mm, except between

rows 3 & 4 in test 6
New
seat

New
seat

New
seat

New
seat

New
seat

New
seat

2nd R80 R80 R80 R80 R80 R80
3rd New New New New New New
4th R80 R80 R80 R80 R80 R80

Dummies
1st All dummies Hybrid II (50%ile) 3-point

belted
3-point
belted

3-point
belted

3-point
belted

3-point
belted

3-point
belted

2nd Window, Hybrid II (50%ile)
Aisle, Hybrid III (50%ile)
Exception, 5%ile (Window) and 95%ile
(aisle) in test 6

Unbelted Unbelted Unbelted Unbelted Unbelted Unbelted

3rd Vacant Vacant Vacant Vacant Vacant Vacant
4th Lap

Belted
Lap
Belted

Lap
Belted

Lap
Belted

Lap
Belted

Lap
Belted

Dummy Parameters
Head HAC 397 567 871 697 413 587
Chest 3ms max (g) 11.1 21.1 22.6 24.9 21.6 23.6

2nd row
window

Max. left femur load (kN),(compressive
+ev)

5.4 5.1 3.6 3.4 4.0 -1.7

Max. right femur load (kN),(compressive
+ev)

1.5 2.9 0.7 0.4 1.0 -1.3

Head HAC Corrupt
data

305 633 604 439 421

2nd row Fore/aft neck criterion (%) 39.9/24.3 14.6/76.7 59.3/11.9
aisle Tension/compression neck criterion 56.3/5.3 54.7/5.1 79.4/57.5

Chest 3ms max (g) 10.0 12.3 14.1 12.8 12.6 15.1
Max. left femur load (kN),(compression
+ev)

1.7 4.3 2.8 2.7 2.8 3.4

Max. right femur load (kn),(compression
+ev)

3.9 3.4 2.5 2.3 2.8 3.0

Head HAC 240 436 213 347 257
Rear Chest 3ms max (g) 25.8 29.8 29.2 24.5 22.8
Row
window

Max. left femur load (kn),(compression
+ev)

5.4 3.7 4.5 4.1 4.9

Max. right femur load (kN),(compression
+ev)

2.6 3.3 3.8 2.6 3.2

Head HAC 307 356 359 575 177
Fore/aft neck criterion (%) 48.3/16.6 15.4/65.9 10.4/110 12.1/86.8

Rear Tension/compression neck criterion (%) 3.5/93.1 95.1/2.7 91.8/9.6 71.6/4.6
row Chest 3ms max (g) 18.1 19 21..2 15.5 11.7
aisle Chest deflection (mm) 3.7

Max. left femur load (kN),(compression
+ev)

3.1 3.4 4.7 4.9 3.5

Maxi. right femur load (kN),(compression
+ev)

3.8 4.0 3.7 3.5 3.1

Pulse Max. Deceleration (g) 11.9 11.9 12.0 11.9 11.2 12.1
details Max. velocity 30.6 29.9 29.9 29.9 30.6 30.2

Average decel. (g) 7.54 7.73 7.69 7.16 7.19
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Test 3 included some improvement of the head strike
region and met all the structural, dummy kinematics
and injury criteria (Table 2) for the unbelted
occupants sitting behind the empty seat. The fore and
aft neck criterion was, however, marginally above the
limit (110%). The head strike region had to be
improved again also because both lap belted
dummies in the second row failed the HAC (871 and
633), but passed other requirements.

Test 4 confirmed that the worst case scenario (at least
with this particular seat) when the seat loaded with 3-
point belted passengers also had to protect lap-belted
occupants behind.

Test 5 showed full compliance with all the injury
criteria in the last remaining case of the seat
protecting both the 3-point belted 50 %ile dummies
and simultaneously, the lap-belted 50 %ile dummies
behind.

Test 6 was organised to investigate how the seat in
Test 5 would perform with the arrangement
involving:-

• Row 1 - loaded with 3-point belted 50 %ile
dummies

• Row 2 - lap belted dummies: 5 %ile small
female dummy in the window seat next to 95
%ile (large male)

• Row 3 - empty

• Row 4, at 650 rnm pitch lap belted dummies :
500/oile Hybrid II (window seat) next to a 50
%ile Hybrid III.

All the injury criteria were below the limit (Table 2),
except the HAC of the small (5 %ile) dummy in the
second row, which read 587. This dummy hit the
lower edge of the foam block that was, at that point
only, stiffened to blend the padding with the back of
the seat. This may have raised the HAC and
confirmed the higher sensitivity of the smaller
dummies as observed in the earlier EC project by the
same team. The lower injury readings with 650 rnm
pitch confirmed the earlier findings that the smaller
pitch benefits the safety of occupants.

STATIC TEST ON BELT ANCHORAGES TO
THE 76/115/EEC DIRECTIVE

The static test of the seat belt anchorages to the
Directive 76/1l5/EEC, as amended in 9O/629/EEC
was carried out on one seat after completion of the
dynamic tests. The M3 specification required 450
daN for each torso belt and for each lap belt 450 daN

plus 6.6 times half of the seat weight (i.e. a total of
567 daN). The requirement was met with the seat top
moving forward to a maximum of approximately 200
mm and without any material separation.

Figure 6 show the analysis and Figure 7 the testing of
various seat orientations to ensure effectiveness of
the seat design when subjected to different loading
conditions.

Figure 6. Numerical simulations of different seat
configurations.

Unbelted

Unbelted

3-point
belt

3-point
belt
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(a) Before test.

(b) After test.
Figure 7. Different seating configurations of
occupants inside frontal impact test of M2 vehicle.

CONCLUSIONS

A prototype twin coach seat with three- point belts
has met all the ECE Regulation 80 injury criteria
under the 'worst' acceleration and seat pitch
conditions for the M3 coaches. Effective occupant
protection was shown to exist under the following
scenarios:-

• empty seat hit by unbelted dummies,

• empty seat hit by lap-belted dummies,

• fully loaded seat hit by unbelted dummies,

• fully loaded seat hit by lap-belted dummies

The seat also performed well when fully loaded seat
was impacted by lap-belted 95 %ile male and 5 %ile
female dummy, as well as when seat spacing of 650
mm was applied between an empty seat and seat
carrying lap- belted 50 %ile dummies. The seat also
passed the 76/115/EEC Directive on seat belt
anchorage loads, although this requirement was not
seen as essential after the whole system seat/
belt/anchorages met the dynamic test conditions.

The seat thus passed all the conditions of the current
proposal for the new EEC Draft Directives on seats
and seatbelts (50 %ile unbelted or lap-belted
dummies impacting an empty seat in front), but also
all the conditions of the combined loading where
unbelted or lap belted dummies impact the seat in
front which also carries 3-point belted dummies.

The seat is no bigger than a typical current European
production seat and is made using conventional
materials and production methods. The mass of the
new twin seat of 36.3 kg compares well with some in
current use. The seat was tested with standard
mounting rails on the coach body . All these provide
a sound basis for the production development of a
commercial seat that would be suitable for all seating
positions, with the following possibilities:

(a) high number of units, hence lower unit cost,

(b) possibility to offer lap or 3-point belts as options
on the same seat as well as retrofit. The new seat
also provides a sound basis for resolving all of
the main outstanding issues regarding the safety
of coach seats (i.e. protection of all passengers,
'mixed mode operation', etc.).
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ABSTRACT

The goal of this study was to develop a finite
element (FE) lower limb model that can be used for
direct and accurate injury prediction. Three-
dimensional geometry of the lower limb bones and
knee ligaments was determined from MRI scans of a
human volunteer for an accurate geometry
reconstruction. In order to address various loading
conditions in car-pedestrian accidents, the dynamic
response of the bone models was validated against the
dynamic 3-point bending tests with different loading
points conducted in a recent study. Material parameters
for knee ligaments were determined from the latest
tensile tests performed at high loading rates that may
be generated in real accidents. In order to validate the
dynamic response of the knee joint alone, a recently
performed experiment using only the knee portion of
the human subject was used. The results of these model
validations showed that the model developed in this
study was capable of accurately predicting the dynamic
response of the lower limb bones in various loading
conditions, and the dynamic shearing and bending
response of the knee joint alone. It was also found that
bone fracture in the 3-point bending tests and damage
to knee ligaments in the shearing and bending tests can
be reproduced using this model.

INTRODUCTION

A number of past studies have developed human
lower limb models for pedestrians in order to reproduce
lower limb injuries in car-pedestrian accidents.
Bermond et al. [1][2] developed a three-dimensional
FE model for the human knee joint. Although the
geometry of the femur and tibia was reconstructed
using a human leg X-ray scanner, direct comparison
between experiment and computer simulation was not
made. Yang et al. [3] developed an FE lower limb
model in standing position using the DYNA3DTM

program. An isotropic linear viscoelastic material
representation was used for bones and ligaments.
However, the geometry of the bones and ligaments was
extremely simplified, and the model was validated only
for the global response of the leg such as the leg
acceleration in lateral impact.

More recently, Schuster et al. [4] developed an FE
lower limb model that includes deformable long bones
(femur, tibia, fibula) and a flat bone (patella) as well as
soft tissues at the knee joint such as articular cartilage,
menisci, and major knee ligaments. The geometry of
the tissues came from many references, depending on
anatomical regions. Although solid and shell elements
were employed to represent bones, cartilage, and
menisci, non-linear spring-dashpots were used for the
major knee ligaments, potentially leading to difficulties
in simulating the complex nature of bone-ligament and
ligament-ligament contacts as well as the cross-
sectional representation of the ligaments. Validation of
each bone model was performed only in static mid-
shaft 3-point bending. The lateral impact response of
the lower limb model was validated against Kajzer et al.
[5] in terms of the global response such as the knee
impact and reaction forces. Bone and ligament injuries
were also compared between the experiment and
computer simulation. Takahashi et al. [6] developed an
FE lower limb model using PAM-CRASHTM program.
The geometry of bones came from the original H-
DummyTM [7], which is based on the Viewpoint
DatalabTM [8]. Solid and shell elements with non-linear
elastic-plastic rate dependent material characterization
were used for long bones and major knee ligaments in
order to accurately represent the dynamic response of
these tissues as well as bone-ligament contacts. The
bone models were validated against published quasi-
static and dynamic mid-shaft 3-point bending test
results. The knee joint response to lateral impact was
validated against Kajzer et al. [9][10] with respect to
the impact force, knee shear displacement, and knee
bending angle. The failure of the knee ligaments
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predicted in the computer simulation was compared
with the experiment. Beillas et al. [11] developed an FE
lower limb model designed for the application to a
variety of impact scenarios. The geometry was based
on MRI scans, and brick and shell elements were used
to model the main knee ligaments. Again, lateral
impact tests performed by Kajzer et al. [5][12] were
used for validating the lateral loading response. Impact
force time history was compared between the
experiment and computer simulation in lateral knee
shear. For lateral knee bending, time histories of impact
force and leg rotation about the knee were compared.

Due to the limitation in available test results, all the
bone models in these recently developed FE lower limb
models were validated only in mid-shaft 3-point
bending. In actual car-pedestrian accidents, however,
the bumper tends to hit the proximal part of the adult
leg. The material properties of the knee ligaments came
directly from literature, and no validation was
presented in terms of the force-deflection properties at
various loading rates for each separate ligament.
Regarding the lateral impact response of the knee joint,
all of these recent modeling studies have used the
results of a series of experiments performed by Kajzer
et al. [5][9][10][12]. Since these experiments employed
the entire intact limbs, the validation was limited to the
overall response of the limb rather than validating the
mechanical response of the knee joint alone.
Apparently, one of the biggest advantages of utilizing
an FE lower limb model is that the model is potentially
capable of reproducing not only the global kinematic
and kinetic response but also local failure of the tissues.
Considering the limited validation in these currently
available models, there is still a need for a more
extensively validated model that is capable of
reproducing more realistic impact loading scenarios for
each tissue component.

In this study, the bone models were validated
against the results of recently performed dynamic 3-
point bending tests at three different loading points.
The model for each ligament was subject to validation
against the latest tensile failure tests using bone-
ligament-bone complex at different loading rates. The
knee joint model was validated against the experiments
using isolated knee joints in order to examine the
dynamic response of the knee joint alone.

MODEL DESCRIPTION

An FE lower limb model in standing position that
includes the lower limb bones (femur, tibia, fibula),
soft tissues at the knee joint (major ligaments, menisci,
joint capsule), and muscles and skin surrounding the
bony and ligamentous structures was developed using

PAM-CRASHTM. The geometry of the entire model
was based on the MRI scans taken from a human
volunteer. Material properties of bones and soft tissues
were based on the previous study by the authors [6] but
slightly tuned in order to better describe the latest test
results.

Geometry

MRI scans of the lower limb for the femoral head
and below were taken from a Japanese human
volunteer at the Advanced Telecommunications
Research Institute (ATR) Brain Activity Imaging
Center in Kyoto, Japan. The MRI experiment was
approved by the ethics and safety committee at ATR.
The subject was a 35 years old male with
anthropometry close to that of the AM 50th percentile
(174 cm height, 78 kg weight). For bone modeling,
MRI scans were performed in the transverse plane from
the femoral head to the ankle at an interval of 2 mm.
For the reconstruction of the smaller knee joint
structures such as ligaments and menisci, it was
necessary to increase the resolution of the scans. An
MRI coil usually used for scanning the head region was
applied to the knee region, and the scans were made in
transverse, sagittal, and coronal planes at an interval of
1.5 mm. Examples of these MRI scans are shown in
Figure 1 for sagittal and coronal sections around the
knee joint. The scans obtained were manually
processed using image processing software so that the
boundary of the structure could be easily recognized.
Then the boundaries of all the scans were automatically
traced and three-dimensional surfaces were generated
by using ForgeTM software. The surface data was read
into an in-house software for mesh generation.

Figure 2 shows the lower limb geometry
reconstructed from the MRI scans. The model includes
long bones (femur, tibia, fibula), major knee ligaments
(Anterior Cruciate Ligament; ACL, Posterior Cruciate
Ligament; PCL, Medial Collateral Ligament; MCL,
Lateral Collateral Ligament; LCL), menisci, knee joint
capsule, and surrounding muscles and skin. In our
previous study, it was found that the muscles and
tendons around the knee joint do not have significant
effect on the lower limb response to lateral impact [6].

Figure 1.  Example of knee MRI.

Sagittal Coronal
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Therefore, the patella and the connecting tendon and
ligament were not modeled for simplicity, and the
muscles were modeled only for the padding effect in
lateral impact.

The bone models consist of the cortical and
trabecular layers to represent the anatomical structure
of the human bones as shown in Figure 3. The
trabecular layers in the epiphyses were modeled using
solid elements surrounded by shell elements that
represent the surface cortical layers. Although the
cavity inside the cortical tubular structure in diaphysis
is filled with a yellow marrow, it is a fatty tissue and its
contribution to high-energy impact response was
deemed negligible. The cortical tubular structure was
modeled using solid elements. However, solid meshing
in some metaphyseal regions resulted in very small size
of elements and an unrealistically small computational
time step. Thus, shell elements were applied to these
areas to avoid this problem.

Three of the four major knee ligaments (ACL, PCL,
LCL) were modeled using solid elements in order to
accurately represent the distribution of cross sectional
area as well as the ligament-ligament and bone-

ligament contact (Figure 4). Shell elements were
selected for the MCL considering its thinness. The
cruciate ligaments (ACL, PCL) are considered to have
two bundles with different orientation and mechanical
response [13]-[15]. In order to take this into account,
the ACL and PCL models were divided into two
bundles (Anteromedial ACL bundle; A-ACL,
Posterolateral ACL bundle; P-ACL, Anterolateral PCL
bundle; A-PCL, Posteromedial PCL bundle; P-PCL) as
shown in Figure 5. The insertion sites were estimated
from anatomy CD-ROMs [16][17], and were rigidly
attached to the corresponding bony surface areas. The
inferior surface of the menisci was attached to the tibial
plateau using the tied contact in PAM-CRASHTM

(sliding interface definition type 32) [18][19]. The
entire knee joint was covered by the joint capsule
modeled using shell elements (Figure 4).

Material Property

Material properties for bones and soft tissues were
based on a previous study by the authors [6] and will
not be repeated here in detail. Non-linear elastic-plastic
rate dependent material characterization was used for

Figure 2.  Geometry of FE lower limb model.

Figure 3.  Structure of bone models.

Anterior Posterior

Femur Tibia

Trabecular
      - Solid

Trabecular
      - Solid

Cortical - Shell

Cortical - Shell

Cortical - Solid

Figure 4.  Models for knee ligaments and menisci.

Figure 5.  Models for ligament bundles.

LCL - Solid
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bones, ligaments, joint capsule, and skin. Material
types 16 and 105 were chosen for solid and shell
elements, respectively. Strain rate dependency of the
constitutive relationship was modeled using the curve
definition function with logarithmic interpolation and
the Cowper-Symonds strain rate law for the bones and
soft tissues, respectively. Material modeling for the
flesh padding came directly from H-DummyTM [7],
which employs a non-linear viscoelastic material model
(material type 22). In our previous study, trilinear
stress-strain curves were used for ligaments to simulate
the initial slack region, subsequent elastic region, and
plastic region. The validation process for each
individual ligament bundle is described below,
however, it was difficult to simulate the plastic region
in the force-deflection response at various loading rates
using the trilinear stress-strain representation. For this
reason, bilinear representation (initial and elastic) was
used and the damage parameters in material type 16
and 105 were introduced. These values were
determined so that the plastic region of the force-
deflection response predicted by the model would best
represent that from the experiment. It is known that the
meniscus behaves elastically during a high-speed
impact [20]. Based on this finding, it was decided that
the material property of the menisci be modeled using
elastic material model. Material parameters for bones
and ligaments were slightly tuned from our former
study through the model validation. It was not possible
to find data sources for the material properties of the
knee joint capsule. Thus, the material properties of the
skin determined in our previous study were used as an
initial estimation, and were tuned in the knee joint
model validation described below.

MODEL VALIDATION

The lower limb model with geometry from the MRI
scans and material properties estimated from our
previous study was subject to validation against a series
of recent experiments.

Bones

     Model Setup
The bone models were validated at different loading

points against dynamic 3-point bending tests for the
femur, tibia, and fibula in the lateromedial direction
performed at the University of Virginia, Center for
Applied Biomechanics (CAB) [21]. The bones were
potted in potting cups with rollers at their distal and
proximal ends. The roller part of the potting cup was
placed on the support plate, and the support load was
measured by a load cell placed underneath the plate.
The ram had a circular tip and was rigidly attached to a
servo-hydraulic test machine. The rigid ram was used
for femur bending. However, in order to minimize the
potential local failure at the ram-bone interface,
ConforTM foam was applied to the ram for the tibia and
fibula bending. The ram was displacement controlled at
approximately 1.5 m/s, and displacement transducers
were used to monitor the force-deflection response. For
each bone, three loading points were used – mid-shaft,
proximal third, and distal third, resulting in nine setups
(three bones at three different loading points).

These nine setups were represented using the FE
bone models. As an example, the model setup for the
tibia mid-shaft loading is presented in Figure 6. The
boundary of the support plates, modeled using shell
elements, was rigidly fixed to the inertial space. The

Figure 6.  Schematic diagram of tibia mid-shaft 3-point bending model.

Figure 7.  Model setups for 3-point bending of femur, tibia, and fibula.

Roller

Support Plate

Potting Cup
Rigid RamFoam Material

Potting Material

Femur Tibia Fibula
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potting cups with rollers were also modeled with shell
elements. Inside the cup, the space between the
epiphyseal region of the bone and the potting cup was
filled with solid elements, representing the potting
material used in the experiment. The ram was modeled
as a rigid body, and the displacement time history of
the ram was prescribed using the average time history
from the experiment. For the tibia and fibula tests, the
rigid ram was surrounded by the foam modeled using
solid elements. Material property of the foam was
determined based on Darvish et al. [22]. Figure 7
displays the model setups for the femur, tibia, and
fibula. The rams at mid-shaft, proximal and distal third
were superimposed in one bone model setup. Potting
cups with different sizes were utilized among the three
different bones.
     Results

The time sequences of the bone bending to failure
for all of the nine test setups simulated using the FE
model are presented in Figure 8. The element
elimination option in PAM-CRASHTM was specified in
order to simulate and graphically display the failure of
the bone.

Force-deflection and moment-deflection responses
to failure were compared between the experiment and
computer simulation in Figure 9 and 10, respectively.
The tests were performed using one, two, or three
specimens, depending on the test conditions. The blue
curve(s) and the red curve represent the results of the
test and the computer simulation, respectively. In order
to compensate for the variety in anthropometry of the
specimens, the test results were scaled using the scale
factors for force (λF), moment (λM), and displacement
(λD) defined in Equations (1)-(3)

               λF = (λL)2                   (1).
               λM = (λL)3                  (2).
               λD = λL                    (3).

where λL is the length scaling factor. By recognizing
that the mass scale factor, λmass, is proportional to λL

3,
both mass and height of the human subject can be taken
into account by introducing an equivalent length
scaling factor, λLequiv, defined in Equation (4).

               λLequiv = (λmass λL)1/4           (4).

Scale factors were determined using the length of each
bone model (femur; 46.7 cm, tibia; 39.1 cm, fibula;
35.6 cm) and the weight of the full body model (74.6
kg) as developed in the previous study by the authors
[6].

At the timing of failure, the force sharply dropped
for both the experiment and computer simulation,

allowing the force and displacement magnitude to be
easily compared from these graphs. For all loading
locations in the femur bending, computer simulation
results showed a relatively sudden rise in force at the
initial stage, which is not present in the test results.
This discrepancy is not observed for the tibia and fibula.
A possible explanation for this is that the foam was not
applied to the ram for the femur, and the ram was
assumed to be completely rigid in the computer
simulation. This may have resulted in an unrealistically
stiff contact between the ram and the bone surface prior
to the bone deflection. However, the purpose of the
bone model validation was to look at the validity of the
force-deflection response of the bone rather than
precisely simulating the experiment. Therefore, it was
decided to compare the stiffness and the magnitude of
force and deflection at failure, and the discrepancy at
the initial stage was deemed not important. From this
viewpoint, the simulation results exhibited a good
match with the experimental results, suggesting that the
bone models can accurately reproduce the dynamic
stiffness and failure properties of the actual bones.

Ligaments

     Model Setup
The models for the six ligament bundles from the

four major knee ligaments were validated against
quasi-static and dynamic tensile tests to failure
performed at CAB [23]. From the knee joint of a
human cadaver, bone-ligament-bone complex was
taken in order to preserve the insertion sites. The
specimen was anatomically oriented so that the knee
was straight, representing the standing posture of a
pedestrian. The distal and proximal ends of the
specimen (bone part) were potted, and the distal potting
cup was rigidly fixed. The proximal potting cup was
rigidly attached to the displacement controlled servo-
hydraulic test machine and was pulled up along the
long axis of the tibia quasi-statically and dynamically.
Three different loading rates were used – 1 mm/min
(quasi-static), 160 mm/s (medium rate), and 1600 mm/s
(high rate). Thus, the resulting test cases should be
eighteen (three loading rates for six ligament bundles).
Unfortunately, this test program is still ongoing and the
results for only a part of these eighteen cases were
currently available. Table 1 shows the combination of
the ligament bundles and loading rates for which the
test results were currently available.

The FE models for the distal part of the femur and
the proximal part of the tibia-fibula complex, as well as
each ligament bundle, were used for simulating these
tests. Since the bone is much stiffer than the ligament
bundle, all the bones were assumed to be rigid in order
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Figure 8.  Time sequences of bone bending for proximal third, mid-shaft, and distal third loading. For fibula,
foam is displayed as wire frame so that failure sites are visible.

0 ms 7 ms 13 ms

0 ms 7 ms 14 ms

0 ms 6 ms 12 ms

0 ms 24 ms 32 ms

0 ms 25 ms 33 ms

0 ms 23 ms 30 ms

0 ms 18 ms 24 ms

0 ms 20 ms 30 ms

0 ms 19 ms 28 ms

FailureFemur, Proximal Third

Femur, Mid-Shaft

Femur, Distal Third

Tibia, Distal Third

Tibia, Mid-Shaft

Tibia, Proximal Third

Fibula, Distal Third

Fibula, Mid-Shaft

Fibula, Proximal Third
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Figure 9.  Comparison of force-deflection response to failure between experiment and computer simulation
in dynamic 3-point bending.

Figure 10.  Comparison of moment-deflection response to failure between experiment and computer
simulation in dynamic 3-point bending.
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to minimize the CPU time. At the superior and inferior
insertion sites, the ligament bundle was rigidly attached
to the corresponding bones. The rigid tibia-fibula
complex was fixed to inertial space, and the upward
motion of the femur was prescribed using the average
displacement time history of the fixture from the
corresponding tests.
     Results

Figure 11 illustrates the time sequences of the
ligament kinematics to failure for the eight test cases
for which test results were available. For quasi-static
tests in this figure, displacement was noted rather than

Figure 11.  Time sequences of ligament tension to failure.

Table 1.
Test conditions for which test results were available

Quasi-static
(1mm/min)

Medium Rate
(160mm/s)

High Rate
(1600mm/s)

A-ACL
P-ACL
A-PCL
P-PCL

LCL
MCL

available

0 ms 25 ms 47.5 ms 0 ms 2.5 ms 7.5 ms

0 mm 2.4 mm 4.8 mm 0 mm 4 mm 7.6 mm

0 ms 2.5 ms 7.5 ms 0 mm 6.4 mm 12 mm

0 mm 4.8 mm 9.2 mm 0 ms 27.5 ms 52.5 ms

FailureA-ACL, Medium Rate A-ACL, High Rate

P-ACL, Quasi-Static A-PCL, Quasi-Static

P-PCL, High Rate MCL, Quasi-Static

LCL, Quasi-Static LCL, Medium Rate
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time. Again, element elimination option in PAM-
CRASHTM was used in order to simulate and
graphically illustrate the failure of the ligament bundle.
It should be noted that the bone-ligament-bone
complex was in anatomical orientation simulating the
standing position of the knee joint, and the femur was
pulled up along the long axis of the tibia. This resulted

in a loading direction different from the long axis of the
ligament bundles.

The force-deflection response obtained from the
computer simulation was compared with that from the
experiment in Figure 12. The blue and red curves in the
graphs represent the results of the test and computer
simulation, respectively. For the first step, the ligament

Figure 12.  Comparison of force-deflection response to failure between experiment and computer simulation
in quasi-static and dynamic tensile tests.
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bundles for which quasi-static test results were
available (P-ACL, A-PCL, MCL, LCL) were validated
to determine their quasi-static stress-strain relationships.
Since the quasi-static test results were not available for
the A-ACL and P-PCL, it was necessary to estimate the
quasi-static stress-strain relationship for these ligament
bundles. For A-ACL and P-PCL, the quasi-static
constitutive models determined for the P-ACL and A-
PCL, respectively, were used as an initial estimation,
and were slightly tuned in order to obtain a better
match to the test results in dynamic conditions. Strain
rate parameters of the Cowper-Symonds strain rate law
for A-ACL, P-PCL, and LCL were determined in the
validation at medium and/or high loading rates. In
some cases, test results did not show a sharp drop in
force after failure. This may be due to a gradual
propagation of the fibrous rupture, which cannot be
simulated using a model with a small number of
elements in the cross section. However, for the purpose
of predicting the risk of ligamentous damages in car-
pedestrian impact, the stiffness before failure and the
force and elongation at failure are much more
important as compared to the force-deflection property
after failure. In terms of the stiffness and failure
properties, all comparisons presented in Figure 12
showed very good agreement between the experiment
and computer simulation.

Knee Joint

     Model Setup
Dynamic bending and shearing tests of the knee

joint using isolated knees from human cadavers run by
CAB [21] were computationally simulated using the
FE knee joint model. In the experiment, the proximal
and distal ends of the knee (bone part) were potted in
potting cups. The overall length of the specimen was
determined so that all of the insertion sites of the
ligament bundles could be kept intact. In order not to
destroy the knee joint structure, all the tissues around
the knee joint were maintained. For potting purposes,
however, the flesh around both ends of the specimen
was removed. The potting cups were connected to load
cells and subsequently to the end boxes. In bending
tests, the end boxes provided a one-dimensional
rotational degree of freedom in the coronal plane as
well as a one-dimensional translational degree of
freedom in the superoinferior direction. The fork with
two circular tips was connected to a servo-hydraulic
test machine through a pin joint in the coronal plane.
The fork was pushed dynamically against the end
boxes in the lateromedial direction. As the distance
between the two tips of the fork was shorter than that
distance between the initial position of the pin joints at

the end boxes, this configuration provided 4-point
bending of the system. 4-point bending ideally applies
a constant bending moment and no shear force between
the two loading points. In shearing tests, the end box on
the proximal side was only allowed to translate in the
superoinferior direction, and a constant axial force of
approximately 850 N was applied in this direction. The
end box on the other side was rigidly attached to the
servo-hydraulic test machine which provided
lateromedial motion of this part. The fork was
displacement controlled at a peak velocity of
approximately 1 m/s, and the distal end box in shearing
tests was also displacement controlled and was targeted
at a constant velocity of approximately 1.5 m/s.

Figure 13 shows schematic diagrams of the model
setups representing the bending and shearing tests. All
the parts of the test apparatus were modeled as rigid
bodies except for the end boxes. The end boxes were
modeled as deformable in order to accurately represent
the contact between the tips of the fork and the boxes.
These rigid parts were connected to each other using
rigid joint elements. The mass, center of gravity, and
moment of inertia for each part were separately
calculated and were given to each rigid body. The bony
part of the specimen inside the potting cups was rigidly
connected to the cups. Other than this region, the entire
specimen was modeled as deformable, including bones
and soft tissues. In the model for the specimen, the
distal part of the femur, proximal part of the tibia-fibula
complex, six ligament bundles, menisci, and joint
capsule were included. Although the flesh around the
knee was maintained in the experiment, it was decided
not to include the flesh model for simplification since
the flesh was dissected and the mechanical contribution
of this part was deemed much smaller when compared
with that of the ligaments and joint capsule. In the
bending setup, the joints connecting the proximal and
distal end boxes to the inertial space were allowed to
rotate in the coronal plane as well as to translate in the
superoinferior direction as shown in Figure 13. In the
shearing setup, the joint at the proximal end box was
allowed to translate in the superoinferior direction,
while the lateromedial motion of the distal end box was
prescribed based on the average displacement time
histories from the experiment. Constant axial
compressive force of 850 N was applied to the
proximal end box for the shearing setup.
     Results

Figure 14 shows the time sequences of the knee
joint kinematics to ligament failure for both bending
and shearing setup. Element elimination option in
PAM-CRASHTM was used to represent failure of the
knee ligament bundles.

The stiffness of the knee joint was compared
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between the experiment and computer simulation by
plotting the moment-angle and force-displacement
responses in the bending and shearing setups,
respectively (Figure 15). The same scaling technique
employed for the bone test results was applied to the
knee joint test results except for the length scale factor
(λL), which was determined using the height of the full
body model (176 cm) developed by the authors [6].
The test results show a relatively large variation for
both of these plots. However, it could be confirmed that
the trend of the simulation results was similar to that of
the experiment, and the order of the stiffness magnitude
from the simulation was within the variation of the
experimental results, suggesting that the knee joint

stiffness in bending and shearing was reasonably
estimated using this model.

Ligamentous damage at the knee joint in the
bending and shearing setups is shown in Figure 16, and
is compared between the experiment and computer
simulation in Table 2 and 3, respectively. In the
bending setup, rupture of the MCL was observed in all
the test cases, which was also predicted in computer
simulation. In one out of three bending tests, the ACL
partially ruptured. In our computer simulation, the
ACL remained intact. In shearing setup, only ACL
rupture took place in the tests, and the computer
simulation also predicted the ACL failure. No other
ligament was damaged in both the experiment and

Figure 13.  Model setups for knee bending and shearing tests.

Figure 14.  Time sequences of knee bending and shearing to ligament failure. (joint capsule is not shown)

Figure 15.  Comparison of knee joint stiffness between experiment and computer simulation.
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computer simulation.

DISCUSSION

The bone models developed in this study used the
material properties based on a previous study by the
authors [6]. In order to better describe the risk of bone
fracture, material properties in tension were used, since
it is believed that bone often fails in tension. One of the
reasons why the bone models were validated against
the experiment with different loading points was that it
allowed the significance of anisotropic nature of the
bone material properties to be estimated. However,
good correlation between the experiment and computer
simulation in terms of the force-deflection and failure
properties could be obtained by using isotropic material
characterization. This suggests that the anisotropy of

the bone material properties may not play a significant
role on determining the stiffness and failure properties
in 3-point bending.

The latest ligament test results enabled the model
for each ligament bundle to be validated at different
loading rates. However, this series of tests is still
ongoing and the only ligament bundle for which both
quasi-static and dynamic results could be obtained was
the LCL. For the LCL, it was not possible to match the
dynamic results only by applying a strain rate model
for the quasi-static material properties. It seemed that
not only stress, but also strain, was rate dependent.
Since the current material modeling only takes into
account the rate dependency of the stress, the strain at
failure was slightly changed between the quasi-static
and dynamic simulation. Therefore, the model
developed in this study was tuned to better describe the

Figure 16.  Ligamentous damage in bending and shearing simulation.

ACL
PCL

LCL
MCL

Ligament failure

ACL
PCL

LCL
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Ligament failure

Test
#1

Test
#2

Table 2.
Comparison of ligamentous damages in knee
bending between experiment and simulation

Table 3.
Comparison of ligamentous damages in knee
shearing between experiment and simulation

Test
#3

Computer
Simulation

Test
#1

Test
#2

Test
#3

Computer
Simulation

MCL (intact)

21 ms 25 ms
MCL failure

MCL failure

ACL (intact)

P-ACL failure

8 ms 13 ms

Bending
(Anterior View)

Shearing
(Posterior View)
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dynamic response of the tissues, rather than the quasi-
static response. In order to cover a wider range of
loading rates, more complete descriptions of the rate
dependency of material properties are needed.

When simulating the knee bending and shearing
tests, it was necessary to include the model for the joint
capsule, in order to obtain good results for both the
joint stiffness and the injury prediction. Figure 17
shows the ligamentous damage in the bending setup
predicted using the model without the joint capsule.
Without the capsule, the PCL with no damage in the
tests ruptured, while force-deflection response of this
ligament was validated. This may suggest that the joint
capsule is one of the major contributors that determine
the mechanical response of the knee joint. The material
properties of the joint capsule should be further
investigated.

CONCLUSION

An advanced FE lower limb model for a pedestrian
was developed using MRI scans from a human
volunteer. The bone models were validated against
dynamic 3-point bending test results at different
loading points, and the results showed that the model
can accurately predict the force-deflection response as
well as failure properties.

Each ligament bundle was subject to validation
against tensile tests to failure at different loading rates
in terms of the force-deflection and failure properties.
The results showed that the model can accurately
predict the dynamic responses. However, it was found
that not only stress, but also strain should be rate
dependent. More advanced material models should be
used in order to develop a model that can be applied to
wider range of loading rates.

The knee joint validation showed that the model
could predict the dynamic stiffness and failure
properties of the knee joint alone. It was found that the
joint capsule might have a significant roll on the
mechanical response of the knee joint.

The results of these extensive validations suggest

that the model developed in this study can be used for
understanding injury mechanisms of the pedestrian
lower limb as well as for developing appropriate tools
and injury criteria for evaluating injuries to the
pedestrian lower limb in real-world car-pedestrian
accidents.

REFERENCES

[1] Bermond F., Ramet M., Bouquet R., Cesari D., “A
finite element model of the pedestrian knee-joint in
lateral impact”, IRCOBI, 1993.
[2] Bermond F., Ramet M., Bouquet R., Cesari D., “A
finite element model of the pedestrian leg in lateral
impact”, 14th ESV, 1994.
[3] Yang J.K., Wittek A., Kajzer J., “Finite element
model of the human lower extremity skeleton system in
a lateral impact”, IRCOBI, 1996.
[4] Schuster P. J., Chou C. C., Prasad P., “Development
and Validation of a Pedestrian Lower Limb Non-Linear
3-D Finite Element Model”, Stapp Car Crash Journal,
Vol. 44, 2000-01-SC21, 2000.
[5] Kajzer J., Cavallero C., Ghanouchi S., Bonnoit J.,
Ghorbel A., “Response of the Knee Joint in Lateral
Impact: Effect of Shearing Loads”, IRCOBI, 1990.
[6] Takahashi Y., Kikuchi Y., Konosu A., Ishikawa H.,
“Development and Validation of the Finite Element
Model for the Human Lower Limb of Pedestrians”,
Stapp Car Crash Journal, Vol. 44, 2000-01-SC22, 2000.
[7] “H-DummyTM Version 1.6 User’s Manual”,
Hankook ESI, Engineering Systems International,
1998.
[8] “Viewpoint Premier CATALOG”, 10th Anniversary
Edition.
[9] Kajzer J. et al., “Shearing and bending effects at the
knee joint at low speed lateral loading”, SAE paper
#1999-01-0712, 1999.
[10] Kajzer J. et al, “Shearing and bending effects at
the knee joint at high speed lateral loading”, SAE paper
#973326, 1997.
[11] Beillas P., Begeman P. C., Yang K. H., King A. I.,

Figure 17.  Ligamentous damage in knee bending simulation without joint capsule.
8 ms 13 ms

MCL failureMCL (intact)

PCL (intact) ACL (intact)

PCL failure

ACL failure

(Posterior View)



Takahashi 14

Arnoux P. J., Kang H. S., Kayvantash K., Brunet C.,
Cavallero C., Prasad P., “Lower Limb: Advanced FE
Model and New Experimental Data”, Stapp Car Crash
Journal, Vol. 45, 2001.
[12] Kajzer J., Cavallero C., Bonnoit J., Morjane, A.,
Ghanouchi S., “Response of the Knee Joint in Lateral
Impact: Effect of Bending Moment”, IRCOBI, 1993.
[13] Woo S., Fox R., Sakane M., Livesay G., Rudy T.,
Fu F., “Biomechanics of the ACL: Measurement of In
Situ Force in the ACL and the Knee Kinetics”, The
Knee 5, 1998.
[14] Race A., Amis A., “The Mechanical Properties of
the Two Bundled of the Human Posterior Cruciate
Ligament”, Journal of Biomechanics, Vol 27(1), 1994.
[15] Fox R., Harner C., Sakane M., Carlin G., Woo S.,
“Determination of the In Situ Forces in the Human
Posterior Cruciate Ligament using Robotic Technology
- a Cadaveric Study”, The American Journal of Sports
Medicine, Vol 26(3), 1998.
[16] Primal Pictures, “Interactive Knee Version 1.1”,
2000.
[17] A.D.A.M. Software, Inc., “A.D.A.M. Interactive
Anatomy Version 3.0”, 1997.
[18] Pam System International, “PAM-CRASHTM

PAM-SAFETM Version 1998 Notes Manual”, 1998.
[19] Pam System International, “PAM-CRASHTM

PAM-SAFETM Version 1998 Reference Manual”, 1998.
[20] Mow V. C., Amoczky S. P., Jackson D. W., ed.,
“Knee Meniscus: Basic and Clinical Foundations”,
New York: Raven Press, 1992.
[21] Kerrigan J. R., Bhalla K. S., Madeley N. J., Funk J.
R., Bose D., Crandall J. R., “Experiments for
Establishing Pedestrian-Impact Lower Limb Injury
Criteria”, SAE Paper #2003-01-0895, 2003.
[22] Darvish K. K., Takhounts E. G., Mathews B. T.,
Crandall J. R., “A Nonlinear Viscoelastic Model for
Polyurethane Foams”, SAE paper #1999-01-0299,
1999.
[23] Bose D., Sanghavi P., Kerrigan J. R., Madeley N.
J., Bhalla K. S., Crandall J. R., “Material
Characterization of Ligaments using Non-Contact
Strain Measurement and Digitization”, International
Workshop on Human Subjects for Biomechanical
Research, 2002.



Tingvall 1

THE ROLE OF IMPACT VELOCITY AND CHANGE OF VELOCITY IN SIDE IMPACTS

1, 2) Claes Tingvall, 3) Maria Krafft, 3) Anders Lie,
1) Anders Kullgren
1,)Swedish National Road Administration,
2)Monash University Accident Research Centre,
3)Folksam Research.
Sweden
Paper Number 219

ABSTRACT

The main injury mechanism in nearside impacts is
normally linked to the relative impact velocity of a
bullet vehicle or an object. The change of velocity
of the target vehicle has been considered to have a
minor role, at least for a nearside occupant. It has,
however, been complicated to distinguish between
impact velocity and change of velocity in real life
accident analysis.

In the present study, the aim was to analyse real life
side impacts to isolate the roles of impact velocity
and change of velocity in relation to injury risk. The
analysis method used was matched pairs used in a
modified way, where different combinations of
vehicles of varying mass ratios were studied
according to relative injury risks to the driver. The
data set used for the analysis was crashes in
Victoria, Australia.

The results show, that while impact velocity is of
major importance for the risk of injury, change of
velocity also plays a major role in nearside impacts.
In far side impacts, impact velocity is of minor
importance compared to change of velocity. In
reality, it must be stressed that they are highly
correlated.

The result of the study, if validated further, has
implications for crash test configurations and
validation of side impact safety design. One
outcome might be that cars of different masses
should be tested at different speeds, or that movable
barriers should be varied in mass and speed
depending on the mass of the target vehicle.

BACKGROUND

Side impacts, or lateral impacts, has been subjected
to research, development and regulation for several
decades. The main mechanism for injury to the
torso of the human body has been described as the
forces acting on the body as a result of the intruding
side structures (1,2). The velocity and the amount
of intrusion has been linked to the relative velocity
of the vehicle impacting the target vehicle (3,4).
Nevertheless, the resulting change of velocity to the
target vehicle has been used to consider the impact

severity of the side impact (5,6,7). This has not
been considered logical, as at least some of the
injuries are likely to occur at a very early stage of
the side impact, and not resulting from the change
of velocity occurring later in the sequence.
Depending on the mass ratio of the target and bullet
vehicles, an identical relative velocity can result in
a varying change of velocity, and vice versa. On the
other hand, serious and fatal injuries in both near
side and far side impacts are often located to the
head and neck (6,8), where the change of velocity
might appear logical as an approximation of the
magnitude of the mechanical forces acting on the
human.

The risk of an injury can be described as a dose-
response function, where the dose is the amount
and type of mechanical force acting on a human. A
complex dose- response system such as a vehicle
impact can be divided into several different sub
dose-response systems according to the question
under study. The actual dose to the human is
sometimes substituted with the dose to the vehicle.
In car impacts the dose is often referred to as the
impact severity. Especially in frontal or rear-end
impacts, this exposure dose is often given as the
change of velocity that the vehicle undergoes in a
crash. In side impacts, the dose is often given as the
relative velocity of a vehicle impacting the target
vehicle (9,10,11).

The understanding of the response is equally
important, and that the adequate mechanical dose
vary with the response studied. While the response
could be related to the whole human body, it could
as well be a certain injury or injury mechanism
(11).

The knowledge on the dose response functions is
fundamental in the understanding of how humans
are injured, as well as a basis for prevention in
terms of restraints, etc. The knowledge also serves
as important input to crash tests and mathematical
simulations as well as for setting injury criteria for
human substitutes. Dose response functions are also
important in understanding and developing safety
evaluation or rating of new innovations or new
vehicles (10,11).

There are different ways of calculating injury risk
functions versus impact severity. The most
common way is to relate measured or calculated
parameters describing impact severity to injury risk.
Traditionally, impact severity has been calculated
by reconstruction of impacts. To date
reconstructions of vehicle collisions are most often
based on retrospective studies where static
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measurements of different parameters describing
the circumstances in the collision are included.
Vehicle deformations have usually been used as
input for reconstruction programs, as for example
Crash3, to calculate EBS or EES (12,13). If in a
two-car collision the EES of both vehicles is
known, the change of velocity for the involved
vehicles can be calculated. Recently, crash
recorders have been introduced and used as
research tools (10,11,14.15)

Calculations of change of velocity with
reconstruction programs have been shown to
generate substantial measurement errors (16,17,18),
which are very complicated to handle in analyses of
risk functions. The numbers of errors have been
found to be of an order that seriously influences the
conclusions drawn from risk functions (Kullgren
and Lie, 1998).

Studies have been presented showing injury risk
versus measured change of velocity, by using on-
board crash recorders (10,15), see Figure 1.
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Figure 1. Injury risk versus change of velocity,
MAIS1+ and MAIS2+.
(from Kullgren et. al., 1999)

An alternative way of calculating injury risk is by
induced methods, for example by using paired
comparison technique (19). Such methods would
have the advantage of being used on large samples
of readily available accident data.
In this study, the aim was to separate the role of
impact velocity and change of velocity for nearside
and far side occupants in side impacts.

In detail, the aim of the study was to:

• Present an alternative to the derivation of
injury risk functions based on paired
comparisons, and

• To apply the method on accident data material
including side collisions in order to produce
risk functions for a set of impacts and occupant
seating.

METHOD

Basically, the distribution of change of velocity in
car-to-car crashes can be calculated from the law of
the conservation of momentum, where:

Delta v = Vrel (M2 / M1 + M2),

where Vrel is the relative velocity and M1 and M2

the masses of the two vehicles colliding.
This relation is true even if the two vehicles
involved do not have a common velocity after the
impact. If the masses are equal, both vehicles will
undergo the same change of velocity. This method
uses this fact, and that any deviation in mass can be
transferred to differences in change of velocity, as
long as the individual masses are known (Figure 2).
Since the relative velocity, Vrel , is unknown the
method cannot generate absolute figures, only risks
relative to each other.

Instead of generating new risk functions, the
method uses the change on the exposure
distributions and the resulting change in risk.

equal mass f(s)=f(s)
1 2

unequal mass f(s)
1

unequal mass f(s)
2

number
of impacts

impact severity

Figure 2. Impact severity (delta-V) for cars in
matching crashes for equal mass:
f1(s) = f2(s) and unequal mass: f1(s) ≠ f2(s) where
car 1 is of less mass than car 2

The basis for the statistical method is the paired
comparison technique, where two car accidents are
used to create relative risks. The method was
initially developed by Evans (1986)(20), but has
been developed further for car to car collisions by
Hägg et. al. (1992)(21).

The assumption for the method is that the risk of
injury is a continuous function of change of
velocity. This assumption might conflict with
safety features such as airbags that might generate a
step-function. This would have to be further
investigated. Another assumption is that injuries in
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one car are independent from the injuries in the
other car, given a certain accident severity.

For a given change of velocity the risk of an injury
is p1 and p2 in the two cars, respectively. For that
change of velocity, the outcome of the accident is
therefore:

Table 1
Probabilities of injury to driver in car 1 and 2 in a segment of impact severity

Driver of Car 2
driver injured driver not injured Total

driver
injured

ni P1i P2i ni P1i (1-P2i) ni P1i P2i + ni P1i (1-P2i) = n i P1i
Dri-
ver
of
Car
1

driver
not
injured

ni (1-P1i) P2i ni (1-P1i) (1-P2i)

Total ni P1i P2i + ni (1-P1i) P2i = n i P2i

Summing over all segments of change of velocities, the outcome will be:

Table 2
Driver of Car 2
driver injured driver not injured

Total

Dri-
ver
of
Car 1

driver
injured ∑

=

m

i 1

ni P1i P2i = x1
∑

=

m

i 1

ni P1i (1-P2i) =

x2

∑
=

m

i 1

ni P1i P2i + ni P1i (1-P2i) =

n P1

driver
not
injured

∑
=

m

i 1

ni (1-P1i) P2i = x3
∑

=

m

i 1

ni (1-P1i) (1-P2i)

= x4

Total ∑
=

m

i 1

ni P1i P2i + ni (1-P1i) P2i =

n P2

The relative risk of an injury, for vehicle 1 to 2,
given a certain change of velocity distribution is
therefore:

R = (x1 + x2) / (x1 + x3) =
∑
∑

2ii

1ii

Pn

Pn
=

∑∑
∑ ∑

+
+

2i1ii2i1ii

2i1ii2i1ii

P)P-(1nPPn

)P-(1PnPPn

The method is unbiased for any combination where
the vehicles are of the same weight; i.e. the mass
ratio is 1. If the vehicles are of different weights,
the two vehicles will undergo different changes of
velocity, which will have to be compensated for.
Generally, we can introduce any component, K, that
will affect the risk of injury in either, or both of the
vehicles. If we let K1 denote this factor in vehicle 1,
and K2 in vehicle 2, this will lead to:

(1) ni P1i P2i K1 K2 / ni P2i K2 + … + ni P1i P2i

K1 K2 / ni P2i K2 = ∑
=

m

i 1

ni P1i P2i K1 /∑
=

m

i 1

ni P2i

= K1 ∑
=

m

i 1

ni P1i P2i /∑
=

m

i 1

ni P2i

To solve the equation, cars of different weights will
be used, where the weights are known. K will
therefore denote the role of change of velocity, and
could be a constant, or a function of, say, change of
velocity.

(1) is estimated by K1 (X1 / (X1 + X3)) (2) and, K1

=
( )
( )

a

b

m
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XXX

XXX
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)/(
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+
+

(3) where,
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ma and mb are mass relations in the matched pairs.
These mass relations are transformed to relative
change of velocity by
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The analytical functions chosen to describe the risk
functions have been applied simply using either a
linear function or a power function. This issue
would have to be further investigated using more
advanced material.

It is obvious, that while the importance of a
marginal change of velocity will be calculated, as
well as parts of the risk function, absolute values
cannot be given. If this is to be done, a key value
must be brought into the equation.

In order to isolate the role of impact velocity, the
data set was split in two in order to differentiate
between two speed clusters. Just dividing the data
set in speed zones below and over 60 kmh found
the lower and higher speed clusters. The speed in
itself had no role in the analyses, as the risk
functions could be calculated for both individually.
The injury risk for vehicles of identical mass ratios
was found to be higher in the high-speed cluster,
and by finding the injury risk where the risk of
injury was identical for the bullet vehicles; it was
possible to estimate the role of impact severity, at
one point. Also by finding cases . The relative
velocity, Vrel, was calculated, when the change of
velocity was the same for the side impacted vehicle
in the two sets of impacts, and the difference of Vrel

was then the difference in the change of velocity of
the bullet vehicle. Identical calculations were made
for both near side and far side drivers.

MATERIAL

The material used was two car crashes, front-to-
front and front to side, from Victoria Australia
(1991-97). Only injuries leading to hospital
admission were used. The source of the data is a
combined set of both police and insurance data
(TAC)

Although data of this kind is known to have some
problems with quality, they are not likely to cause
major biases of the results. While using only a few
variables from the police records, the main quality
issue lies with the under-reporting, and the lack of

in-depth medical data. Under reporting of crashes
would not lead to bias in the risk functions, but
under reporting of injuries in a crash used in the
analysis would bias the outcome. To which extent
that is an issue in the current analysis is not known
and would have to be further investigated.

RESULTS

Figure 3 shows the relative risk for drivers in side
impacts for the driver in the frontal impact versus
the driver in the side-impacted vehicle, for both
near side and far side occupants. It can be seen, that
while the risk of a serious injury is relatively higher
for the driver in the side-impacted vehicle, it is
lower for the far side driver than for the near side
driver.

In more detail. It can be found, that the risk of a
serious injury in a frontal impact increase
approximately five times within the range 75% to
125% of the average change of velocity. On a more
narrow segment, a 10% increase of the change of
velocity, the serious injury risk increase
approximately 30%.

In the side impacts with a far side occupant, the risk
increase even more with a higher change of
velocity. A 10% marginal increase of the change of
velocity, increase the risk of a serious injury by
approximately 40%. In relation to frontal impacts,
the risk of a serious injury for a given change of
velocity, is approximately 40% higher.

For occupants on the near side, the risk of a serious
injury is even higher than on the far side. In
general, it seems to be doubled compared to the far
side occupant, for a given change of velocity. The
marginal increase for higher changes of velocity, is
almost 50% for a 10% increase of the change of
velocity. It shows, that the most sensitive situation
for an increase of the change of velocity among the
three situations analysed, is the near side occupant
in a side impact.

A further result of the study was also, that in
average, the change of velocity was 15% higher
when the car was hit on the passenger side, than on
the drivers side. This result has clearly to do with
traffic situations and traffic engineering, rather than
being vehicle related.
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Figure 3. The relative risk of injury related to the relative change of velocity, for frontal impacts,
far side occupants in side impacts, and near side occupants in side impacts.

In figures 4 and 5, the relative risk of injury in far
side and near side impacts are shown in detail,
where the data set was split into impact in low and
high speed environments. In figure 4, far side
impacts, in can be seen that the risk of injury is
similar for the two situations where impact velocity
is different. It could be calculated from the injury
risk in the impacting car, that the impact velocity is
11% higher in the higher speed environment, but
that this does not imply any higher injury risk in the
impacted car for the same change of velocity. The
conclusion is therefore, that the change of velocity
is of importance, but not the variation of impact
velocity given a certain change of velocity.

The above results are in contradiction to the results
presented in figure 5. Here it can be seen, that the
impact velocity plays a role, in that the two linear
functions are different.. The line with the lower
slope, represents crashes in the high speed
environment, and the line with the higher slope the
low speed environment. In order to get the same
change of velocity of the impacted car in the low
and high speed environment, the impact velocity in
the low speed environment must be higher. This
velocity is 11 % higher, and results in a 20% higher
injury risk for the near side occupant, with an equal
change of velocity. Still, change of velocity plays a
major role in explaining the risk of injury also to
near side occupants.
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Figure 4. The relative risk of injury for far side occupants in side impacts, in speed limit areas below
and over 60 km/h.

Figure 5. The relative risk of injury for near side occupants in side impacts, in speed limit areas
below and over 60 km/h.

DISCUSSION

The method and the results presented in this study
should be seen as an example of what can be
achieved with the matched paired technique in
combination with simple Newtonian physics. In this
example it must be stressed, however, that there are

a number of assumptions that must be fulfilled.
Nevertheless, the results have to be explained in
both engineering as well as statistical terms. In

other words, if the statistical assumptions are valid,
the mechanical implications are of great
importance.

This study shows that it is possible to generate risk
functions without accident reconstruction, although
absolute functions in terms of figures on change of
velocity cannot be given. This gives us a method to
validate, and to modify, risk functions derived by
other methods. These methods, if they are based on
reconstruction, are subject to errors in a magnitude
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that can seriously affect the calculated relationship
between accident severity and risk of injury.
Kullgren and Lie (1998)(9) have shown that
random errors in the impact severity term in the
order of 15% or greater can affect the risk functions
to a large degree. Errors in field data are often
larger. Serious consequences can be foreseen by
such errors in the field of crash protection. It is
important to understand that while it is quite
common to generate accumulated proportions of
injuries related to change of velocity, the current
method tries to actually generate true risk functions,
which is the risk of injury for a certain mechanical
dose (change of velocity).

The proposed method can also be used to validate
injury criteria and results from mathematical and
mechanical simulations. If such experiments are
compared with the risk functions derived by the
present method, increases in risks should fit to real-
world data. If, for example, the risk of neck injuries
in rear end impact is compared to dummy readings
from impact tests, there should ultimately be a good
correlation with the risk functions derived.

The method proposed can also be used to validate
risk functions derived with methods based on
reconstruction. While reconstruction normally
would have to be based on limited accident data,
mass data can be used to derive risk functions with
the present method. It should therefore be possible
to look at more or less any injury, even if it is rare.
The method can also be used for studying the
consequences of vehicle fleet down weighting on
numbers of fatalities and injuries.

The limitations of the method presented herein are
that only change of velocity and impact velocity
can be related to injury. It is well known that
change of velocity and impact velocity are not the
only parameters influencing the outcome. This
method will therefore never be the single method
for deriving risk functions between dose and
response for car occupants. On the other hand, it
will take a long time to collect cases with more
advanced methods, such as crash recorders.
Another limitation is that the method currently can
only handle continuous risk functions, and not step
functions.

However, crash pulse recorders make it possible to
relate crash pulse characteristics, as for example
mean and peak acceleration, to injury risk, which is
not possible if impact severity is calculated with
traditional accident reconstruction techniques.
Figure 8 shows an example of injury risk versus
mean acceleration based on recorded crash pulses
in real-world impacts (from Kullgren et. al., 1999).
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Figure 8. Injury risk versus mean acceleration
MAIS1+ and MAIS2+
(from Kullgren et. al., 1999)

The method presented in this papaer is probably
sensitive to errors, or approximations of vehicle
weight. In this study, the service weight of the car
was used, while this is not necessarily the weight of
the car at the time of impact. Loading of passengers
and cargo will have a certain impact on the figures,
as well as modifications to cars.

The data set used is not the most perfect. The
injuries should have been classified more in detail
in order to have homogeneous groups of injuries
and injury mechanisms. This is the reason for why
the analysis of the risk functions were not focussed.

A development of the present method would be to
further study the possibility to bring several types
of injuries together in order to correctly position
their respective risk functions in relation to each
other. This will open interesting possibilities for
comparing different kinds of injuries, and could be
related to more complex mathematical and
mechanical simulations.

The results in themselves offer some interesting
findings, in that it can be shown, that side impact
injury risks are partly related to impact velocity, but
also change of velocity. This is not in absolute
contradiction to earlier results (4,5,6,7), but it
serves as an input for modifying test methods and
validation of safety technology. It is normally
considered relevant to express impact severity in a
side impact with the impact velocity, as it is
known, that some injuries occur as a result of the
velocity of the intruding door. The results of this
study shows, that this is not enough as an
explanation to injuries to near side occupants. The
implication of the results might be, that in order to
keep impact severity constant for vehicles of
different size, the mass of the moving barrier
should vary in relation to the mass of the impacted
vehicle. In that case, both impact velocity and
change of velocity could be held constant. The
methods used today, with constant impact velocity
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and mass of the barrier, should generate a very
simple test for a high weight vehicle compared to a
low weight vehicle, if all serious injuries are taken
into consideration. A 50% higher mass in a side
impact would according to the findings in this
paper, result in a 100% higher risk of a serious
injury.

In far side impacts, change of velocity seem to be
the main explanatory factor to risk of a serious
injury, while variation of impact velocity for a
given change of velocity does not seem to add or
reduce the risk of injury. The risk function in itself
for far side occupant injury risk, is similar to the
injury risk in a frontal impact. It is also obvious,
that the impact severity used to optimise occupant
protection, should be done in velocities close to the
frontal impact, and definitely higher than for near
side impacts. At the same time, it seems important
to vary the test conditions to mirror that the change
of velocity is the main injury producing parameter.
It might be advised also here, that if moving
barriers are used, the mass of the barrier should
match the mass of the impacted vehicle.

An another consequence of the findings, that risk of
injury is not only related to the relative velocity of
the impact, but also the change of velocity, is that
car safety rating systems based on matched pairs
(21), are also valid when using mass relations to
control for impact severity. If only impact velocity
would have been of importance for side impacts,
there could have been a case for that side impacts
should be controlled for in a different way, simply
by not controlling for the change of velocity.
Following results of this study, it seems valid to
continue to control for the impact severity in the
same way for both frontal and side impacts.

CONCLUSIONS

- The matched pair technique can be used for
generating injury risk functions simultaneously for
several crash modes.
- Far side lateral impacts generate a higher risk of
serious injury than frontal impacts at the same
change of velocity.
- Near side lateral impacts generate a higher risk of
serious injury than far side lateral impacts for the
same change of velocity.
- Both change of velocity and impact velocity play
an important role as input impact mechanical dose
linked to injury risk in near side lateral impacts.
- Only change of velocity is adequate as input
impact mechanical dose linked to injury risk in far
side lateral impacts.

The authors wish to thank Ms Magda Les for her
help in computing the data.
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ABSTRACT

Although vehicle rollovers represent a low
percentage of all vehicle crashes, rollovers are
disproportionably represented in terms of
vehicle occupant injuries and fatalities. The
National Highway Transport Safety
Administration (NHTSA) has been consistently
exploring the issues relating to rollover.
NHTSA have implemented a star rating system
to inform consumers of the rollover propensity
of vehicles as part of the New Car Assessment
Program. The NHTSA propensity rating is
based on the Stability Factor. Recent work by
Monash University Accident Research Centre
(MUARC) for the Victorian Police Force
resulted in a range of a vehicle functional
performance criteria being developed and
utilised. A specific criterion relating to vehicle
handling and Stability Factor was proposed.
There is sufficient evidence to support the
contention that Stability Factor and the rate of
“real world rollovers” are linked. It is the
contention of the authors that the ‘apparent
noise’ (scatter) within the Stability Factor data
is due to vehicle handling. This paper
proposes a methodology that allows the
combination of the Stability Factor and
handling characteristic to be measured for a
specific vehicle and enables the probability of
rollover per single vehicle crash to be
estimated.

BACKGROUND

Vehicle rollovers remain one of the major crash
types yet to be dealt with in terms of effective
vehicle design countermeasures and
performance standards. Although crash
prevention is the preferred countermeasure for
all crash types, this is particularly true for
rollovers. Whereas for most crashes serious
or fatal injury outcomes are typically related to
crash severity, this is less true for rollovers
where fatal or serious injuries can still occur in
low energy rollover events due to partial
occupant ejection.

The importance of rollover prevention has
been recognized in the USA, in particular,
where some 10,000 fatalities per annum occur
due to rollovers. Structural requirements have
been developed for the Australian Military [1],
as rollover predominates as an injurious
vehicle crash mode. The Victorian Police
Force [2] identified an issue with vehicle
rollovers and implemented various strategies
to reduce the exposure of their members to
injury from vehicle rollover crashes. Rollover
was also identified as a significant problem at
the 1999 and 2000 SAE TOPTEC’s on Military
and Emergency Vehicle Safety.

In the USA measures to reduce rollover risk
have included the introduction of a five-star
rating vehicle rating system based on rollover
propensity using a vehicle Stability Factor
approach. The star rating system is aimed at
simultaneously, informing Consumers as well
as encouraging the vehicle manufactures to
improve their vehicle designs. The USA
National Highway Transport Safety
Administration (NHTSA) has for a prolonged
period of time been evaluating and exploring
the issues relating to vehicle rollover.

This paper provides a summary of recent work
carried out by the authors on rollover risk
reduction relating to stability and handling tests
for Police and Military vehicle fleets. It then
develops a new methodology for testing and
rating a vehicle for rollover propensity, based
on static stability factors combined with a
vehicles dynamic handling performance.
Some of the data included in this paper was
presented at ICrash 2002 (Melbourne,
Australia) [3] additional data points and
analysis have included in this paper.

SOME ROLLOVER STATISTICS

Rechnitzer [4] et al. reported on an Australian
based study of rollover, using 1988 Federal
Office of Road Safety (FORS) Fatality File data
that rollovers; “constitute 19% of occupant
fatalities in Australia.” The problem of rollover
is magnified further when vehicles are
operated in a non-urban environment.
Rechnitzer et al. reported that; “rollover
crashes are a common cause of occupant
injury especially on non-urban roads. They
constitute to 44% of occupant fatalities in rural
Western Australia and 54% in rural Northern
Territory”.
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Henderson [5] et al. reported on Australian
based data for FORS, using 1988, 1990 and
1992 FORS Fatality File data that; “rollover
crashes, especially in the country, are usually
very destructive events. About 15% of
passenger cars in fatal crashes in Australia
have overturned. Between about 13% and
16% of all passenger-car occupants killed in
Australia died primary as a result of injuries
received in a rollover”.

The Australian Transport Safety Bureau
(ATSB) Crash Database for the period 1996,
1997, 1998 and 1999, examining rollovers for
cars, utilities, vans, 4x4’s and motor homes
details that 22.78% of Australian road fatalities
are linked to vehicle roll overs. As the ATSB
Crash Database also shows that for the period
1996, 1997 and 1998 that 12.17% of the fatal
crashes involved rolled over, this data
indicates 1.87 fatalities occur for each fatal
rollover event.

Herbst [6] et al. presented United States of
America (USA) data and argued that; “rollover
accidents pose a serious cost to society, while
they account for 10% of all passenger car
accidents, rollovers cause 20% of the Harm.”
The reason for the significant amount of Harm,
is that rollovers produce more severe injuries
to the head, neck and or spine than any other
type of vehicle crash.

Rollover is also a significant problem for 4x4’s
and SUV’s with rollover rates of up to five
times that of the average passenger car, on
roads (Synder [7] et al).

Howe [8] et al. presented USA Fatality
Analysis Reporting System (FARS) data
identifying that between 1991 to 1998 an
annual average of 9,237 people were fatally
injured in crashes that included rollover. Howe
et al stated; “Rollovers are the second most
dangerous type of crash occurring on our
nation’s highways…second only to the average
for people who die due to frontal collisions.”
Howe et al then identified using National
Automotive Sampling System General
Estimates System (NASS-GES) data for 1995
to 1999 that rollovers accounted for;
“approximately only 2% of the average number
of all NASS-GES crashes for these years….
due to this relatively low percentage of rollover
crashes, when measured by either fatalities or
incapacitating injuries per occupant involved,
rollover crashes are the most dangerous type
of collision for all classes of light vehicles”.

Figure 1 details the average FARS data by
vehicle class and also by million registered
vehicles presented by Howe et al, illustrating
that the issues of rollover in the USA
predominates in the Pickup and SUV classes
of vehicles

Figure 1: Average Annual Rollover Fatalities by Vehicle Class and per Million Registered
Vehicles, based on 1991-1998 FARS

In Europe rollover appears to be lesser issue
that either the USA or Australia for example
Thollon [9] et al. presented French data;
identifying rollovers represent 8% of vehicle
crashes.

STABILITY FACTOR

The Stability Factor [10] is a common metric
used to define light vehicle rollover propensity.

The Stability Factor is defined as one half the
average front and rear track width divided by
the total vehicle Centre of Gravity (CofG)
height. The simplifying assumption is that; the
vehicle behaves as a rigid body (i.e. no
suspension compliance, the tyres are rigid and
there is sufficient tyre to road friction to induce
a rollover). The Stability Factor relates to basic
vehicle parameters of track width and CofG
height to lateral stability. The Stability Factor is
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a rough conversion of the steady state lateral
acceleration, in g’s (9.81ms-2) at which the
vehicle will rollover on a flat road. Given that
vehicles do not behave as rigid bodies, the
Stability Factor is a first order predictor of a
vehicles static rollover threshold

NATIONAL HIGHWAY TRAFFIC SAFETY
ADMINISTRATION (NHTSA) WORK ON
ROLLOVER PROPENSITY

In 1989 Mengert [11] et al presented a study
examining 40,000 single vehicle crashes
involving 40 different vehicle types to establish
the probability of being involved in a rollover.
In analysing the data eleven possible variables
which could influence the probability of being
involved in a rollover were evaluated; Stability
Factor, wheel base, age of driver, alcohol/drug
use, seatbelt use, rural location, urban
location, road geometry, driver error, tracking
v’s sliding and road surface condition

[dry/wet/snow]. Mengert et al determined that
Stability Factor was the contributing variable
with an “excellent correlation to rollover”.

They presented the following characteristic:
Probability of being involved in a rollover =

100 / (1 + Stability Factor 6.9)
NHTSA has proposed [12] and implemented a
rollover rating system into the New Car
Assessment Program (NCAP) based on the
Stability Factor. The rollover rating for NCAP
is based on a four-year study of single vehicle
crash data (1994 to 1997) from six states
(Florida, Maryland, Missouri, North Carolina,
Pennsylvania and Utah). The analysis is
based on 226,117 single vehicle crashes of
which 45,574 involved rollovers. One hundred
vehicle types were identified. The data
collected was presented in two forms [13]; not
adjusted and adjusted for differences in road
use or state reporting, as shown in Figure 2.

Figure 2: NHTSA data on rollovers per Single-vehicle crash estimated from Six
states, adjusted for differences in road use or State reporting

The data collected shows a strong tendency
for lower rollover rates for vehicles with higher
Stability Factors. NHSTA have now classified
vehicles using a star rating as part of the
NCAP
(http://www.nhtsa.dot.gov/cars/testing/NCAP/).

• One star: Risk of a single
vehicle rollover crash ≥ 40%

• Two star: Risk of a single
vehicle rollover crash > 30%, but
<40%.

• Three star: Risk of a single
vehicle rollover crash > 20%, but
<30%.

• Four star: Risk of a single vehicle
rollover crash > 10%, but <20%.

• Five star: Risk of a single vehicle
rollover crash > 10%.

The problem with basing a rollover rating
system on purely Stability Factor data is the
distribution of the actual data points (defined
by Garrott [14] et al. as the “noise”). The noise
is illustrated in Figure 2, specifically at a
Stability Factor of 1.07. At the maximum and
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minimum extremes two vehicles have a 56%
and 23% probability of rollover per single
vehicle crash respectively. The NHTSA
rollover rating system would rank all vehicles
with a Stability Factor of 1.07 as the same ie.
36% probability of rollover per single vehicle
crash and would rank them as a two star
vehicle, in terms of probability of rollover. This
results in a 20% advantage to the 56% vehicle
and a 13% disadvantage to the 23% vehicle. It
is the opinion of the authors that the real
disadvantage is to the consumer who uses the
star rating to make an informed purchase on
the probability of rollover.

In addition to the star rating NCAP Garrott et
al. states that: “NHTSA is working to develop
either an information program which will make
consumer’s more aware of vehicle
make/models with a high rollover propensity or
a Federal Motor Vehicle Safety Standard
(FMVSS) which would both prevent the
manufacture of vehicles that have too high a
rollover propensity or both”.

Garrott et al. then argues that; “there are two
reasonable ways to develop a methodology for
determining a vehicles rollover propensity:

• Actual Rollover Occurrence approach,
(where) a vehicle being tested is driven
through a prescribed test procedure that
may result in On-road untripped rollover.

• Rollover Propensity Metrics approach, may
include dynamic driving tests. Laboratory
tests or both… unfortunately, due to the
‘noise’ present in ‘real-world’ rollover crash
statistics, achieving good correlations is
very difficult”.

Howe et al defined rollovers into three types of
events; Off-road tripped, On-road tripped and
On-road untripped.

Garrott et al. reports on NHTSA research to
establish a testing procedure for On-road
untripped rollover (the Actual Rollover
Occurrence approach). The authors are
confused by the NHTSA focus on On-road
untripped rollovers rather than Off-road
rollovers, because in an earlier phase of the
same study Howe et al. stated that:

• “On-road, untripped rollovers due to
vehicle maneuvering are responsible for
only a small portion of the rollover safety
problem.

• Perusal of the various rollover crash
databases clearly shows that the Off-road
rollover category contains the vast majority
of all light vehicle rollover crashes.”

Garrott et al. also states that: “NHTSA has not
yet decided whether to use the Actual Rollover
Occurrence approach or the Rollover
Propensity Metric approach. Therefore, work
is proceeding in parallel upon both
approaches.”

The work carried out by Howe et al and Garrott
et al to establish a testing procedure for On-
road untripped rollover has merit. The research
is logical and provides a repeatable testing
methodology that is based on using a steering
machine and defined manoeuvres.

VICTORIAN POLICE STUDY

Subsequent to several rollovers of vehicles
operated by the Victorian Police (VicPol)
Monash University Accident Research Centre
(MUARC) was requested to analyse the
issues. MUARC was engaged and conducted
a two-phase analysis. The first phase
examined vehicle crash data held by VicPol,
static stability and handling for a range of
vehicles operated by Police Forces within
Australia [2]. The second phase of the
analysis was to assist in the definition,
selection and specification of performance
criteria for VicPol vehicles [15].

The VicPol operate essentially a lease fleet of
production vehicles that are modified with
police equipment. The majority of vehicles are
fitted with light bars, communication
equipment, etc. However, the typical VicPol
first response unit was a Divisional Van
(DiviVan), a standard Utility fitted with a
prisoner containment system. The DiviVan’s
operated by the VicPol in June 2000 were
based on the Commodore Utility and Rodeo
4x4 and 2x4 twin cab vehicles, illustrated in the
Figure 3.
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Figure 3: DiviVan’s operated by VicPol in June 2000

VICPOL DATA

The VicPol vehicle accident database did not
explicitly categorise vehicle crashes by the
type of crash, a search of the data for
descriptions containing “rolled” or variations
thereof. The database was searched from Jan
1990 to Jun 2000. Ten vehicle types defined
the fleet. Thirty-four rollovers were identified
and detailed in Table 1. (The Victorian Police
replaced the Old Falcon DiviVan with the
Commodore DiviVan in 1995)

Five other rollovers were identified but were
not included in the data. The rollover of a
snowmobile was not considered while four
other rollovers lacked sufficient detailed
descriptions to enable identification of the
vehicle involved. The rollovers per vehicle
type were normalised against two fleet
operational factors 10,000 vehicle months.
(The calculated rollover rate is per 10,000
vehicle months of operation by VicPol. The
Rollover Rate equals the ratio [number of
rollovers]/[total vehicle months] multiplied by
10,000).

Serial Vehicle type Number
of

rollovers
1 Holden Commodore Sedan 2
2 Ford Falcon Sedan 5
3 Ford Falcon DiviVan (old) 2
4 Toyota Landcruiser Wagon

105R
1

5 Nissan Patrol Wagon 1
6 Holden Jackaroo Wagon 1
7 Toyota Landcruiser Wagon

80R
13

8 Toyota Landcruiser Troop
Carrier

3

9 Holden Commodore
DiviVan

11

10 Rodeo 4x4 DiviVan 5
TOTAL 34

Table 1: VicPol rollovers January 1990 to June
2000

It can be seen from Figure 4 that the
Commodore DiviVan has rollover rates similar
to 4x4 vehicles and is significantly different
from the Old Falcon DiviVan, which it replaced.
The rates for the Rodeo DiviVan are
significantly worse than all other types of
vehicles operated by VicPol.

It was considered that rollovers are mainly due
to the Track width to CofG height ratio, in the
DiviVan vehicles the addition of the prisoner
containment system was considered to have
increased the rollover rates by significantly
raising the CofG height of the base vehicle.
This could be evaluated by measuring static
factors, however to ensure that the suspension
set-up of vehicles had not also contributed to
the increased rollover rates handling
evaluations of the vehicles was also carried
out.
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Figure 4: VicPol rollovers per vehicle months and 10 million km’s travelled

Thirteen vehicles were tested for static
factors [16 and 17] and the parameters
measured included; Mass, Axle Loadings,
Wheelbase, Track width, CofG location
and Tilt table rollover angle. The Limit of

Lateral Acceleration (LLA) was established
from the Tilt table rollover angle at first
wheel lift and the Stability Factor was
calculated using the Track width and CofG
location data (Table 2).

Seria
l

Vehicle LLA
(ms-2)

LLA
(g's)

Stability
Factor

1 Holden Rodeo 4x4 DiviVan 7.39 0.75 0.90
2 Toyota Landcruiser Troop

Carrier
7.92 0.81 0.90

3 Holden Rodeo 2x4 DiviVan 8.03 0.82 0.89
4 Mazda E2000 Van 8.20 0.84 0.90
5 Toyota Landcruiser Wagon

80R
8.90 0.91 1.03

6 Holden Commodore DiviVan 9.12 0.93 1.08
7 Holden Rodeo 4x4 Utility 9.37 0.96 1.07
8 Holden Rodeo 2x4 Utility 9.74 0.99 1.09
9 Ford Falcon AU DiviVan

(SA)
9.95 1.01 1.16

10 Ford Falcon DiviVan (old) 11.01 1.12 1.25
11 Holden Commodore Utility 11.36 1.16 1.27
12 Ford Falcon AU Utility 12.38 1.26 1.36
13 Holden Commodore Sedan 12.56 1.28 1.51

Table 2: Limit of Lateral Acceleration and Stability Factors for VicPol vehicles tested
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Handling evaluations were conducted on eight
vehicles [18]. Steady State turning tests were
conducted in-accordance with ISO 4138
“Passenger Cars – Steady State Circular
Driving Behaviour – Open-loop test
procedure”, and dynamic testing was
conducted using the test track defined by ISO
3888-1 “Passenger Cars – Test Track for a
Severe Lane-change Manoeuvre”. All handling
tests were limited to 70% of the previously
defined LLA for the specific vehicle, so that
testing could be carried out without outriggers.

Repeated handling tests were carried out;
manoeuvring the vehicle to the left and right
and using two experienced drivers.

Steady State turning was carried out to
establish the steering characteristics of the
vehicle and to ensure the steering
characteristic was consistent either turning left
or right and predictable over the 0 to 70% LLA
range. The results of the Steady State testing
are presented in Figure 5 as a plot of Hand-
wheel Angle v’s Lateral Acceleration.

Figure 5: Plot of Hand-wheel angle v’s Lateral Acceleration for vehicles tested

The Lane-change testing was carried out to
determine the velocity through the Lane-
change manoeuvre at which 70% LLA was
achieved. Testing was initiated at a relatively
low velocities and increased in small
increments, until the velocity produced the
required 70% LLA was achieved and
successfully negotiating the test course. The
70% LLA velocity was repeated a minimum of
four times, for each driver and for lane-
changes to the left or right (minimum of 16
data points). A summary of the average
velocity for each vehicle is presented in Table
3.

Serial Vehicle type Velocity
(ms-1)

1 Holden Commodore DiviVan 21.1
2 Holden Commodore Utility 24.2
3 Holden Commodore Sedan) 26.5
4 Holden Rodeo 2x4 DiviVan 20.2
5 Holden Rodeo 4x4 DiviVan 18.2
6 Holden Rodeo 4x4 Utility 22.5
7 Toyota Landcruiser Wagon

80R
24.3

8 VicPol AU Falcon DiviVan 25.6
9 Nissan Patrol Wagon 3.0lt 24.9

10 Nissan Patrol Wagon 4.2lt 23.8
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The ranking of the Lane-change handling data
based on velocity correlated to the ranking of
the vehicles based on Stability Factor, with the
exception of the Toyota Landcruiser Wagon
80R. The Landcruiser negotiated the Lane-
change manoeuvre faster than expected.

It was concluded that the cause of higher
rollover rates for the Commodore DiviVan and
Rodeo DiviVan’s was the high Track width to
CofG height due to the addition of the prisoner
containment system.

A range of performance specifications was
developed for the VicPol vehicle fleet based on
a comprehensive study, including but not
limited to: Literature Search; Overseas &
interstate Police vehicle experience; In-vehicle
data recorders; VicPol crashes & pursuits; A
survey of VicPol vehicle usage, including;
Demographics, Vehicle policies,
Communications, Audio and visual equipment,
Training, Type of vehicle use, Equipment
storage; Prisoner transport; Safety features
and What do VicPol officers want in a vehicle.

The following Performance criteria were
developed; Vehicle classification; Tilt table
testing, Stability Factor and probability of being
involved in a rollover; Handling; Steady State,
Lane-change, Braking and Acceleration;

Crashworthiness; Internal fittings and
Structural rollover protection.

One of the performance criteria developed is
based on a contention presented by Kahane
[19] that “rollover risk has two components:
directional stability (handling) and rollover
stability. A vehicle is directionally unstable if it
tends to skid, spin out of control or is hard to
steer on course. A directionally unstable
vehicle will have many more off-road
excursions into loose dirt, ditches etc., where
rollovers are more likely to occur. ‘Rollover
Stability’ is the tendency of a vehicle to remain
upright given that it has come into contact with
a tripping mechanism such as loose dirt,
ditches etc.,”. The criteria are based on the
velocity at 70% LLA through the ISO 3888-1
Lane-change course (Handling) and Stability
Factor (rollover stability). An interpretation has
been made to distinguish between desirable/
undesirable performance, based on the
collected VicPol rollover data and defines the
minimum acceptable velocity at 70% LLA for a
given Stability Factor. The criterion also
enables comparison and selection evaluation
of vehicles with similar velocities through the
manoeuvre or Stability Factors. Figure 6
illustrates the desirable undesirable criteria and
positions of ten vehicles that have been
evaluated.

Figure 6: VicPol handling performance criteria
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For vehicles that have similar velocities
through the Lane-change manoeuvre (≈ 26ms-

1) such as the Landcruiser, AU Falcon DiviVan
and Commodore Sedan the better vehicle,
from a rollover perspective is the one with the
highest Stability Factor, the Commodore
Sedan. While vehicles with similar Stability
Factors (≈ 1.06) such as the Landcruiser,
Rodeo 4x4 and the Commodore DiviVan the
better vehicle, from a rollover perspective is
the one with the highest velocity through the
manoeuvre, the Landcruiser.

PROPOSED METHODOLOGY FOR
COMBINED HANDLING AND STABILITY
METRIC

There is sufficient evidence to support the
contention that Stability Factor and the rate of
‘real world rollovers’ are linked. However there
is a lack of correlation due to noise, probably
due to the differences in vehicle handling.
Hence, a methodology that allows the
combination of the Stability Factor and

handling characteristic could also allow
discrimination of the probability of rollover per
single vehicle crash and therefore provide a
Rollover Propensity Metric.

This concept is illustrated using both NHTSA
‘real world rollover’ data (Figure 2) and VicPol
data (Figure 6) are presented comparing
results against Stability Factor. In both cases
the limits of the data sets can be estimated,
allowing the upper limit (blue) and lower limit
(red) to be interpreted (Figure 7). The banded
limits are similar for both data sets, in that for
lower Stability Factor values (ie 1.0 – 1.1) the
band is wide while for higher Stability Factor
values (ie 1.4 – 1.5) the band is narrow. Using
the banded limits NHTSA real world rollover
data the upper limit (blue dotted) and lower
limit (red solid) for specific Stability Factor
values (0.90, 1.00, etc) the probability of
rollover per single vehicle crash can be
estimated.

Figure 7: NHTSA real world rollover showing limit bands and NCAP star rating

The NHTSA banded probability of rollover per
single vehicle crash can be transposed on the
VicPol data. [Note: The position of the upper
and lower limits are swapped when
transposed, because the worst performing
NHTSA vehicles have higher probabilities of
rolling over while the worst performing VicPol

vehicles manoeuvre at lower speeds. The
VicPol data can then have lines of best fit for
values of 10%, 20%, 30% and 40% probability
of rollover per single vehicle crash and
assigned stars as per the NHTSA rating
system, Figure 8.
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Figure 8: Rollover probability bands and NCAP star ratings transposed onto VicPol data

The hypothesis proposed is that by testing for
rollover stability (Stability Factor) and
directional control (handling) the probability of
rollover per single vehicle crash can be
predicted (i.e. a Rollover Propensity Metric).

Examination of the NHTSA data enables
nineteen vehicles to be identified by make,

model and probability of rollover per single
vehicle crash. These vehicles can be plotted
using the Stability Factor and probabilities of
rollover per single vehicle. The data points can
be interpreted to estimate the velocity through
the Lane-change manoeuvre for specific
vehicles to be made, figure 9.

Figure 9: Estimated velocity of nineteen vehicles through ISO 3888-1 Lane-change manoeuvre
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If proved valid, this method would enable the
probability of a vehicle being involved in a single
vehicle rollover crash to be estimated based on two
measurable vehicle parameters; Stability Factor and
a handling manoeuvre. The probability of a vehicle
being involved in a rollover could be estimated
during vehicle development via modelling and
validated by testing.

One criticism of this paper could be the use of
the ISO 3888-1 Severe Lane-change
manoeuvre; this is an open loop test, which
can be driver dependent. Howe et al identified
with respect to the lane change that: “the
‘technique’ one driver chooses to employ may
be very different than another driver, yet both
may complete the manoeuvre successfully.”

Garrott et al. overcame this problem by
developing a Programmable Steering Machine,
which applies a repeatable steering input to
any vehicle tested. It is the author’s opinion
that if handling testing was conducted using
other methods, such as a Programmable
Steering Machine, the values to measure
handling performance may change from those
presented in this paper but the relative ranking
between vehicles would be similar. The ISO
3888-1 Severe Lane-change manoeuvre
provide the authors with a cost effective
methodology to enable a distinction between
vehicle handling characteristics, alternative
and improved methodologies to evaluated
handling would further segregate and define
different vehicles, in terms of handling.

A Steering Machine is being developed by
Grzebieta et al [20, 21], which can control a
test vehicle remotely, be programmed to

provide a steering input or follow a path on the
road surface. It is proposed that any future
lane change testing be carried by the authors
will utilise the Steering Machine developed by
Grzebieta et al to eliminate the driver to driver
variability.

It is recommended that this methodology be
considered for incorporation into a New Car
Assessment Program using a start rating
system, to provide consumers with a improved
information on the probability of rollover per
single vehicle crash.
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ABSTRACT

A new  seat  slide was developed  to prevent whiplash
injury.  The  behaviour  of  the  seat  during  low-speed
rear-end impacts is improved. All functions as well as
the  behaviour  of  the  seat  in  other  impact  conditions
remain unchanged.
The system consists of a damping mechanism which is
triggered  by  a  sensor. A  certain  vehicle  acceleration
followed by an impact force extended by the occupant
on  the  seat  back  is  needed  to  activate  the  system.
Unintended activation is prevented. Once the system is
activated,  the seat  is allowed  to move backwards  in a
purely  translational  manner  while  the  motion  is
damped. A distance of approx. 40 mm can effectively
reduce the occupant neck loading.
Sled  test  experiments were  performed  to  analyse  the
behaviour of the new system. The tests were conducted
to mimic rear-end collisions with a delta-v of 16 km/h.
A BioRID dummy was used as a human surrogate. The
results indicate the beneficial influence of the damping
seat slide on the occupant kinematics. In particular the
so-called S-shape deformation of the neck assessed by
the  neck  injury  criterion  NICmax  is  reduced.
Comparing  a  standard  car  seat with  and without  the
damping  seat  slide,  it was  shown  that  the NICmax  is
reduced by approx. 40%.
Hence it was shown that besides the head restraint and
the recliner  that are used in other whiplash protection
systems, also the seat slide has the potential to prevent
whiplash injury. 

INTRODUCTION

As  of  today  several  seat  systems  are  presented  that
intend  to  prevent whiplash  injury.  Simplifying,  such
systems  aim  at  reducing  the  relative motion between
head and torso as such motion is often suspected to be
related  to  whiplash  injury  [e.g.  Ferrari  1999].
Generally, the systems can be divided into two groups:
active  and  passive  systems.  Active  systems  are
characterised  by  a  mechanical  mechanism  that
influences the kinematics of the occupant sitting on the
seat  by  allowing  or  enforcing  additional  interaction,

often a motion of  the seat,  in case of an  impact. The
SAHR  system  [Wiklund  and  Larsson  1998],  for
instance, represents an active system. It consists of an
active head  restraint  that automatically moves up and
closer to the occupants' head in rear-end impacts. Thus
the  distance  between  head  and  head  restraint  is
reduced. Volvo presented  the WHIPS seat [Lundell et
al. 1998] which is equipped with a recliner that allows
controlled backwards movement of the backrest during
rear-end impact. The motion is performed in two steps:
a  translational rearwards movement of  the backrest  is
followed by a rotational motion reclining the backrest.
An  other  system,  called  WipGARD  [Zellmer  et  al.
2001],  also  enables  the  backrest  to  perform  a
translation  followed  by  a  rotation. Both  the WHIPS
and  the WipGARD  require  a  critical  load  to  activate
the system. 
A  typical example  for a passive system,  i.e. a system
without  mechanical  mechanism,  is  a  add-on  head
restraint padding  to  reduce  the head  to head  restraint
distance.  Such  additional  padding  is  available  from
various manufacturers [e.g. ContiTech 2000]. 
In this study a new active system, a damping seat slide
to prevent whiplash  injury  is presented. A  functional
model  of  the  seat  slide was  built  and mounted  to  a
standard car  seat.  Its preventive potential was  shown
by performing sled  test experiments. The system was
patented at the European Patent Office (No. EP 05 405
537.8).

MATERIAL AND METHODS

A  new  seat  component  was  developed  based  on  a
standard seat slide as used in a recent car seat. In order
to  ensure  that  the  basic  functions  of  the  seat  slide
persisted, modifications were not allowed to influence
the  translational  adjustability  and  the  stiffness  of  the
structure. Changes to the fixing of the slide to the car
were avoided such  that  the according  regulations  like
ECE  R-17  are  still  fulfilled.  Thus  the  seat
characteristics  for  other  impact  conditions  than  low-
speed  rear-end  are  meant  to  be  sustained.  Also  the
seating  posture  of  an  occupant had  to  be maintained
with the new device. Furthermore, it was defined that
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repairs  possibly  needed  after  the  new  seat  slide was
activated had to be inexpensive and easy to carry out.

Principle

The  relative  acceleration  between  head  and  T1,  and
consequently also  the NICmax value,  is  to be reduced
to  prevent  whiplash  injury.  Therefore  a  device  was
developed which allows a  translational motion of  the
seat relative to the car while damping this motion. This
leads to a delay of the building up of the torso loading.
Thus  the  main  effect  is  the  synchronisation  of  the
loading of the head and the upper torso.
The system is mounted between the seat base and the
car  floor  (Figure  1)  and  consists  of  a  damping
mechanism which is triggered by a sensor. This sensor
detects  the  vehicle  acceleration  and, when  a  certain
limit is exceeded, the deformable element  is released.
Additionally,  the damping element requires a  tripping
energy threshold to be deformed. Thus, as a measure to
prevent  unintended  activation,  the  system  needs  a
certain acceleration followed by an impact force of the
occupant against the seat. Once the system is activated,
the  seat  is  allowed  to  move  backwards  in  a  purely

translational  manner  while  the  motion  is  damped
(Figure 2).

Functional model

To  show  the  feasibility  of  the  principle  described
above,  a  functional  model  of  the  seat  slide  was
developed and incorporated into a standard car seat. A
spring-mass  system  is used  to detect  the  acceleration
necessary  to  activate  the  system.  If  the  acceleration
threshold  is  reached,  the  system  is  released,  i.e.  a
translational motion of the seat relative to the car floor
is allowed. In this case the seat slides along a defined
path as a gliding part is guided along a slide. 
The  activation  mechanism  releases  both  damping
components  simultaneously.  The  damping  is
performed  by  deformation  of  steel  profiles  on  each
side  of  the  system,  i.e.  the mechanism  is  symmetric
(Figure 3). The geometry and strength of  the profiles
were chosen on  the basis of analytical design  studies
and tensile testing experiments. It has to be noted that
due to the material of the profile used, a certain elastic
force  limit  must  be  exceeded  to  start  the  damping.
Preferably  the  profiles  show  a  small  elastic  range,

Figure 1.   Principle of the seat slide: The seat (1) of a vehicle  is mounted to a seat slide (2) which itself is
mounted to the car body (3) (left). In case of a rear-end impact, a trigger system releases the new seat slide
which then enables the seat to move backwards (relatively to the car) while damping this movement (right). 

Figure 2.  Damping of the translational backwards movement of the seat base relative to the seat; initial state
(left) and deformed state (right). 
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followed by  a  large plateau  region until  eventually  a
hardening  effect  is  observed.  The  distance  of  the
backwards movement  results  from  these deformation
characteristics. 

Sled tests

To  analyse  whether  the  new  seat  slide  offers  the
possibility  to  prevent  soft  tissue  neck  injuries,  sled
tests  were  performed.  A  recent  car  seat  from  a
European  manufacturer  was  used  and  tested  in  its
original configuration and with the new seat slide. The
sled  tests  were  carried  out  in  collaboration  with
Autoliv  (Germany)  GmbH  and  all  tests  were
performed  in  the  same manner  according  to  the  test
procedure  for  the  evaluation of  the  injury  risk  to  the
cervical spine in a low speed rear-end impact proposed
for  the  ISO/TC22  N  2071  and  ISO/TC22/SC10,
respectively [Muser et al. 1999, Muser et al. 2002]. 
The seats were mounted on the sled and adjusted such
that  the  angle of  the  seat  ramp  and  the  recliner  read

12°± 1° and 25°± 2°, respectively. An H-point machine
according to SAE J 826 was used for the adjustments.
As an anthropomorphic  test device  (ATD), a BioRID
was  used.  The  dummy  was  positioned  in  the  seat
according  to  the  procedures  described  in ECE R  94.
The  ATD  was  instrumented  with  accelerometers
located at  the head,  lower neck, chest and pelvis. On
the upper neck  (C1  level)  forces  in x and z direction
were  recorded and  the bending moment around  the y
axis was measured. Figure 4 shows the test set-up. The
seating posture was  similar  to  the one  in  the original
seat. Targets fixed to the seat base and to the seat slide
were used to analyse the translational motion. 
The  crash  pulse  used  in  the  tests  was  a  trapezoidal
shaped pulse with an average sled deceleration of 6 ±
1g  and with  rise  and  fall  times  of  10  -  20 ms.  The
resulting change of velocity (∆v) of the sled was 16 ±
1km/ h. 
As for  the evaluation, the neck  injury criteria NICmax
[Bostrom  et  al. 1996]  and Nkm  [Schmitt  et  al. 2002]
were calculated using the following equations: 

     (1)

                   (2)

where arel and vrel denote for the relative acceleration
and  velocity  of  the  highest  (occipital  condyles)  and
lowest  (C7/T1)  point  of  the  cervical  spine,
respectively.  NICmax  is  the  maximum  value  of  the
NIC(t) curve during the retraction phase. Currently the
critical limit for the NICmax is 15m2/s2 [Bostrom et al.
1996]. 
Fx(t)  and My(t)  are  the  shear  force  and  the  flexion/
extension bending moment,  respectively. Both values
are obtained from the load cell positioned at the upper
neck. Fint  and Mint  represent  critical  intercept values

NIC t( ) 0.2 arel t( ) vrel t( )( )2+⋅=

Nkm t( )
Fx t( )

Fint
-------------

My t( )

Mint
--------------+=

Figure  3.    Deformable  U-shaped  steel  profile  as
used  in  the  functional model; undeformed profile
(left) and deformed profile (right).

Figure 4.   Principle of  the  test set-up  for  the sled
tests including the measurement targets on the seat
and the BioRID dummy.
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used  for normalisation. The  threshold value currently
proposed  is  1.0  for  all  possible  Nkm  load  cases
[Schmitt et al. 2002].

RESULTS

Table  1  summarises  the  according  results  for  the
reference  seat  and  two  seats  both  equipped with  the
seat  slide  but  using  different  deformation  profiles.
These profiles were of similar geometry (as shown in
Figure  3)  but with  different  thickness  (8 mm  and  5
mm). The  deformation  characteristics  of  the  profiles
along with  the  design  of  the  seat  slide  resulted  in  a
backwards  motion  of  approx.  40  mm  for  all
deformable slides. Figure 5 illustrates the deformation
characteristics.

The  NICmax  values  were  reduced  from  13.4  of  the
reference  seat  to  8.1  for  a  modified  seat.  The  Nkm
values were  all  -  even  for  the  reference  seat  - well
below  the  proposed  threshold  and  only  slight
differences  between  the  seats  were  observed.  The
rebound velocities were also very similar for all tests,
not  indicating  any  significant  changes  caused  by  the
seat slide. 
Results for the pelvis acceleration are shown in Figure
6.  The  influence  of  the  damping  device  is  clearly
indicated  by  the  plateau  value  which  limits  the
acceleration for a certain time and therefore causes the
increase of  the pelvis acceleration  to be delayed. The
change of the pelvis acceleration consequently affects
the acceleration of the first thoracic vertebra (T1). This
is also reflected in the NICmax values (Figure 6).
Using  the  seat  slide  with  the  5  mm  profile  the  T1
acceleration  is  reduced  in  the  retraction  phase  (i.e.
when NICmax occurs) and its maximum is shifted such
that  it meets  the maximum  of  the  head  acceleration.
The T1  and  head  acceleration  peak  values,  however,
were slightly increased. To check for the effect of this
increase, the head injury criterion HIC was calculated.
The HIC values obtained are 75 for the reference seat,
122 for the 8 mm profile, and 105 for the 5 mm profile,
respectively.
Concerning the timing, a later head contact resulting in
a  later maximum of  the head acceleration is observed
due  to  the  additional  translational  motion.  The  Nkm
values  were  also  reached  later  in  time  than  for  the
reference seat except for the Nea where the timing was
inconsistent. The NICmax occurred at about  the  same
time for all seats. 

Table 1.

Results from the sled test experiments: time of head contact, NICmax (top), and Nkm values (bottom).

seat head contact NICmax

t [ms] NICmax [m2/s2] t [ms]

reference seat 62 13.4 63

profile 1 (8 mm) 92 10.7 63

profile 2 (5 mm) 80 8.1 66

seat Nkm

Nep [ms] Nfp [ms] Nea [ms] Nfa [ms]

reference seat 0.24 101 0.23 97 0.02 169 0.07 64

profile 1 (8 mm) 0.26 155 0.45 126 0.05 81 0.05 96

profile 2 (5 mm) 0.22 140 0.34 113 0.00 -- 0.06 81

Figure 5.  Deformation of a steel profile.
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Additionally, profiles of different geometry  and  from
different  materials  were  tested.  Those  results  were
either comparable or did not improve the behaviour of
the  seat  in  terms  of  neck  injury  criteria  and  are
therefore not discussed here.

DISCUSSION

In  order  to  develop  a  countermeasure  for  whiplash
injury, a new seat slide was presented. The seat slide
allows  a  translational  backwards  motion  of  the  seat
during a low-speed rear-end impact while damping this
movement.  A  prototype  of  the  seat  slide  was  built
using  deformable  steel  profiles  to  damp  the motion.
The prototype was mounted to a standard car seat and
sled  tests were performed  to  analyse  the  potential of
injury prevention of such a device. It was shown that
the seat slide reduced the NICmax to approximately 60
%  of  the  value  of  the  reference  seat without  such  a
slide. This indicates the benefit of controlled damping
to  reduce  neck  loading,  especially  to prevent  the  so-
called S-shape which is assessed by the NICmax . The
higher head acceleration can be partly be attributed to
the  increased  time interval until  the head contacts the
head  restraint. In addition,  the  recliner properties  that
govern  the  relative  velocity  between  head  and  head
restraint  are  possibly  accounting  for  a  higher  head
acceleration. When the head impacts the head restraint
(and  thus  is accelerated),  the backrest and with  it  the
head restraint have a slightly higher velocity relative to
the  head.  The  reason  for  such  higher  velocity  can
probably be  found  in  the  longer period  for which  the
backrest  is  accelerated  before  head  impact.  The
according HIC values reflect that behaviour, although

they are all far below any threshold. Future work will
analyse this behaviour more closely. 
The  relative  motion  between  head  and  neck  was
reduced, because the timing of the according head and
T1  acceleration  was  improved  such  that  both
accelerations  reach  their maximum  at  the  same  time.
Furthermore,  the  outcome  for  the  Nkm,  and  the
rebound velocities as well as the sitting posture of the
dummy were not  significantly  influenced by  the  seat
slide. Nonetheless, the influence of the seat slide on the
head  acceleration,  for  instance,  demonstrates  that  a
seat must be considered as a unit,  i.e. a balanced seat
design  is  -  in  the  context  of  crashworthiness  -  only
achieved by  taking all  seat components  into account.
Hence the construction of the seat slide, especially the
characteristics of the deformable elements, has also to
take those components into account. For the seat tested
here this holds particularly true for the recliner which
seems  to  have  a  large  influence  on  the  overall  seat
behaviour.
As  for  the  pure  translational motion  of  40 mm,  this
distance  seems  acceptable  for all  two-seaters  and  for
seats where the backrest does not (dynamically) rotate
much  like  the  one  analysed  here.  Further  tests with
other  seats  will  investigate  whether  there  arise
problems  for  backseat  passengers  such  that  the
translation should be limited.
In general,  the prototype proved to be repair friendly.
Only the damping elements had to be replaced after a
test. Furthermore, a system of this kind seems suitable
to be fitted to different seats by adapting  the profiles.
As  required  the new  system did not  interfer with  the
translational  adjustability  of  the  seat,  i.e.  the  seat
remained adjustable after the impact. 

Figure 6.   Pelvis acceleration  for  the  reference  seat and  the  seat  equipped with  the new  slide and a 5 mm
deformation profile. Additionally, a typical head acceleration curve is shown. The reduction of the NICmax is
indicated schematically by the according areas.
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Consequently, applying the principle of a damping seat
slide  shows  that  besides  the  recliner  and  the  head
restraint that are used in existing systems like WHIPS,
WipGARD, and SAHR, the seat slide has the potential
to prevent whiplash injury.

CONCLUSIONS

The  design  of  a  new  seat  slide  to  prevent whiplash
injury is presented. A damping element was introduced
that deforms during a  translational backwards motion
of the seat in case of a low-speed rear-end impact. The
results  indicate  that  such  a  design  has  a  potential  to
improve the seat behaviour, particularly with respect to
the  relative  acceleration  between  head  and  neck.  A
40% reduction of the value for the neck injury criterion
NICmax  was  obtained.  Although  the  design  of  the
prototype is not yet suited for the production of larger
numbers,  the  concept  has  proven  to  be  suitable  for
such a purpose. Together with other systems presented,
the  new  seat  slide  showed  that  for  future  car  seats
different  possibilities  concerning  all  major  seat
components  are  available  to  implement  whiplash
countermeasures.
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ABSTRACT

Analysis of truck crash data shows that the majority
of truck occupant fatalities occur as a result of
rollover or frontal collisions. A large proportion
results from single-vehicle crashes and about one
third of fatal crashes involve ejection of the truck
driver from the cab. Stronger cab structures to
provide adequate occupant survival space, the use of
stronger doors and side inflatable tubular structures to
prevent ejection, more forgiving interior surfaces, air
bags, and seat belts are all possible means of
reducing occupant injury.

This paper provides a status report on a current
effort to mitigate crash injury to large truck
occupants. It presents a detailed survey of the current
state-of-the-art in occupant protection
countermeasures and their effectiveness, an analysis
of U.S. truck crash data with an overview of occupant
injury modes, and concludes with a description of a
current effort intended to quantitatively estimate the
benefits of implementing these countermeasures for
the U.S. road system.

INTRODUCTION

Using the Trucks Involved in Fatal Accidents
(TIFA) and the General Estimates System (GES)
databases it can be seen that, over the five-year
period from 1995 to 1999, annually about 376,000
large trucks (Gross Vehicle Weight Rating (GVWR)
over 10,000 lbs) were involved in a traffic crash on
U.S. roads. These crash involvements resulted in
considerable loss in terms of deaths, injuries (ranging
in severity from incapacitating (A injuries) to
complaint of pain (C injuries)), and property damage.
Although the lighter vehicles involved in the crashes
suffered the most damage, the adverse effects to the
truck and its occupants are also significant and merit
investigation for the purpose of reducing their
severity and costs. Annually, about 744 truck
occupants are killed and 29,000 are injured in traffic

crashes. Considering only truck drivers, an average of
633 drivers were killed and 24,000 were injured.

This paper provides a status report on a current
effort to mitigate crash injury to large truck
occupants. The paper begins with a detailed survey of
the current state of the art and discusses various
occupant protection countermeasures and their
effectiveness in mitigating the severity of post-crash
injuries. The paper then presents an analysis of U.S.
truck crash data with an overview of occupant injury
modes. (The focus of the crash data analysis is
restricted to the driver rather than all occupants of the
truck.) The paper concludes with a description of the
current effort intended to quantitatively estimate the
benefits of implementing these countermeasures for
the U.S. road system.

TRUCK OCCUPANT PROTECTION
RESEARCH

Truck Crash Characteristics

Seiff (1985) identified some of the major
characteristics of truck crashes and a follow up study,
Seiff (1989) documented the improvements in truck
safety both in terms of reduced crash rates (on a per
mile traveled basis) and the decreased injuries and
fatalities to both car and truck occupants in truck
involved crashes.

• Large trucks (weighing over 10,000 lbs) are
involved in about 13% of all fatal highway
crashes. Only about 18% of these fatalities are
truck drivers themselves, 82% of the fatalities
were pedestrians or occupants of other vehicles
involved in the crash. (1976-1983 data, Seiff
(1985))

• About 72% of fatal truck crashes are multi-
vehicle crashes, 15% are single vehicle crashes
and 8% are trucks hitting pedestrians or cyclists.

• A vast majority (about 70%) of truck occupant
fatalities occurs in single vehicle crashes.
Rollover is involved in 60% of truck occupant
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fatalities, ejection in around 35%, extrication in
about 22%, and 16% of cases involve fires.

Cheng (1996) more recently explored the issue
of truck crash characteristics, through in-depth
studies of 68 fatal truck crashes. The author stated
that the statistical characteristics of these 68 cases
closely approximate those of FARS, with the
exception of one crash type – that in which the truck
strikes a fixed object after rollover. The authors’
opinion is that the difference in this case results from
the fact that FARS consistently underestimates this
category of crashes.

From the case studies, fatal truck crashes can be
classified into the following categories:

• Head on collisions: These involve collisions
between trucks traveling in opposite directions
and make up about 22% of fatal multi-vehicle
truck crashes. In these cases, the collision is
usually significantly offset or a sideswipe. High
closing speeds are observed in this crash type,
which results in significant intrusion into the
driver side of each tractor.

• Rear end collisions: These involve a faster
moving truck striking the rear of a slower
moving or stationary truck, mostly with full
contact and constitute about 52% of fatal multi-
vehicle truck crashes. Significant damage and
intrusion is caused to the cab of the striking
tractor due to height mismatch between the
striking tractor frame and the struck trailer
frame.

• Collisions with fixed objects: These crashes
generally involve boulders, buildings, guardrails,
etc. Significant or total cab destruction can result
if the struck object is large such as a bridge pier
or building. If smaller obstructions are struck,
the severity of the crash usually results from
rollover. The author presents FARS (1975-89)
data showing that these two crash types (striking
fixed objects without and with rollover)
constitute respectively 20% and 18% of fatal
truck crashes.

Crashes with rollover can themselves be further
distinguished into the following types.

• 90º rollover without subsequent collision: In this
case there is minor cab deformation and
intrusion.

• 90º rollover with subsequent collision: There
may be significant cab damage and intrusion in
this case and the collision after the rollover is the
most harmful event.

• 180º rollover: In this case, the tractor finally rests
on its roof. Flat bed trailers are much more likely
to experience 180o rollovers than van trailers.
There is extensive destruction of the cab in the
vertical direction, and the roof may be forced
down to the seat level, totally compromising
survival space.

Berg (1997) undertook a comprehensive study of
truck usage statistics and truck crash figures in
Germany from 1970–1995. The paper presented a
general overview of crashes involving commercial
vehicles, based on a study of 400 crashes.
Information about test and simulation studies of
commercial vehicle crash testing was also included.
The author stated that collisions of trucks against the
rear of other commercial vehicles were an important
but neglected subject of study. These kinds of crashes
accounted for 29% of commercial vehicle crashes in
Germany and were very severe to the truck
experiencing the frontal impact. There was
significant structural incompatibility between the two
vehicles in this case leading to high cab deformations
even in low speed crashes and a high percentage of
severe truck occupants injuries or fatalities.

Overall, a large majority (~70%) of fatal truck
crashes involves only a single vehicle – the truck
itself. Further, three crash modes or a combination of
these, dominate all fatal crashes. These three are (i)
rollovers, (ii) collision with fixed objects, and (iii)
collision with another vehicle. A significant
proportion (55%) of fatal crashes are associated with
rollovers. Furthermore, whenever rollover appears
with combination of other modes, the rollover itself
frequently is the most harmful event to the driver.

Causes of Injury to Truck Occupants

While the aforementioned studies investigated
the common characteristics of truck crashes, a
number of studies considered the issue of the
relationship between these characteristics and the
injury modes or mechanisms observed in the
occupants of the truck.

Neilson (1987) reviewed literature and data
relating to heavy truck usage on the European road
system. The major causes of injuries observed in
truck crashes were ejection from the cab or crushing
of the cab structure. The principal crash types, in
which ejection was observed, were frontal impacts
(even at low speeds) and rollovers. Ejections through
the front windscreen were most common. Significant
crush of the cab structure leading to occupant injuries
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occurred mostly in collisions with other large trucks
or with fixed objects such as roadside structures.

Eggleman (1987) studied in detail 136 truck
crashes, from both the U.S. and Europe, in which the
truck occupant was injured. The study too, noted the
importance of ejection and entrapment (cab crush)
but added a third cause of injury, namely, impact
with the interior components that may occur with or
without intrusion due to cab crush. The most
common part of the body injured was the head with
55% of all injured occupants suffering head injuries.
Injuries to arms and legs were second most common
though they were generally not as serious. The author
noted that truck cabs offer relatively little protection
(compared to passenger automobiles) in the form of
energy absorbing crush space and thus are more
prone to intrusion or entrapment type injuries.

Seiff (1985) using US crash data identified
rollover and ejection (occurring either separately or
together) as the cause for the greatest number of truck
occupant fatalities. Rollover was involved in 59% of
driver fatalities, with ejection found in 34.5%. Driver
extrication (indicating crush or entrapment type
injuries) was necessary in about 22% of fatal crashes.
Fire was involved in 16% of truck driver fatalities.
Many of the fatal crashes involve more than one of
the previously mentioned injury mechanisms.

Berg (1997) also identified ejection and cab
crush as primary factors in driver injury. Of all the
ejected occupants 50% were killed and 33% of all
occupants that were pinned in the cab were also
fatally injured. In comparison only 7% of occupants
who were not ejected or pinned suffered fatal
injuries.

Of all the interior cab objects causing injury, the
steering wheel is the most common, indicating the
steering wheel is a target for design improvement
efforts. Other conspicuous areas are the dashboard
and foot/leg area. The author also mentions that in
2% of the cases the retention system itself was the
cause of the injury. Given that very few trucks
included in the survey were fitted with seat belts and
that the usage of these is also very low, this strongly
indicates a need for further improvements in the
retention technology.

Ranney (1981) noted some specific patterns in
the injury mechanisms relating to interior impacts.
Impact with the steering assembly was the most
common cause of injury followed by impacts with
the instrument panel, doors and windows, and finally
windshield and roof. Also, impacts with the steering
assembly caused the most severe injuries, followed
by the relatively infrequent injuries due to the roof.

Injuries to the head are most common, followed
by upper extremities and thorax. Injuries to the
abdomen and thorax are almost exclusively caused by
the steering assembly and are typically the most
severe. Heavy trucks differ from the rest of the truck
population in that steering assembly impacts result
more commonly in chest injuries (as opposed to the
head) and can be quite severe.

Grandel (1989) also studied the interior of truck
cabs. The goal of this study was to examine exterior
and interior cab deformations in truck crashes and
their relation to occupant injury. For this purpose data
from 100 truck crashes (involving trucks with
payload > 3.5 tons) in which occupants were injured
were analyzed. The results of the first 33 crash
investigations are reported in this paper.

• Truck/Truck crashes play the largest role in
occupant injury. Car/Truck crashes are also
found to be dangerous for truck passengers
because the impact can lead to dangerously
unstable driving conditions that cause
overturning or secondary impacts. Single vehicle
crashes like overturning did not lead to above-
average injuries. Also, for truck/truck crashes,
head on collisions were not as dangerous as rear-
end collisions, which caused more fatalities and
serious injuries (to the occupant of the truck that
strikes the rear of the other vehicle) due to the
strength and stiffness mismatch between truck
cabs (relatively soft) and rear structures (stiff).

• Cab deformation: Even relatively minor
deformations of the cab exterior (less than 20
cm) can cause serious or fatal injuries to occur,
but only as a result of truck occupants being
ejected from the cab. Deeper deformations
(between 20 and 40 cm) cause serious injuries
more often and fatalities less often. Deep
deformations (above 40 cm) often cause serious
injuries and fatalities.

• Interior impacts: The steering assembly most
often causes injury to drivers. The steering
wheel/steering column usually comes up
together with the foot/leg area causing serious
injuries especially to the legs and chest. Interior
components that suffer damage (like pillars) do
not generally cause injury, whereas parts like the
steering column that do not deform cause much
greater injury, because the deformation acts as an
energy dissipation mechanism to soften the
impact of the occupant against the component

Current U.S. Truck Occupant Safety
Requirements
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In the U.S., trucks are required to have certain
occupant safety equipment by the Federal Motor
Vehicle Safety Standard (FMVSS). FMVSS 209 and
210 require heavy trucks to have seat belts
assemblies and seat belt assembly anchorages the
same as is required for passenger vehicles. FMVSS
208, occupant crash protection, requires that trucks
over 10,000 lb. have either a complete passenger
protection system that meets the requirements of
section 5 or a Type 1 or Type 2 seat belt assembly
that conforms to FMVSS 209. (Refer to CFR Title
49, Chapter V., Section 571.208, S4.3.2. for more
complete information.)

Truck Occupant Crash Protection
Countermeasures

The subject of interior crash protection has
received significantly more attention for automobiles
than for commercial vehicles. The experience gained
from these studies forms a good foundation for
designing improved truck occupant protection
systems and will be briefly surveyed here, before
focusing on the literature relating to heavy trucks.

Hobbs (1980) provided an in-depth analysis of
injury patterns and mechanisms for car occupants.
Gabler (1991) studied the safety performance of cars
with respect to interior head impacts using sled tests
with Free Motion Head Form (FMH) dummies. The
study concluded that even as little as one inch of
padding on the interior surfaces most involved in
head impacts can reduce the head injury criterion
(HIC) by as much as half. Scott (1995) studied car-
truck collisions and the improvements in injury
outcomes possible using interior countermeasures.
Hollowell (1996) presented results from car crash
tests against both other cars and deformable or
moving barriers. The principal conclusion of the
study was that airbags prevent serious head or chest
injuries in all but the most severe crashes, but that
lower extremity injuries are more common and
require improvements in protection systems. Digges
(1998) studied rollover crashes and demonstrated that
seat belts are the single most effective
countermeasure in preventing injury (by preventing
ejection and reducing interior impacts) in such
crashes.

Occupant protection systems can be
distinguished into systems that require the occupant
to actively adopt their use, such as wearing seat belts
or helmets etc., and those that are inherently present

in the vehicle such as airbags, energy absorbing
steering columns, padding of interior structures etc.
These are sometimes referred to as active and passive
systems respectively. Active systems (especially
safety belts) have the disadvantage that use of the
system is not always assured, thus often rendering
them ineffective. Evans (1989) compared the
effectiveness of the two most popular passive and
active safety measures in passenger automobiles,
namely air bags and seat belts. Seat belts reduce the
risk of fatality by preventing ejection of the occupant
and reducing the severity of impacts with interior
objects, while air bags reduce the chance of injury
due to impacts with interior components primarily in
frontal collisions. Based on crash data, the author has
calculated that seat belts are 77±6% effective in
reducing occupant fatality. Air bags alone (without
the use of seat belts) are 18±4% effective in reducing
occupant fatality. Combined use of seat belts and air
bags is estimated to provide an added 5% reduction
in fatalities over the use of seat belts alone.

Seiff (1985 and 1989) presented an analysis of
methods for reducing the injury toll of truck crashes,
through both crash prevention and using post crash
occupant protection countermeasures.

• The most important aspect in preventing injury
to truck occupants is seat belts. Seat belt use in
heavy trucks increased from 6% in 1982 to about
33% in 1987. The author suggests that
improvements in seat belt design other restraint
systems are the most important area for study.

• Protection from post crash fire.

• Cab interiors free from sharp and hard objects,
improved design of steering wheel rim and
column.

• Improved cab design providing crash space and
means of escape after crash.

Clarke (1994) and De Coo (1994) dealt
respectively with U.S. and European efforts to
improve truck occupant protection. Both studies used
detailed analysis of truck crashes combined with
crash testing to estimate the achievable
improvements in truck occupant injury outcomes. De
Coo (1994) concluded that a 60% reduction in injury
measures is possible through the use of seat belts
alone and a further 21% reduction is possible with the
addition of airbags.

Clarke (1994) analyzed crash data from 182 case
summaries of fatal heavy truck crashes from a 1990
NTSB study to develop computational crash
simulations and representative crash pulses to
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research occupant dynamics, and truck cab interior
crashworthiness.

Analysis of crash data revealed three principal
types of crashes; rollover, collision with fixed object,
and collision with other trucks. In the majority of the
collision cases the principal impact was frontal. Fatal
head on collisions with other trucks or with fixed
objects are usually characterized by high closing
speeds. Fatalities caused by collision with the rear
end of another truck occur over a wide range of
speeds and involve occupant compartment intrusion
due to the cab of the striking truck, contacting the
frame of the struck truck. Rollovers occur in nearly
50% of the sample of cases studied. 180o rollovers
were generally not survivable due to crush of the
occupant compartment. 90o rollovers usually allow
sufficient survivable space. Approximately 22% of
the analyzed crashes did have sufficient occupant
survival space.

There is considerable agreement among all
studies of truck interior safety that occupant restraint
systems are the most effective measure in reducing
injury severity and fatality rates. Cheng (1996a and
1996b) used crash reconstruction and simulation
studies to analyze the effectiveness of occupant
restraint systems. Three cases of seatbelt usage were
investigated, a three-point seat belt, a lap belt, and an
unrestrained occupant. In rear-end collisions, the
shoulder belt was shown to be effective in limiting
forward excursion of the upper body and limiting
head impact with the steering wheel and the roof. In
rollover crashes, the seat belt was less effective in
preventing impacts with the roof. As expected, lap
belted and unrestrained occupants suffered higher
impact forces.

Kubaik (1997) presented a detailed dynamic
testing based analysis of the effectiveness of a three
point seat belt coupled with an air bag in heavy
trucks. Tests were conducted using a High Impulse
Generator (HYGE) slide on a 50th percentile male
dummy. Four scenarios were considered: exclusive
use of seat belt, exclusive use of air bag, use of airbag
and seat belt and unrestrained occupant. Since the
maximum number of injuries and fatalities are
observed for unrestrained occupants, the data
collected for those were treated as a baseline (100%)
and all other observations were normalized with it.
Tests were conducted twice for each scenario to
avoid variations in dynamic testing.

The results obtained are summarized in Table 1.
The author presents the following discussion of the
test results:

Table 1
Comparison of

Occupant Restraint System Effectiveness

Seatbelt/
A

irbag

A
irbag

SeatB
elt

U
nrestrained

Head injury Criteria
(HIC) 83.7 94.1 148.4 100.0

3 ms Resultant
Chest Acceleration

72.5 70.8 81.2 100.0

Chest Deflection 96.1 97.6 87.4 100.0

Chest Viscous
Injury

76.7 84.9 68.3 100.0

Positive Neck Shear 25.2 91.0 814.2 100.0

Negative Neck
Shear

43.1 54.3 41.7 100.0

Neck Tension 64.1 67.3 137.8 100.0

Neck Compression 1.0 84.2 2.6 100.0

Neck Flexion 23.9 68.5 335.3 100.0

Neck Extension 30.7 51.3 27.5 100.0

Right Femur Load 35.5 87.8 52.7 100.0

Left Femur Load 65.1 111.1 80.4 100.0

• Unrestrained Occupants: Excessive displacement
of the lower extremities occurred resulting in
high femur loads. Also, the occupant’s chest
contacted the steering wheel causing the column
tilt mechanism to rotate forward, allowing the
dummy’s head, right shoulder and right forearm
to break through the 0.25-inch polycarbonate
windshield, causing maximum injuries and
ejection.

• Seat Belt only: The seat belt restrained the
occupant’s torso and lower extremities, lowering
chest accelerations and femur loads, but allowed
forward displacement of the head to continue,
resulting in increased moment about the neck. In
addition, the occupant’s head contacted the
steering wheel hub. This resulted in high HIC,
positive neck shear, and neck tension and neck
flexion injuries.

• Air Bag only: Air bags protected the head and
the upper torso, reducing, HIC, chest
accelerations and neck loads, with the exception



Svenson, Page 6

of neck compression due to the mass of the body
pushing into the bag. It also allowed for greater
forward chest and lower extremities
displacement resulting in high femur loads.

• Seat Belt and Air bag: Simultaneous use of both
components limited occupant’s forward
excursion and reduced the occupant injury level
to a minimum.

Simon (2001) studied the potential benefit of
100% use of seat belts using an in-depth study of 403
truck crashes in France. (See Table 2.)

In order to evaluate the correlation between crash
violence and injury level, the author defined factors
such as EES (Equivalent Energy Speed), Delta V,
and crash speed. These factors take into account all
the relevant details, such as crash speeds, type of
crash, and deformation of the vehicle. Formulae for
the evaluation of these factors are given in the paper.
The author tried to find a correlation between EES
and injury level suffered.

Table 2
Distribution of Casualties in Trucks with a

Breakdown by Truck Crash Types in France

C
rashes

Fatalities

Seriously
Injured

Slightly
Injured

U
nhurt

T
otal

Involved

Car to
Truck 190 0 0 8 199 207

Truck to
Truck 49 9 12 25 46 92

Truck
with
Obstacles

43 5 5 25 12 47

Truck in
rollover 121 10 12 72 39 133

Total 403 24 29 130 296 479

Three main types of injury causation
mechanisms are identified: (i) Intrusion: where an
external object or the crushed cab frame causes injury
to the passenger, (ii) Projection: where the body of
the passenger impacts a object or surface within the
cab, and (iii) Ejection.

Simon (2001) described the effect of using seat
belts in each of these injury mechanism cases (see
Table 3):

• Intrusion: For front to rear impact, seat belts can
prevent or reduce injury to the upper portion
(chest or head) of the body, but has no impact on
the lower portion (legs, abdomen). For a belted
person, the intrusion has to be in line with the
person for injury to occur. For rollovers, the use
of seat belts prevents injury as long as the roof
crush is not directly above the occupant. The seat
belt would be effective in all other cases.

• Projection: Projection is the most common form
of injury and according to the author use of seat
belts would reduce or prevent injury in all cases.
In cases of minor injury, the injury can be
avoided altogether and in case of severe crashes
having high value of ESS, the injury can be
reduced in all cases.

• Ejection: The author states that ejection is the
most dangerous mechanism, which is most
common in rollover cases. The author
distinguishes two types of rollovers, counter-
clockwise and clockwise. The counter-clockwise
is the more dangerous of the two as the driver is
closer to the ground. Seat belts again provide the
most practical means of preventing ejection and
reducing injury.

Table 3
Injury Causation Mechanisms

for Each Crash Type

U
nhurt

Intrusion

Projection

E
jection

O
ther

T
otal

Car to
Truck 199 1 5 0 2 207

Truck to
Truck 46 25 19 1 1 92

Truck
with
Obstacles

12 10 17 5 3 47

Truck in
rollover 39 9 71 13 1 133

Total 296 45 112 19 7 479

Simon (2001) used statistical models and formu-
lae to predict injury to belted drivers with EES being
the critical factor determining risk of injury. All these
models suggest a lesser risk of injury in all cases for a
belted driver over small to medium values of EES.



Svenson, Page 7

Based on these results, the author concluded that use
of seat belts would avoid fatalities in about one-third
of the cases, and would avoid serious injury in one-
third of the cases. Primarily, these gains are in
crashes between trucks, in rollover or frontal impacts
or in frontal impacts with fixed objects. Potential
effectiveness is due to the reduction of projection or
ejection of the occupant. (See Tables 4-5.)

Table 4
MAIS Distribution Without and With Seat Belt

for Each Crash Type

Type
Belt
Use

U
nhurt

Slightly
Injured

Seriously
Injured

K
illed

T
otal

None 199 8 0 0 207
Car to
Truck

Belted 204 3 0 0 207

None 46 25 12 9 92Truck
to
Truck Belted 60 15 11 6 92

None 12 25 5 5 47Truck
with
Obsta-
cles Belted 30 11 3 3 47

None 39 72 12 10 133Truck
in roll-
over Belted 93 33 2 4 133

Table 5
Expected Gains with Belt for Each Injury

Causation Mechanism

Belt Use

U
nhurt

Slightly
Injured

Seriously
Injured

Fatally
Injured

T
otal

None 0 16 15 14 45
Intrusion

Belted 2 16 16 11 45

None 0 102 8 2 112
Projection

Belted 75 36 0 1 112

None 0 5 6 8 19
Ejection

Belted 11 6 1 1 19

Simon (2001) indicated that in only one out of
479 cases would the chances of injury increase if the

occupant were wearing a seat belt. The author noted
the low usage of seat belts in Europe, with reported
usage among truck drivers in France being as low as
1.5%.

Current Research

A number of studies address current efforts and
the future directions that these efforts are likely to
take to achieve improved heavy truck
crashworthiness and occupant protection.

Rossow (1995) discusses post crash safety
measures. Rollover and ejection present the most
serious risks for truck occupants. Seat belts offer the
most protection against those. Barrier crash testing at
30mph has shown that the use of advanced restraint
systems may make survivable many crashes
previously thought to be unsurvivable. The advances
in restraint systems likely to provide the greatest
benefits are seat belt pretensioning and the use of
airbags. The use of new seat integrated belt systems
that prevent movement of shoulder belts relative to
the suspended seat, a major source of irritation for
many truck drivers, may improve the usage rates of
seat belt systems.

In rollover type crashes, the lack of survival
space is the major cause of fatalities, and cab
structural crashworthiness becomes an important
issue. The author estimates that 27% of rollover
crashes are survivable with the use of restraints
whereas about 42% are unsurvivable, and the
remaining cases may be survivable with
improvements in cab structural strength. The majority
of the unsurvivable crashes are 180o rollovers in
which cab deforms in the vertical direction to the belt
line and severely compromises the survival space. 90o

rollovers are much less severe and more survivable.
For unrestrained occupants, most of whom are
ejected through the doors or windshield, the author
discusses the FMVSS 206 regulations covering door
latches and hinges and the FMVSS 212 windshield
mounting and retention requirements.

Sicher (2000) documents a study that is
particularly relevant to the current effort. This paper
describes an effort to improve occupant crash
protection for army truck occupants by using off–the-
shelf technology available in commercial and
passenger cars and trucks.

The restraint system developed for the High
Mobility Multipurpose Wheeled Vehicle
(HMMWV), a light tactical combat truck used by the
army had the following characteristics:
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• A strong head restraint for rear end crashes.

• A modern 3-point symmetrical seat belt mounted
directly on the seat.

• Seat belt forces are applied at optimal positions
on the occupant

• Reduced slack through use of pretensioners

• Improved lateral restraint larger side bolsters,
supplemental shoulder belt and improved seat
geometry.

• Anti-submarining seat bottom that was strong
enough to withstand drop testing.

• Optimal seat belt geometry and rate dependent
foam.

All this technology was modular and was
essentially off-the-shelf, i.e. available in commercial
restraint systems. The system was tested using drop
tower vertical testing.

Desfontaines (2001) discusses a comprehensive
study of truck safety, coordinated by the European
Centre for Studying Safety and Analysing Risks
(CEESAR), involving partners with unique expertise.
These include universities, research labs, truck
manufacturers, truck operators etc. The study
emphasizes quickly integrating improvements into
current practice by involving users in the entire
system.

One of the important components of this study is
a quality database of large truck crashes, to form the
basis for assessing the efficacy of implemented safety
improvement measures and to direct future studies in
choosing technologies.

Another component is the High Safety Concept
Vehicle (HSV), a sort of ‘laboratory on wheels’
concept truck developed by Volvo with partnership
of all its major component suppliers. The truck
contains all the state-of-the-art active and passive
safety measures that may be used in heavy trucks in
the near or distant future. This concept will help in
choosing the most efficient technology improvements
that can be integrated into commercial products.

Desfontaines (2001) also describes a systematic
analysis method used to assess the efficacy of each
new technology using statistical information.

• The CEESAR database of large truck crashes is
used for an in-depth study of all the relevant
crash cases and to determine injury causing
mechanisms and relevant countermeasures.

• For each technology, a sample of relevant
crashes is chosen.

• Crash reconstructions are carried out (using PC
Crash software) to better understand the causes
and effects of each crash.

• The next step (often the most difficult) is to
quantify the effect each technology has on
reducing the physical parameters of the crash
(such as crash energy etc.).

• The crashes are again reconstructed to account
for the protective effect of the new technology.

• The results obtained from the reconstructions are
used to evaluate the effectiveness of each new
technology in avoiding crashes or reducing
injury.

• A more conventional substitute method that
relies on accumulated experience and
observations concerning crashes and their
consequences (injuries caused, etc.), is also used
in parallel to estimate improvements.

Sukegawa (2001) describes experimental
research done in truck driver protection in Japan.
‘The Guidelines for Frontal Crash Test of Heavy
Duty Trucks’ have been formulated in Japan, and all
trucks are tested to meet these specifications. These
trucks are equipped with safety features such as:
three point seat belts (with pretensioner) for driver as
well as occupant, side-door beams, impact absorbing
steering wheel and column, airbags, softer instrument
panels and a secure survival space

The paper further discusses areas in which
research is being done to protect truck drivers. One of
these is the type of chest and abdomen injury suffered
by truck drivers that are often fatal or serious. These
injuries are unique to truck drivers because of the size
and position of the steering wheel. Research is being
done to develop new evaluation techniques for chest
and abdomen injuries. One of the concerns is the
accuracy of the chest displacement meters used. The
meters are used only on one chest rib and the
measurements are accurate only when the steering
wheel impacts that particular rib, whereas they are
quite inaccurate if the wheel impacts other ribs.
Sukegawa (2001) has shown that much more accurate
readings can be obtained if stress measurements are
obtained from multiple numbers of ribs of the
dummy. The author suggests more accurate injury
criterion, including those to soft tissue (called
Viscous Criteria (VC)), and states that there are a
large number of cases in which the driver is trapped
inside the cab and an emergency rescue team is called
to extricate the driver from the cab as soon as
possible. The author suggests measures such as
improved cab construction customized for better
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rescue performance, with improved and standardized
door frame designs so that rescue teams can easily
open the cab door, improved front panels and
instrument panels that offer more survival space and
are easier for rescue teams to manipulate.

Carra (2001) discussed a data collection measure
initiated by NHTSA. This is the ‘Large Truck Crash
Causation Study’ (LTCCS). Its goal is to determine
the factors associated with large truck crashes, to
develop countermeasures to reduce the probability of
large truck crashes and to reduce the severity that do
occur. The study is limited to crashes that involve at
least one large truck and at least one fatality or
serious injury. Data are being collected using the
NASS (National Automotive Sampling System) CDS
(Crashworthiness Data System). Cases in the study
are sampled from 24 NASS CDS sites around the
country. In addition to very detailed data on the
circumstances of each crash, the LTCCS data
includes information on driver injury similar to the
NASS CDS file. Data collection begins in Spring
2001; preliminary analysis begins in Fall 2003

COUNTERMEASURE BENEFIT
EVALUATION

The University of Michigan Transportation
Research Institute (UMTRI) is currently conducting
an effort to evaluate the benefits of applying various
occupant protection countermeasures in the U.S. road
system. As part of this effort, a detailed analysis of
truck-involved crashes on the U.S. road system has
been undertaken.

Crash Data Analysis

Publicly available crash data were surveyed to
identify the major factors associated with truck driver
injury. There has been relatively little focus on the
crashworthiness of trucks or injury mechanisms for
truck drivers in traffic accidents. Accordingly, the
crash data available on truck driver injuries do not
provide much detail on the nature of the injuries or
how they were sustained. While the NASS CDS
supplies detailed information on injuries to passenger
vehicle occupants, (e.g., type of injury, body region,
and vehicle contact point), there is no comparable
data for truck occupants. The Large Truck Crash
Causation Study, conducted by FMCSA and
NHTSA, will include NASS-like injury detail for

truck occupants, but those data will not be available
for analysis until Fall 2003 or 2004.

For the purposes of the present study, crash data
from two sources were analyzed: the Trucks Involved
in Fatal Accidents (TIFA) study from the Center for
National Truck Statistics at the University of
Michigan Transportation Research Institute, and the
General Estimates System (GES) file compiled by the
National Center for Statistics and Analysis of the
National Highway Traffic Safety Administration. The
TIFA file surveys all medium and heavy trucks
(GVWR > 10,000 lbs) involved in fatal crashes in the
United States. Candidate truck cases are identified
from NHTSA’s Fatality Analysis Reporting System
(FARS) file, police reports are acquired for each
crash, and UMTRI researchers survey drivers,
owners, operators, and other knowledgeable parties
about each truck. For some years of data, some
limited sampling was done to reduce the number of
cases processed. The result is a near-census file that
provides the most accurate identification available of
large trucks involved in fatal crashes. The TIFA
survey collects a detailed description of each truck
involved, as well as data on the truck operator and a
variable on the truck’s role in the crash modeled on a
similar variable in the GES file.

The General Estimates System (GES) file is a
complementary data set to the NASS CDS file
mentioned above. GES is a nationally representative
sample of police-reported traffic crashes. It includes
all motor vehicles involved in traffic crashes, not just
large trucks. GES data are coded from police reports
selected through a complex sampling system.

A set of analytical data files has been developed
for the present analysis. While the GES file provides
the best estimates of traffic crashes nationally overall,
it is known to underestimate the number of crashes
involving a fatality. Accordingly, in this study, all
counts of fatalities and injuries in fatal traffic
accidents are taken from the TIFA file, while
statistics on non-fatal crashes were determined from
the GES file. The combination of TIFA and GES data
provides the most accurate coverage of truck crash
involvements covering all crash severities: fatal,
injury, and property damage only.

Five years of crash data has been combined in
this analysis. Combining multiple years of crash data
improves the accuracy of the analysis, particularly
when considering a relatively narrow subset of the
crash population, such as truck driver injury. Traffic
crashes are subject to random annual fluctuations;
combining several years aids in damping out the
random noise and revealing underlying relationships.
In addition, the GES file is a sample file, and
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therefore frequencies estimated from the file have an
associated sampling error. Combining several years
of data helps to reduce the error.

The tables show average annual frequencies or
percentages for the five years of data used. Estimates
taken from the TIFA file are shown exactly, since the
TIFA file is virtually a census and provides the most
accurate data available on fatal crashes involving
trucks. Frequency estimates from the GES file are
rounded to the nearest thousand, to reflect the
sampling error associated with the estimates derived
from GES. All totals and percentages are calculated
before the rounding is done.

In this study, all medium and heavy trucks are
included as large trucks. Large trucks are defined as
all trucks with a gross vehicle weight rating (GVWR)
of 10,001 pounds or more. This is the conventional
GVWR threshold for trucks. It includes all trucks
with at least two axles and six tires.

The purpose of this analysis is to identify crash
events associated with the risk of serious injuries,
here defined as fatal or A (incapacitating) injuries.
Specific crash types are identified that pose a
significantly higher probability of injury to the truck
driver. Specific crash events that increase truck driver
injury risk are also determined. The level of analysis
is fairly high, since the desired detail on injury
mechanisms—body regions injured, interior contact
points and the like—simply is not available. It is not
possible to determine injury mechanisms in the
available accident data.

The findings here reinforce and update results
from previous research reviewed above. Serious truck
driver injury is associated with collisions with
massive objects, either fixed objects such as bridge
abutments or embankments or other large trucks or
the ground, as in a rollover. Most truck crash
involvements with another vehicle pose relatively
low risk of serious injury to the truck driver because
the other vehicle is typically a passenger vehicle that
is much smaller than the truck. Single-vehicle
crashes, in which the truck either rolls over or strikes
a massive fixed object, or crashes involving another
truck, account for the majority of serious injuries to
the truck driver. Single-vehicle crashes and two-
vehicle, truck-truck crashes account for about 75% of
all truck driver fatalities and A injuries, though they
are only 26% of all truck crash involvements.
Moreover, three specific events—rollover, fire, and
ejection—are found in almost two thirds of serious
truck driver injuries, regardless of crash type.

An average of approximately 376,000 trucks are
involved in traffic crashes every year. In these

crashes, on average 5,485 persons are fatally injured
and another 124,000 persons receive some sort of
injury. As would be expected, most fatalities and
injuries are suffered by occupants of passenger cars,
light vehicles, or “non-motorists” such as pedestrians
and bicyclists, rather than by truck occupants. Table
6 shows the average annual toll from traffic accidents
involving trucks, separately for truck occupants and
non-truck occupants. In this table, non-truck
occupants include non-motorists, as well as drivers
and passengers in automobiles, vans, and other light
vehicles.

Table 6
Average Annual Injuries and Fatalities In

Truck-Involved Crashes, 1995-1999

Person location
Truck

occupant
Not in
truck Total

Fatalities 744 4,741 5,485
Injuries 29,000 95,000 124,000
Total 30,000 99,000 129,000

Row percentages
Fatalities 13.6 86.4 100.0
Injuries 23.5 76.5 100.0
Total 23.1 76.9 100.0
Source: 1995-1999 TIFA and GES

Of the almost 5,500 people who are fatally
injured each year; truck occupants account for 744, or
about 13.6% of the fatalities. Approximately 124,000
people are injured to some degree, 29,000 of whom
(23.5%) are truck occupants. While truck drivers and
other occupants are “underrepresented” among the
injured in crashes involving trucks, 30,000 annual
casualties is a significant problem. The toll in deaths
and injuries contribute to making truck driver one of
the more dangerous occupations in the U.S.

Table 7 shows annual injuries to truck drivers,
not all truck occupants. Since relatively few trucks
have passengers, the driver of the truck will be the
focus of the analysis from this point forward. About
633 truck drivers were fatally injured annually
between 1995 and 1999. An additional 4,000 drivers
suffered A injuries, 8,000 received B injuries, and
12,000 drivers had C injuries. There were an
estimated 2,000 drivers with injuries of unknown
severity, for a total of almost 27,000 truck drivers
injured in traffic crashes annually.

Given the disparity in size, geometry, and
structural stiffness between trucks and the other
vehicles on the road, it is not surprising that injury
risk to the truck driver is higher in crash types that do
not include cars. Truck driver injury most often
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occurs when the truck strikes something relatively
massive, either a roadside feature or the ground in a
single vehicle crash, or another truck. Of the 633
annual driver fatalities, 410 or almost two-thirds
occurred in single-vehicle crashes. Another 94
occurred in two-vehicle truck-truck crashes. There
are about ten times more truck-car crashes than truck-
truck crashes, but truck-truck crashes accounted for
about half again as many truck driver fatalities, 94 to
65, as truck-car crashes.

Table 7
Average Annual Injuries

to Truck Drivers, 1995-1999

Injury severity N %
Fatal 633 0.2
A injury 4,000 1.1
B injury 8,000 2.1
C injury 12,000 3.2
Injured, severity
unknown

2,000 0.5

No injury 333,000 88.6
Unknown 19,000 5.1
Total 376,000 100.0
Source: 1995-1999 TIFA and GES

Single-vehicle crashes account for about 19% of
crashes but 64% of truck driver injuries. There is an
annual average of about 73,000 single-vehicle
crashes, of which roughly 2,400 involve a fatal or A
injury to the driver, and 23,000 some other injury.
With rounding to the nearest 1,000 to account for the
sampling error from the GES estimates, most of the
cells would show zeros if frequencies were included.
(See Table 8.)

Safety belts (seat belts) are widely understood to
be the most effective injury prevention device
available, but there are almost no data available on
their use in the truck driver population, and data on
safety belt use in crashes are likely biased. NHTSA
in 1982 and again in 1991 monitored safety belt use
at four weigh stations. About 6.3% of truck drivers
were observed to use safety belts in 1982, and the
observed proportion increased to about 56% in 1991.
However, other than those observations, no estimates
of belt use could be found.

Safety belt use coded in the crash data is likely
to be biased, and the likely bias exaggerates estimates
of effectiveness. Other than fatally- and seriously-
injured drivers, for whom police officers can observe
safety belt use directly, most belt use in crash data is
self-reported. Given the increased emphasis on safety
belt use, including laws mandating use in some
jurisdictions and some trucking companies requiring

them, it is likely that safety belt use is increasing. But
it is also likely that drivers claim to have used a
safety belt even if they did not, for the same reasons.
Since belt use is self-reported for drivers with minor
or no injuries, misreporting tends to over-report belt
use for the uninjured, thus biasing upwards estimates
of belt effectiveness.

Table 8
Average Annual Injuries to Truck Drivers by

Crash Type, 1995-1999

Crash Type

Driver
Injury

Single
Vehicle

Truck-
truck

Truck-
car

More Than
Two

vehicles Total
Fatal 410 94 65 63 633
A injury 2,000 0* 1,000 0* 4,000
B injury 4,000 1,000 2,000 1,000 8,000
C injury 5,000 1,000 5,000 1,000 12,000
No injury 58,000 21,000 229,000 24,000 333,000
Unknown 3,000 1,000 13,000 1,000 19,000
Total 73,000 25,000 250,000 28,000 376,000

Column percentages
Fatal 0.6 0.4 0.0 0.2 0.2
A injury 3.4 1.5 0.3 1.0 1.0
B injury 6.1 4.1 0.7 2.3 2.1
C injury 6.3 4.6 2.1 4.7 3.3
No injury 79.6 85.2 91.5 87.0 88.4
Unknown 4.0 4.1 5.3 4.8 5.0
Total 100.0 100.0 100.0 100.0 100.0
* Estimated fewer than 500
Source: 1995-1999 TIFA and GES

However, it is clear that belt use nearly
eliminates ejection, a major risk factor in serious
injury. Table 9 shows ejection for restrained and
unrestrained drivers that suffered fatal or A injuries.
Among the unrestrained, almost 23% were totally or
partially ejected. In contrast, only 3.3% of restrained
seriously injured drivers were partially ejected, and
0.1% was coded as totally ejected. In the case of
belted ejected drivers, the cab of the truck was
probably so heavily damaged that the seat was
ejected along with the driver.

The ejection path is coded for truck drivers
involved in fatal crashes. The ejection path provides
important clues to cab structures that could be
strengthened to keep the driver in the vehicle. Since
virtually all ejected drivers suffer either fatal or A
injuries, keeping the driver in the cab is an important
first step. Unfortunately, the ejection path is not
known for about 75% of ejected drivers. This is not
surprising given the source of the data, but it warrants
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caution in interpreting the data. Of ejections where
the ejection point is known, 34% of ejected truck
drivers went out the windshield, and 30.7% were
ejected through the side door. Among the partially
ejected, 41.2% went through the side window,
probably on the driver’s side. Only 15.8% of the
totally ejected went out the side window. Clearly,
windshield retention and side doors remain targets for
truck driver injury reduction.

Table 9
Ejection by Restraint Use

Truck Drivers with Fatal or A Injuries
1995-1999

Unrestrained Restrained
None 76.6 96.4
Partial 20.1 3.3
Complete 2.8 0.3
Unknown 0.5 0.1
Total 100.0 100.0
Source: 1995-1999 TIFA and GES

Overall, ejection increases the probability of
driver fatality by almost 286 times, the risk of a fatal
or A injury by 68.8 times, and the risk of a fatal, A or
B injury by 28.5 times. Fire increases the risk of a
truck driver fatality by 67.2 times, compared with the
risk where no fire occurred. And rollover increases
the risk of a driver fatality by almost 26 times,
compared with no rollover.

Rollover, fire, and ejection are all strongly
associated with truck driver injury. Over half (54.6%)
of fatally injured truck drivers were involved in a
rollover, as were 59.8% of drivers with A injuries. In
contrast, only 2.2% of uninjured drivers rolled over.
Only 0.2% of all truck drivers were ejected, but
31.5% of fatally injured drivers were ejected, and
6.5% of drivers with A injuries were ejected. In fact,
no ejected driver in the five-year period covered by
the data escaped injury. Similarly, fire in the vehicle
also significantly increases the risk of a serious or
fatal injury to a truck driver involved in a traffic
crash, and is associated with a substantial number of
fatalities. The truck caught on fire in 17.3% of truck
involvements in which the driver died, while only
0.3% of all trucks involved in crashes experienced a
fire.

Of course, rollover, fire, and ejection can occur
together and in various combinations. Table 10
shows the permutations of rollover, fire, and ejection
observed in the accident data, and the risk of a truck
driver fatality or A injury associated with each. No
rollover, fire, or ejection occurred in 95.2% of all
truck crash involvements, and the probability of a

fatal or A injury to a truck driver in those crashes was
only 0.4%. However, if rollover only occurred, the
risk rose to 14.1%. If only fire occurred, the risk also
rose to 14.1%. And if the driver was ejected, without
rollover or fire, his risk of fatal or A injuries was
54.4%. Ejection by itself is clearly the most serious
event, but in combination with rollover, the truck
driver’s risk of fatal or A injuries increased to 85.1%.
And in the five years covered by the data used here,
no driver who suffered rollover, fire, and ejection,
escaped either a fatal or A injury.

Table 10
Truck Driver Injury for Rollover, Fire, and

Ejection

Crash event

Probability
of fatal or A

injury

Percent of
fatalities

and A
injuries

Percent of
all crash
involve-
ments

No rollover, fire,
or ejection

0.4 35.2 95.3

Rollover only 14.1 49.7 4.3
Fire only 14.1 2.9 0.2
Ejection only 54.4 2.5 0.1
Rollover and fire 45.2 2.2 0.1
Rollover and
ejection

85.1 6.9 0.1

Fire and ejection 96.1 0.3 0.0*
Rollover, fire,
and ejection

100.0 0.2 0.0*

* less than 0.05%
Source: 1995-1999 TIFA and GES

Single-vehicle crashes also include crash types
that present very low risk to the truck driver, such as
collisions with pedestrians, bicyclists, and other non-
motorists. Most of the non-fixed object crashes are
collisions with parked vehicles or animals. These
crash types represent only 0.1% and 0.9% of truck
driver fatalities and A injuries, respectively. Note that
the most harmful event was unknown in 8.6% of
single-vehicle crashes and 14.4% of truck driver
fatality or A injury crashes.

As might be expected, rollover is the primary
harmful event in a single-vehicle crash in which a
truck driver is killed or seriously injured. Rollover
was the most harmful event in 63.1% of fatal or A
injury single-vehicle crashes, compared with only
8.6% of the single-vehicle crashes in which the driver
was uninjured, and 15.1% in all single-vehicle
crashes. (See Table 11.)
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Table 11
Percentage of Most Harmful Event in Single

Vehicle Crashes by Truck Driver Injury

Most
harmful
event

Fatal/
A

injury

Other
injury

No
injury

Unk. Total

Rollover 63.1 44.4 8.6 4.1 15.1
Fire 2.0 0.4 0.8 0.0 0.7
Other
non-
collision

2.7 4.0 7.9 1.6 6.9

Ped./bike/
non-
motorist

0.1 0.2 2.7 2.0 2.2

Train 2.5 1.3 0.4 0.0 0.5
Other
non-fixed
object

0.9 3.0 34.2 49.5 29.6

Hard
object

6.9 10.3 7.8 2.7 7.8

Soft
object

6.4 12.0 23.8 29.5 21.9

Other
fixed
object

1.0 2.4 7.5 6.0 6.6

Unknown 14.4 22.1 6.5 4.5 8.6
Total 100.0 100.0 100.0 100.0 100.0
Source: 1995-1999 TIFA and GES

There are other primary events posing an injury
risk. These objects were categorized into “hard” and
“soft” based on the amount of damage to the truck
and the extent to which the objects were judged to be
yielding in the event of a collision. “Hard” fixed
objects include bridge piers and abutments, concrete
barriers, culverts, and rock embankments. “Soft”
fixed objects include light poles, trees, shrubbery,
ditches and crash attenuators collision energy, while
bridge abutments and rock embankments are
essentially fixed. The goal of the classification was to
separate “unyielding” from “yielding” objects.
“Yielding” objects might be expected to slow the
truck down when struck and to absorb some of the
collision energy, while bridge abutments and rock
embankments are essentially fixed. Trees constituted
a very large fraction of the “soft” objects, which is
somewhat problematic. Trees with a small diameter
trunk are correctly included as “soft” in this
classification, but larger trees are more likely to be
relatively unyielding. Neither the TIFA data, which
incorporate the FARS most harmful event variable,
nor the GES data include information on trunk size.
An arbitrary decision was made to include trees in the
“soft” category. The most harmful event in 6.9% of

truck driver fatalities and A injuries was a collision
with a hard object, while 6.4% were collisions with
“soft” objects.

Future Work

As stated earlier the objective of the current
effort at UMTRI is to evaluate the benefits of
implementing various occupant protection
technologies and systems in trucks used on the US
road system. In order to do this, the following tasks
are currently being completed.

• Crash Modeling: Models of the various truck
crashes will provide estimates of the forces and
accelerations experienced by the truck structure
and its occupants during collisions.

• Injury Models: Models of the mechanisms
causing injury (cab crush, occupant striking
windshield, roof, steering column etc.,) to truck
occupants are also being developed. The models
take into account the interior and will provide
estimates of injury and fatality frequencies for
the various crash types.

• Countermeasure evaluation: Injury and fatality
frequencies will then be calculated in a similar
manner after including the effect of applying
occupant protection measures in the models, to
obtain estimates of the improvement in occupant
outcomes for each type.

CONCLUSION

Truck occupant protection systems have thus far
received less attention than automobile passenger
protection systems, but a number of recent studies are
beginning to fill the gap in this area of vehicle
crashworthiness research. These studies of motion of
the occupant due to the crash accelerations and forces
and the geometry of the truck cab cover a wide range
of issues, including truck crash characteristics,
occupant injury modes and mechanisms and most
importantly occupant protection countermeasures.

A number of recent studies that take a
comprehensive look at the truck occupant safety issue
are also currently underway. Some of these studies
include a comprehensive data collection effort in the
United States supported by the National Highway
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Traffic Safety Administration (NHTSA); the High
Safety Vehicle (HSV) project in Europe involving
partnership between several different users of truck
transport including government bodies, research
organizations, and commercial truck manufacturers
and operators; and the Japan Automobile
Manufacturers Associations efforts to improve truck
crashworthiness. The results of these studies will be
available in the near future and should provide much
insight into the design of safer trucks.

Truck crash data and the literature show that a
large proportion (~70%) of crashes in which truck
occupants are significantly injured are single vehicle
crashes, with truck-truck crashes being the second
most dangerous to truck occupants. Rollover of the
truck is the most significant injury-causing event
involved in a majority (~60%) of these crashes. The
important occupant injury mechanisms are ejection
from the cab (involved in approximately one-third of
all severe crashes), entrapment or crush, occupant
striking interior surfaces (steering wheel, windshield,
roof etc.) and post crash fire. The most promising
countermeasures to improve the post crash safety of
occupants include occupant restraints (seat belt and
airbags). Most studies agree that restraint systems
are the most effective of all protection
countermeasures. Also, other effective measures are
improved strength windshields and doors (to ensure
occupant retention in the cab), more forgiving
interior surfaces (energy absorbing steering column,
padded interior surfaces etc.), and improved cab
structure to provide occupant survival space.

Overall, it is clear that significant improvements
in truck occupant safety can be achieved in the near
future using a combination of currently developed
and emerging occupant protection countermeasures.
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ABSTRACT

Although typically classified as AIS 1, whiplash
injuries continue to represent a substantial societal
problem with associated costs estimated at over $5
billion annually in the US. The primary objective of
this study was to determine the effects of seatback
and head restraint design parameters on occupant
response in rear impact.

Rear impact sled tests were conducted using the
Hybrid III mid-sized male (50M) dummy seated in a
modified production seat, which allowed for the
adjustment of recliner stiffness, seatback cushion
stiffness, and head restraint height. Instrumentation
provided measurements of neck forces and moments,
head motion relative to the torso, seatback rotation,
and head contact. An on-board digital video camera
recorded dummy kinematics. Results from this study
indicate that the risk of whiplash injury is not simply
related to head restraint position, but is dependent on
a combination of factors related to both head
restraint and seatback design.

INTRODUCTION

Although typically classified as AIS 1, whiplash
injuries continue to represent a substantial societal
problem with associated costs in the US estimated by
the National Highway Traffic Safety Administration
(NHTSA) at $5.2 billion annually [1]. Despite years
of research by numerous investigators, the specific
mechanisms of whiplash injuries continue to be a
source of debate within the automotive safety
community [2-7].

Most researchers agree that whiplash injuries are
related to the relative motion between the head and
torso, and that the reduction of this relative motion
will lead to a decrease in the incidence of these
injuries. Further, it has been shown that the relative
motion between the head and neck is greatly affected
by seat design, and in particular by the position of
the head restraint relative to the head [6-7]. Head
restraint height and backset (horizontal distance
between the head and head restraint) are the two seat
design parameters most commonly used to evaluate
the response of an occupant to a rear impact
collision.

Svensson et al [2] investigated the relationship
between head restraint position and the occurrence of
injuries to the cervical nerve roots. They have
demonstrated through a series of porcine
experiments that the relative motion between the
head and neck during a rear impact causes the lower
cervical spine to go into local extension while the
upper cervical spine goes into local flexion. This
difference in curvature causes pressure variation and
fluid movement within the spinal canal, which is
believed to generate injurious stresses and strains to
the exposed tissues.

Other researchers have focused on the vertebral level
effects of the relative motion between the head and
torso. Kaneoka et al [3] and Ono et al [4] have
conducted rear impact tests using volunteers and
cineradiography. They have shown that during a rear
impact, relative motion between adjacent vertebrae
may cause impingement of the lateral facets and
pinching of the surrounding soft tissues. Yoganandan
et al [5] have also demonstrated this pinching
mechanism using a cadaveric head-neck
experimental model on a mini-sled system driven by
an impact pendulum.

Siegmund et al [6] conducted a series of volunteer
tests on 42 subjects, including 21 males and 21
females. They performed a multiple linear regression
analysis to determine the relative influence of various
factors related to the subject and vehicle. Their
results showed that vehicle speed change and relative
head restraint position explained the largest
proportion of the observed variation in peak
occupant kinematic response.
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Kleinberger et al [7] evaluated the effect of head
restraint position on occupant response using a
computational model. Their results showed that the
forces and moments acting at the top of the neck, and
also the acceleration and rotation of the head relative
to the torso decreased as the head restraint was
moved higher and closer to the back of the
occupant's head.

Seatback properties, such as cushion stiffness and
energy absorption, have also been identified as
potential factors affecting occupant response to rear
impact. Welcher and Szabo [8] evaluated the
performance of five seats with varying properties
using volunteer subjects. Head restraint position was
found to be most influential on occupant head-neck
kinematics. Head restraint height and backset were
found to be significantly correlated with rearward
translational motion of the head relative to the torso.
Backset was found to be significantly correlated with
the relative extension of the head, while head
restraint height was significantly correlated with the
head acceleration relative to the torso during the
flexion phase of the impact.

Several different criteria have been proposed by
researchers in an attempt to predict the occurrence of
whiplash injuries. Since there is currently no
consensus on any of these criteria, this paper will
include calculations for several of the more
commonly used criteria. Bostrom et al [9] proposed
the Neck Injury Criterion (NIC), which is based on
the Navier Stokes equations and the assumption that
fluid flow within the spinal canal causes pressure
gradients that are injurious to the nerve roots. The
criteria is represented by the formula

relrel vaNIC 22.0 += (1)

where arel and vrel are the acceleration and velocity of
the occipital condyles relative to the T1 vertebra,
respectively.

Kleinberger et al [10] proposed the Nij neck injury
criteria, which combines the effects of forces and
moments acting at the occipital condyles. This
criteria actually consists of four separate criteria for
predicting injuries related to the four primary modes
of cervical loading, namely compression-flexion
(NCF), compression-extension (NCE), tension-flexion
(NTF), and tension-extension (NTE). For rear impact
testing, the NTE criterion is generally the most
critical. It is important to note that the Nij criteria

were initially created to predict serious AIS 3+
injuries and are only useful in a qualitative manner
for predicting minor whiplash injuries. The tension-
extension criterion is represented by the formula

intint M
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F
N YZ

TE += (2)

where FZ and MY are the axial force and extension
moment calculated at the occipital condyles,
respectively. Fint and Mint are the normalizing critical
values for the force and moment, respectively. The
currently accepted critical values for the 50M Hybrid
III dummy in tension-extension are Fint=6806N and
Mint=135Nm [11] for AIS 3+ injuries.

Schmitt et al [12] proposed a modified version of the
Nij criteria, called the Nkm Criteria, which combines
the effects of shear force and flexion-extension
moment in the upper cervical spine. Using "e" for
extension, "f" for flexion, "a" for anterior shear, and
"p" for posterior shear, the four individual criteria are
Nea, Nep, Nfa, and Nfp. The criteria is represented by
the formula
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where FX and MY are the shear force and extension
moment measured at the upper neck load cell,
respectively. Fint and Mint are the normalizing critical
values for the shear force and moment, respectively.
The critical values are MY = 47.5 Nm in extension,
MY = 88.1 Nm in flexion, and FX = 845 N in both
anterior and posterior shear. These criteria were
developed to assess the risk of low severity whiplash
injuries using the Hybrid III dummy with a TRID
neck. The authors state that these values may need to
be revised for use with other dummies.

Prasad et al [13] conducted a series of rear impact
sled tests with different seat designs to determine the
relationships between seat design parameters and the
forces and moments measured at the upper and lower
neck load cells. Results indicated that the extension
moment measured at the lower neck load cell was
most sensitive to seat design and crash severity.

Finally, the head rotation relative to the upper torso
is also presented as a potential injury criteria related
to rear impact whiplash injuries. This is based on the
premise that cervical injuries are related to the
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relative motion between the head and torso, and that
controlling this relative motion should reduce the
incidence of whiplash injuries. Ideally, both the
relative translations and rotations should be
measured. However, it is difficult to measure the
relative translation without requiring video analysis,
which is impractical for certain types of testing.

Viano et al [14] conducted a series of rear impact
tests with the BioRID and Hybrid III dummies using
several different production seats. Measured dummy
responses were compared with insurance claims data.
The authors proposed a Neck Displacement Criterion
(NDC), which is based on the relative displacement
and rotation between the occipital condyles and the
T1 vertebrae as compared with the natural range of
motion. This criterion was proposed as a supplement
to other existing criteria until the mechanisms of
whiplash injury are better understood.

This paper evaluates the effects of seatback and head
restraint properties on the occupant response to a
rear impact collision. The injury criteria described
above are used as a means of comparing the
occupant responses under the various test
configurations. For the seatback cushion stiffness
evaluation, only relative head rotation is presented
since the load cell data was not collected for this
series of tests.

EXPERIMENTAL METHODS

A production automotive seat (1999 Toyota Camry)
was modified to allow the rotational recliner
stiffness, head restraint height, and backset to be
adjustable over a wide range. The normal recliner
mechanism was replaced with a simple pin joint to
provide free rotation at the hinge joint. Rotational
stiffness was provided by two spring-damper
assemblies externally mounted to the rear of the
seatback. Stiffness was varied by changing the set of
coil springs and/or their location relative to the hinge
joint.

To provide a repeatable test system and avoid any
permanent deformation, the seatback frame structure
was reinforced with sheet metal and steel channels to
provide attachment points for the spring assemblies.
The head restraint supports were also modified to
allow adjustment in both the horizontal and vertical
directions. Figure 1 shows the modified seat with the
attached spring-damper assemblies.

Tests were conducted on a Via Systems deceleration
sled using the Hybrid III mid-sized male (50M)
dummy seated in a rear-facing seat. A sinusoidal sled
pulse with a nominal impact speed of 17 kph was
used that fit within the FMVSS 202 dynamic testing
corridor. The peak acceleration and duration of the
pulse was 9.0 g's and 90 msec, respectively, as shown
in Figure 2.

Figure 1. Modified production seat providing
adjustable recliner stiffness and head restraint
position.

Figure 2. Sled pulse used for rear impact testing
based on FMVSS 202 dynamic testing corridor.
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Load bolts were mounted at the attachment between
the spring assemblies and seatback to verify that the
seatback was being loaded symmetrically by the
dummy. Seatback rotation was measured using MHD
angular rate sensors and/or a string potentiometer.
The seatback angle was initially set at 25 degrees
relative to vertical, and the head restraint height was
set at either 750 mm or 800 mm. The backset was
kept constant at 50 mm for all tests. Head restraint
height is the distance from the H-point to the top of
the head restraint measured parallel to the torso line,
as prescribed in FMVSS 202. Backset is defined as
the horizontal distance between the posterior aspect
of the head and the front surface of the head
restraint. This distance was measured using the Head
Restraint Measurement Device (HRMD) developed
by the Insurance Corporation of British Columbia
(ICBC).

The Hybrid III 50M dummy was instrumented with a
9-accelerometer array and a 3-axis array of MHD
angular rate sensors in the head, 6-axis upper and
lower neck load cells, two 3-axis accelerometers and
a 3-axis MHD angular rate sensor in the chest, and a
3-axis lumbar load cell. All sensor data were
collected using an on-board TDAS-Pro data
acquisition system. In addition to the sensor output,
dummy kinematics was recorded for each test using
an on-board IMC Phantom 4 digital video camera
operating at 1000 frames per second. Aluminum foil
sheets were attached to the posterior surface of the
head and front surface of the head restraint to serve
as a switch to determine head contact times.

Several different series of tests were conducted in
which the recliner stiffness was varied from a
baseline value of 35 Nm/deg up to a rigid seatback
configuration. Tests were typically run at recliner
stiffness values of 35 Nm/deg (100%), 70 Nm/deg
(200%), 105 Nm/deg (300%), 175 Nm/deg (500%),
and rigid. For the first two series of tests, the 300%
recliner stiffness was not tested. The baseline
recliner stiffness value of 35 Nm/deg represents a
relatively compliant single recliner automotive seat
[15].

The various series of tests were conducted to
evaluate the effects of different seatback and head
restraint properties on the head-neck response of the
dummy. Table 1 shows the various test series and a
brief description of the test configuration.

Table 1. Test configurations for sled tests.

TEST
SERIES

CONFIGURATION

RI50H
mid-sized male dummy, FMVSS 202
pulse, 800mm head restraint height,
modified Camry head restraint

RI50L
mid-sized male dummy, FMVSS 202
pulse, 750mm head restraint height,
modified Camry head restraint

RI50HQ
mid-sized male dummy, FMVSS 202
pulse, 800mm head restraint height,
modified Quest head restraint

RI50LQ
mid-sized male dummy, FMVSS 202
pulse, 750mm head restraint height,
modified Quest head restraint

RIFOAM

mid-sized male dummy, FMVSS 202
pulse, 750mm head restraint height,
modified Quest head restraint,
various seatback cushion foam
stiffness values

RESULTS

Although the specific mechanisms of whiplash
injuries are not completely understood, most
researchers agree that these injuries are related to the
relative motion between the head and neck. As a
preliminary attempt to assess the relative risk of
injury as a function of seatback and head restraint
properties, the rotations of the head relative to the
torso will be analyzed. The primary source of this
rotation data is the MHD angular rate sensors
attached to the head and upper spine. Video data was
used to verify the accuracy of the MHD sensors, and
was found to agree within 3 degrees for all tests [16].
Force and moment data obtained from the upper and
lower neck load cells is also presented for
comparison. Calculations of the various proposed
injury criteria discussed above will also be presented,
although there is currently no consensus on the
threshold levels related to minor whiplash injuries.

Two tests were typically conducted for each test
configuration. Results from the repeat tests were
found to be fairly consistent, with measured rotations
of the seat and dummy generally within 3 degrees
over the time period of interest. Figure 3 shows the
repeatability of the measured seatback rotation for
various recliner stiffness values. The pairing of
duplicate test configurations is readily apparent, with
the baseline seatback rotations reaching a maximum
value of approximately 24 degrees at a time of 150
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msec after impact. For the 500% recliner stiffness,
the maximum seatback rotation was approximately
10 degrees at 110 msec after impact.

Figure 4 shows the repeatability of the measured
head rotation for various recliner stiffness values.
Once again, the pairing of duplicate test
configurations is readily apparent, with the baseline
head rotations reaching a maximum value of
approximately 40 degrees at a time of 130 msec after
impact. For the rigid seatback configuration, the
maximum head rotation was approximately 16
degrees at 85 msec after impact.

Figure 3. Repeatability of seatback rotation
measurements for various recliner stiffness
values.

Figure 4. Repeatability of head rotation measure-
ments for various recliner stiffness values.

Measured forces and moments were also found to be
fairly consistent for both the upper and lower neck
load cells. Shear forces were generally within 30 N
for all test configurations. Axial forces were
generally within 120 N for recliner stiffness values
ranging from baseline to 500%. Measured axial
forces for the rigid seatback configuration were
somewhat less repeatable, varying by as much as 374
N. Moments about the lateral axis were found to be
relatively consistent, with variations generally within
2 Nm for the upper neck load cell and 6 Nm for the
lower neck load cell. Figure 5 shows the repeatability
of the measured lower neck flexion-extension
moments for various recliner stiffness values.

Figure 5. Repeatability of lower neck flexion-
extension moment for various recliner stiffness
values.

Effects of Recliner Stiffness and Head Restraint
Height

Figure 6 shows the effect of recliner stiffness on the
rearward rotation of the seatback for test series
RI50H and RI50L. As expected, the maximum angle
of rotation decreased as the recliner stiffness
increased. For the 100% baseline case, the seatback
rotated rearward 23 degrees for the mid-sized (50M)
dummy at both head restraint heights. Seatback
rotation was approximately 8.5 degrees for the 500%
recliner stiffness, and was zero for the rigid seatback
configuration. [Note: Values presented in bar charts
represent the average of all tests conducted for each
configuration.]
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Figure 6. Effect of seatback recliner stiffness on
rearward seatback rotation.

Figure 7 shows the effect of seatback recliner
stiffness on the maximum rearward (extension)
rotation of the head relative to the ground. This head
rotation was found to decrease as the recliner
stiffness increased for all head restraint
configurations. For the 50M dummy, the head
rotation decreased from 47 to 26 degrees for the 800
mm height and from 51 to 28 degrees for the 750
mm height.

Similar to the head rotation, the chest rotation
relative to ground was also shown to decrease as the
recliner stiffness increased for all head restraint
configurations, as shown in Figure 8. For the 50M
dummy, the chest rotation decreased from 33 to 3
degrees for the 800 mm height and from 34 to 7
degrees for the 750 mm height. In the rigid tests, the
chest rotation is primarily associated with
compression of the seatback cushion.

Figure 7. Effect of seatback recliner stiffness on
maximum head rotation.

Figure 8. Effect of seatback recliner stiffness on
chest rotation.

Figure 9. Effect of seatback recliner stiffness on
maximum head rotation relative to torso.

Unlike the trends for the individual head and chest
rotations relative to ground, the head rotation relative
to the chest (Figure 9) did not show a clear trend
with respect to recliner stiffness. In general, the
relative head rotation increased as the recliner
stiffness increased, but this was not a monotonic
relationship. For the 50M dummy, the head rotation
increased from 17 to 24 degrees for the 800 mm
height and from 20 to 26 degrees for the 750 mm
height.

One factor affecting the relative head rotation is the
amount of time required for the head to make initial
contact with the head restraint. As shown in Figure
10, the initial contact time between the head and
head restraint decreased as the seatback stiffness
increased. For the 50M dummy, the initial contact
time decreased from 110 to 52 msec for the 800 mm
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height and from 106 to 55 msec for the 750 mm
height.

Figure 10. Effect of seatback recliner stiffness on
initial head contact time.

Forces and moments recorded by the upper neck load
cell were also found to vary with seatback stiffness.
Peak values for neck shear force (Fx), tensile force
(Fz), and extension moment (My) all increased from
the baseline case to the rigid case, although they did
not show a monotonically increasing trend. Figures
11-13 show the effects of recliner stiffness on upper
neck forces and moments. Figure 14 shows the effect
of recliner stiffness on the lower neck moment
calculated at the T1 vertebra. This lower neck
moment was found to increase as the recliner
stiffness increased. For the 50M dummy, the lower
neck moment increased from 60 Nm to 98 Nm for
the 800 mm height and from 67 Nm to 99 Nm for the
750 mm height.

Figure 11. Effect of seatback recliner stiffness on
upper neck shear force (Fx).

Figure 12. Effect of seatback recliner stiffness on
upper neck tensile force (Fz).

Figure 13. Effect of seatback recliner stiffness on
upper neck extension moment (My).

Figure 14. Effect of seatback recliner stiffness on
lower neck extension moment (My).
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Figure 15. Effect of seatback stiffness on NTE

tension-extension neck injury criterion.

Figure 16. Effect of seatback stiffness on Nkm

shear-moment neck injury criteria.

The Nij neck injury criteria combines the effects of
forces and moments acting in the sagittal plane to
produce a single value representing the relative risk
of neck injury. Although these criteria are
normalized to predict serious neck injuries, the Nij
values can be used to assess the relative risk of
injury. As seen in Figure 15, all of the NTE values are
less than or equal to 0.2, which suggests that there is
a relatively low risk of sustaining a serious neck
injury under these impact conditions.

The Nkm neck injury criteria combines the effects of
shear force and moments acting in the sagittal plane
to produce a single value representing the relative
risk of neck injury. Unlike the Nij criteria, the Nkm

normalization limits are intended to predict the
threshold below which no injury will occur [12]. As
seen in Figure 16, all of the Nkm values are less than

or equal to 0.4, which suggests that there is a
relatively low risk of sustaining any neck injury
under these impact conditions. Results indicated a
slight increase in Nkm as the recliner stiffness
increased.

Figure 17 shows a typical kinematic response of a
50M dummy to a nominally 17 kph rear impact sled
test with a baseline seatback recliner stiffness of 35
Nm/deg. Figure 17a shows the initial position of the
dummy at the moment of impact, with a head
restraint height of 750 mm and a backset of 50 mm.
As the dummy begins to move rearward, the lower
torso compresses the lower portion of the seatback,
causing it to rotate rearward (Figure 17b). As the
dummy moves horizontally rearward, the seatback
rotates downward, giving the appearance that the
dummy is moving upward. Review of the high-speed
video data suggests that the head and upper torso do
not move upward relative to ground. The pelvis,
however, does move upward and comes slightly off
the seat bottom, but is reasonably well restrained by
the lap portion of the seatbelt. The torso does show
"ramping" under these test conditions, but it is
important to recognize that the upward motion of the
torso is only seen relative to the seatback, and not to
ground.

(a) (b)

(c) (d)

Figure 17. Sequence of events for rear impact sled
tests. (a) initial position at impact, (b) apparent
ramping of dummy relative to seatback, (c) head
contact, and (d) rebound of seatback and torso.
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The upper torso begins to rotate downward, with the
head making initial contact with the head restraint at
approximately 110 msec (Figure 17c). The seatback
and torso continue to rotate downward together for
approximately another 40 msec before the seatback
begins to rotate forward and the torso begins to
rebound off the seatback (Figure 17d). The timing of
the sequence of events will depend greatly on the
type of dummy and seatback recliner stiffness.

Effects of Head Restraint Design

Analysis of the data from the first two test series
revealed that a significant amount of head rotation
was occurring after initial contact between the head
and head restraint. This finding led us to conduct the
next two series of tests to evaluate the effects of head
restraint design. For these tests, the original modified
1999 Toyota Camry head restraint, which was
attached to the seatback through the normal vertical
support posts, was replaced by a modified 1997
Nissan Quest head restraint that was attached rigidly
to the seat frame reinforcements. Once again, the
head restraint attachment was modified to provide
adjustability of the height and backset. The Nissan
Quest head restraint was selected because it has a
more robust design with a thinner layer of comfort
foam on the front and top surfaces. Tests were
conducted with the mid-sized male (50M) Hybrid III
dummy with two different head restraint heights and
five different recliner stiffness values. Figures 18 and
19 show the effect of head restraint design on the
rotation of the head relative to the torso for a head
restraint height of 800 mm and 750 mm,
respectively.

As discussed above, the rotation of the head relative
to the torso generally increased as the recliner
stiffness increased. This general trend holds for both
head restraint designs. However, Figures 18 and 19
clearly indicate that the amount of relative head
rotation is significantly less for the tests with the
modified Quest head restraint that was rigidly
attached to the seat frame. The relative head
rotations were roughly half for the Quest head
restraint, with the actual reductions ranging from
approximately 40-60 percent less. This reduction in
relative head rotation was primarily influenced by the
amount of head rotation occurring after initial
contact with the head restraint.

Figure 18. Effect of head restraint design on
maximum relative head rotation for an 800 mm
head restraint height.

Figure 19. Effect of head restraint design on
maximum relative head rotation for a 750 mm
head restraint height.

Figures 20-22 show the effects of seatback recliner
stiffness on upper neck forces and moments for the
modified Quest head restraint. These results can be
compared with the forces and moments presented in
Figures 11-13 for the modified Camry head restraint.
The stiffer modified Quest head restraint did not
change the general trends observed with the more
compliant modified Camry head restraint. However,
the maximum values of the shear forces and
extension moments showed a significant decrease.
The amount of decrease varied with the head
restraint height and recliner stiffness level.
Maximum values for the tension force showed little
change between the different head restraint designs.

0

5

10

15

20

25

30

100% 200% 300% 500% Rigid

Seatback Recliner Stiffness

R
el

.H
ea

d
R

ot
.

(d
eg

)
Modified Camry Modified Quest

0

5

10

15

20

25

30

100% 200% 300% 500% Rigid

Seatback Recliner Stiffness

R
el

.H
ea

d
R

ot
.(

de
g)

Modified Camry Modified Quest



Kleinberger 10

Figure 20. Effect of seatback recliner stiffness on
upper neck shear force (Fx) for modified Quest
head restraint.

Figure 21. Effect of seatback recliner stiffness on
upper neck tensile force (Fz) for modified Quest
head restraint.

Figure 22. Effect of seatback recliner stiffness on
upper neck extension moment (My) for modified
Quest head restraint.

Figure 23. Effect of seatback recliner stiffness on
lower neck extension moment.

Figure 24. Effect of seatback stiffness on NTE

tension-extension neck injury criterion for
modified Quest head restraint.

Figure 25. Effect of seatback stiffness on Nkm

shear-moment neck injury criteria for modified
Quest head restraint.
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Figure 23 shows the effect of recliner stiffness on
lower neck moments for the modified Quest head
restraint. These results can be compared with the
lower neck moments presented in Figure 14 for the
modified Camry head restraint. The stiffer Quest
head restraint does not change the general trend
observed with the more compliant modified Camry
head restraint. However, the maximum values of the
lower neck moments decrease by an average of 20
percent.

Figures 24 and 25 show the calculations for Nij and
Nkm, respectively, for the modified Quest head
restraint. These figures can be compared with
Figures 15 and 16, respectively. As stated above, the
maximum values for these proposed injury criteria
are relatively low, suggesting a relatively low risk of
neck injury associated with these impact conditions

Effects of Seatback Cushion Stiffness

Another seat design parameter that affects occupant
response during a rear impact is the stiffness of the
seatback cushion, which is controlled by the stiffness
of the foam and also any structural cross-members
within the seatback support frame. This design
parameter was investigated by adding 2 inches (51
mm) of polyurethane foam of various stiffness values
to the front surface of the seatback. The dummy and
head restraint were repositioned to maintain the
proper head restraint height and backset values.
Three different grades of polyurethane foam were
tested with the 50M Hybrid III dummy, all at the
FMVSS 202 dynamic sled pulse with a 750 mm head
restraint height. The foams are referred to as grades
1, 2, and 3, with grade 1 having the lowest stiffness
and grade 3 having the highest stiffness. Force-
deflection properties of the three foams are shown in
Table 2.

Table 2. Force-deflection properties of the
foams added to the front of the seatback.

Foam Grade 1 2 3

Density (kg/m3) 45 45 59

Pressure Load (kPa)
(at 25% compression)

2.4 4.8 6.2

Figure 26. Effect of seatback cushion stiffness on
maximum head rotation relative to torso.

Figure 26 shows the effect of seatback cushion
stiffness on the rotation of the head relative to the
torso. For all recliner stiffness levels, the added foam
reduced the amount of head rotation as compared
with the original seatback upholstery. The amount of
reduction in head rotation ranged from 1 to 6
degrees, and varied with the grade of foam and
recliner stiffness. For all recliner stiffness values,
except the rigid seat configuration, the grade 2 foam
resulted in the greatest reduction in relative head
rotation. Load cell data was not collected for this
series of tests.

DISCUSSION

In the absence of a consensus on the specific
mechanisms of rear impact whiplash injuries, we
have analyzed the test data under the assumption that
the forces and moments acting on the neck, and the
relative rotations between the head and torso, are
related to the risk of neck injury. Although this
assumption seems reasonable from a biomechanics
perspective, the determination of the specific
relationship between these factors and the probability
of neck injury will require further research. Relative
translation between the head and torso is most likely
also related to whiplash injury, but is difficult to
measure without requiring video analysis.

As expected, the rearward rotation of the seatback
decreased as the seatback stiffness increased, as
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shown in Figures 3 and 6. Additionally, the seatback
rotation is not significantly affected by adjustment of
the head restraint height. For the Hybrid III 50M
dummy, the seatback rotation varied by less than 1
degree for the tests conducted at the 750 mm height
as compared with the corresponding tests at the 800
mm height.

Initial head contact time was shown to be largely
dependent on seatback stiffness, as shown in Figure
10. Head restraint height did not have a significant
impact on head contact time. Additionally, the head
restraint design (modified Camry vs. Quest) did not
have a significant effect on the head contact time nor
the amount of head rotation at the moment of initial
head contact. Head contact times varied by no more
than 7 msec, and head rotations at initial contact
varied by no more than 3 degrees, for all similar
configurations with the different head restraint
designs. This result was expected since the position
of the head restraint relative to the head was
unchanged between the different configurations at
the same head restraint height.

The maximum head and chest rotations were clearly
affected by the amount of seatback rotation. As the
seatback stiffness increased, the amount of seatback
rotation decreased, resulting in a decrease in both the
maximum head and chest rotations relative to
ground. Maximum head rotation decreased on
average by 22 degrees between the baseline and rigid
cases (Figure 7). Maximum chest rotation decreased
on average by 29 degrees between the baseline and
rigid cases (Figure 8). The rotation of the head
relative to the chest was found to increase as the
seatback stiffness increased. The maximum head
rotation relative to the torso increased on average by
6 degrees between the baseline and rigid cases
(Figure 9).

It is important to recognize that the seat used for this
study was not a production seat, but was modified to
make the seat stronger and more durable. Steel
channel was welded to the U-shaped frame of the
original seat structure to provide attachment points
for the spring-damper assemblies, MHD angular rate
sensors, and a string potentiometer. A sheet metal
pan was welded across the rear of the seatback,
effectively removing the original spring and support
bracing within the seatback. The original foam and
upholstery was left intact on the front surface of the
seatback. The seat bottom was not modified for these
tests.

As a result of the modifications to the seatback, the
interaction of the dummy with the seatback will most
likely be different than with an unmodified
production seat. Additionally, the Hybrid III dummy
is expected to interact with the seat differently than a
human occupant during a rear impact collision.
Although other existing dummies (THOR, BIORID,
and RID 2) may possess a more biofidelic response
in rear impact, the Hybrid III dummy was used for
this test series because it is the only dummy currently
approved for use in FMVSS Part 572. The objective
of this study was not to evaluate any particular seat
or dummy design, but rather to compare the occupant
response relative to certain head restraint and
seatback design parameters.

Aside from the relative rotation between the head
and torso, the forces and moments acting in the neck
are believed to be related to the risk of whiplash
injury. In the sagittal plane, the neck loads that are
most critical for evaluating rear impact whiplash
injury risk are the shear force (Fx), tensile force (Fz),
and extension moment (My). As shown in Figures
11-14 and 20-23, each of these parameters generally
increased as the seatback recliner stiffness increased.
Maximum values for the baseline cases were
consistently lower than for the rigid cases, but the
trends were not monotonically increasing. The
maximum shear and tensile forces recorded at the
upper neck for all test conditions were 216 N and
1595 N, respectively. The maximum extension
moment recorded at the upper neck for all test
conditions was 12.0 Nm. All of these maximum
values are well below the established thresholds for
serious injury, indicating that these test conditions
would not be expected to produce any serious AIS ≥

3 neck injuries.

Figure 27 presents typical data collected from both
load cells, along with a plot of the relative head-to-
torso rotation. The upper neck moment exhibits an
oscillatory response beginning around 40 msec, with
the maximum extension moment occurring at
approximately 150 msec. The lower neck moment
exhibits a more obvious extension peak at
approximately 130 msec, which corresponds with the
time of maximum relative head rotation. The
maximum values for the Nij and Nkm neck injury
criteria occur at approximately 120 msec, which is
slightly prior to the maximum relative head rotation.
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Figure 27. Comparison of upper and lower neck
extension moment data.

The maximum value for the NTE neck injury criterion
was 0.28, as shown in Figures 15 and 24, which
suggests that these test conditions would not result in
any serious neck injuries. Similarly, the maximum
values for the Nkm neck injury criteria was 0.50, as
shown in Figures 16 and 25, which would further
suggest that these test conditions are unlikely to
produce any significant neck injuries.

Head restraint design was found to have a significant
effect on the maximum relative head rotation, and
also the forces and moments acting in the neck.
Although head rotations at the time of initial contact
with the head restraint were found to be reasonably
consistent between the two different head restraint
designs, the maximum relative head rotations varied
by up to 12 degrees for the 800 mm head restraint
height and 11 degrees for the 750 mm height. These
differences are related to the amount of rearward
rotation of the head restraint relative to the seatback,
which was essentially zero for the rigidly attached
Quest head restraint. Upper neck forces and
moments were also found to vary significantly with
head restraint design. Shear forces and extension
moments decreased significantly with the rigidly
attached Quest head restraint, while little change was
observed for the tensile forces. Lower neck extension
moment decreased by up to 27 Nm for the 800 mm
head restraint height and 19 Nm for the 750 mm
height.

Prior to the selection of the Nissan Quest head
restraint for evaluation in this study, a survey of head
restraint designs revealed a wide variety of structural

and aesthetic designs. Some head restraints provided
minimal structural support, and consisted primarily
of a U-shaped metal tube with two vertical posts that
inserted into sleeves in the top of the seatback. The
main portion of the head restraint consisted of little
more than a thick block of relatively soft comfort
foam. Other head restraint designs included a plastic
core attached to the U-shaped tube, which provided
some internal support behind the comfort foam.
These head restraints typically had thick layers of
soft foam in the areas of potential head contact,
namely on the front and top surfaces. The Quest
head restraint consisted of a metal core welded to the
U-shaped tube. This metal core extended vertically
higher than the plastic cores previously observed,
and the foam thickness at the front and top of the
head restraint was less than 20 mm. This more robust
internal structure, combined with the rigid
attachment to the seat frame, provided a greater
amount of support to the dummy head during rear
impact testing.

Another important design parameter related to head
restraints is the contouring or shaping of the overall
head restraint. Due to the procedure in FMVSS 202
for measuring the height of a head restraint, the point
where the height is measured may be toward the back
surface of the head restraint, which is often not the
location of head contact. Variations in contour can
change the "effective height" of the head restraint,
and may alter the location of contact with the
dummy's head.

As shown in Figure 26, the addition of padding to the
front surface of the seatback reduces the rotation of
the head relative to the torso. The primary reason for
this is that the dummy's torso is able to penetrate
deeper into the seatback before engaging the
structural cross-members within the seat frame. This
effectively reduces the backset of the head restraint
and improves the timing between the rearward
motion and forward rebound of the head and torso.
Although the grade 2 foam appeared to perform the
best for a mid-sized male Hybrid III dummy under an
FMVSS 202 dynamic crash pulse, an optimal seat
design should also consider other foam thickesses,
occupant sizes, and crash pulses.

CONCLUSION

This series of tests demonstrates that the head/neck
response of an occupant to a rear impact collision
depends on a number of seat design parameters. The
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parameters evaluated in this experimental study
included head restraint height, head restraint design,
seatback cushion stiffness, and seatback recliner
stiffness. Other potential factors that will be
evaluated in future testing include occupant size,
head restraint backset, seatback energy return, and
impact speed.

Based on the values of the head rotation relative to
the chest and the forces and moments acting in the
neck, results from this testing suggest that the risk of
whiplash injury can not simply be predicted based on
seatback stiffness or head restraint position.
Occupant response to a rear impact is a dynamic
event involving complex interactions between the
head and head restraint, and also the torso and
seatback. Optimal protection for an occupant should
consider the design of the head restraint and seatback
as a system, and must recognize that each component
will affect the occupant's interaction with the other.

It is important to realize that the modified seat used
in this study does not interact with the dummy in the
same manner as a production seat. Additionally, the
findings from this study are only valid for a nominal
impact speed of around 17 kph; future testing will
verify these findings at higher speeds and for other
occupant sizes.
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ABSTRACT

In 1993, the U S Department of Transportation
ordered a recall of approximately 5,000,000 GM
pickup trucks equipped with sidesaddle fuel tanks
due to their alleged vulnerability in severe side
crashes. The fuel tanks on these pickups were
located under the cab and bed outside the frame rails.
The recall was subsequently rescinded in favor of an
administrative settlement.

Prior to the settlement, NHTSA conducted a research
program that included more than twenty crash tests.
NHTSA defined a crash configuration that the
pickups with sidesaddle tanks failed but competitive
models of trucks passed. The test involved an 80
km/h (50 mph) side impact by a Chevrolet Caprice,
in a breaking attitude, aligned so that it impacted the
fuel tank at an angle of 30 degrees. In 1999, a
follow-on project was undertaken by the Automotive
Safety Research Institute (ASRI) to evaluate
alternative tank systems to the sidesaddle design.
The alternatives investigated included the following:
providing a cage for tank protection, incorporating a
fuel bladder, changing tank materials, and relocation
of the tank. In conjunction with these design
alternatives a number of other technologies were
investigated, such as, shielding of fuel lines, check
valves, self-sealing break away fuel line couplings,
and fire suppressant panels.

Eighteen full-scale crash tests were conducted to
evaluate the various technologies. The best test
results were obtained by two strategies that moved
the tank to less vulnerable locations. Tests of
strategies that attempted to maintain the tank in its
sidesaddle location were not successful. Break-away
couplings in the fuel lines, a flapper valve in the filler
tube and shielding of vulnerable fuel lines were
tested under conditions that demonstrated their
efficacy. Other technologies showed promise but
were not fully developed and tested.

INTRODUCTION

In 1967 the National Highway Traffic Safety
Administration (NHTSA) introduced the Federal
Motor Vehicle Safety Standard (FMVSS) No. 301,
“Fuel System Integrity” [NHTSA Part 571.301] to
reduce deaths and injuries occurring from fires.
Initially, the standard only applied to passenger cars.
However, in 1977 light trucks were also included.
The standard prescribes three full-scale tests, a
frontal, rear and lateral impact, following which a
maximum acceptable fuel leakage rate is specified.
After the crash test, the vehicle is subjected to a 360o

roll, during which fuel leakage must be below
specified levels. The frontal impact comprises
directing the subject vehicle into a flat-face, rigid
barrier at a speed of 48.0 km/h (30.0 mph). For both
the rear and lateral test, an 1814 kg rigid-flat-faced,
moving barrier impacts the stationary vehicle. The
test speed is 48.0 km/h (30.0 mph) for rear impacts
and 32.0 km/h (20.0 mph) for side impacts. In each
test configuration the fuel tank must be filled to 90%
to 95% capacity.

The General Motors C/K full size (10 to 30 series)
pickup model years spanning 1973 to 1987,
employed a sidesaddle tank design in which the tank
was mounted outside the vehicle’s frame rails. This
design was alleged by the Department of
Transportation to represent a safety related defect in
that the tank placement exposed the tank to more
severe damage during a side impact collision
compared to vehicle designs in which the fuel tank is
inside the frame rails. Although the sidesaddle
design was largely discontinued in the 1988 and later
models, it persisted on a few configurations until
1991.

In December 1992, the NHTSA Office of Defects
Investigation (ODI) opened an investigation to
determine if certain 1970-1991 Chevrolet C/K
pickups contained a safety related defect
[ODI, 1994]. The ODI investigation was to
determine whether these full size pickups posed an
unreasonable risk to safety, related to the danger of
fires following crashes, with primary focus on side
impact crashes. Based on ODI testing and full-scale
test data provided by GM, it was concluded that the
C/K trucks, to which the 301 Standard applied, were
in compliance. The ODI’s analysis of 1979-1993
real-world accident data suggested that the incident
of fatal crashes involving fire was nominally 2.5
times higher for the C/K pickup trucks over that of its
competitors. However, the ODI concluded that fatal
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side-impact crashes involving fire were generally
more severe than the crashes specified by the
FMVSS 301 standard. Crash testing disclosed that
the C/K pick fuel system exceeded the leakage
requirements of the 301 standard when impacted in
the side by a Chevrolet Caprice traveling at 80 km/h
(50 mph). Competitive pickup models were found to
survive this test. Test dummies in the crashed
vehicles indicated that the 80 km/h (50 mph) side
impact by a Caprice did not produce excessive injury
measures.

On April 9, 1993, ODI recommended to General
Motors a safety recall on GM pickup models with the
tank mounted outside the frame rails [ODI, 1994].
Subsequent negotiation between GM and the
Department of Transportation resulted in an
administrative settlement in lieu of a recall. Under
this March 7, 1995 settlement, GM agreed to expend
$51.355 million to improve vehicle and highway
safety [NHTSA, 2001]. The settlement included
$10 million for research to improve fire safety of
motor vehicles. In a subsequent judicial settlement,
dated June 27, 1996 GM agreed to provide an
additional $4.1 million for motor vehicle fire safety
research [Judicial District Court, 1996]. In the same
settlement, the Class Plaintiffs’ agreed to provide $1
million for the design, development, testing, and
implementation of fuel system safety enhancements
for the C/K trucks. This latter project has been
administered by the Automotive Safety Research
Institute and is the basis for this paper.

In September 1999, The Automotive Safety Research
Institute (ASRI) initiated a research project to
investigate possible alternatives to the existing
sidesaddle fuel tank design that would improve the
pickup truck’s fuel tank crashworthiness under side
impact loading conditions. To this end, Biokinetics
and Associates Ltd. was contracted to identify,
retrofit and test alternative fuel tank systems or tank
protective strategies for the C/K pickup trucks. A
preliminary review of the existing tank designs and
readily available technologies identified six
possibilities, which included:

1. Replacing the sidesaddle tank with a bed-
mounted tank system.

2. Installing a custom fabricated tank inside of the
vehicle’s frame forward of the rear axle.

3. Replacing the sidesaddle tank with an auto
racing fuel cell.

4. Replacing the existing sidesaddle steel tank with
a plastic tank designed specifically for the C/K
trucks.

5. Adding a protective frame around the existing
sidesaddle tank.

6. Installing a custom fabricated tank inside of the
vehicle’s frame behind the rear axle.

All six alternatives were installed in 1985 to 1987
C/K pickup trucks and subjected to the critical test
condition for the sidesaddle tanks. The critical test
condition was an 80 km/h (50 mph) side impact by a
Chevrolet Caprice. Based on the favorable results
obtained, the center-mounted tank and the bed-
mounted tank were selected for further development
and testing in other impact modes. Although the tank
mounted behind the axle passed the critical test for
sidesaddle tanks, it was not tested further due to its
vulnerability to side and rear impacts directed at its
location.

TEST CONFIGURATION

The crash worthiness of the selected tank systems
was evaluated under various full-scale crash
configurations. The pickup trucks used in the test
were 1985 through 1987 two-wheel drive Chevrolet
or GMC ½ or ¾ ton pickups. One four-wheel drive
pickup was tested. For the side impacts, the bullet
vehicle was either a Chevrolet Caprice or a
FMVSS 301 moving barrier. The impact speed was
nominally 80.0 km/h (50 mph) for the Caprice and
64.0 km/h 40 mph) for the barrier. For the Caprice,
the angle of impact was 60o from the front of the
truck and inline with a point on the truck’s centerline
located between the cab and the truck bed. For the
FMVSS 301 rigid moving barrier, the impact was
perpendicular to the longitudinal axis of the truck and
centered on the space between the truck bed and the
cab. The typical set-up for the side impact Caprice
tests and the moving barrier side impact test are
shown in Figure 1 and Figure 2.

Figure 1. Typical vehicle alignment in side impact
tests with a Caprice as the bullet vehicle
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Figure 2. Alignment of the FMVSS 301 barrier
for side collision

Tests conducted with the Chevrolet Caprice as the
bullet vehicle replicated as far as possible the critical
vehicle to truck configurations used by the ODI
during its investigation into the sidesaddle fuel tanks.
This baseline test was conducted at the Vehicle
Research and Test Center (VRTC) and the vehicle
set-up and the test parameters were documented in
Transportation Research Center Inc.’s (TRC) test
report No. 930324 [Markusic, 1993].

The ride height of the bullet vehicles was adjusted to
compensate for braking. VRTC had determined that
under heavy braking the front of the vehicle lowered
by 73.7 mm as measured from the front bumper
centerline and the rear of the vehicle raised up by
63.5 mm as measured from the centerline of the rear
bumper. To achieve this braking attitude a level ride
was first established and then the front and rear axles
were loaded and unloaded respectively to correspond
to the pre-test attitude reported in TRC’s Report
930324.

Frontal and rear impact barrier tests were also
performed following test procedures similar to those
specified in the FMVSS 301 safety standard with the
exception of impact speeds that at times were
elevated from those specified in the standard. The
three frontal barrier tests consisted of a truck
colliding perpendicularly into a rigid immovable flat
wall. The first of these three tests was performed as
per the letter of the FMVSS 301 standard with an
impact speed of 49.0 km/h (30.6 mph). The second
and third frontal tests were performed at an elevated
nominal speed of 51.8 km/h (32.4 mph). Similarly,
two rear barrier tests were performed with a
stationary truck being struck from the rear by a
moving FMVSS 301 rigid barrier at speeds of
49.0 km/h (30.6 mph) and 56.2 km/h (35.1 mph)
respectively.

PASS/FAIL ASSESSMENT

A tank system that complied with the leakage
requirements specified in the FMVSS 301 standard

was considered to have passed the crash test. If the
post crash fuel leakage was within the specified
limits, the integrity of the tank was further verified,
as per the standard, by inverting the entire truck
about the longitudinal axis in increments of 90o. The
presence of leaks was again compared to the leakage
limits specified in the FMVSS 301 rollover
requirement. The magnitude of the allowable
leakage is about 1 oz. per minute.

Most of the tests performed were research oriented
and did not comply with all the procedures set forth
in the FMVSS 301 standard. For example, either the
collision speed or the selection of the bullet vehicle
varied from that specified. Consequently,
compliance with the leakage requirements alone did
not infer compliance with the standard. Ultimately,
tests were conducted in all crash directions required
by FMVSS 301, but were at higher crash severities
than specified by the standard.

THE BED-MOUNTED TANK

The ODI study had concluded that the fuel tank
located in the sidesaddle position results in increased
risk of fuel leakage in side impact crashes. One
objective of the tank relocation strategy was to install
the tank in a position in which it would be less
susceptible to direct loading from an impacting
vehicle. By mounting a tank system in the bed of the
truck, it would be both higher than typical bumper
and frame heights on most vehicles and it would gain
additional clearance from the side of the truck,
effectively removing the tank from direct loading and
avoiding undue damage. Additionally, the structure
of the cab and of the bed itself would add to the
protection afforded to such a system. However, such
an installation reduces the capacity of the bed and
limits some of its functions.

A bed-mounted tank system was installed behind the
truck cab in seven GM pickup trucks. A secondary
tank system was also installed on six of these trucks.
The secondary tank system consisted of a custom
fabricated tank installed in between the frame rails.
A fuel line switching valve was installed for each
truck with a secondary tank such that the truck could
function from either system.

The bed-mounted system consisted of relocating a
standard OEM steel tank and brackets, normally
installed in the sidesaddle position, into the bed of the
truck. Standard mounting brackets were used with
additional holes drilled in the brackets such that they
could be bolted vertically into the floor of the truck
bed. A typical installation is shown in Figure 3.
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Figure 3. OEM bed tank installation with OEM
brackets

The tank was covered by a 3 mm thick aluminum
checker plate shield for protection from shifting
cargo. The shield installation is shown in Figure 4.
The shield weighed 15.8 kg and cost approximately
$215. Other miscellaneous hardware required for the
bed installation cost $40. The installation time for the
bed tank and shield was 3 hours. Installation
procedures for this tank were documented in a report
[Fournier et al, January, 15 2003].

Figure 4. Typical in-bed installation of an OEM
tank with shield

In some tests the tank was left exposed so that it
would be visible from overhead camera views.

Eight of the tested tank systems consisted of
relocating a sidesaddle tank into the bed of the truck.
The results of all the bed-mounted tank tests were
summarized in a report [Fournier February 2002] that
lists the tests and shows the results.

The side impact test with the Chevrolet Caprice as
the bullet vehicle, as shown in Figure 1 did not
challenge the tank in the bed location. The pickup
damage was located below the bed of the truck, and
the tank was well protected. To provide a more
challenging test, an FMVSS 301 rigid faced moving
barrier was used, as shown in Figure 2. However, the
barrier speed was increased from 32 km/h (20 mph)
to 64 km/h (40 mph). The bed-mounted tank passed
this test.

Table 1.

Summary of Bed-mounted Tank Test Results

Test No. Test Type
Speed
(km/h)

Results

RP01-036 60O lateral
impact Caprice

81.4 Pass

RP01-037 90O lateral 301
barrier

64.2 Pass

RP02-028 frontal barrier 49.0 Pass

RP02-029 rear impact 301
barrier

49.0 Pass

RP02-031 rear impact 301
barrier

56.2 Pass

RP02-032 Frontal barrier 51.8 Pass

20010462 Handling test Na OK

011024 Dynamic
rollover test

50.2 Pass

Two frontal and two rear impact barrier tests were
also performed following test procedures similar to
those specified in the FMVSS 301 safety standard
with the exception of impact speeds that at times
were elevated from those specified. The two frontal
barrier tests consisted of a truck colliding
perpendicularly into a rigid immovable flat wall.
Similarly, two rear impact tests were performed with
a stationary truck being struck from the rear by a
moving FMVSS 301 rigid barrier.

To verify that a truck’s baseline stability and
handling characteristics were not adversely affected,
both a dynamic rollover test and a handling test were
performed.

The rollover test was performed as per FMVSS 208.
The truck was mounted on a cart at an angle of 23O

with the driver’s side elevated such that the
longitudinal axis of the truck was perpendicular to
the direction of cart travel. The cart was accelerated
down the test track and the truck was released and
allowed to roll. The truck rolled four quarter turns.
No leakage resulted from the rollover, or the
subsequent static rollover performed in accordance
with FMVSS 301.

An analysis of the expected vertical change in the
position of a truck’s CG and its influence on the
Static Stability Factor (SSF) was performed. Baseline
vehicle information was obtained from measurements
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recorded in the NHTSA’s database on vehicle inertial
parameters, which specified vehicle weights and the
height of their CG above ground [Heydinger 1999].
Seven trucks from the database were included in the
analysis, each of which had a filled sidesaddle tank
installed. The cited values from the database were
not corrected for the removal of the sidesaddle tank
that would accompany the installation of the
bed-mounted tank system.

The estimated change in the trucks’ CG and SSF
were calculated based on a bed-mounted tank system
having a total mass of 91.0 kg, which includes the
tank, brackets, shield and 76.0 liters of fuel. The SSF
was calculated according to the following formula:

SSF = T/2H (1.)

Where,

T = vehicle track width
H = vehicle CG height

The static stability factor for the seven baseline
trucks ranged from 1.12 to 1.25. The tank in bed
filled with fuel reduced the factor by 0.7% to 1.4%.
An equivalent or larger change in stability factor
could result from normal loading of the pickup bed
with cargo.

Handling tests were performed at the Transportation
Research Center (TRC) in Ohio to investigate the
effect of the increase in CG height from the
installation of a bed-mounted tank. A pickup truck
with a bed-mounted tank and outfitted with safety
outriggers was subjected to a series of four abrupt
driving maneuvers by an experienced test driver. The
purpose of these maneuvers was to evaluate the
effects of fuel sloshing on vehicle stability. The four
handling maneuvers included: Double Lane Change,
“J” Turn, Slalom and Resonant Steer.

Initially, an empty bed-mounted tank without baffles
was evaluated to provide a baseline for comparative
purposes. The tank was then filled to half its capacity
and finally to full capacity. An additional test was
performed with the tank filled to half capacity with
the inclusion of internal tank baffling.

For each handling maneuver the driver provided
subjective feedback with regards to variations in the
trucks handling characteristics as they related to the
various tank fill levels or the inclusion of tank
baffling. The driver’s feedback suggested that the
differences in handling were minor and were likely
related to the additional fluid mass and not to fluid

movement. Additionally, the driver indicated that
there was no difference in handling with the
introduction of tank baffling.

The relocation of the OEM tank to the pickup bed
was by far the simplest alternative to the sidesaddle
tank installation. It is applicable to all models of GM
C/K pickup trucks without modifications and it
employs a readily available tank, sending unit,
mounting brackets and requires minimal
modifications to the truck or tank components. The
modifications consist of drilled holes in the bed floor
for securing the mounting brackets and for routing
the fuel lines to the engine. Additional holes are also
needed in the mounting brackets for securing a
simple aluminum cover to protect the tank from
shifting payloads. A limitation of the system,
however, is that it reduces the utility of the bed by
decreasing the availability of cargo space.

CENTER-MOUNTED TANK

The chassis of the C/K pickup trucks is basically a
ladder type configuration. Two substantial
longitudinal frame rails are tied together by cross
members at various points along their length. By
placing a tank in between these rails, a
center-mounted tank system would gain protection by
the rigid rails acting as a shield, diverting the load
path from directly bearing on the tank. Additionally,
the front end of the tank would gain extra protection
from the structure of the cab and the truck bed.

The drive shaft and the exhaust system occupy the
space between the frame rails. The drive shaft runs
down the middle of the truck while the exhaust
system is routed between the left frame rail and the
drive shaft leaving the space between the right frame
rail and the drive shaft available for installing a
center-mounted tank.

Prior to 1982, C/K trucks were built with the fuel
tank installed on the right side and with the fuel filler
door located on the same side. In this configuration,
connecting a center-mounted tank to the filler neck
would require a fuel hose marginally longer than that
used by the original fuel system. However, for later
model years, 1982 to 1987, the fuel tank was
relocated to the left side of the truck. To maintain a
comparably short filler tube for the center tank, the
exhaust system would have to be re-routed to the
right side of the drive shaft, freeing the left side for
the center tank. This was done for the first truck that
was crash tested. However, this exhaust modification
introduced a higher cost to the retrofit. Therefore, for
the remaining trucks the center tank was installed on
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the right side, with the filler tube to be routed from
the filler door located on the left side of the truck to
the tank spout. The center-mounted tank and its
associated supports are shown in Figure 5. Figure 6
and Figure 7 show the tank installed in a pickup.

Figure 5. Center-mounted with mounting
brackets

Figure 6. Typical center-mounted tank
installation – Rear View

Figure 7. Typical center-mounted tank
installation – Front View

The design of the center-mounted tank and its
associated mounting brackets evolved based on

information gained during the test program,
incorporating features to improve its crashworthiness.

The center-mounted tank was custom fabricated at a
welding shop specializing in fuel tanks. It comprised
a box shaped container fabricated from 1.52 mm
thick sheet steel. This steel is thicker than that used
in the original equipment manufacturer’s (OEM)
mass produced tanks, which were nominally 0.86 mm
thick. The reasons for the thicker steel were two
fold: first, the thicker steel simplified the manual
welding process and second it offered improved
resistance to damage. The tank was held in place at
three locations. The front and center of the tank were
strapped down to a substantial “L” shaped bracket
that bolted directly to a frame rail and supported the
tank from underneath (See Figure 6 and Figure 7). A
strap that attached to the frame rail and a cross
member supported the rear of the tank. The weight
of the straps, brackets and miscellaneous components
was 12.1 kg. Approximately three hours of labor was
required to install the tank. . Installation procedures
for the center-mounted tank were documented in a
report [Fournier et al, January 29, 2003].

The fluid volume of the tank was 71.9 liters and its
weight was 17.2 kg. The distance between the drive
shaft and the frame limited the tank width. Drive
shaft to tank clearance greater than that on model
year 2000 GM pickups was maintained. Tank depth
was limited by ground clearance requirements.

From the fourth test onwards, the tank was modified
to include a 25.4 mm radius to the lower longitudinal
edges of the tank. The purpose of the radius was to
reduce localized stress resulting from folding a right
angle edge in on itself when loaded. Additionally,
the material for the middle bracket was changed from
steel channel with right angle edges to steel tubing
with rounded and thus less aggressive edges.
Loading on the tank from these brackets would
therefore be more evenly distributed, decreasing the
possibility of tearing of the tank resulting from
concentrated edge loading from the brackets.

During frontal impact testing it was discovered that
the tank shifted forward excessively upon impact.
Unlike the OEM steel tanks that are fabricated using
a stamping process that can incorporate recesses for
the mounting straps that aid in preventing sliding, the
flat sides of the custom tanks allowed movement of
the tank through the mounting brackets’ straps. This
deficiency was overcome by increasing the clamping
pressure of the mounting straps and by adding a tank
catch plate at the front. One end of the plate was bent
down to hook onto the front tank support bracket,
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while at the other end; the plate was bent upwards to
prevent the tank from undergoing excessive
translation. This plate was sandwiched in place
between the front bracket and the tank.

Various fuel tank components other than the tank
itself were evaluated during different tests. They
included a plastic shield under the tank, a filler tube
check valve and an after market sending unit. The
plastic shield provided additional protection to the
bottom and both sides of the tank. However, the tank
was also tested without the shield and performed
satisfactorily. On many of the tanks tested a reverse
flow check valve was installed. In the event that the
fuel filler tube was severed or torn from the tank, the
check valve would prevent excessive fuel spillage.
The diameter of the check valve obtained for testing
was smaller than the filler hose, which resulted in a
flow restriction that increased the time needed to fill
the tank. The functionality of these valves was never
required, as the filler tube remained intact and
connected to the tank during all of the tests.

Eleven full-scale crash tests on the GM C/K trucks
were conducted at PMG Technologies’ Test and
Research Center in Blainville, Quebec, Canada. The
sequence of tests and their configurations and the
overall success of the tests are summarized in a report
[Fournier et al, October 2001].

All of the tests involving the Chevrolet Caprice as the
bullet vehicles were conducted under identical
conditions. These tests duplicated the 80.0 km/h
(50.0 mph) 60o tests conducted by NHTSA during
their defects investigation program.

A characteristic of each Caprice test was that upon
impact the truck was lifted off the ground and carried
laterally a short distance before the truck tires came
back in contact with the ground. Both vehicles
continued moving before coming to rest, typically
with the Caprice wedged under the side of the truck.
In the initial test, the truck rolled one quarter turn
after the impact. The fuel leakage following this
dynamic rollover and the subsequent static rollover
was less than permitted by FMVSS 301. This test
demonstrated the integrity of the fuel system in both
side impact and rollover. Subsequent tests
incorporated anti-roll bars to prevent dynamic
rollover after the impact.

The final tank design demonstrated the ability to
withstand the 80.0 km/h (50 mph) Chevrolet Caprice
side impact that had been the critical test condition
for the OEM tank. In addition, the tank design was
tested to and passed front, side and rear impacts more

severe than required by FMVSS 301. The test results
are summarized in Table 2.

Table 2.

Summary of Center-mounted Tank Test Results

ResultsTest No. Test Type Speed

(km/h) Tank Lines

RP01-009 60o side
impact by a
Caprice

81.6 Pass Pass

RP01-036 60o side
impact by a
Caprice

81.4 Pass Fail (1)

RP 01-037 90o side
impact by a
301 barrier

64.2 Pass Pass

RP 01-038 60o side
impact by a
Caprice

81.4 Fail (2) Fail (2)

RP 01-039 60o side
impact by a
Caprice

81.4 Pass Pass

RP 02-028 Frontal
barrier

49.0 Pass Pass

RP 02-029 Rear
301 barrier

49.0 Pass Pass

RP 02-030 60o side
impact by a
Caprice
(4x4 truck)

80.0 Pass Pass

RP 02-031 Rear
301
barrier

56.2 Pass Pass

RP 02-032 Frontal
rigid
barrier

51.8 Fail(3) Pass

RP 02-096 Frontal
rigid
barrier

51.8 Pass Pass

(1)No tank leakage; fuel line switching valve crushed.
(2)Truck tested with manifold removed – reduced inherent
protection. Induced tank and fuel line improvements.
(3)Transmission web caused stress concentration. Induced
a tank improvement.

AUTO RACING FUEL CELL

A fuel cell, designed for automotive racing
applications, was installed in the sidesaddle location
on two trucks. The fuel cell that is designed to be
both resistant to impact and non-exploding is
comprised of a rubberized fabric bladder inside a
rigid outer container. The cost of the fuel cell was
$1080. A report describes the fuel cells and the test
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results in detail [Fournier et al November 2002]. The
test results are summarized in Table 3.

Table 3.

Summary of Fuel Cell Tank Test Results

Test Nr. Test Type Speed
(km/h)

Results

RP01-010 60O lateral
impact from
a Caprice

80.3 Fail

020821 60O lateral
impact from
a Caprice

80.5 Fail

In the first test, the outer container of the fuel cell
consisted of a riveted aluminum enclosure held in
place by two steel brackets that supported the tank
from underneath. During impact, the outer casing
ripped open from a combination of direct loading
from the bullet vehicle and from hydrodynamic
pressure from the expansion of the internal bladder
that was compressed between the vehicle frame rail
and the bumper of the bullet vehicle.

a)

b)
Figure 8. Damage to the fuel cell aluminum
housing (a) cut in fuel cell caused by sharp
aluminum surface (b)

With the aluminum container ruptured, the fuel cell
inside was ejected from the truck. In the process, all
the fuel lines connected to the tank were severed. The

filler tube was disconnected from the tank, but a
reverse flow flapper valve in the tank prevented
spillage at the filler spud. Additionally, a rollover
valve on the vent line prevented fuel leakage from the
severed vent hose. There were no provisions in the
fuel supply line to prevent fluid loss in the event that
the line was severed and consequently it leaked fuel.
However, the majority of fuel spillage stemmed from
a tear in the bladder that was discovered along its
lower inside edge. The damage was caused by the
rear mounting bracket/strap that failed during the
impact and perforated the aluminum outer housing
creating sharp edges on the inside of the housing that
cut or punctured the bladder. The damaged
aluminum cover and fuel cell puncture are shown in
Figure 8.

A second fuel cell system was assembled addressing
the shortcomings identified by the results of the first
test. Enhancements to the second fuel cell included
fabricating the outer housing from steel rather than
aluminum with through bolts instead of rivets to
secure the hosing cover and the end plates of the
container. The mounting brackets, which previously
supported the tank from underneath, were replaced
with brackets from which the tank was suspended.
The intent of the new bracket arrangement was to
allow the tank to deform without being restricted by
the mounting brackets. To prevent fuel leakage from
severed fuel lines, self-sealing breakaway connectors
were installed on the fuel delivery and returns lines.
As with the previous fuel cell, the vent line relied on
an internal rollover valve.

Despite the enhancements to the outer container and
the mounting system the tank bladder was again
ejected during the impact. The bolts that fastened the
outer container together pulled through the sheet steel
and the outer container unraveled allowing the
bladder to be ejected. The top cover of the container
tore along the rear-mounting bracket adjacent to the
bladder bulkhead, resulting in a sharp pointed corner
that perforated the top surface of the bladder.

In the process of being ejected the breakaway
connectors on the fuel and return lines disconnected
as intended and no leakage resulted. The vent line
was severed, but no leakage occurred due to the
upright orientation of the tank. The vent line
contained a rollover check valve located inside the
tank. This valve was not exercised in the crash. The
fuel cell laceration and the ruptured steel container
are shown in Figure 9.
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a)

b)
Figure 9. Steel housing for bladder [arrows show
ruptured seam (a)]; cut in top of fuel cell [arrow
shows sealed break-away fuel coupling (b)]

Fuel leakage was minimal following the crash
although it was apparent that leakage from the
puncture in the bladder would have been inevitable
had the bladder been lying on its side rather than
upright.

There are three grades of fuel cell bladders FT3,
FT3.5 and FT5 offering increasing resistance to
tearing and puncture. An FT3 bladder was used in
both tests, therefore, by incorporating a higher rated
bladder and by designing better protection for the
bladder, it may be possible to improve its resistance
to damage from direct exposure to slash or puncture
hazards. Further research to improve the bladder was
not initiated, because the alternatives for relocating
the tank appeared to be more economical.

TANK PROTECTION

An objective of the tank protection system was to
redirect part of the load path from the tank to the
vehicle’s frame. Two such protective systems were
tested and the results are summarized in a report
[Fournier et al, January 2001]. Table 4 lists the tests
conducted and the results.

Table 4.

Summary of Tank Protection Test Results

Test No. Test Type Speed
(km/h)

Results

RP01-008 60O lateral impact
from a Caprice

81.1 Fail

RP01-012
60O lateral impact
from a Caprice

81.1 Fail

The first system consisted of the standard OEM tank,
protected by a tank guard whose height off the
ground was approximately the same as the bumper
height of the bullet vehicle. The guard consisted of
76 mm angle iron, reinforced with tubular steel on its
lower edge, protecting the lower outside edge of the
tank. The angle iron was fastened to the vehicle
frame at the front end of the fuel tank and to the
frame and truck bed at the rear. Connection to the
frame was via cantilevered tubular steel supports with
resistance to downward bending provided by
vertically fastening the rear tubular support to the
truck bed. The total weight of the protective frame
was 34.5 kg. Its cost was estimated at $120.

Notwithstanding the additional bracing of the rear
support, neither the protective frame nor the vehicle
structure to which it was bolted were capable of
resisting the severe downward torque applied by the
impacting vehicle, thereby, leaving the tank exposed
and vulnerable to direct loading by the bullet vehicle.
A significant tear in the tank resulted in excessive
fluid loss. Damage to the tank and frame are shown
in Figure 10.

Figure 10. Damage to the tank protective frame

A retest of the tank protection system was performed
with a second system based on the initial frame
except with two additional attachment points to
specifically counteract the downward moment
applied by the impacting vehicle. The front end of
the guard was fastened vertically to the cab floor and
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an additional support was added at approximately
two thirds of the guard’s length back from the front
end that connected the guard vertically to the bed
floor. These additional features increased the total
weight of the tank protective frame to 46.7 kg.

The tank protective system remained attached to the
vehicle frame during impact and, as intended, the
additional vertical support of the guard prevented its
downward displacement. The mounting brackets
suffered comparatively minor bending with distortion
of the guard’s supports occurring primarily in the
rearward direction.

A plastic tank was installed for the second test
instead of a steel tank as used initially. Despite the
improved performance of the protective frame, the
guard compressed the tank cutting the top outside
front corner of the tank resulting in excessive fuel
leakage. The damage to the modified tank protective
frame is shown in Figure 11. The damaged area of
the tank was not exposed directly to the impacting
vehicle. Rather, the damage was likely caused by the
truck’s structure which intruded into the tank space.

Figure 11. Damage to the modified tank
protective frame

Development of the tank protection system was
discontinued because the system performed poorly,
and it was heavy and costly.

PLASTIC TANK

An aftermarket plastic tank costing $145 was
purchased for evaluation. The plastic tank was used
in two configurations. The first was as a direct
replacement of the standard OEM steel tank. The
second was also in the sidesaddle location with a tank
protection frame in place. The tank protection design
and test results of the two tests are contained in two
reports [Keown, December, 1999 and Keown,
September, 2000]. Test results are summarized in
Table 5.

Table 5.

Results of Two Tests with Plastic Tanks

Test No. Test Type Speed
(km/h)

Results

RP01-011 60O lateral impact
from a Caprice

81.3 Fail

RP01-012

60O lateral impact
from a Caprice
(Tank with
Protection)

81.1 Fail

Tears in the tank, as a result of excessive
deformation, were only one of the failure modes.
Punctures and cuts from aggressive components on
the truck itself or on the bullet vehicle were also
prevalent. Damage to the tanks is shown in
Figure 12. The available aftermarket plastic tank did
not offer any improvements over the existing OEM
steel tank. Considerable additional development
appeared necessary for significant improvements.
This approach was discontinued.

Figure 12. Puncture and slash damage to plastic
tank

REAR MOUNTED TANK

An aftermarket rear mounted tank was installed on
one truck and subjected to the 80km/h (50 mph)
Caprice test and it performed satisfactorily.
However, due to its potential vulnerability to a
Caprice test in a rear impact, this approach was not
continued. The cost of the tank kit was $400. The
configuration is shown in Figure 13.

Figure 13. After market rear mounted tank
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ADDITIONAL OBSERVATIONS

Features to Address Hazards in the Center-
Mounted Tank Location

Relocating the tank between the frame rails reduces
its vulnerability to side impact, but may increase
vulnerability in some other crashes. In severe crashes
into a rigid frontal barrier the engine and
transmission move rearward. An aggressive web on
one of the alternative transmission produced a leak in
one frontal barrier test. In addition, the drive shaft
may buckle in the direction of the tank causing
damage. Figure 14 shows the location of the
aggressive transmission web and the drive shaft
relative to the tank before and after a frontal crash
test.

a) b)
Pre-test Post-test

Figure 14. Drive shaft and transmission clearance
in severe frontal crash – before (a) and after (b)

The final center-mounted tank design addressed both
of these undesirable loadings. The transmission
contact was mitigated by increasing the tank to
transmission clearance and by chamfering the corner
of the tank to reduce the stress concentration when
contact occurs. The drive shaft contact was
addressed by maintaining OEM drive shaft clearance
for center-mounted tanks and by positioning the tank
brackets to resist drive shaft loading. The tank
thickness of 1.52 mm. provided added protection
compared with 0.86 mm. in the OEM tank.

Protection of Fuel Lines and Fuel Selector Valve

The Caprice impact produced extensive deformation
to the pickup frame. In some cases the fuel lines
and/or fuel selector valves were severed by being
pressed between the inside of the frame and the
engine. This problem was aggravated in one test in
which the exhaust manifold had been removed. In
that test, the fuel line was severed when entrapped

between the frame and a flange on the transmission.
To improve the survivability of fuel lines, a structural
shield was added inside the frame to protect the fuel
filter. The shield is shown in Figure 15. No fuel line
ruptures occurred on tests with the shielding in place.

Figure 15. Shielding plate to protect fuel lines
from entrapment by the transmission

Protection from Hard Points on Bullet Vehicle

It was found that the front hood of the bullet Caprice
was peeled away in the side impact tests exposing
many sharp edges. Figure 16 shows the protruding
alternator and other sharp edges that scraped the
bottom of the pickup tank in a crash test. These hard
points may have contributed to the tear in the OEM
tank shown in Figure 10. For the center-mounted
tank, the hard points resulted in scrapping and minor
gouging of the tanks. However, no leakage occurred
from this source in any tests of the center-mounted
tank.

Figure 16. Caprice engine compartment after test
showing hard points that contacted the fuel tank

In one test of the center-mounted tank a plastic shield
was installed so that it covered the bottom and sides
of the tank. During the test, the shield remained
securely in place and provided additional protection
from hard points on the impacting vehicle. The
thickness of the center-mounted tank proved to be
adequate to resist the contacts with the hard points on
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the Chevrolet, so the shield was not tested further.
Notwithstanding the benefits of the shield in a crash
environment, the shield would also provide
protection from wear and tear caused by typical road
hazards (i.e. rocks and dirt).

Filler Neck Check Valves

On many of the tanks, a reverse flow check valve was
installed. It consisted of a spring and ball
arrangement that would prevent excessive fuel
spillage in the event that the fuel filler tube was
severed or torn from the tank and if a rollover
occurred. The functionality of these valves was never
required, as the filler tube remained intact and
connected to the tank during all of the tests.

The diameter of the check valves used during testing
was smaller than the diameter of the filler hose on
GM trucks and consequently it introduced a flow
restriction that increased the time needed to fill the
tank. Therefore, from a practical perspective, the
diameter of the check valve must be increased such
that refueling is not impeded.

Self-sealing Breakaway Connectors

Self-sealing breakaway connectors were installed on
the fuel delivery and returns lines on the racing fuel
cell. In a Caprice test, the fuel lines connectors
disengaged and no leakage occurred. The
self-sealing breakaway connectors are shown in
Figure 17 before and after the test.

a)

b)
Figure 17. Self-sealing break-away couplings in
fuel line before test (a) and after test (b)

Fire Panel

An additional fire prevention countermeasure was
tested concurrently with the second test with the
automotive fuel cell. “Fire suppressant panels” were
affixed to the sides and bottom of the fuel cell after it
was installed in the vehicle. The panels were held in
place with a double sided adhesive tape. If fractured,
these panels emit a fire suppressant powder that
forms a dust cloud that is supposed to extinguish a
fire.

The fire suppressant panels that were affixed to the
tank fractured during the test and a cloud of fire
suppressant powder could be seen in the video
engulfing the underside of the truck. The fire panels
can be seen in Figure 18 before the initiation of
impact and after the release of the fire suppressant
has begun.

a) b)
Figure 18. Fire panels installed on the fuel cell
[see arrows in (a)] and the initiation of the cloud
of fire suppressant during impact (b)

The suppressant cloud remained for the duration of
the impact event and was still present approximately
3 seconds after impact when the truck rolled over, at
which time forward movement of the vehicles had
ceased. The suppressant cloud, immediately after the
truck rolled onto its side, is shown in Figure 19.

Figure 19. Fire suppressant cloud immediately
after the truck rollover
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SUMMARY AND CONCLUSIONS

Eighteen full-scale tests were performed on six
alternatives to the sidesaddle tanks on 1973 to 1987
GM C/K pickup trucks. The critical test
configuration was an 80.0 km/h (50 mph) lateral
impact from a Chevrolet Caprice. Two alternatives
tank systems were selected for further test and
evaluation. The evaluation included FMVSS 301
frontal, rear and lateral type tests conducted at higher
severity than required by FMVSS 301.

Three tank systems were evaluated that maintained
the tank in the sidesaddle location. These were: a
tank protection system, an auto racing fuel cell and
an after market plastic tank. None of these succeeded
at preventing or maintaining fuel leakage within the
prescribed acceptable limits when subjected to the 80
km/hr side impact by a Caprice. The fuel leakage
limits were based on the FMWSS 301 performance
requirements. The protective frame system that was
intended to redirect impact loads around the tank to
the vehicle frame was not capable of withstanding the
downward moment imposed by the bumper of the
impacting vehicle. The materials of the plastic tank
and the fuel cell offered limited resistance to damage
from slashing or puncture. Improvements to the
design of these systems to withstand the side impact
loading were considered possible but impractical due
to the increase cost and complexity. Less costly
alternatives were found, so enhancements to these
designs were not pursued.

The rear mounted tank, although capable of
successfully passing the side impact collision, was
not considered a viable alternative due to cost and the
potential for damage in a severe rear impact collision.

The remaining two alternatives, namely the
center-mounted tank and the bed-mounted tank,
improved crashworthiness through relocation of the
tank. In the center-mounted location, the tank was
removed from direct loading and additional
protection was afforded by the vehicle’s frame rail.
Additional tank features, such as rounded and
chamfered corners, were incorporate in the center
tank design to enhance its resistance to damage. The
bed-mounted tank system consisted primarily of
standard OEM components relocated to the bed of
the truck. Both systems performed exceptionally
well under the severe crash conditions of the test
program and underwent numerous additional
evaluation tests.

Of all the systems tested, the bed-mounted system is
the most crash resistant and easiest to implement.

However, a practical limitation of the system is the
reduction in cargo capacity associated with the
placement of the tank in the bed of the truck.

In general, the most effective means of improving the
tank’s crashworthiness was by positioning it so that
direct loading is minimized or avoided altogether.
The same strategy was also be applied to the all other
fuel system components, such as, fuel lines and tank
selection valves for multi-tank systems. The
shielding of the fuel lines provided a remedy for the
fuel line crushing experienced during testing.

Technologies were tested that involved two types of
check valves in the fuel filler pipe, abrasion shielding
of the tank, self-sealing-break-away fuel line
couplings, and fire suppressant panels. The ball
check valves in the fuel filler tubes of the center-
mounted tanks were not exercised during the tests
because the filler tube always remained in tact. The
abrasion shielding of the center-mounted tank
performed satisfactorily, but was not required to
prevent tank leakage in the tests. The self-sealing-
break-away couplings prevented fuel line leakage
when the bladder tank to which they were connected
was dislocated from the vehicle. The flapper valve in
the fuel filler pipe of the bladder tank also functioned
as designed. The fire panels provided a cloud of fire
suppressant during and after the crash, their efficacy
in preventing a fire was not tested.
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ABSTRACT

This paper examines NASS/CDS 1995 to 2001 in
order to evaluate rollover crash severity metrics and
to recommend additional data elements to assist in
determining rollover severity.

For belted occupants and unbelted ejected occupants
in single vehicle crashes, the number of roof impacts
is an appropriate severity indicator. For ejected
occupants, the ejection risk generally increases with
the number of quarter-turns. However, number of
roof impacts provides a more uniform relationship
between crash severity and injury risk.

For the population of crashes with another vehicle
prior to rollover, the injury risks are higher than for
single vehicle crashes. Impacts with a fixed object
such as a tree or wall prior to rollover also carry
higher injury risks. Consequently, additional severity
measures such as the delta-V for the pre-rollover
crash event are required in addition to the rollover
severity measures.

For non-ejected unbelted occupants in single vehicle
crashes, the most frequent and most injurious
category was one quarter-turn. An examination of
cases with one quarter-turn showed that the majority
of the injuries were in rollovers that were stopped by
impacts with trees and poles. In most of these cases,
the point of impact was the roof. Additional data
elements to permit easy identification of rollover
cases that also involve planar crashes with fixed
objects during the rollover would be desirable. Crash
severity metrics associated with planar crashes may
be applicable to these cases.

INTRODUCTION

Rollover crashes continue to be a growing source of
motor vehicle injuries and deaths in the United
States. One of the difficulties in analyzing rollover
crashes and designing countermeasures is the lack of
a standard measure of crash severity. Rollover
severity factors equivalent to delta-V, used in planar
crashes, are not currently available in the crash data
files. A number of factors are currently recorded that
might be related to crash severity. These include:
pre-crash speed (estimate), number of quarter-turns
of roll, extent of vehicle damage, single or multi-
vehicle event, and rollover initiation type. In earlier
studies of accident data, Malliaris found that pre-
crash velocity was the most influential rollover crash
severity parameter [Malliaris, 1991]. In a companion
paper, Digges applied computer modeling to rollover
crashes and found that increases in vehicle rotation
rate and vertical velocity also increased rollover
severity [Digges, 1991]. None of these suggested
parameters (pre-crash velocity, vertical velocity, and
rotation rate) are readily available from after-the-fact
crash investigations. However, in the future, on-
board crash recorders may make it practical to collect
these added parameters in real time and store the
results.

The purpose of this paper is to analyze recent
NASS/CDS rollover crashes to determine rollover
crash severity variables that can be measured or
computed using currently available crash
investigation methods. The suitability of attributes
that can be based on data elements currently
documented in NASS/CDS is the primary focus of
this analysis.

Crash severity is an important factor in calculating
the benefits of a countermeasure. It is desirable to
have a crash severity measurement that can be related
to the rate of injury. When a safety feature is
introduced that reduces the risk of injury for a range
of crash severities, the injury reduction for a fleet of
vehicles can be calculated. For the analysis to
follow, the recommended crash severity parameters
are those that predict increasing injury rate with
increasing crash severity. The injury rate is measured
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in terms of the number of serious and fatal injuries
per 100 occupants in the exposed population.

The rollover crash is complicated by a number of
confounding factors. Ejection is an intermediate
outcome that increases the risk of fatality by a factor
of more than 5 [Malliaris, 1987]. By paired
comparison analysis of FARS data, Malliaris showed
that the fatality reduction effectiveness of ejection
avoidance was around 70% [Malliaris, 1987].
Kahane found that “two-thirds of the fatalities in
rollovers involve occupants being ejected from the
car, often in crashes with low damage” [Kahane
1989]. Deutermann confirmed Kahane’s findings,
reporting that in 2000, 62 percent of those occupants
killed in fatal rollovers were ejected [Deutermann,
2002]. It is evident that ejection is an undesirable
outcome of a rollover. A crash severity parameter
that predicts increasing rate of ejection is considered
to be as valid as one that predicts the risk of severe
injury.

In some cases, the rollover follows a planar crash.
The planar crash may be with another vehicle or with
a fixed object. In these planar impact crashes, the
initial impact may have contributed to the injury.
Consequently, crash severity metrics associated with
planar crashes in addition to the rollover crash may
apply. Countermeasures that are applicable to
preventing ejection may not be applicable to
preventing injury in the planar crash. The crash
severity metric for these combined planar and
rollover crashes should be different from those in
which ejection is the primary risk factor. The
rollover/planar class of crashes would need to be
identified by an added data element in the recorded
data.

The data element in NASS that is most easily related
to rollover severity is the number of quarter-turns that
the vehicle rotates during the rollover. The number
of quarter-turns is generally related to the energy of
the crash. However, confounding factors, such as,
vehicle geometry, vehicle deformation, and
subsequent impacts can modify the number of
quarter-turns. If the rollover is abruptly stopped by
an impact with a fixed object such as a tree or a wall,
the resulting injury may be caused by the planar
impact. As in the case of the pre-rollover impacts,
planar crash severity metrics may apply to this class
of rollover, as well.

DATA SOURCE

The data source for this paper is NASS/CDS years
1995-2001. The NASS/CDS is a national sample of

crashes in the United States. A condition for entry in
the database is than one light vehicle must be
damaged sufficiently that it is towed from the crash
scene. For the 1995-2001 time period, the database
contains 25,179 crashes that involve 38,118 vehicles
and 54,311 occupants. Each NASS case is assigned a
weighting factor that permits the data to be
extrapolated to predict national averages. Unless
otherwise noted, the information presented in this
paper is based on weighted data.

Until 1995, NASS/CDS documented the number of
quarter-turns in four categories – 1, 2, 3, and 4+.
There was also a category for end over end rollovers.
Since 1995, NASS/CDS has documented up to 16
quarter-turns. Greater numbers of quarter-turns are
designated in this paper as 16+. This additional
resolution allows a better evaluation of the number of
roof impacts as well as the number of quarter-turns.

In addition, NASS/CDS has classified the cause that
initiated the rollover. There are ten categories of
initiation, one of which is collision with another
vehicle. The other categories are: Trip-over, Flip-
over; Turn-over, Climb-over, Fall-over, Bounce-over,
Other, End-over-end, and Unknown. Some of the
categories may involve injury producing impacts
with fixed objects before the rollover. The category,
collision with another vehicle, frequently involves an
injury producing vehicle-to-vehicle crash prior to the
rollover. In cases involving pre-rollover impacts,
crash severity measures other than those normally
assigned to rollovers may be required. The analysis
to follow will be subdivided into single vehicle
crashes and multi-vehicle crashes. The single vehicle
crashes will include all known initiation categories
except multi-vehicle.

In this study of crash severity, only the front seat
occupants ages 12 and older are included. This was
done to reduce the bias of occupancy rate on the
resulting crash severity.

The combined years 1995 to 2001 contain records of
3,871 vehicles that were involved in rollover crashes.
These vehicles had 5,227 front seat occupants, age 12
years and older. This population sustained 1,309
MAIS 3+ and fatal injuries. When the NASS
weighting factors are applied, these cases are
expanded to 1,484,669 vehicles and 1,946,677 front
seat occupants age 12 and older with 125,768 MAIS
3+ and fatal injuries.
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EXPOSURE AND INJURIES BY VEHICLE
CLASS

The distribution by vehicle type of front seat
occupants aged 12 and older and front seat occupants
aged 12 and older with serious and fatal injuries in
rollover crashes is shown in Table 1. Occupants with
serious and fatal injuries are classified as “MAIS 3+
F”. This category includes all survivors with MAIS 3
or greater injury, and all fatally injured regardless of
their MAIS injury level. The table also shows the
rate of MAIS 3+ F injured to front seat occupants per
100 exposed to rollover crashes. This ratio is
referred to as injury rate in Table 1 and in the Tables
to follow. This ratio is an indicator of the severity of
a population of crashes with regard to their ability to
produce MAIS 3+F injuries. It will be used
extensively in this paper to assess the relationship
between crash variables and crash severity.

Table 1.
Distribution of Occupants, MAIS 3+ and
Fatally Injured, Injury Rate, and Front Seat
Occupancy Rate for Front Seat Age 12+
Occupants of Vehicles Involved in Rollover
Crashes by Vehicle Class.

Front Seat
Age 12+ PC SUV Van PU

Occupants 45% 29% 6% 20%

MAIS 3+ F 51% 19% 7% 23%

Injury Rate 7.4 4.3 7.5 7.1

Occupancy Rate 1.25 1.38 1.23 1.18

It is evident from Table 1 that vans constitute a very
small percentage of the occupants and injuries in
rollovers. Consequently, it is not possible to analyze
vans with the same detail and accuracy as the other
classes of vehicles. In subsequent analysis, van
statistics are included in the totals presented but are
not listed separately, due to their small numbers.

Table 1 also lists the front seat occupancy rate for the
vehicle classes. The front seat occupancy rate is
higher for SUV’s than for passenger cars. The pickup
front seat occupancy rate is lower. Occupancy rate
equivalency could be achieved by considering only
the driver. However, several biases would result.
First, front seat occupants may interact with each
other during a rollover. Second, the injury risk for
the driver may be different from that of the
passenger, depending on the directions of roll. Both

front seat occupants were included in the data to
follow.

EXPOSURE AND INJURIES BY BELT USE,
CRASH TYPE, AND EXTENT OF EJECTION

The distribution of front seat occupants exposed to
rollover crashes by belt use and ejection status is
shown in Table 2. Approximately 75% of the front
seat occupants are belted. Total ejection is a rare
occurrence, accounting for 0.2% for the belted
population and 4.2% for the unbelted population.
However, these rare events account for about 33% of
the MAIS 3+F injuries. Injury rates for totally
ejected occupants are twelve times higher than for
occupants who are non-ejected. The data further
shows the effectiveness of restraints in preventing
ejection. Serious injuries from total ejection among
the belted population are rare, accounting for less that
one half of one percent of the seriously injured
occupants. Partial ejection accounts for about 9% of
the seriously injured occupants. The largest fractions
of the seriously injured occupants are: Belted-non-
ejected (35.3%), Unbelted-non-ejected (23%) and
Unbelted-totally ejected (32.5%). These three
categories will be examined separately to determine
crash attributes that influence the risk of severe
injury.

Table 2.
Distribution of Rollover Exposed Belted and
Unbelted Front Seat Age 12+ Occupants, MAIS
3+ and Fatal Injuries, and Injury Rate for
Rollover Crashes

Exposure
No-
Eject

Total
Eject

Part-
Eject

Belted 73.6% 0.2% 1.7%
Unbelted 18.7% 4.2% 1.6%
Total 92.3% 4.4% 3.3%

MAIS 3+F
No-
Eject

Total
Eject

Part-
Eject

Belted 35.3% 0.4% 3.9%
Unbelted 23.0% 32.5% 5.0%
Total 58.3% 32.8% 8.9%

Injury Rate
No-
Eject

Total
Eject

Part-
Eject

Belted 3.1 12.7 14.6
Unbelted 7.9 49.6 19.9

Total 4.1 48.0 17.2

Table 3 provides a breakout of the exposure and
injury data by belted and unbelted front seat
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occupants in for single vehicle rollovers and rollovers
after an impact with another vehicle (multi-vehicle).

Multi-vehicle crashes occur in only 19% of the
rollovers, but account for 26% of the MAIS 3+ F
injured front seat age 12+ occupants. These multi-
impact rollovers also have higher injury rates. For
multi-impact rollovers, the injury rate is 1.5 times the
rate for single vehicle rollovers. For restrained
occupants in multi-impact rollovers, the injury rate is
2.0 times higher. These results suggest that severity
measures for multi-impact rollovers should include
factors in addition to the rollover attributes of the
crash.

Another observation from Table 3 is the large
difference in injury rates between restrained and
unrestrained. The injury rate for the unrestrained is
approximately 5 times higher than for the restrained.
These results further illustrate the need to examine
rollover severity for restrained and unrestrained
separately.

Table 3.
Distribution of Rollover Exposed Belted and
Unbelted Front Seat Age 12+ Occupants, MAIS
3+ and Fatal Injuries, Injury Rates for Single
Vehicle Rollovers, Rollovers in Multi-vehicle
Crashes and All Rollover Crashes

Belted Single Multi Total
Exposed 61% 14% 75%
MAIS 3+ F 27% 13% 40%
Injury Rate 2.8 5.8 3.4

Unbelted Single Multi Total
Exposed 20% 5% 25%
MAIS 3+ F 47% 13% 60%
Injury Rate 15.1 18.5 15.7

Combined Single Multi Total
Exposed 81% 19% 100%
MAIS 3+ F 74% 26% 100%
Injury Rate 5.9 8.8 6.4

Tables 4 and 5 show data on populations of unbelted
and belted front seat occupants, respectively. The
tables provide distributions of non-ejected totally
ejected and partially ejected occupants in single and
multi-vehicle rollovers.

Table 4 shows data for unbelted occupants. When
compared to Single rollovers, Multi-vehicle rollovers
almost double the injury rates for the ‘No ejection’
and ‘Partial ejection’ categories. The injury risk for

totally ejected occupants is about 50% for both single
and multi-vehicle rollovers. This result suggests that
in considering factors that influence injury rate,
unrestrained totally ejected occupants should be
examined as a separate category. It also suggests a
separation of multi-vehicle and single rollovers.

Table 4.
Distribution of Unbelted Front Seat Age 12+
Occupants by Ejection Status, MAIS 3+ F Injuries
and Injury Rates for Single Vehicle Rollovers,
Rollovers in Multi-vehicle Crashes and All
Rollovers

No Ejection Single Multi Total

Exposed 60.8% 14.8% 75.6%

MAIS 3+ F 26.5% 11.4% 38.0%

Injury Rate 6.9 12.2 7.9

Partial-Eject Single Multi Total

Exposed 5.5% 1.0% 6.5%

MAIS 3+ F 6.0% 2.2% 8.2%

Injury Rate 17.2 34.4 19.9

Total Ejection Single Multi Total

Exposed 14.7% 2.4% 17.1%

MAIS 3+ F 45.6% 7.9% 53.5%

Injury Rate 49.0 53.0 49.6

Table 5 shows data for belted occupants. The data
for totally ejected belted occupants is very sparse,
constituting less than 1% of the MAIS 3+ F injuries.
The resulting injury rates are unreliable and the total
ejection data is not reported in Table 5. Exposure
data on partial ejection in multi-vehicle crashes is
also sparse for both belted and unbelted occupants.
Conclusions based on this data would be unreliable.

Rollovers that occur after multi-vehicle crashes and
involve neither ejection nor partial ejection account
for 29.2% of the MAIS 3+ F injuries for the belted
population and 11.4% for the unbelted. These multi-
vehicle crashes increase the injury rate for both
belted and unbelted occupants who are non-ejected.
For belted occupants the rate is 2.2 times higher than
for single vehicle rollovers. For unbelted non-ejected
occupants, the rate is 1.8 times higher. These crashes
require additional planar crash severity metrics to
account for the increased injury rates.
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Table 5.
Distribution of Belted Front Seat Age 12+
Occupants by Ejection Status, MAIS 3+ F
Injuries, Injury Rates for Single Vehicle
Rollovers, Rollovers in Multi-vehicle Crashes and
All Rollovers

No Ejection Single Multi Total

Exposed 79.4% 17.8% 97.2%

MAIS 3+ F 59.5% 29.2% 88.7%

Injury Rate 2.5 5.5 3.1

Part-Ejection Single Multi Total

Exposed 1.4% 0.8% 2.3%

MAIS 3+ F 7.3% 2.4% 9.8%

Injury Rate 17.2 10.0 14.6

SEVERITY FACTORS – BELTED, NON-
EJECTED OCCUPANTS

The single vehicle rollovers with belted, not-ejected
occupants constitute about 60% of the exposed
population, but only 23% of the MAIS 3+ Fatal
injuries. For the front seat occupants, age 12+ in
NASS 1995-2001 this population expands to
1,163,856 occupants of which 29,496 had MAIS 3+ F
injuries. This group is considered to be appropriate
for detailed examination. Since only a single vehicle
is involved, these crashes are less frequently
influenced by injury producing pre-rollover events.
Consequently, these crashes are more likely to
provide insight into how rollover crash variables
influence injury severity. One of the most commonly
proposed rollover crash severity variables is the
number of quarter-turns. This variable is generally
related to the energy of the crash. In addition it
provides an indication of the duration of exposure of
the occupant to the rollover event. However, it does
not provide an indication of the severity of the
impacts with the ground or the consequence of the
resulting vehicle intrusion.

The figures to follow examine the occupant exposure
and resulting MAIS 3+F injured non-ejected front
seat occupants by number of quarter-turns. The
number of quarter-turns was coded 1 to 16 and 16+.
End-over-end rollovers were excluded from these
charts and were analyzed separately. The vertical
lines show the quarter-turns during which the first,
second, and third roof contacts occur.

For the belted occupants, the MAIS 3+ F injured lags
the occupant exposure at low numbers of quarter-

turns. This lag occurs for all three vehicle types.
However, it is most pronounced in the passenger
cars. As shown in Figure 2, belted front seat
occupants in passenger cars display a large increase
in serious injuries after the second roof impact. This
trend suggests that the number of roof impacts may
be an appropriate rollover severity indicator for the
belted not-ejected population.

Figures 3 shows the distribution of MAIS 3+ F
injured occupants who were belted, non-ejected and
were exposed to single vehicle rollovers. Figure 4
shows the injury rate for this MAIS 3+ F population
per 100 belted front seat occupants exposed to single
vehicle rollovers. A breakout of the distribution of
injuries and injury rates for different vehicle classes
is shown in Tables 6 and 7. The data is presented in
terms of number of roof impacts. Zero roof impacts
corresponds to one quarter-turn. One roof impact
corresponds to 2 through 5 quarter-turns. Two
impacts corresponds to 6 through 10 quarter-turns.
Eleven or more quarter-turns are designated as 3+
roof impacts.
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Figure 1. Number of Quarter-turns in Single
Vehicle Rollovers for Non-Ejected Front Seat
Belted Occupants Ages 12+ and Non-Ejected
Front Seat Belted Occupants Ages 12+ with MAIS
3+F Injuries
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Single Veh -Pass Cars
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Figure 2. Number of Quarter-turns in Single
Vehicle Passenger Car Rollovers for Non-Ejected
Front Seat Age 12+ Belted Occupants and Non-
Ejected Front Seat Belted Age 12+ Occupants
with MAIS 3+F Injuries

Table 6.
Distribution of Belted Non-Ejected Age 12+ Front
Seat Occupants with MAIS 3+ F Injuries in Single
Vehicle Rollovers

Nr Roof
Impacts PC SUV PU Total
0 7% 6% 6% 7%

1 41% 61% 56% 45%

2 50% 21% 32% 43%

3+ 2% 12% 6% 5%

Table 7.
Injury Rate per 100 Exposed for Belted Non-
Ejected Front Seat Age 12+ Occupants with MAIS
3+ F Injuries in Single Vehicle Rollovers

Nr Roof
Impacts PC SUV PU Total
0 2.7 0.6 0.2 1.2

1 2.4 0.7 0.9 1.5

2 10.3 2.2 3.5 7.5

3+ 3.2 20.9 7.3 9.3

All 4.1 0.9 1.0 2.5

Table 7 and Figure 4 show that for this population,
the injury rates generally increase with number of
roof impacts. The increase is particularly large when
the number of roof impacts exceeds one. More than
half of the injured population in passenger cars is
exposed more than one roof impact. Overall, about
48% of this injured population is exposed to the
higher injury rate environment associated with more
than one roof impact.
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Figure 3. Distribution of Belted Non-Ejected
Front Seat Age 12+ Occupants with MAIS 3+ F
Injuries in Single Vehicle Rollovers by Number of
Roof Impacts
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Figure 4. Injury Rate per 100 Exposed for Belted
Non-Ejected Front Seat Age 12+ Occupants with
MAIS 3+ F Injuries in Single Vehicle Rollovers by
Number of Roof Impacts

The injury rate distribution shown in Figure 4
suggests that number of roof impacts may be an
appropriate injury severity indicator for this
population. A partition of one roof impact and more
than one roof impact is a suggested injury severity
indicator for this population of rollovers.

SEVERITY FACTORS–UNBELTED, NON-
EJECTED OCCUPANTS

The single vehicle rollovers with unbelted, not-
ejected occupants contribute about 16% of the MAIS
3+ F injured age 12+ front seat occupants in
rollovers. The size of this population in the database
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was 290,700 occupants with 20,027 MAIS 3+ F
injuries. The distribution of the injured population
with number of quarter-turns is shown in Figure 5.
The figure shows that the injured occupants follow
closely the exposed occupants. An influence of roof
contacts on injury rate is not evident from this Figure.
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Figure 5. Number of Quarter-turns in Single
Vehicle Rollovers for Unbelted Front Seat Age
12+ Occupants and Non-Ejected Unbelted Front
Seat Age 12+ Occupants with MAIS 3+F Injuries
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Figure 6. Distribution of Unbelted Front Seat
Age 12+ Occupants with MAIS 3+ F Injuries in
Single Vehicle Rollovers by Number of Quarter-
turns

Figure 6 shows the distribution of MAIS 3+ F injured
occupants who were unbelted and were exposed to
single vehicle rollovers. Figure 4 shows the injury
rate for this MAIS 3+ F population per 100 unbelted
front seat occupants exposed to single vehicle
rollovers.
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Figure 7. Injury Rate of Unbelted Non-Ejected
Front Seat Age 12+ Occupants with MAIS 3+ F
Injuries in Single Vehicle Rollovers by Number of
Quarter-turns

The Figures show that the largest fraction of injured
occupants and the highest injury rate is for the one
quarter-turn category. The crash severity of the one
quarter-turn category is increased by a large fraction
of impacts with fixed objects before or after the
rollover occurs. A detailed examination the NASS
case files disclosed that there were 29 non-ejected
unrestrained front seat occupants age 12+ in single
vehicle rollovers that involved only one quarter-turn.
When weighting factors were applied this population
expanded to 4,792. Of this population 28% received
their injuries from impacts with fixed objects prior to
the rollover. Another 66% received their injury from
impacts with fixed objects other than the ground
during or after the rollover. These impacts were
commonly trees or poles that impacted the roof and
restrict the rollover motion, resulting in a more severe
impact that would occur in a pure rollover. If these
two conditions were removed, the injury rate for one
quarter-turn would be less than one per 100 exposed.

These conditions that aggravate the rollover severity
are most apparent in the one-quarter-turn category,
but are present in other rollover categories as well.
Both of these conditions need to include planar crash
severity metrics, such as delta-V, in determining the
rollover crash severity. Added data elements in
NASS to easily identify cases with planar impacts
that increase the injury risk in rollovers would be
desirable.

Another observation from Figure 7 is that for the
unrestrained, non-ejected population, the injury rate
is relatively constant for more than two quarter-turns.
Unbelted occupants that are non-ejected and are not
injured on the initial impact have relatively low
serious injury rates in single vehicle rollovers. This
result indicates the value of occupant containment
during the rollover.
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SEVERITY FACTORS - UNBELTED, EJECTED
OCCUPANTS

Total ejection of an occupant is an undesirable
intermediate outcome of a rollover. Risk of death
and severe injury is unacceptably high for occupant
ejections. Once ejection occurs, the existing safety
features are defeated and serious injury is a high
probability, but almost random consequence.
Because of the undesirability of ejection, the analysis
to follow includes all ejections, not only those with
MAIS 3+ F injuries.
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Figure 8. Number of Quarter-turns in Single
Vehicle Rollovers for Unbelted Front Seat Age
12+ Occupants and Ejected Unbelted Front Seat
Age 12+ Occupants

Figure 9 shows the ejection rate for unbelted age 12+
front seat occupants in single vehicle rollovers by
number of quarter-turns. The population of unbelted
occupants exposed to single vehicle rollovers was
391,562. Figure 10 shows the same information as a
function of roof impacts. Table 8 shows a breakout
of the percentage of the ejected population by
number of quarter-turns for various vehicle classes.

Figure 9 shows that the ejection rate uniformly
increases with number of roof impacts. The breakout
by number of quarter-turns shown in Figure 10
indicates that the ejection risk for 4 through 9
quarter-turns is about the same. Table 8 shows that
about 33% of the ejections occur at 4 quarter-turns

(one roof impact) and about 34% occur at 6-9
quarter-turns (two roof impacts). This result suggests
that the 4 quarter-turn rollover which produces the
largest fraction of ejections in pickups and SUV’s has
about the same ejection rate as rollovers with two
roof contacts. Consequently, the four quarter-turn
single vehicle rollover stands out as being equivalent
in ejection potential to a two roof impact rollover.
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Figure 9. Ejection Rate of Unbelted Ejected
Front Seat Age 12+ Occupants in Single Vehicle
Rollovers by Number of Quarter-turns
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Figure 10. Ejection Rate of Unbelted Ejected
Front Seat Age 12+ Occupants in Single Vehicle
Rollovers by Number of Quarter-turns

Table 8.
Distribution of Unbelted Ejected Front Seat Age
12+ Occupants in Single Vehicle Rollovers by
Number of Quarter-turns
Nr
Quarter-
turns PC SUV PU Total
1 2% 14% 1% 5%
2 11% 8% 4% 8%
3 8% 5% 1% 5%
4 25% 32% 43% 33%
5 2% 2% 7% 4%
6-9 37% 32% 34% 34%
10+ 14% 7% 9% 10%
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For ejected occupants in single vehicle rollovers, the
ejection rate generally increases with the number of
quarter-turns. Quarter-turns in the 4 to 9 range have
an ejection rate five times that of crashes with less
than 4 quarter-turns. The ejection rate doubles again
for quarter-turns greater than nine. The results
validate the continued use of the number of quarter-
turns as an appropriate metric for ejection rate.
However, number of roof impacts provides a more
uniform relationship between crash severity and
ejection rate. Each additional roof contact increases
the ejection rate by a factor of about 2.3.

COMPARISON WITH OTHER STUDIES

In this study, overall belt use in rollovers was found
to be around 75%. This belt use is higher than the
50% reported by Malliaris [Malliaris 1999].
However, Malliaris discounted the belt use records
by 20% due to over reporting in NASS CDS.
Accuracy of belt use is an important factor for studies
dealing with effectiveness of countermeasures. The
present study does not deal with effectiveness, so no
belt use discounting was introduced.

State Data System Records, based on Police Accident
Reports, report 73 percent restraint use over the
period 1995 through 1999 [HS 809 301, 2002]. This
is consistent with the belt use observations reported
by NOPUS [NHTSA, June 2001 Mini NOPUS.]

In this study, the belt use for seriously or fatally
injured occupants was found to be only about 40%.
For FARS 2000, the belt use in fatal rollover crash
occupants who died in rollovers was 28%.
[Deutermann 2002]

Malliaris found the injury risk of MAIS 3+ F injuries
in rollovers was 2.1 for belted occupants [Malliaris,
1999]. This is consistent with the rate found in this
paper. Partyka’s 1978 work with The National Crash
Severity Study indicated approximately 16 MAIS
three or greater injuries per 100 occupants exposed to
rollover [Partyka 1978]. This estimate was for belts
as used and it included both belted and unbelted
occupants. An update, using the injury codification
inherent to NASS – CDS for the years 1995 to 1999
indicated six MAIS three or greater injuries per 100
occupants exposed to rollover, as reported in the
DOT Docket No. NHTSA-1999-5572; Notice 2.

Even at a relatively high overall reported belt usage,
the number of seriously and fatally injured occupants
who are unrestrained remains extremely high.

CONCLUSIONS

For belted occupants and unbelted ejected occupants
in single vehicle crashes, the number of roof impacts
is an appropriate severity indicator. For ejected
occupants, the ejection risk generally increases with
the number of quarter-turns. However, number of
roof impacts provides a more uniform relationship
between crash severity and injury risk. For each
added roof impact up to 3 the injury rate increases by
a factor of about 2.3.

For non-ejected unbelted occupants in single vehicle
crashes, the most frequent and most injurious
category is one quarter-turn of roll. An examination
of injuries in cases with one quarter-turn indicates
that impacts with fixed objects other than the ground
during the rollover increase the risk of the injuries.
At one quarter-turn, the roof is vulnerable to impact
with trees or poles that may abruptly stop the
progress of the rollover and increase the risk of
injury.

For crashes that involve another vehicle prior to
rollover, the injury risks are about 1.5 times higher
than for single vehicle rollovers. For non-ejected
belted occupants, the increased risk for multi-vehicle
involvement is about 2.2. Impacts with a fixed object
such as a tree or wall prior to rollover also carry
higher risks. Consequently, additional severity
measures such as the delta-V for the pre-rollover
crash event are required. Additional data elements to
quantify the severity of these impacts would greatly
assist in the analysis of rollovers.

Risks of severe or fatal injuries in rollovers may be
increased by collisions with fixed vertical objects
such as trees and walls during the process of the
rollover. In such cases, the collision can induce a
more hazardous environment than would have
occurred if the rollover had not been impeded.
Additional data elements may be required to identify
these cases and provide added predictors for the crash
severity measurement.
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ABSTRACT

NASS, CIREN and WLIRC cases are examined to
determine the factors that influence aortic tear. In
addition to a qualitative evaluation of cases,
regression analysis is performed to determine which
factors are predictive of aortic tear. Occupant factors
such as age, restraint status and seat location are
considered along with crash characteristics such as
intrusion, delta-v, crush, damage location, and
striking vehicle class.

Age, delta-v and intrusion have been confirmed
predictors of aortic tear. In addition, damage to the
struck vehicle, beginning forward of the A-pillar, is a
statistically significant predictor. Occupants in non-
catastrophic crashes with damage patterns that
include the front 2/3 of the vehicle are more than
twice as likely to sustain aortic tear as occupants in
vehicles that do not exhibit that damage pattern. This
is significant as it can be used as an on-scene
indicator of a possible aortic injury, allowing for
better triage.

INTRODUCTION

Previous research on near-side impacts has shown
chest/abdomen to be the most frequently MAIS 3+
injured body region in NASS-CDS, with arterial
injuries as the largest source of AIS 6 injuries in this
crash configuration. [1] Another study identifying
crash characteristics indicative of aortic tear has
shown near-side impacts as a statistically significant
factor. [3]

The William Lehman Injury Research Center
(WLIRC) performs in-depth studies on car crashes
involving seriously injured occupants. The Lehman

Center has studied 168 cases of near-side crashes. In
these crashes, 41 sustained aortic injury resulting in
35 fatalities. Of these cases, 21 were transported to
the trauma center and 15 survived for more than an
hour. Six of these cases were treated successfully
with no long-term impairment. Proper identification
and treatment of the injury may have prevented the
high level of mortality of these occupants.

Near-side impacts account for sixty percent of aortic
tear cases in the WLIRC database. While the average
delta-v for aortic tear cases in frontal impacts is 54.7
km/h (34 mph), the average delta-v for nearside
impacts is much lower at 46.7 km/h (29 mph).
WLIRC data shows aortic tear occurring more
frequently in near-side impacts and at lower crash
severities, making it a particular area of interest for
further study. Additionally, aortic tears were not
observed in the cadaver tests that were used to
develop the side impact dummy injury criteria.
Consequently, the present test and dummy criteria
may not predict these injuries.

Occupants who survive initially but have latent aortic
injuries have a high fatality risk when the injury is
undetected. However, if detected and treated
promptly, the outcome is generally excellent with no
long-term impairment. Latent aortic injuries are
often difficult to detect at the scene or in the
emergency room. Twenty-three percent of latent
aortic injury cases in near-side vehicle-to-vehicle
crashes in the WLIRC database did not meet
traditional physiologic trauma criteria at the scene,
although most were transported to the trauma center
under the paramedic judgment of high suspicion of
injury. Fifty percent of these occupants subsequently
died from the injury. A method for using crash
parameters to predict the potential presence of latent
aortic injuries is vitally needed to alert first-care
providers and emergency room physicians of the
critical injury that is not apparent from the standard
physiological measurements of blood pressure,
temperature, respiration rate, etc.

Six percent of near-side vehicle-to-vehicle cases in
the WLIRC data did not meet trauma criteria and
were initially transported to other hospitals, requiring
transfer to the trauma center. By looking at crash
characteristics and understanding their influences on
incidence of aortic tear, occupants suspect of the
injury may be transported to a level-1 trauma center
and screened for aortic tear, possibly reducing the
level of mortality associated with these injuries.
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METHODS AND DATA SOURCES

This study uses three main sources of data: National
Automotive Sampling System (NASS-CDS), Crash
Injury Research & Engineering Network (CIREN),
and William Lehman Injury Research Center
(WLIRC). NASS-CDS is a nationally representative
sample of crashes in the United States in which at
least one of the vehicles involved in the crash
required towing from the scene. The Crash Injury
Research and Engineering Network (CIREN) is a
network of ten level-1 trauma centers located
throughout the United States that conduct detailed
investigations of occupants seriously injured from car
crashes. While NASS-CDS gives representative
information of all tow-away crashes in the United
States, CIREN provides a more detailed examination
of a subset of crashes with severe or fatal injuries in a
particular area surrounding each trauma center. The
National Highway Traffic Safety Administration
maintains these databases and provides access to the
public. WLIRC is one of the ten CIREN centers.
They maintain a separate database of their cases in
parallel to the NHTSA CIREN database. This
WLIRC database was used in addition to the CIREN
and NASS-CDS databases.

Each NASS case is assigned a weighting factor that
permits the data to be extrapolated to predict national
averages. In this paper, only unweighted data is used
so that it can be compared with the unweighted data
from the William Lehman Injury Research Center
and other CIREN Centers. No attempt is made to
extrapolate this unweighted data to the national
population.

Detailed data were collected by WLIRC from 1991-
2000 for near-side vehicle-to-vehicle crashes.
Qualitative analysis of these cases was performed to
assess the scope and trends of aortic tear in near-side
crash environment. Following this qualitative
analysis, the data from WLIRC, NASS-CDS and
CIREN were merged to examine a larger set of near-
side crashes for statistical analysis. The data were
narrowed to include only front-seat occupants
involved in vehicle-to-vehicle crashes. Data from
NASS 1997-2000 were treated as unweighted so each
case is considered individually, with no
representation of the population. The resulting data
set includes 679 near-side vehicle-to-vehicle crashes.
Fifty-eight of these sustained aortic tear. Variables
for each crash pertaining to the occupant, restraint
use, and crash information were compiled to
understand the contribution of the variables in the
incidence of aortic tear. Table 1 shows the variables

used in the analysis. Occupant information including
age, height, weight and gender were considered along
with seat belt use and frontal air bag deployment.
Crash characteristics such as delta-v, crush, intrusion
and damage location were examined. Damage
location, denoted DL, is a binary variable that
indicates the presence of damage that includes the
front 2/3 of the vehicle. This damage pattern is
denoted in the SAE Collision Deformation
Classification as Y, for damage to the front 2/3, and
D, for damage distributed along the length of the
vehicle, Figure 1.[5] This damage pattern has been
noted as common in cases of aortic tear.[2] Finally, a
binary variable indicating the striking vehicle as an
SUV/Lt.Truck/Van or Large Truck/Bus was also
included.

Table 1.

Variables examined in regression analysis

Variable Type Description
Age Continuous Occupant age in years
Ht Continuous Occupant height in meters
Wt Continuous Occupant weight in

kilograms
Sex Binary Occupant gender
Belt Binary Proper use of 3-point belt
AB Binary Frontal air bag

deployment
Delta-v Continuous Delta-v in km/h
DL Binary Damage located in Y or D
Crush Continuous Maximum crush in cm
Intrusion Continuous Maximum intrusion into

occupant compartment in
cm

SUV Binary Striking vehicle is an
SUV/Lt.Truck/Van or
Large Truck/Bus

Figure 1. Definition of damage location, DL,
includes Y and D damage patterns.

Y

D
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Some crashes are so severe in nature that an occupant
may have sustained aortic tear but will also have
sustained other life threatening injuries. In such
cases, it is likely that the occupant would sustain
other injuries that would result in physiological signs
and increase the likelihood of appropriate triage to
the trauma center. It may be unreasonable to expect
that proper triage of an aortic tear will improve the
survivability of the crash. For this reason, the data in
this analysis were divided into two groups: one
group contains crashes of all severities, the second
contains a subset of crashes with a delta-v of 48.3
km/h (30 mph) and below. By examining these as
two separate groups, it is possible to see the
important factors in all aortic tear cases, but more
importantly, highlight the parameters that first
responders and emergency care providers should look
for in lower severity crashes.

Univariate logistic regression was performed on both
sets of data to understand the significance of
individual variables on the incidence of aortic tear.
Multivariate analysis was also performed to
understand the combined effects of variables. All
regression analysis was carried out in SAS/STAT
version 8.01. Significance level for entry into the
models was set at p<0.05.

RESULTS

Summary of WLIRC Crashes

From 1991-2001, the William Lehman Injury
Research Center collected and studied 160 cases of
near-side crashes. In these crashes, 41 sustained
aortic tear resulting in 35 fatalities. Twenty-one of
these cases were transported to the trauma center and
15 survived for more than an hour. Six of these cases
were treated successfully with no long-term
impairment. Eight of these occupants did not meet
traditional trauma triage criteria and were either taken
to the trauma center under high suspicion of injury or
transferred from another hospital.

Ninety-seven percent of the WLIRC cases had
concurrent AIS 3+ injuries. Each occupant averaged
3.9 AIS 3+ injuries in addition to the aortic tear.
Ninety-seven percent sustained thoracic injuries, 56%
had head injuries and 47% had abdominal injuries.
Rib fracture was the most common concurrent
thoracic injury (77%), followed by lung contusion
(59%) and heart injuries (27%). Abdominal injuries
were primarily liver (32%) and spleen (18%)
lacerations. Pelvic fractures were present in 27% of
cases.

Eighty percent of the near-side crashes were vehicle-
to-vehicle impacts, with the remaining twenty
involving fixed objects. The overall rate of aortic
tear in vehicle-to-vehicle crashes was 0.27, slightly
greater than for fixed objects, at 0.22. The average
delta-v for aortic tear cases in vehicle-to-vehicle
near-side crashes was 44.4 km/h (27.6 mph) and
ranged from 22.5 to 72.4 km/h (14 to 45 mph). Fixed
object aortic tear crashes had an average delta-v of
59.2 km/h (36.8 mph) and a range from 38.6 to 80.5
km/h (24 to 50 mph). In the WLIRC near-side data,
vehicle-to-vehicle crashes are more common, have a
higher incidence of aortic tear and aortic tear cases
have a lower average delta-v than fixed object
crashes.

For vehicle-to-vehicle near-side crashes, the average
age of the occupants with aortic tear was 49 years-
old. The youngest was 15 and the oldest 89. Forty-
four percent of occupants were properly restrained
using the available 3-point belt. Frontal air bags
deployed in 24 percent of cases. One-hundred
percent of cases had more than six inches of intrusion
into the occupant compartment. Sixty-eight percent
of the vehicles exhibited Y or D damage patterns.

All Crashes

Following the initial summary of the detailed cases at
WLIRC, data were combined from NASS, CIREN
and WLIRC for statistical analysis. All crashes were
analyzed initially, followed by an analysis of the
subset of lower severity, non-catastrophic crashes.
For each data set, univariate analysis examined the
effect of individual parameters and multivariate
analysis examined the effect of variable combinations
and interactions on the incidence of aortic tear. The
univariate and multivariate analysis was performed
on all crashes followed by the subset of lower
severity crashes.

Univariate analysis showed age as the only occupant
factor significant in prediction of aortic tear for
crashes of all severities. Crash factors of delta-v,
intrusion, crush, and SUV were all significant.
Factors including height, weight, gender, 3-point belt
use and frontal air bag deployment were not
statistically significant. Table 2 shows the odds
ratios for each of the individual predictors.
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Table 2.

Significant individual predictors of aortic tear in
all crashes

Variable Odds Ratio P value
Age 1.023 <0.01
Delta-v 1.067 <0.01
Crush 1.009 <0.01
Intrusion 1.073 <0.01
SUV 1.864 0.02

For the multivariate analysis, a stepwise selection
procedure was used to find an optimized set of
parameters that were most predictive of aortic tear.
Multivariate analysis takes the effects of interactions
of the variables into consideration. While some
variables may be significant when looked at
individually, they may not be significant when
combined with other variables. Table 3 shows the
significant variables for prediction of aortic tear in
near-side vehicle-to-vehicle crashes for all crash
severities. The most important factors for prediction
of aortic tear are the occupant’s age, the delta-v of the
crash and intrusion into the occupant compartment.

Table 3.

Combination of predictors most indicative of
aortic tear in all crashes

Variable Odds Ratio P value
Age 1.032 <0.01
Delta-v 1.038 <0.01
Intrusion 1.064 <0.01

Non-Catastrophic Crashes

Non-catastrophic crashes were considered as crashes
with a delta-v of 48.3 kph (30 mph) or below. These
crashes were analyzed in separate regression models
to understand which parameters are important for
crashes that may appear less severe and may not
result in a trauma alert. For these crashes, the
univariate analysis found occupant age, delta-v,
crush, and intrusion were all still factors predictive of
aortic tear, as seen in crashes of all severities.
However, in the non-catastrophic crashes, damage
located in the front 2/3 of the vehicle was also
predictive of aortic tear. Occupants in crashes with
this damage pattern were more than two times more
likely to have a resulting aortic tear,

Table 4. Three-point belt use approached statistical
significance with an odds ratio of 0.539 and a p-value
of 0.052.

Table 4.

Significant individual predictors of aortic tear in
crashes with delta-v of 48.3 km/h (30 mph) or

below

Variable Odds Ratio P value
Age 1.03 <0.01
Delta-v 1.105 <0.01
DL 2.261 0.03
Crush 1.009 0.01
Intrusion 1.081 <0.01

The multivariate analysis showed the combination of
age, delta-v, intrusion, and damage to the front 2/3 of
the vehicle to be most predictive of aortic tear. When
the variables of age, delta-v, and intrusion are
controlled, occupants in crashes with damage to the
front 2/3 of the vehicle were 2.35 times more likely
to sustain aortic tear. This model has a 90% accuracy
rate with sensitivity of 44% and specificity of 93%.

Table 5.

Combination of predictors indicative of aortic tear
in crashes with delta-v of 48.3 km/h (30 mph) or

below

Variable Odds Ratio P value
Age 1.036 <0.01
Delta-v 1.079 0.05
DL 2.352 0.04
Intrusion 1.069 <0.01

For all crashes examined, 100% of the aortic tear
cases sustained intrusion into the occupant
compartment. More than 70% had Y or D damage
patterns. Frontal air bags deployed in 24 percent of
the cases and 47 percent of aortic tear occupants were
properly restrained in a 3-point belt. Almost half
were females.

Case Study

The following case from the William Lehman Injury
Research Center highlights the need for
understanding the crash factors that influence aortic
tear.
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The case vehicle was a 1990 Lexus ES-250 equipped
with 3-point restraints for both frontal seating
positions. The vehicle was equipped with a driver air
bag, which deployed in the crash. The 62 year-old
male driver was wearing the available 3-point lap and
shoulder restraint.

The case vehicle was traveling in a southerly
direction, the wrong way on a one-way street. At the
end of the street, the driver entered an intersection
and attempted to make a left turn to drive in an
easterly direction. The case vehicle drove directly
across the path of a 1983 Oldsmobile Cutlass, the
principal other vehicle (POV), and was struck on the
left side by the front of the POV. The driver of the
POV saw the case vehicle coming from his right and
attempted to avoid a collision by steering to the left.
The point of impact began forward of the left front
wheel and continued along the front door of the case
vehicle. The case vehicle subsequently rotated
clockwise and impacted the POV in a side-slap
configuration. The case vehicle continued to rotate
through a complete revolution and came to final rest
facing in a southerly direction. The total delta-v of
the crash was 22.5 km/h (14 mph) with a principal
direction of force of 10 o’clock, which is consistent
with the severity of left-side damage.

Upon impact, the driver moved to the left with
respect to the decelerating vehicle and in a path
consistent with the 10 o’clock impact. The left front
door intruded laterally 21 cm and the driver contacted
and loaded the intruding door surface with his left
pelvis and left torso. The driver sustained a pelvic
fracture and several thoracic injuries, including
multiple bilateral rib fractures and a ventricular
laceration. The driver also sustained a laceration to
the ascending aorta.

Following the impact, the occupant was alert and
talking on-scene and did not meet traditional trauma
criteria based on physiological criteria. He was

triaged to a trauma center based on high suspicion of
injury. He arrived at the trauma center 37 minutes
post-crash. However, the aortic injury was not
properly diagnosed and the occupant died at the
trauma center more than an hour after arriving.

The paramedics correctly recognized that the
occupant was at risk for occult injury based on the
information they found on-scene. The paramedics
triaged the occupant to the trauma center based on
high suspicion of injury, despite not meeting
physiological trauma criteria on-scene. However, the
aorta was not screened for injury during the initial
evaluation at the trauma center. This crash was a
near-side impact with damage to the front 2/3 of the
vehicle. There was intrusion into the occupant
compartment and the occupant was over 60 years-
old. An indication that this injury was likely based
on mechanism may have focused attention to the
thorax during the initial evaluation at the trauma
center, possibly resulting in a better outcome for the
occupant.

DISCUSSION

Age, delta-v and intrusion have been highlighted in
the past as predictors of aortic tear.[3,4] However,
this is the first analysis showing statistical
significance of damage beginning forward of the A-
pillar. Occupants in vehicles in near-side crashes
with delta-v less than 48.3 km/h (30 mph) and with
damage patterns that include the front 2/3 of the
vehicle are more than twice as likely to sustain aortic
tear as occupants in vehicles with delta-v less than
48.3 km/h that do not exhibit that damage pattern.
This is significant as it can be used as an on-scene
indicator of a possible aortic injury, allowing for
better triage.

An examination of the data set of side-impact crashes
with delta-v less than 48.3 km/h discloses that about
60% have the front 2/3 damage pattern and about
57% of the MAIS 3+ injuries occur in these crashes.
However, 73% of the MAIS 3+ aortic injuries occur
in these crashes.

Most side-impact testing of vehicles involves crashes
that produce damage to the center 1/3 of the struck
car. Crashes that involve damage to the front 2/3
suggest several phenomena that may not be present in
crashes with damage to the center 1/3. First, the
speed of the struck car may be higher than anticipated
by the test that produces only central damage.
Second, the initial impact may involve hard structure,
well in front of the center of gravity and result in
higher rotation rates than anticipated. Third, the

Figure 2. Case vehicle for a 22.5 km/h (14
mph) crash resulting in aortic tear.
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phasing and direction of lateral acceleration and
intrusion may be different from the test conditions.
These differences require additional research to
determine which might contribute to aortic injury.

CONCLUSIONS

Age, delta-v and intrusion have been confirmed
predictors of aortic tear. In addition, damage to the
struck vehicle beginning forward of the A-pillar and
continuing into the occupant compartment is a
statistically significant predictor. Occupants in
vehicles with damage patterns that include the front
2/3 of the vehicle are more than twice as likely to
sustain aortic tear as occupants in vehicles that do not
exhibit that damage pattern. This is significant as it
can be used as an on-scene indicator of a possible
aortic injury, allowing for better triage.

First-responders should recognize the need for triage
to a trauma center with a screen for aortic injury if
the vehicle exhibits the following: damage to the
front 2/3, intrusion into the occupant compartment,
and an occupant positioned where the side intrusion
occurs. The presence of an older occupant in the
vicinity of the intrusion further increases the risk of
aortic injury.
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ABSTRACT

The paper mainly deals with methodological
foundations of crashworthiness rating procedures
based on real world accident material. Most rating
methods, especially those for car-to-car crashes, are
based on so-called contingency tables containing
the injury outcomes for the drivers of the subject
and the opponent car. Some light is shed on the
assumptions usually made and it is argued that data
material, which contains information on the injury
severity, is much better suited for rating
procedures.

Additionally the paper demonstrates for
characteristic real data examples that there exist
essential factors, which influence rating results in a
non-negligible way.

Finally, the strong relationship between accident
severity and injury outcome is investigated.

All theoretical results are underpinned by real
accident data taken from the Hanover and Dresden
data collected within the German In Depth
Accident Study (GIDAS).

1. INTRODUCTION

In this paper we discuss several problems which
arise in crashworthiness ratings based on real world
accident data. Usually, crashworthiness is
understood as the ability of a vehicle to prevent
occupant injury in case of an accident. A common
measure of crashworthiness of a specific vehicle
model is therefore the likelihood or probability of
being injured, alternatively severely injured, as e.g.
a driver of such a car in case that the vehicle is
involved in an accident. Therefore crashworthiness
is usually computed in a conditional way. Given
that an accident occurs, what is the probability of
being injured or severely injured? The probability
that the condition, i.e. that an accident occurs, is, in
most cases, not considered. This fact has to be
stated very clearly in crashworthiness
investigations. The probability that the condition,
i.e. that an accident occurs, is not easy to estimate.

This is a problem of primary or active safety, i.e.
the ability of a vehicle to avoid accidents. The
probability that an accident happens depends on a
large number of influence factors like mileage,
driver population, regions where the vehicle is
driven and, last but not least, on active safety
features of the car like ESP (Electronic Stability
Program) or ABS (Antilock Braking System) and
so on. Just to make it sure: The probability for a
driver of a specific vehicle model to be involved in
an accident is not reflected by usual
crashworthiness ratings. In statistical language this
means that we deal with conditional probabilities.
We follow this line throughout the whole paper.

Before one starts to analyse data, one has always to
look closely at the underlying database. Is the data
reliable? What kind of data has been collected in
the database? And so on.

This paper’s analyses are based on data supplied by
GIDAS (German In Depth Accident Study). The
GIDAS project evolved from the Accident
Research Unit of the Hanover Medical University
(“Medizinische Hochschule Hannover”, MHH),
which has been studying and documenting road
accidents since the 1970’s. In 1999 the University
of Dresden joined this project. The database used
for this paper currently contains as many as 13,000
cases involving 23,000 vehicles and 33,000 people,
18,000 of which were injured. The sampling
criteria are as follows:

• road accident
• accident site in Hanover City/ County or

Dresden City/ County
• at least one person injured, regardless of

severity

The GIDAS database is nearly representative of
German national accident statistics, with severe
cases being slightly over-represented. The
advantages of this database are twofold: (1) the
number of cases is high enough to provide
statistically significant results, and (2) each case is
documented in great detail, so in-depth-analyses
are possible as well. The examples used in this
paper are an excerpt from this database.

In the following Section 2, we deal with the
important question: What is a reasonable measure
of safety? Or, more specifically, which safety
features can be reflected in crashworthiness ratings
from real accident data? Then we turn to a specific
type of accidents, namely car-to-car crashes (cf.
Section 3). We present in detail the problems
arising in this area and the answers given in rating
methodology, which are applied.
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Section 4 considers several essential factors, which
may have a non-negligible influence on the rating
results. We will see that the distribution of main
factors varies substantially over different subject
cars. This fact implies that we have to have a close
look on the influence of these factors on injury
outcome and on rating results. This is done in
Section 5. The influence is sometimes non-linear
and needs advanced statistical methods to be
measured. Finally, we shed some light on the
relationship between accident severity and injury
outcome.

2. WHAT IS A REASONABLE MEASURE OF
SAFETY?

The question of this section cannot be easily
answered. As we will see in detail in the next
section, safety is often understood or better
measured as a ratio of numbers of accidents with
injuries. One example for the case of car-to-car
crashes is just the ratio of the number of accidents
in which at least the driver of a chosen subject car
is injured and the total number of accidents. But
what is meant by total number of accidents?
Usually we don’t have information on all
accidents. The total number of accidents should not
be mixed with the total number of accidents in
which at least one person is injured or severely
injured or with the number of all tow-away-
crashes. Thus the simple ratio mentioned above
usually can’t be computed from real world accident
data. One has to think about alternative quantities
which can be computed from usual accident
databases and which can be easily interpreted.

It is worth mentioning that this inevitable fact, that
we have to work with conditional probabilities or
frequencies, i.e. the frequency of a (severe) injury
given that an accident occurs which is reported
upon in the underlying database, is really a
dilemma. This dilemma necessarily leads to the
fact that a variation of the likelihood of entering
into the database (e.g. changes of the make and
model which lead to a lower or higher rate of tow-
away crashes of this vehicle) have an influence on
the conditional probability or frequency of having a
(severe) injury, even if the total number of
accidents with (severe) injuries is not changed.
This implies that progress in active or primary
safety, which is not reflected by crashworthiness
investigations on passive safety, has an influence
on crashworthiness ratings. And of course the
avoidance of accidents is an essential feature of
safety of vehicles.

Another problem one has to face is that we want to
measure and finally rate the passive safety or
crashworthiness of a vehicle model only. We don’t
want to measure crashworthiness of this vehicle

model under the conditions that a driver from a
specific driver population has driven the car, that
an opponent of a specific type was involved in the
accident, specific exposure factors like region and
road and /or weather conditions take specific values
and so on. Of course that is what we usually
observe, namely accidents under very specific
circumstances. We are completely unable to
observe accidents in well-defined and pre-specified
situations. The non-trivial task we have to face is to
abstract from all the occurring and disturbing
factors, which influence the measured quantities in
part substantially. In some cases this task seems to
be nearly impossible, because we can’t control all
factors. E.g., sometimes we are simply unable to
observe accidents for a specific make and model
under some given exposure conditions. If, for
example, one vehicle model (subject car A) is more
or less only driven by much older drivers than
another make and model (subject car B), then it is
very difficult to distinguish between the influence
of age on the injury outcome and the influence of
crashworthiness of the specific car on the injury
outcome. We only observe a mixture of both and
we can’t produce accidents with young drivers in
subject car A and older drivers in subject car B. But
we want to estimate the influence of the
crashworthiness of the specific car on the injury
outcome, only! Exactly the same holds true for
makes and models that are more or less only driven
in rural than in urban areas or driven more often by
female than male drivers (in case that there is an
influence of sex to injury outcome) and so on. As
far as possible, one has to try to eliminate the
influence of such unwanted external influence
factors on the injury outcome.

A further problem is that we have to be careful not
to mix up the injury outcome of the subject car
with the injury outcome of the opponent car. If we,
for example, use a ratio, e.g. the ratio of the
number of accidents with at least the driver of a
subject car injured and the number of accidents in
which at least the opponent car driver is injured,
then we are completely unable to differentiate
between crashworthiness and aggressivity of the
subject car. The use of such a ratio may easily lead
to the strange situation in which a very aggressive
car appears, only because of its high aggressivity,
to be very safe with respect to passive safety.

3. RATINGS FOR CAR-TO-CAR CRASHES
BASES ON CONTINGENCY TABLES

Many of the existing safety rating methods for car-
to-car crashes based on real accident data rely on
accident material from mass databases, which can
be represented in a condensed form as so-called
2x2 contingency tables. For a real accident data
example consider Table 1. The underlying data has
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been taken from the GIDAS database for a specific
subject car.

Table 1.
Accident data for car-to-car crashes for a
specific subject car A (complete 2x2 table)

Driver of subject carDriver of
opponent
car Not Injured Injured

Not Injured N1,1 = 79 N1,2 = 97 N1,+ = 176
Injured N2,1 = 90 N2,2 = 85 N2,+ = 175

N+,1 = 169 N+,2 = 182 N = 351

Given a table like Table 1 one has to first ask, what
is the entry criterion into the database used. It may
be that all tow-away crashes have been included or,
as is the case for the GIDAS data, all crashes with
at least one injured person are included. Since
almost all databases in use do not include all
accidents, the value N=351, cf. Table 1, does not
coincide with the total number of accidents and the
value N1,1 = 79 should not be used. The reason is
that the number of accidents in which both drivers
are not injured is much larger than N1,1 = 79 and
therefore the total number of accidents is much
larger than N=351. In Table 1, accidents in which
both drivers are not injured are included only if
there is another person involved in the accident
who suffers an injury (e.g. a back seat passenger or
a pedestrian). All crashes in which nobody is
injured are missing. Thus one has to live with an
incomplete 2x2 table, cf. Table 2, instead of the
complete one.

Table 2.
Accident data for car-to-car crashes for a

specific subject car A (incomplete 2x2 table)

Driver of subject carDriver of
opponent
car Not Injured Injured

Not Injured N1,1 = ? N1,2 = 97 N1,+ = ?
Injured N2,1 = 90 N2,2 = 85 N2,+ = 175

N+,1 = ? N+,2 =182 N = ?

Based on a table like Table 2 the following relative
injury risk indicators or ratios R are in use (cf.
Hautzinger (2001) for a review of existing rating
methods):

• Folksam (Sweden): ,2

2,

N
R

N
+

+

=

• Helsinki University: ,2

,2 2,

N
R

N N
+

+ +

=
+

• Department of Transport (UK):

,2

1,2 2,1 2,2

N
R

N N N
+=

+ +
• Monash University (Australia), Newstead

Method:

2,2

2,

N
R

N +

=

The Insurance Institute for Highway Safety (IIHS)
uses the following different ratio:

no. of fatally injured drivers of subject car
.

no. of vehicle years for subject car model

Every contingency table is of course a sampling
version of a theoretical table in which the entries
are the probabilities of the corresponding events
(cf. Table 3). For example the value P1,2 in Table 3
corresponds to the probability of an accident in
which the subject car driver is injured and the
driver of the opponent car is not injured.

From the complete Table 1 we can easily obtain all
injury probabilities by computing relative injury
frequencies, i.e. Pr,s=Nr,s/N , r,s =1,2.

Table 3.
Injury probabilities in car-to-car crashes for a

specific subject car A

Driver of subject carDriver of
opponent
car Not Injured Injured

Not Injured P1,1 P1,2 P1,+

Injured P2,1 P2,2 P2,+

P+,1 P+,2 P = 1.0

The probability P+,2, i.e. the probability that in a
crash the subject car driver suffers an injury, may
serve as a rather reasonable starting point for
constructing a crashworthiness coefficient. In case
that we have a complete accident table at hand, we
can obtain this value as follows:

,2
,2

no. of accidents with subject car driver injured

total no. of accidents with subject car involved

N
P

N
+

+ = =

This value depends only on the injury distribution
of the subject car drivers. The injury distribution of
the drivers of the opponent cars does not enter in
this quantity. This is highly desirable, because then
we do not have any influence of the aggressivity of
the subject car to the crashworthiness coefficient.
Aggressivity of the subject car namely certainly has
an influence on the injury distribution of the
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opponent car drivers. By exactly the same
argument one may regard the value

2,
2,

no. of accidents with opponent car driver injured

total no. of accidents with subject car involved

N
P

N
+

+ = =

as a quantity, which measures aggressivity. Thus it
may look like we are done. But we are not! In real
accident data examples, we have to live with the
above mentioned incomplete tables, which do not
allow the computation of P+,2 and P2,+ as described
above.

Several existing crashworthiness rating procedures
try to pose assumptions on the underlying accident
material, which allows at least a reconstruction of
the missing accident frequencies in the incomplete
tables. Let us first see what type of assumptions
these are and how the reconstruction under these
assumptions works. Then – in a second step – we
will have a look whether we can check these
assumptions on data or not and – if we can – what
the results are.

The most common way out of the dilemma
described above, i.e. that we can observe
incomplete accident tables only, is the assumption
of independence between the two injury outcomes
for the subject car and for the opponent car drivers.
This assumption means that the two injury
outcomes do not influence each other. Such an
assumption seems to be rather questionable,
because we expect, for example, under the
assumption that the subject car driver is injured, a
higher probability for the opponent car driver to
also be injured as when the subject car driver is not
injured. Especially this seems to hold true if the
subject car is a vehicle with a high mass. Beside
these reservations let us stay for a moment with the
assumption of independence for the two injury
events and let us see why it really would help. By
definition the independence says that the following
crucial identity holds:

, , ,
, , , 2

r s r s
r s r s

N N N
P P P

N N
+ +

+ +

∗
= = ∗ =

In other words: We can reconstruct the complete
2x2 table under the independence assumption! For
example we obtain:

2,2 2, ,2
2,2 2, ,2 2

2, ,2

2,2

N N N
P P P

N N
N N

N
N

+ +
+ +

+ +

∗
= = ∗ =

∗
⇒ =

Once having the total number of accidents, we can
reconstruct the whole table as follows:

Table 4.
Accident data for car-to-car crashes for

a specific subject car A (reconstructed 2x2 table)

Driver of subject carDriver of
opponent
car Not Injured Injured

Not Injured N1,1 =
N-N+,2-N2,1

N1,2 N1,+ =
N- N2,+

Injured N2,1 N2,2 N2,+

N+,1 =
N-N+,2

N+,2 N =
N2,+*N+,2/N2,2

This reconstructed 2x2 table immediately leads to

,2 2,2
,2

2,

N N
P

N N
+

+
+

= =

and

2, 2,2
2,

,2

N N
P

N N
+

+
+

= = .

As has been stated above, Folksam Research uses
the following ratio as the basis for their
crashworthiness rating

,2 ,2

2, 2,

N P

N P
+ +

+ +

= .

This is exactly the ratio of the two total numbers of
injured drivers in the subject and in the opponent
car. In summary we have seen that the assumption
of independence for the injury outcome in the
subject and in the opponent car enables us to
overcome the dilemma of observed incomplete
accident data.

The important question now is whether we can
check on data this assumption of independence
and, if we can, what the result is. Unfortunately, the
answer is in the negative, if we restrict ourselves to
2x2 tables. To see this observe that, regardless
what the values of the three frequencies N1,1 , N1,2

and N2,1 are, we always can replace the missing
accident frequency (both drivers not injured) within
the table in such a way that the data appears clearly
in favour of independence. In the opposite
direction, we can replace the missing value in such
a way that the data looks as far away as desired
from being independent.

The situation is completely different when we not
only have the information whether the drivers are
injured or not, but when we additionally have
information on the injury severity. As a measure
for the injury outcome, the Abbreviated Injury
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Scale (AIS) scale has become an international
standard. Injuries of eight body regions are
classified on a scale from 0 (no injury) to 6
(maximum injury):

- head
- face
- neck
- thorax
- abdomen
- spine
- upper extremities
- lower extremities

Table 5.
Description of AIS-code

In most accidents, persons suffer either no injury at
all or more than one. The highest AIS-value
(MAIS, Maximum AIS) gives an indication of a
person’s overall injury outcome, cf. Association for
the Advancement of Automotive Medicine (1998).

The following Table 6 refers to the same accidents
as Table 1, but now the injuries have been
classified according to MAIS.

Table 6.
Accident data for car-to-car crashes for a

specific subject car A
(injuries classified according to MAIS)

Driver of subject carDriver of
opponent
car

MAIS
0

MAIS
1

MAIS
2-3

MAIS
4-6

MAIS 0 79 88 8 1 176
MAIS 1 77 53 10 1 141
MAIS 2-3 12 11 7 2 32
MAIS 4-6 1 1 0 0 2

169 153 25 4 351

As has been argued above, the value 79 in the left
upper corner of Table 6 does not coincide with the
number of all accidents with both drivers not
injured. This value and therefore the value 351, the
number of all accidents, should not be included in
our investigation. We have to delete both values
from the table and have to base our investigations
again on the following incomplete contingency
table.

Table 7.
Accident data for car-to-car crashes for a

specific subject car A
(injuries classified according to MAIS)

Driver of subject carDriver of
opponent
car

MAIS
0

MAIS
1

MAIS
2-3

MAIS
4-6

MAIS 0 ? 88 8 1 ?
MAIS 1 77 53 10 1 141
MAIS 2-3 12 11 7 2 32
MAIS 4-6 1 1 0 0 2

? 153 25 4 ?

If the hypothesis holds, that the injury outcomes for
both drivers are independent, then we must obtain
more or less the same probability for the driver of
the opponent car to be injured with MAIS=1,
regardless of the MAIS level of the subject car
driver. From Table 7 we obtain, given that the
subject car driver has an injury with an MAIS of 1,
a probability for the driver of the opponent car to
have no injury (i.e. MAIS = 0) from approximately
88/153 = 57.5 %. Given that the subject car driver
suffers an injury with MAIS equal to 2 or 3, we
obtain a probability for the opponent car driver to
be not injured of approximately 8/25 = 32.0 %.
Both probabilities differ significantly. Indeed, if we
perform a Chi-Square test of independence on the
data of Table 7 we obtain a highly significant
rejection of the hypothesis of independence. This
means that we don’t have any indication for the
assumed independence of the two injury outcomes
of the drivers in the subject car and in the opponent
car. The method suggested above in order to
overcome the dilemma that we only observe an
incomplete contingency table, is not valid!

Thus we have to conclude that on the basis of
incomplete 2x2 accident contingency tables we
hardly can obtain any reliable result.

But, if we have some information on injury severity
available, for example as in Table 7, which is also
an incomplete, but now higher order table, then we
can compute slightly different conditional
probabilities than above. For example, we can
compute the probability for the subject car driver of
being severely injured, e.g. injured with an MAIS
of at least 2, given that the subject car driver suffers
an injury in a crash at all. From Table 7 we obtain,
for example, the following value for this
probability: 29/182 = 15.9 %.

A suggestion could be to use this conditional
probability as the basis for a measure of
crashworthiness of the subject car.
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Conversely we can compute a similar value for the
opponent car driver. In the example of Table 7 we
obtain a probability of 34/175 = 19.4 % for the
opponent car driver of being severely injured (i.e.
MAIS>=2), given that the opponent car driver
suffers an injury at all.

Both values have the appealing feature that they
don’t depend on the injury outcome of the other
party. For example the probability for the subject
car driver of being severely injured, given that he
or she is injured at all, depends only on the injury
distribution in the subject car and not on the injury
distribution in the opponent car. More specifically
this value depends only on the distribution of the
injury severity, given that the driver suffers an
injury at all. Thus, it is impossible to decrease this
value for the subject car by increasing the number
of (severely) injured drivers in the opponent car,
i.e. by increasing the aggressivity of the subject car.
On the other hand, the corresponding probability
for the opponent car driver population does not
depend on the injury distribution in the subject car.
Thus, this probability for the opponent car driver to
be severely injured, given that he or she is injured
at all, may be used as a basis for a measure of
aggressivity. However, one has to be careful with
these conditional frequencies or probabilities, too.
If the manufacturer, for example, changes the make
of the vehicle in a way that accidents with severe
injuries are more or less unchanged, but a
significant proportion of minor injuries (MAIS = 1)
can be avoided, then the number of accidents with
severe injuries (i.e. the numerator of the suggested
crashworthiness coefficient) will not noticeably
change. But the number of accidents in which the
driver suffers an injury at all (MAIS >=1) (i.e. the
denominator of the suggested crashworthiness
coefficient) will be reduced. Thus, we end up with
a higher crashworthiness coefficient which does
not reflect the underlying situation! Therefore one
should also think of another denominator. A
quantity, which comes into question, is the number
of tow-away crashes with a specific subject car
involved in the accident. A reasonable
crashworthiness coefficient therefore could be:

no. of crashes with severely injured driver

no. of tow-away crashes

But in principle, one can think of the same
objections as before. Think, for example, of a
change in the make of a car that reduces the
number of tow-away crashes but not the number of
injured drivers in crashes.

Concerning an aggressivity coefficient, one ideally
wants the following behaviour. The higher the
aggressivity of a car, the larger the coefficient
should be. Since the proposed aggressivity

coefficient is the probability for the opponent car
driver to be severely injured, given that he or she is
injured at all, we have to ensure that the opponent
car distribution is nearly the same for all subject
cars we are interested in. If it is the case that a
specific subject car has a completely different
opponent car distribution (for example a strong bias
towards larger and heavier vehicles) than another
subject car, then we would expect that the above
suggested indicator for aggressivity for the first
subject car is smaller than for the other subject car
mainly because its average opponent vehicle is
heavier and therefore more safe for the opponent
car passengers. Thus, it would be an interesting
question, whether opponent vehicle distributions
for different subject cars are similar or not. We will
address this question in the following section.

4. MAIN FACTORS WHICH INFLUENCE
RATING RESULTS

In the preceding section we have seen that an ideal
measure of crashworthiness does not exist. It is
necessary to have a close look at the underlying
database and to see which measure of safety to
what extent really can be computed. If this is done,
the next bulk of questions arises. The main
question is: Are crashworthiness coefficients for
different subject cars comparable? A proper answer
to this question is difficult. If all vehicles are driven
by the same driver population, on more or less the
same roads with comparable mileage and, very
importantly, all vehicle have comparable weight
and engine power, then the answer to the above
question could be a careful YES.

The first question we have to answer is: Are there
differences in driver populations, usage of the car
and so on? If there are differences, we further have
to investigate the consequences of these differences
to rating procedures.

To investigate these problems we have chosen
three different subject cars A, B and C. All
following figures are obtained from accident data
of the GIDAS project.

The plots given in Figures 1, 3 and 4 are so-called
Boxplots. The grey-shadowed boxes contain the
central 50 per cent of the observations. E.g. Below
and above the box we find 25 per cent of the
observations. The upper end of the bar gives the
largest non-outlier observation and the lower end of
the bar corresponds to the smallest non-outlier
within the observations. The horizontal line within
the box represents the median of the corresponding
data set.

From Figure 1 we see that the distribution of the
driver age in subject car C is very different to the
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distribution of the age of the driver in the two other
subject cars A and B.

Figure 1. Boxplots of driver age for three
different subject cars.

The higher average age of the drivers in subject car
C is expected to lead to a higher crashworthiness
coefficient because of the poorer biomechanic
behaviour of older people, only.
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50%
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Figure 2. Distribution of driver sex for three
different subject cars.

An even more striking result is obtained for the
sex-distribution of the drivers in cars A, B and C.
From Figure 2 it is clearly seen that, concerning car
model C, many more male drivers are involved in
accidents than for the other two car models. This in
turn would lead to a decrease of the
crashworthiness rating for model C with respect to
the two other makes and models since female
drivers on average are expected to suffer more

severe injuries than male drivers in comparable
accidents.

Concerning seat belt usage, we obtain from the
GIDAS accident material the following Table 8.

Table 8.
Percentage of unbelted drivers in crashes for

three different subject cars

A B C
Percentage of not
belted drivers in
crashes

1 % 4 % 5 %

At first glance one may be tempted to ignore the
“slight differences” in seat belt usage reported in
Table 8. If one recalls that the accidents with the
most severe injury outcomes occur if the
corresponding driver is not belted, then a 25 %
higher rate of unbelted drivers in subject car C with
respect to subject car B may lead to a considerably
biased crashworthiness result. Concerning subject
car A the situation is even more striking.

Thus, it is a must that the possibly different driver
populations for the investigated subject cars are
taken into account. One really has to try to
eliminate the influence of a varying driver
population from rating results. We discuss this
problem in more detail in the next section.
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Figure 3. Boxplots of collision speed for three
different subject cars.

Finally let us have a look on two further essential
influence factors, namely the collision speed and
delta-v. From Figures 3 and 4 we see that both the
distribution of the collision speed as well as the
distribution of delta-v differs over the three
investigated subject cars. Sometimes an increase in
average collision speed coincides with an increase
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in delta-v (subject cars A and B) and sometimes not
(Subject cars A and C). Even a similar collision
speed is no indication for a similar delta-v (subject
cars B and C). More specifically it has been
obtained that there is no empirical evidence that the
two influence factors, collision speed and delta-v,
are correlated at all.
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Figure 4. Boxplots of delta-v for three different
subject cars.

Since injury outcomes in real world accidents
depend heavily on delta-v and on collision speed
(cf. next section), one must not avoid considering
the distribution of collision speed and of delta-v for
the different subject cars very carefully.
Differences in these quantities can’t be neglected
and the influences have to be removed from the
crashworthiness rating.

Finally one may argue that another important
influence factor on crashworthiness ratings, namely
the mass of the vehicle, is a safety feature of the
underlying car and the effect should not be
removed. Even if one follows this argument, one
should answer the question whether the
crashworthiness of different subject cars differs
only because of the different size or mass of the
two vehicles. In other words one should be
interested to see crashworthiness ratings behind a
sometimes dominating mass effect.

5. RELATIONSHIP BETWEEN ACCIDENT
SEVERITY AND INJURY OUTCOME

In accident research and passive safety analysis,
one has to distinguish between the severity of an
accident (the cause) and its influence on the
passengers (the effect). To achieve comparable
performance ratings, legislative and consumer
crash tests keep the accident severity constant (e. g.
FMVSS 208, NCAP). Since, in real life, a wider
range of accidents occurs, there is the need for

variables that measure accident severity. These
variables are often used for parameter analyses and
a statistical justification of the mentioned test
procedures, cf. Appel et al. (2002).

There are different variables that may be used to
measure accident severity. Some of them are given
in the following listing:

• Collision speed / impact velocity: Most
important measure for collisions between
vehicles and unprotected road users
(pedestrians), also used for side impacts.

• Delta-v: The change of velocity (centre of
gravity) that is caused by the impact.
Important measure for frontal, rear and
side collisions (vehicle – vehicle)

• EES: Equivalent energy speed. The EES-
value is derived from a car’s deformation
and corresponds to its energy
consumption. It is also used to describe
the severity of frontal, rear and side
collisions. For research institutes without
crash test experience and without
computer simulation capabilities, the EES
is difficult to determine.

• There are several other variables (e. g.
SPUL (Spezifische Unfall-Leistung), VDI
(Vehicle Deformation Index) and CDC
(Collision Deformation Classification))
that are often hard to determine, of a too
complex structure or of lacking
comprehensibility, cf. Appel et al. (2002).
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Figure 5. Risk of a specific injury severity as a
function of delta-v.

As a measure for the injury outcome, we use, as
before, the Abbreviated Injury Scale (AIS).

Figure 5 shows the risk functions of MAIS 1+
(MAIS1..MAIS6), MAIS 2+ and MAIS 3+ versus
delta-v for car-passengers sitting in the front during
a frontal collision.
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Figure 6 displays similar risk functions for belted
and unbelted passengers. It is clearly seen that one
has to separate in crashworthiness investigations
between belted and unbelted passengers.
Additionally recall from Section 4 that the
percentage of unbelted drivers substantially vary
over different subject cars.
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Figure 6. Risk of a specific injury severity for
belted and unbelted front passengers.

Figure 7. Influence of the height of the driver
on the injury outcome.
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Figure 8. Influence of delta-v on the injury
outcome.

Using a non-linear method due to Achmus (2000)
(see also Achmus and Zobel (1997)) we can
display the measured influence of the height of the

driver, the influence of delta-v and the influence of
the seat belt usage on the injury outcome (cf.
Figures 7-9). Especially the influence of the height
of the driver it is observed as highly non-linear and
one should therefore apply more sophisticated and
complex estimation techniques beyond linear
methods. Achmus used an estimation procedure,
which is completely non-parametric, i.e. the
procedure she applied does not postulate any
parametric form of the influence function like
linear, quadratic or whatever.

Figure 9. Influence of the seat belt usage on the
injury outcome.

We have observed strong indicators suggesting the
presence of relevant influence factors which have
to be controlled and their influence on pure
crashworthiness coefficients removed. This is not
an easy task. One possible way is described as
follows: In a first step select all relevant influence
factors A1,…,AK and compute from the underlying
database the multivariate and non-linear influence
function f on the injury severity, i.e.

1( ,..., )Kf A A .

Usually it is very difficult to estimate functions f
of several variables 1,..., KA A with completely
unknown form. Even for extremely large data sets
functions f of dimension K larger then 3 to 5 are
more or less impossible to estimate (so-called curse
of dimensionality). Achmus (2000) considered a
possibility of estimating K functions of dimension
one instead of one function of dimension K, i.e. to
simplify by posing the following assumption on the
influence function f

1 1 1( ,..., ) ( ) ... ( ).K K Kf A A f A f A= + +

This model assumption covers the case of a linear
influence of the dependent variable which, in our
case, is the injury severity.



Kreiss 10

6. CONCLUSIONS

• The specific structure of real world accident
data makes it rather difficult to establish a
reasonable and interpretable measure of
crashworthiness.

• The essential and frequently used assumption
of independence of the injury outcome of the
drivers of the subject and the opponent
vehicle is not tenable.

• A measure of crashworthiness depends
heavily on external and impossible to control
influence factors like age, sex and belt usage
of the driver, delta-v and collision speed and
so on. Since it is desirable to measure the
isolated influence of the make and model on
crashworthiness, other influence factors,
which cause bias into the crashworthiness
measure, have to be removed.
A complete exclusion of the influence of all
existing factors seems to be impossible.

• Not all influence factors effect measures of
crashworthiness in a simple linear way. This
paper shows that non-linear influences do
occur. Thus, crashworthiness ratings must
take non-linearity into account.

• Any measure of crashworthiness for a
specific subject car should not be influenced
by possible injuries of the opponent car’s
occupants. If this influence is present,
aggressivity and crashworthiness of a subject
car cannot be separated.

• Common crashworthiness ratings do not
consider the influence of active of primary
safety components. However, primary safety
features of a vehicle clearly bias the passive
safety results and are of not minor
importance to vehicle safety.
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ABSTRACT

The purpose of this research was to understand the
differences between vehicle and occupant kinematics
for the various forms of rollovers. In particular the
occupant kinematics in the initial phase of the
rollover was studied, which is critical in determining
the restraint system activation timing.
Six rollover tests were conducted consisting of six
initiation types; FMVSS 208, SAE J857, corkscrew,
curb trip, soil trip, and ditch rollover. From this test
data MADYMO models were constructed of the
vehicle and occupant. The test data included the
influence of gravity, therefore, a method to adjust for
the influence of gravity was developed for the
MADYMO models.
The vehicle model were validated using curb trip and
SAE J857 tests. The compensation procedure for the
influence of gravity was also confirmed. Once the
vehicle model was validated using the two test
modes, each of the other test modes were simulated
and the dummy head behavior was compared to the
actual test data.
From the simulation results and the actual test data
the differences in the occupant kinematics for each
of the rollover initiation types was compared.

INTRODUCTION

Various methods for vehicle rollover testing have
been proposed.
Larson [2000] et al, proposed a sled test with the
Rollover Coaster Dolly (RCD).
Wu [2000] et al, introduced various rollover test
modes for the restraint system development, Critical
Sliding Velocity test, Curb trip test, Corkscrew ramp
test and SAE J2114 test (FMVSS 208).
The NASS database classifies the rollover initiation
types in 6 patterns; Trip-Over, Flip-Over, Turn-Over,
Climb-Over, Fall-Over and Bounce-Over.
In this research, we conducted rollover tests that
includes each of the six types listed by NASS for the
coverage of real-world rollover accidents as
thoroughly as possible.
Hughes [2002] et al, introduced an alternative

rollover testing procedure based on the FMVSS 208
dolly test. Hughes asserted that the dynamic rollover
testing was non-repeatable.
To develop an effective restraint system to protect
occupants in rollover accidents it is necessary to
have a repeatable test.
Balavich [2002] et al, studied the influence of the
vehicle lateral acceleration on occupant kinematics
in a trip over test condition using sled testing.
However, there are various initiation types in real-
world rollover accidents in addition to the trip over
condition, in which the occupant kinematics must
also be understood. The simulation model provides a
tool that can be used to evaluate restraint system
technology in the various forms of rollover
initiations with repeatable results.

TEST METHODS

In this research, NISSAN conducted 6 types of
rollover initiations.
1.) FMVSS 208 Test / SAE J2114 Dolly test.
The test vehicle was positioned on the dolly at an
angle of 23 degrees. The dolly was then accelerated
to 30mph and stopped suddenly. As the dolly was
stopped the vehicle continued in the lateral direction
at 30mph until the wheels contacted the ground,
initiating the rollover.

Figure1. FMVSS 208 test.

2.) SAE J857 Test
This rollover test procedure was outlined in SAE
standard number J857 (this procedure has been
abolished by SAE). The vehicle was accelerated by a
tow system to the desired test speed. Once it was
released from the tow system the steering system
was turned to full lock using a hydraulic cylinder
attached to the steering system. Once the steering
reached full lock the inboard wheels went over a
ramp positioned in the trajectory of the vehicle. The
combination of the centrifugal force generated from
the steering input and the vertical force inputed from
the ramp generated a roll moment inducing the
vehicle to rollover. The test procedure outlined in
J857 recommends using a guide rail installed on the
ground to provide the steering input. However, as
noted we used a hydraulic cylinder to control the
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vehicles steering system, which allowed us vary the
steering angle, the steering rate, and vehicle
trajectory.

Figure2. SAE J857 test.

3.) Corkscrew Test
The test vehicle was propelled in a straight
longitudinal direction with a ramp installed on the
right side of the vehicle. As the vehicle was released
from the tow system the right hand tires of the
vehicle went over the ramp inducing a roll moment
in the test vehicle causing it to rollover.

Figure3. Corkscrew test.

4.) Curb Trip and Soil Trip Tests
We used a decelerator sled method to simulate both
the curb and soil trip conditions. The test vehicle was
positioned laterally on a sled dolly with the lead
wheels positioned against a steel curb on the dolly.
The sled dolly was then accelerated to the desired
test speed, at which time a set of brakes on the sled
were activated to stop the sled dolly. As the dolly
decelerated the vehicle reacted against the steel curb
inducing a roll moment causing the rollover. The
brake settings were varied depending if curb or soil
trip was being simulated. A lower deceleration level
with a longer duration was used to simulate the soil
trip condition. The test vehicle was tethered to the
sled dolly so that it could not rotate more that 90
degrees, allowing the vehicle to be reused.

Figure4. Curb trip and Soil trip test.

5.) Ditch Test
The ditch test simulates a driver veering off the road
and going into a ditch, and trying to recover by
steering up the incline of the ditch.

The test was setup such that as the vehicle was
released by the tow system it went over an incline
that was setup to be 10 degrees from the longitudinal
axis of the vehicle. The angle of the incline could be
set to be any angle between 30 and 50 degrees in 5
degree increments. As all four tires entered the
incline the vehicle’s steering system was actuated to
steer the vehicle up the incline. The combination of
the gravity component acting along the lateral axis of
the vehicle on the incline and the lateral acceleration
generated by the steering input induced the vehicle
to rollover.

Figure5. Ditch test.

Hybrid III dummies were positioned at each front
outboard seating position and onboard cameras were
positioned on the test vehicle to allow analysis of the
dummy kinematics during the rollover. The test
vehicle was instrumented to measure the X, Y, and Z
acceleration and the X, Y, and Z axis angular
velocity at the vehicle’s center of gravity. This data
was used in creating the MADYMO models.

Figure6. Video angle of high speed video camera
in the test vehicle.

Rollover accidents tend to have a much longer
duration than other types of accidents. For example
the duration of a frontal impact is approximately 150
milliseconds where as a rollover can have duration of
up to six seconds or more depending on the velocity
and number of rolls. In our testing we concentrated
on the initial quarter turn of the rollover for the
initial occupant kinematics; which had a maximum
duration of 2.5 seconds. In the ditch test, 2.5 second
was needed because the vehicle was carried by
inertia to the incline after the vehicle was released
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from tow system.
Given the long duration that we were trying to model
we chose MADYMO software with its multi-body
modeling, which provides short calculation times,
and provides well correlated dummy models of the
Hybrid III dummy.
We used the data collected at the vehicle C.G. as the
input for which provided the prescribed motion to
the vehicle MADYMO model. This allowed us to
accurately model the kinematics of the vehicle’s
occupant compartment without having to model the
vehicle suspension and tire characteristics, greatly
simplifying the model.
Due to the large roll and pitch angles experienced by
a vehicle in a rollover the influence of gravity on the
accelerometer data is large and must be accounted
for in the MADYMO model. A method was
developed to determine the influence of gravity
using MADYMO, and separate that influence from
the raw data. This procedure used only the vehicle
and consisted of three steps

Step 1
The test data was adjusted for any offset using the
pretest data. We then added 9.8 m/sec2 to the
measured test data to the Z acceleration component.
A MADYMO simulation was conducted using the
test data at the vehicle CG. This data was inputed as
the vehicle local coordinate system in the
MADYMO model. In the rollover tests the vehicle’s
local coordinate system rotates with the vehicle.
Therefore, it was necessary to use angular
acceleration as well as the linear acceleration of the
vehicle as inputs in the model. The angular
acceleration was determined by taking the derivative
of the angular rate data collected from the tests.
A rigid body representing the test vehicle with a
moment of inertia, mass, and initial velocity that
matched the actual test vehicle was positioned at the
CG of the vehicle (matching the measurement point
in the rollover tests). An ellipsoid shape to represent
the vehicle was connected to the rigid body. This
ellipsoid is only for visual aid and does not have any
functional contact interaction. The vehicle model
used is showed in figure7.

Figure7. Simple vehicle model.

Step 2
In the first step we added the influence of gravity to
only the Z channel, however in the test data the
influence of gravity is dispersed throughout the event.

Therefore, to isolate the influence of gravity in the
simulation the global linear acceleration (X, Y, and Z
directions) was provided as an output of the
simulation. In the global coordinates the influence of
gravity will only be seen in the vertical component
(Z direction). We subtract 9.8m/s2 from the Z axis
data of Step1 simulation which was outputted as
global coordinate data. This process can provide the
data of pure vehicle kinematics except the gravity
influence. About the other axis data, we can use the
data of linear acceleration of X axis and Y axis and
angular acceleration of 3 axis without any process as
the input data of Step3.

Step 3
The vehicle kinematics are calculated again using the
global coordinate system data determined in step 2.
The following data were used as the inputs for the
MADYMO model in the global coordinate system:
- X axis linear acceleration
- Y axis linear acceleration
- Z axis linear acceleration, minus influence of
gravity
- Angular velocities about X, Y, and Z axies

Figure8. Procedure to pick up the pure vehicle
rollover movement from the test data.

Simulation Result: Vehicle Motion
Figure9 and 10 show the simulation result of the
SAE J857 test with the vehicle turning to the right
and going over the test ramp.

Figure9. Vehicle behavior of simulation in SAE
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J857 type – plan view-.

Figure10. Vehicle behavior of simulation in SAE
J857 type – side view-.

In the figure9 and figure10, red line shows the
trajectory of front right wheel. This trajectory is
measured in the actual test for the validation of
simulation model. Figure11 shows the comparison of
that trajectory between the simulation and the actual
test in the plan-view. Based on this the model was
judged to be well correlated to this test pattern.

Figure11. Trajectory comparison about the
vehicle front right wheel.

Next we applied this technique to the trip over test,
to confirm the reliability of this procedure. Figure12
shows the animation of trip over simulation.

Figure12. Simulation result of trip over test.

Figure13. Actual vehicle behavior in trip over
test.

The distance that the wheel touched to ground after
launching from sled is 4.26m. It was measured by
the slip mark on the ground. The simulation result
was the 4.25m. It shows that this procedure could be
applied to the trip over test as well as the SAE J857
test.
As the influence of the suspension and tires on
vehicle body kinematics was ultimately represented
by the vehicle CG data such as linear acceleration
and angular rate collected in the rollover test, this
data was used in this simulation. This method greatly
reduced the model complexity and simulation run
time in MADYMO.

INTERIOR AND OCCUPANT MODELING

Next, we constructed the interior model for the
simulation of the occupant kinematics.
The following items were included in the model of
the vehicle interior do to the occupant interaction
with them.

Seat / Door Trim / Floor / Floor Tunnel
Seat-Belt / Side window

Figure14 shows the model that was constructed.
The following items were also included in the model
as visual aides, however, no contact interactions are
defined for these items.

Tires / Roof Panel / Pillar Trim / Steering wheel
The actual test data is used to define the contact
interaction characteristic between seat and the
dummy; which has great influence on the dummy
kinematics during the initiation of a rollover event.
The seatbelt model uses the MADYMO
conventional belt system to shorten the modeling
time.
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Figure14. Interior and dummy model.
Using this interior and dummy model and the test
data, we conducted a simulation of each rollover test.
Figure15 shows the animation of the simulation of
the SAE J857 rollover.

Figure15. Occupant simulation result of SAE
J857 type.

Comparing the dummy head kinematics between the
model and the actual test validated the dummy
kinematics in the model. We did this by digitizing the
test film from the onboard cameras and comparing
those results to the results from the simulation.
The dummy head trajectory was calculated in the
simulation using the vehicle local coordinate system,
allowing easy comparison with the actual test data.
The simulation for each rollover initiation type was
run until the vehicle reach a roll angle of
approximately 90 degrees. Table 1 lists the specific
roll angle and simulation duration for each of the
rollover initiation types modeled. The ditch test
exhibited the longest duration. This was because
time zero in this test was defined as release from the
tow system. After release from the tow system the
vehicle continued in a straight line carried by its
inertia before entering the incline after which point
the rollover was initiated. Time zero in SAE J857

and corkscrew were also defined as release from the
tow system. After release from the tow system, the
vehicle continued to run before the vehicle ran onto
the ramp. In the FMVSS208, curb trip and soil trip
test, the time zero was defined as the starting point
of sled deceleration.

Table1. Simulation time and roll angle
in each test types

DISCUSSION

- MODEL ACCURACY
Figures 16, 17, 18, and 19 show the simulation result
of curb and soil trip, SAE J857 and ditch rollover
tests. As this data shows the dummy head movement
on the near side (the side towards the rollover
initiation) of the vehicle correlates well with the test
data.

Figure16. Head movement of the near-side
dummy in curb trip type.

Figure17. Head movement of the near-side
dummy in soil trip type.
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Figure18. Head movement of the near-side
dummy in SAE J857 type.

Figure19. Head movement of the near-side
dummy in ditch type.

When comparing the occupant head displacement
between the simulation and the test data in curb trip
simulation (Figure16), there was some variation
between the two. Comparing the film of the actual
test and the simulation result, it appears that the
stiffness of the seat frame is one of the factors to be
considered in this variation. The seat frame was not
included in the model; only the stiffness of the seat
cushion was modeled.
There were striking differences between the
simulation and the test data for the kinematics of the
far side occupant in corkscrew simulation. The
MADYMO seatbelt model used for this research,
which is stitched to the dummy’s chest, is intended
for front impact modeling. While this does not
negatively influence front impact modeling, in a
rollover the far side occupant tends to slide out from
under the shoulder belt. Since the MADYMO
seatbelt is stitched to the dummy it does not allow
the dummy to move independent of the seatbelt,
limiting the occupant movement. This can be seen in
the dummy head movement comparison of the test
data and the simulation for the right side occupant in
the corkscrew test (Figure 20). In this research, we
were primarily interested in the near-side occupant,
so this model was useful for our purposes.

Figure20. Head movement of the far-side
dummy in corkscrew type.

Figure21. Head movement of the near-side
dummy in corkscrew type.

There were some inconsistencies also noted between
the test and the simulation for the near side
occupant’s head displacement in the FMVSS 208
simulation. In the FMVSS 208 test the vehicle is
initially positioned on the test dolly at an angle of 23
degrees, causing the influence of gravity to be shared
between the vertical and lateral accelerations
measured in vehicle local coordinate system. In the
simulation the gravity was divided between the
vehicle’s vertical and lateral axis based on the initial
roll angle being 23 degrees. However, the exact
angle at rollover initiation may not be 23 degrees do
to vibration during the acceleration portion of the
test. This will result in errors be carried through the
simulation due to the initial positioning of the
vehicle not being accurate.

Figure22. Head movement of the near-side
dummy in FMVSS208 type.

Overall, however, we believe the simulation and the
test data correlated well, and simulation provides a
good approximation of the occupant kinematics on
the near side of a rollover for the first 90 degrees of
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the rollover.

- DIFFERENCES BETWEEN TRIP AND NON-
TRIP EVENT
The test modes conducted for this research were
classified as follows.

Trip-over: Curb Trip/Soil Trip/FMVSS208
Non-trip-over: SAE J857/Corkscrew/Ditch

In NASS, trip-over is described as ”Vehicle lateral
motion that is resisted by a opposing force, inducing
a roll moment.” In this testing, the rollover test types
that would be classified as a trip-over are curb trip,
soil trip, and FMVSS 208. The non trip-over tests
consist of the SAE J857, corkscrew, and ditch tests.
In the SAE J857 test, centrifugal force induced by
the steering input and vertical force applied when the
inner wheel goes over the ramp alone caused the test
vehicle to rollover. In the corkscrew test, the vertical
force applied by the ramp alone provided the roll
moment to induce the vehicle to rollover.
In the ditch test, the steering input, and the influence
of the slope provided the roll moment to induce the
rollover.
We choose the SAE J857 test as the typical non-trip
rollover, and the curb trip test as the typical trip-over
rollover test for the purposes of this study. Figures
23 and 24 show the comparison between the head
displacement and vehicle roll angle for each of these
tests.

Figure23. Comparison between roll angle and
head displacement in SAE J857 test type.

Figure24. Comparison between roll angle and
head displacement in curb trip test type.

In the SAE J857 test, it took 1.296sec for the
dummy’s head to displace 120mm, at the time when

the vehicle’s roll angle was 18.3degree. On the other
hand, in the curb trip test, it took only 0.136sec for
the dummy’s head to displace 120mm, at the time
when the vehicle had rolled 11.8degrees.
For rollovers with a large lateral acceleration (trip-
over condition) the occupant displaces more quickly
with respect to the roll angle than the occupant in a
non trip-over rollover, SAE J857. In case of the ditch
test, the occupant showed the same tendency as the
SAE J857 test. In the initiation phase of the ditch
rollover, only the centrifugal force that was
generated by the steering input acted to displace the
dummy. Whereas, in the case of the soil trip and
FMVSS 208 tests, the dummy’s head moves to the
vehicle outer direction faster than the SAE J857 or
ditch test because of the lateral acceleration in
initiation phase of the rollover. Therefore, the
activation timing of the restraint system (seatbelt or
airbag) is critical in a trip-over event.
In each of the tests in which the vehicle had a lateral
acceleration acting on it, the dummies moved
towards the roll direction. However in the corkscrew
test, in which there was no lateral acceleration the
dummy kinematics were unique. Since there was no
lateral acceleration, as the vehicle entered the ramp
the dummies tended to resist the motion of the
vehicle due to their inertia, and remain in their initial
position (with respect to the global coordinate
system). Therefore, in a rollover toward the left side
of the vehicle the occupants rotated toward the right
side of the vehicle first (in the vehicle’s local
coordinate system). Once the vertical force induced
by the ramp was removed and only vehicle’s roll
moment was acting on the occupants each moved
toward the outboard sides of the vehicle.

Figure25. Occupant behavior in corkscrew test.

CONCLUSION

The purpose of this research was as follows

- Construct a simulation model that can be used to
accurately predict the occupants’ kinematics during
the initial phase of a vehicle rollover that is relatively
simple, to minimize computation time.

- Understand the differences in the occupant
kinematics in the initial phase of the rollover
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depending on rollover initiation type.

The following observations were made considering
these two purposes.

- The technique outlined in this paper to compensate
for the effects of gravity in the test data, and use the
compensated data as prescribed motion inputs for
the MADYMO model allowed us to use a simplified
model to analyze near side occupants’ kinematics in
rollover crashes.

- In the trip-over tests (curb and soil), there is a
tendency that the near-side dummy head moved
toward the roll direction before a significant roll
angle was developed due to the vehicle’s lateral
acceleration.

- The occupant behavior in SAE J857 and Ditch tests
is slower than the curt trip or soil trip test.

- In the corkscrew test, the occupants initially move
away from the roll direction of the vehicle due to the
dummies’ inertia. Once the vertical force from the
ramp is removed the dummies move toward the
outside of the vehicle. (away from the center of the
vehicle).

As mentioned, there are many types of rollovers that
occur in the real world and the restraint system must
be sufficient to provide reasonable occupant
protection, which is the challenge in developing an
adequate rollover protection system.
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ABSTRACT

This paper will describe head impact studies on hood
of vehicles using headform impactors and engine
compartment Finite Element (FE) models. A
commercial FE code PAM-CRASHTM was used to
conduct the computational simulation. Head Injury
Criteria (HIC), which is obtained by post-processing
the computed acceleration history, is used in this
prediction method. Several numerical examples are
demonstrated where close agreement between the test
and the calculated values of the acceleration history
is obtained. Additionally, the numerical scattering
analysis is implemented to clarify the importance of
each parameter.

INTRODUCTION

The objective of this study is to develop a
computational evaluation method for head impact
onto vehicle hoods considering several small parts in
the engine compartment, in connection with
proposed pedestrian safety regulations to be
introduced in 2005 in Japan. In the early phase of car
design, cost effective pedestrian protection measures
should also be considered to avoid changes later in
the development process. In this case design
decisions for the hood and engine compartment
structures have to be made using reliable predictive
analysis methods. Also, several examples of
numerical simulation are presented which describe
impactors and isolated hood contacts [1][2][3].

This paper will describe actual head impact studies
on hoods of vehicles. It explains the structures of a
headform Finite Element (FE) model and
construction of a front end FE model including the
engine compartment with component parts. An
explicit FE code, PAM-CRASHTM, is used to
implement the computation. Head Injury Criteria
(HIC) is used in this prediction method by
post-processing the computed time history of the
acceleration. Close agreement between the test and

the calculated values of the acceleration history is
obtained. We can predict the deformed modes and
energy absorption characteristics of engine
compartment parts beneath the hood using the
presented computational evaluation, although, the
experimental method cannot obtain these modes,
energy and the other quantities beneath the hood.

Additionally, the numerical scattering analysis is
conducted in order to clarify the importance of each
parameter.

Although there are still remaining possibilities for
improvement of this method, there is good
correlation at majority of the evaluating points. Thus,
we are adopting this method for the practical design
of hoods and engine compartment components
beneath the hood.

FINITE ELEMENT MODELING

Headform Impactors

The first step in the head impact study is to develop a
FE model of headform impactor (head dummy).

Outline of Structure
Finite Element model is presented, as shown in
figure 1. The headform consists of two main parts,
the outer skin (PVC) and the inner semi-sphere
(aluminum). The outer skin was represented by
elastic solid elements. The inner metal body was
described by discrete rigid body elements, because
the stiffness is much higher than that of the outer skin.
Total mass and the moment of inertia were adjusted
by concentrated masses, as expressed in table 1
[4][5].
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165 mm
(Diameter).

137 mm; rigid body
elements represent
metal body.

14 mm; Solid
elements represent
outer skin.

Figure 1. Outline of finite element model of
headform impactor

Table 1.
Finite element models of the headform impactors

Mass Diameter Moment of Inertia
Ixx Iyy Izz

Kg mm Kg mm2 Kg mm2 Kg mm2

Adult 4.8 165 12500 12500 12350
Child (JPN) 3.5 165 10470 10470 10150
Child (EURO) 2.5 130 3600 3568 3632

Young’s modulus of the outer skin
The Young’s modulus of the outer skin model is
determined by drop test, as depicted in figure 2.
Maximal acceleration was correlated, as shown in
table 2 and figure 3. Although, there are possibilities
of improvement of outer skin modeling, especially in
large strain and strain rate effects, this factor is not
significant for the overall analysis. Because of small
sensitivity of material properties of outer skin, the
error effect will be discussed later.

Table 2.
Young’s modulus of outer skin and maximal
acceleration

Max. Acceleration Young's Modulus
FE Model Test FE Model
m/sec^2 m/sec^2 MPa

Adult 2232.7 2232.67 6.8
Domestic Child 2311.7 2311.67 5.85
Euro Child 2204.9 2204.9 10.5
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Figure 2. Drop test of head form impactors
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Figure 3. Time history of acceleration of adult
headform impactors.

Vehicle Structures

The second step is to make the front structure of
vehicle body by FE modeling. Figure 4 depicts the
FE model with boundary conditions. More precise
meshes are required for Hood, Fenders, Head Lamps,
because local stiffness and strength have significant
effect on the acceleration of impactors. Whereas,
solid elements were employed for Hood Mastic
modeling. Concentrated masses were adopted to
represent NV-Insulator on the reverse side of the
Hood.
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Tires are
eliminated.

All DOFs are
fixed.

Precise meshes
are required for:
Hood, Fenders,
Head Lamps.

Figure 4. Finite element model of front vehicle
structure with boundary conditions.

Parts in the Engine Compartments

The final step is to develop the models of several
parts in the engine compartment. Figure 5 shows
examples of these FE models. Precise modeling is
required for: Air Cleaner, Air Duct, Battery, Engine
Cover, Radiator, Condenser, Reservoir Tank, Relay
Box, Hood Hinge, Hood Lock, etc. These parts have
significant effect on the acceleration profile of the
impactor where there is limited space below the hood.
Bumper Rubber and Hood Seal Rubber were
modeled by springs. Cowl Top Cover is also
important for impact at the rear end of the Hood.

Precise modeling are required for:
Air Cleaner, Air Duct, Battery, Engine Cover,
Radiator, Condenser, Reservoir Tank, Relay Box,
Hood Hinge, Hood Lock, Bumper Rubber, Hood
Seal Rubber, Cowl Top Cover, etc.

Figure 5. Finite element model of parts in the
engine compartment.

NUMERICAL EXAMPLES

Impact Conditions

Several numerical examples are presented in order to
demonstrate the validity of this method. Table. 3 and
figure 6 show impact conditions of headform
impactors where target quantities are listed [4][5].
Because of gravity effect, the release angle χ is

slightly smaller than the incident (impact) angle α ,
where χ β= −90 (See figure 6). In FE
calculation, same impact speed as test is employed
whereas the other quantities are the exact values in
the table.

Table 3.
Impact conditions of headforms.

Adults Child (JPN) Child (EURO)

Mass kg 4.8 3.5 2.5
Speed km/h 35 35 40
Incident angle α deg 65 50 50
Inclined angle β deg 25.8 41.2 41.2
Diameter mm 165 165 130
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×: First contact point

35km/h

×

α=65
β=25.8

(a) Adult

35km/h

×

α=50

β=41.2

(b) Child (JPN)

40km/h

×

α=50

β=41.2

(c) Child (EURO)

Figure 6. Impact conditions of headforms.

Impact on the Center Position of Hood

Figure 7 depicts the time history of acceleration of
the child (JPN) headform on the center of the hood.
Solid blue line expresses the FE simulation while red
dotted line denotes impactor test results. Close
agreement was obtained in this case.

Two vertical lines at 0.9 and 4.0 m sec are the time
period, t1 and t2, for calculating the Head Injury
Criteria (HIC). Head Injury Criteria is obtained by
post-processing the acceleration history using the
following equation:
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t t

a dt

t t m
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where is resultant acceleration.

The FE obtained HIC is slightly higher than that of
test by 6.8 %.
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Figure 7. Time history of acceleration of the
child (JPN) headform on the center of the hood.

Impact on Hinge Area

Figure 8 shows the time history of acceleration of the
adult headform on hood hinge area. The first peak,
marked as (A) in the figure 8, was obtained by local
buckling of the outer hood, which can be observed in
figure 9. Figure 9 depicts the energy density with
deformed mode at 2 m sec. The second peak (B) in
figure 8 was made by deformation of inner hood, as
shown in figure 10. The highest peak (C) in figure 8
was caused by contact between the inner hood, the
hinge arm and the hood ledge, as depicted in figure
11. One of the main reason of the discrepancy of
acceleration between FE simulation and the impactor
test can be assumed as scattering of the impact point.
Figure 12 shows the outer hood deformation
comparing the test result at 10 m sec. Similar
deformations were observed between two models.

12.05.5
0.0 5.0 10.0 15.0 20.0

Time msec

A
cc

el
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at
io

n
A

m
pl

itu
de

FEM

Test

HIC Error % = 5.8
T1-T2= < 5.5 - 12.0 >

(A) Buckling
of Outer Hood

(B) Deformation
of Inner Hood

(�) Bottoming
on Hood Ledge
with Hinge Arm

Figure 8. Time history of acceleration of the
adult headform on the hood hinge area.
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Figure 9. Energy density with deformed mode at
2 m sec.

Figure 10. Energy density with deformed mode
at 4 m sec.

Figure 11. Energy density with deformed mode
at 10 m sec.

(a) Test (b) FEM

Figure 12. Outer hood deformation with test
result at 10 m sec.

Examples of the Scattering Analysis

Several scattering calculations were implemented by
FE model in order to estimate the sensitivity of
various parameters. Tables 4 (a) shows an example
from the FE results. Tables 4 (b) explains the impact
points. Scattered items through A to F in table 4 (a)
are denoted in table 4 (c). The most significant factor
is the clearance between hood and rigid component
surface. Reduction of original clearance by 10 mm
results in a HIC increase of 79 %. Impact speed is
also important. A small increase in speed addition of
2% results in an increase in HIC of 6-7 %.
Additionally, in the area near the fender, impact
location has large influence, because buckling mode
of the fender is strongly affected by the impact
location. Finally, Young’s modulus of outer skin
model does not have large sensitivity. This means
that the material properties of head impactor do not
have a large effect on the resultant HIC.

Table 4.
Impact conditions of headforms.

(a) HIC deviation by scattering
Impact HIC deviation %
points A B C D � F

1 2.3 0.9 -4.5 -2.1

2 0.8 7.3 -8.0 -0.8 79.0
3 4.1 11.0 -3.1
4 0.6 -1.1 6.0 0.9 -2.5
5 -2.2 -1.4 -6.7 -1.1

(b) Explanation of impact points
No Explanation of impact points
1 Front end
2 Center of the hood, on hood rib
3 Near the fender
4 Near the hinge
5 Center of the hood, separate from hood rib
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(c) Scattered quantities
Items Explanation Base Scattered

A Young`s modulus 6.8 Mpa 13.2 Mpa
of outer skin

B Lateral position Target Target + 10 mm
C Speed 35.0 km/h 35.0+0.72 km/h
D Thickness of hood Original Original x 1.15
E Yield stress and tangent Original Original x 1.15

modulus of hood

� Clearance between hood Original Original - 10 mm

and stiff material

FUTURE STUDIES

There are possibilities of further improvement of
the accuracy of this simulation especially at:
(1) parts with resin materials;
(2) vertical wall of fender and partitions of engine
compartment.

CONCLUSIONS

This paper presented a practical computational
simulation method employing FE modeling. As a
basis of the assessment, Head Injury Criteria (HIC)
was used by post-processing the time history of the
calculated acceleration of headform impactor.
Although there are possibilities for further
improvement of this method, there is good
correlation with majority of the evaluating points.
The efficiency of design procedures of front structure
has been improved by employing the presented
method.
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ABSTRACT

Today, many auto makers and national researchers are
interested in the compatibility of standard vehicle crash
testing to that of real accident conditions. Current
standard tests assume like vehicle to vehicle crash
events to address the injury or fatality risk to vehicle
occupants. Researchers that investigate vehicle to
vehicle crash tests struggle to understand the
relationship between aggressivity and injury
measurements compared to those of accident
investigation data like FARS and NASS GES. Such
tests, however, can be simulated with finite element
methods to re-enact real accident conditions to predict
detailed vehicle measurements in order to make study
structural improvements. In order to understand the
nature of compatibility and to facilitate structural
improvements, robust parametric studies and structural
optimization methodologies can be employed to
manage the complex, coupled design parameters and
geometric changes.

In the past, assembling, executing, managing and
interpreting the results has prevented this level of
parametric study. StudyWizard, developed by Altair
Engineering, is a software technology specifically
designed to automate and extract meaningful design
information from parametric analytical studies. Using
StudyWizard, this paper will demonstrate a strong
relationship between aggressivity and injury revealed
by FARS data set for an oblique offset vehicle to
vehicle crash. For this paper, a full-sized sedan
compatibility study is performed for impacts with a
light truck and van. The aggressivity characteristics;
vehicle mass, stiffness and stackup will be discussed.
To conclude, compatibility improvements will be
examined.

INTRODUCTION

Even though incompatibility has been known since the
1960s, research activities have not been systematic
until recently. However, an understanding and
improvement of crash performance of vehicle in frontal
and side impact was required before addressing

compatibility, because they believed this could reduce
casualties immediately.
This incompatibility has often been identified in real
traffic accidents. For example, the crash between a
passenger car and truck may result in unbalanced
deformation and one of the vehicles may suffer great
injury.
In studying compatibility, there are many aspects, such
as crash between cars, car to pedestrian, car to light
truck or van. The aim of this compatibility study is to
identify how vehicle safety may be improved by
structural changes that are designed to interact better
during the crash and by restraint systems that are also
designed to act properly in the second collision for
each. For ideas on pedestrian protection (considering
compatibility between car and pedestrian) evaluation
methods are undergoing. EEVC and IHRA activities
are making progress in this compatibility.

During the past decade, most automakers have done
really well for crashworthiness design of the vehicle
structure and restraint system to reduce the occupant
injury in specific collision situations, in comparison
with other cars or with standard car in FMVSS and
other safety standards.
Such tests, however, only back up indications that are
commonly calculated for broad categories of collisions.
By the way, incompatibility in multi-vehicle crashes
have been a concern due to promotion activities that
have automakers designing cars with better
crashworthiness in rigid barrier or stationary
deformable barrier crash tests. The reason why better
crashworthiness may result in incompatibility is the
possibility that the stronger structure makes the vehicle
more aggressive in collisions with other vehicles.
At the same time, the mass of vehicle is also observed
as an important factor, driven by the laws of
conservation of energy and momentum of two objects.
The heavier object has small velocity change and the
lighter object high with proportional mass ratio.
With respect to the affect on aggressivity, the stiffness
of the vehicle is likely to have small influence
compared with the mass of the vehicle.

To study and investigate the aggressivity, generic
vehicle data were originally developed in 1981 for use
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in CRASH3 computer program by CALSPAN under
contract to NHTSA. This generic data derived from the
statistical analysis of a number of vehicles, not
specifying any vehicle, could be useful for statistical
studies, where vehicle parameter need to be considered
as we simulate and analyze traffic accidents and may
be a good preview for a comprehensive understanding
of crashworthiness and incompatibility in real
accidents.

Reference [1] lists the updated vehicle generic data
including mass, stiffness and even suspension
information. Some of this data is repeated in Table 1
through 3 below for the reader to glance over real
incompatibility information.

Table 1. Generic Data for Passenger Cars
Class1 Class2 Class3 Class4 Class5

Total Mass 5.398 6.391 7.607 9.528 10.026
Roll 2200 2300 3085 3822 3834
Pitch 12383 15845 20001 24960 23985

Mass

Yaw 13489 17286 23989 29294 29279
A 180.25 184.69 206.64 215.40 288.73
B 72.11 65.38 69.97 66.70 113.45Front
K 95.27 84.51 93.40 87.73 147.56
A 172.50 162.33 189.62 186.00 292.40
B 54.40 49.44 51.77 47.00 138.00Rear
K 80.82 72.57 80.35 70.16 207.47
A 88.25 100.00 95.75 137.00 137.00
B 59.75 66.20 77.75 95.00 95.00Side
K 88.92 84.06 97.45 119.12 119.12
R 96.14 102.39 111.15 95.25 96.00

Front
D 9.90 9.23 8.69 7.02 6.86
R 100.59 97.35 114.39 132.50 173.33

Susp
Rear

D 7.99 7.01 6.93 6.96 7.64

Table 2. Generic Data for Pickups
Class1 Class2

Total Mass 7.324 11.465
Roll 2427 5430
Pitch 17835 40008

Mass

Yaw 19979 43081
A 266.08 219.60
B 108.92 68.40Front
K 140.59 89.10
A 258.33 290.67
B 108.83 123.00Rear
K 151.77 190.30
A 103.00 78.00
B 92.00 40.00Side
K 110.55 48.65
R 149.85 184.17

Front
D 9.6 8.85
R 128.00 157.33

Susp
Rear

D 7.86 6.84

Table 3. Generic Data for Multi-purpose and Vans
Multi-Purpose Van

Class1 Class2 Class1 Class2
Total Mass 9.069 12.536 8.691 13.050

Roll 3134 6395 5656 9134
Pitch 19588 38674 24493 47204

Mass

Yaw 21998 40949 26474 51035
Front A 266.08 219.60 309.00 358.75

B 108.92 68.40 135.00 154.75
K 140.59 89.10 170.36 189.74

Rear A 258.33 290.67 281.00 312.00
B 108.83 123.00 118.02 141.73

K 161.77 190.30 182.02 221.37
Side A 103.00 78.00 96.00 137.00

B 92.00 40.00 78.00 95.00
K 110.55 48.65 97.00 119.12
R 156.33 180.08 164.50 180.73

Front
D 8.03 7.51 9.41 7.36
R 134.22 145.48 146.12 158.00

Susp
Rear

D 7.33 6.92 7.62 6.57

insec/lbratedampD,inln/raterideR

in/lbK,in/lbB,in/lbAStiffness

inseclbinertia,in/seclbmass
22

22
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===
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From Tables 1 through 3, we can directly imagine
incompatibility in mass and stiffness along the vehicle
category. Specifically, an incompatibility in crash type
can that can be inferred is that there is more fatality
risk in side impacted car when the stiffness of front and
side are discussed.

Unlike the crashworthiness, the concept of
aggressivity is about fatality or injury risk to occupants
of other vehicle, applied with measurement as either
injuries to occupants of vehicles involved in collisions,
of specific vehicle as standards, or the average over all,
or representative selection. The terms of compatibility
appears in the practical problems, as a vehicle shows a
different injury response to occupants of any other
vehicles, even that have the same crashworthiness.

The researcher who is interested in accident
reconstruction would investigate the reason why
injuries are different is due to different stiffness, mass
and mismatch of main parts for crash performance. At
that time, the generic data would be often used for it.
Specifically, this mismatch of main parts require us to
review the vehicle structure along the impact types,
impact position and angle, resulting in different
interactions during the collisions.

Compatibility
 

Reiterating the concept of compatibility, it is more
ideal to use a definition that considers the fatality or
injury risk to occupants of the other vehicle with
considering the subject vehicle. This is more
complicated because both the crashworthiness of the
other vehicle, and the aggressivity of the other vehicle
influence the injury and fatality risks.

In order to understand the nature of compatibility,
many automakers and research organization have
conducted vehicle-to-vehicle crash tests and tried to set
up the relationship between the injury measures and the
aggressivity metric (AM) developed by NHTSA
aggressivity research program.

VehiclesubjectofCrashesofNumber

PartnercollisioninFatalitiesDriver
tyAggressivi =

Stiffness
Stiffness

Stiffness
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This aggressivity metric is well used to indicate how
much any vehicle categories are aggressive in real
traffic accident, by their relative aggressivity using
FAR and GES, as the overall fleet aggressivity ranking.
This is a very typical and easier way to understand
vehicle aggressivity by vehicle category from reference
[2] repeated in Table 4.

Table 4. Vehicle Aggressivity by vehicle category
(FARS/GES 1991-94)

Vehicle Category
Driver fatalities in the struck

vehicle per 1000
police-reported crashes

Full size van 2.47
Full size pickup 2.31
Sports-Utility vehicle 1.91

Small Pickups 1.53

Minivans 1.45
Large Cars 1.15
Midsize Cars 0.70
Compact Cars 0.58
Subcompact Cars 0.45

In the same reference, crash compatibility also
examined in vehicle-to-vehicle crashes, frontal and side
impact types, shows a significant difference in the
number of fatalities with respect to impact direction, A
side impacted car has more than 3 times the fatalities
compared to frontal impacted, and 7 times more at it
worst. The results of this reference is also repeated in
Table 5.

Table 5. Ratio of Fatally-Injured Drivers in
LTV-to-Car Frontal and Side Impacts

Vehicle Category Frontal impacts Side impacts
Full size van 1 : 6.0 1 : 23
Full size pickup 1 : 5.3 1 : 17
Utility vehicle 1 : 4.1 1 : 20

Minivan 1 : 3.3 1 : 16
Small pickup 1 : 1.6 1 : 11

These crash statistics also reveal incompatibility
between car and LTVs (Light Truck and Van including
Sport Utility Vehicles) and impact modes.
A different countermeasure for each crash types is
apparent. The engineering is a challenge in that the
increase of ride-down efficiency has to be balanced
with the restraint systems for frontal impact. The
reduction of the effective velocity change is accounted
as the exchange of momentum between a car structure
accelerated by struck vehicle and occupants from
impact to separation for side impact.

For instance of the side impact, the possibility of
changing initial impact velocity condition or
interactions between the car structure and occupants
led by slight change of impact angle or tolerance
structural stiffness is so high that different occupant
responses could often be seen and complicate the
understanding of structural effects, when compared
with frontal impacts.
While crashworthiness is focused on structural effects
and restraints, the accident reconstructionists are used
to saying the basic principals to reconstruct the crash
accidents are as follows:

� Impact is to the exchange of momentum.
During the collision a linear impulse is produces
between the vehicles is

2,1vehicleofmasstheareM,M

2,1vehiclebyabsorbedenergiestheareE,Ewhere

)MM(MM)(EE(2pulseIm

21

21

212121 ++=

� The vehicles are objects strongly influenced by
plasticity, but some elasticity works in crash. The
restitution is often considered when we calculate
the velocity change at relatively low speed
impacts showing the small and elastic
deformation before the plastic deformation.

� Impact is phenomenon about converting a part of
kinetic energy in to plastic deformation energy,
and dissipating it. The kinetic energy just before
the crash is equal to the plastic deformation
energy plus the kinetic energy after crash.
So, plastic deformation energy is calculated with
the following equation involving the restitution
coefficient.

nrestitutiooftcoefficientheis

2,1vehicleofvelocityinitialtheareV,V

ndeformatioplasticbyabsorbedenergytheisEAwhere

)VV)(1(
)MM(2

MM
EA
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� The forces engaged in crash are friction force plus
impact force. During the crash the total resultant
force vector is a function of the reaction force and
friction force between vehicles and be calculated
with equation as follows:

tCoefficienFriction

ForceactionRelarPerpendicuFvwhere

1FvForcettansulRe 2

=µ
=

µ+=
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� Non-central impact is not only exchange of
momentum but also converting linear momentum
in to angular momentum.
For instance, the non-central and perpendicular
impact case is illustrated graphically in figure 1,
and the velocity of each vehicle is calculated as
follows:
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Fig 1. Non-central and perpendicular impact

Consequently, the topic for crash accidents or
compatibility study do not involve just one parameter,
rather the permutated effects with several parameters.
The priority of these parameters may be changed case
by case, and have to be studied for the basic
incompatibility.

Another consideration regards the injury mechanism
to represent the load path to transfer impact forces to
the occupant, and what is the major reason to result in
fatal injury during the crash.
Comparing side impact and frontal impact, occupants
mainly restrained by seat belt and airbag supplemented

in frontal impacts, are injured at the second impact
time as usual, but in side impacts occupants did not
have specific restraint system. Recent side airbag or
inflatable tubular system meant to reduce injuries are
suffering with the bullet car hitting them directly.
Many aspects of incompatibility are not well
understood, but studies focus on engineering spot
issues until a comprehensive awareness of
compatibility is understood completely, and the
methodology for it accepted commonly.

Finite Element vehicle models and optimization

In crash analysis and simulation, the finite element
method is regarded as the most powerful tool because
of the ability to perform parametric studies requiring
iterations in the design of vehicle structure.
For crash simulation, explicit FE method such as
LS-DYNA, PAM-CRASH and RADIOSS,
ABAQUS-explicit are well used and are common for
virtual crash tests.

FHWA/NHTSA National Crash Analysis Center at
George Washington have developed various FE vehicle
models which are available to download for all
researchers of the world who are likely to do crash
simulation.
In this study, the 3 FE models extracted from
FHWA/NHTSA National Crash Analysis
Center-Website are listed on table 6.
(http://www.ncac.gwu.edu/archives/model/index.html)

Table 6. FE models used in LTV-to-Car
compatibility study, extracted from FHWA/NHTSA
National Crash Analysis Center-Website

Model Name Model Size
Ford Taurus Modified Model 28,400 elements
Chevrolet
C2500 Pickup

Detailed model 54,800 elements

Dodge
Caravan

Detailed model 329,300 elements

Design of experimental and Optimization methods are
generally known as the best tools used for design of
vehicle structure, because it can drive an optimal
conclusion which can be evidenced in a systematic and
mathematical sense.

But there are major difficulties as well that have
been identified in crash simulation case. The literature
mentions that crash simulation models must be
accurate to prevent the numerical error affecting the
response. Things such as contact routines, rigid linkage,
element types/sizes, and sampling frequency may cause
degradation of spectral response, more than the effects
of parameter changes, and requiring extensive

Vehicle1 

Vehicle2 

L2 

X 

Y 
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computational resources and time [4].
Another difficult thing that may be said is that “the
nature of crash phenomenon” is chaotic as it involves
the interaction of hundreds of parts which come into
contact causing force oscillations within a very short
time. Bifurcation also happens and is known as the
qualitative change appearing in the response with
respect to change of parameters [5].

It is impossible to assess the crash structure system
in view of this bifurcation because bifurcations mean
the change of topology in the character of the solution.
Contemporary crash simulation techniques are likely to
conclude that the optimization of vehicle
crashworthiness is possible, because it is always the
study about the representative crash case like FMVSS
crash tests and simply selecting the best settings of the
varied parameters, what designer wants to change.
Those who catalogue crash analysis and simulation as
chaos, however, may say “must be careful in
optimization study”. One must take into
consideration the sensitivity of initial conditions or
uncertainty, such as change of initial velocity, mass,
impact angle and interactions between car structure
parts, and qualitative leverage from structural
improvements or for different crash types.

Ignoring the uncertainty and excluding the possible
effects coming from the numerical errors and change of
topology, etc, the optimization technique may attempt
to solve the crash problems in a relatively easy way.
And, it is believed that the optimization theory using
sequential approximation method can solve the
sensible crash problems if design parameters could be
defined and designer wants to get the optimum result
within its variations [6][7].

Response Surface optimization for crash problems

The engineering of structural design is a challenge to
determine the best one through an iterative process
where a series of structural changes regarded as
reasonable trials show off the different response.
Using optimization and FE simulation tools, engineers
might be allowed to change the design parameters and
to get the efficient search for right combination of
design parameters for a certain design.

The FE codes for analyzing the nonlinear dynamic
response of structures have a time discretization which
is accomplished through the central difference operator,
that expresses velocities at time t+ ∆ t/2 and
displacements at t+ ∆ t explicitly in terms of present
accelerations, velocities, displacements as follows
[8][9][10];
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The advantage of this method is only the mass matrix
has to be simply inversed.
However this explicit method is conditionally stable
with ∆ t as the disadvantage to be considered
carefully.
From the nonlinear crash experience that looked at
plastic folding, thin shell elements are not
accommodated by higher order due to plastic hinge line.
The fold may be located in the any nodal points of
finite elements model where the more dense nodal
points are doing well enough to represent the crippling.

There are two distinct optimization schemes. One is the
local approximation using most important gradient,
design sensitivity analysis. The other is global
approximation method which uses higher order
analytical expressions to approximate the dependence
between structural responses and design parameters
with few analyses.
The local approximation scheme is based on the
premise that small changes of design parameters occur
in each optimization step, and in conjunction with
nonlinear dynamic FE code, uses an explicit time
integration scheme, where differentiation of the state
equations (1) with respect to the design variables
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This linear gradient relationship for each optimization
step is likely not to be maintained under the significant
change of time step during the calculation, even change
of material stiffness to keep the constant time step.
In this case, there are notable non-linearities and
warring convergence, simply when we think about the
significant change of time step and several different
element size models, Consequently, the global
approximation seems to be a better solution and a more
general way of getting the optimized solution with
respect to more wide design parameters.

Let )(biψ be the response of interest. Then, a

polynomial )(ˆ biψ of the degree n can be introduced
such that
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where the quantities ipqripqipi aaaa ,,,0 are constants

that are determined from the results of the system
analyses by solving a linear system of equations. The
number of analyses that are necessary depends on the
polynomial degree n of Equation (3). The function of
Equation (3) is called the response surface.
Using the equation above, an approximation to the
classical optimization problem can be established:

ψψ
ψ

ni

i

i

i

,,1,0)(ˆ

0min,)(ˆ

K=≤
=⇒

b

b

A modified version of the standard response surface
method, as described above, analyzes the designs as the
optimization proceeds and will be called the sequential
response surface method which is used in Altair
StudyWizard, (it is to be renamed with HyperStudy
adding robust and stochastic analysis). This
optimization software is interfaced with several FE
solvers such as LS-DYNA (Hallquist, 1998) or
PAM-CRASH. Consider a quadratic response surface
as
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The coefficients ipqipi aaa ,,0 are determined using a

least square fit of the function iψ̂ on the existing
designs. In the first step s=1+m designs are analyzed,
and the coefficients ipi aa ,0 are determined. The next

m designs are analyzed to determine the coefficients

ippa . Additional designs are used to determine the

remaining coefficients as it becomes necessary. After
s=1+m+( 1+m) m / 2 designs, an algorithm is used to
weigh the designs. The optimization procedure is as
follows:

1. Analyze the initial design and m perturbed designs
2. Use a least square fit to determine the polynomial
coefficients for the objective function )(ˆ boψ and

each constraint )(ˆ biψ
If s=(1+m), then calculate ipi aa ,0

If 1+m < s < 2( 1+m) , then calculate

ippipi aaa ,,0 , i = 1, s-1-m

If 1+2m < s < 2+m+ ( 1+m) m/2, then calculate

ippipi aaa ,,0 and the successive

off diagonal elements ipqa

If s > 1+m+ ( 1+m) m/2, then weight the
designs and calculated all ipqipi aaa ,,0

3. Solve for the approximate optimum design using
mathematical programming
4. Analyze the approximate optimum design
5. If the design has converged, stop
6. Back to 2

The procedure is shown in Figure 2. for a problem with
one design variable. The theory of sequential response
surface optimization is further explained by Schramm
and Thomas in reference [6][11].

Fig 2. Response Surface Method

In general, crash problems are often defined as follows;

….(5)

The objective function is a structural response like
acceleration of vehicle, mass of certain body,
deformation of vehicle or whatever engineer could be
interested in.
The constraints are also structural responses.
In the structural responses, displacements, velocities,
accelerations, stresses are grouped as time dependent
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responses, often requiring the noise signal to be filtered,
in order to make up a feasible engineering result.
The other responses, like energies, injury criteria, and
crash performance taken with average in general may
be used directly in definition of response function for
objective or constraints because they are integral type.
Using the equations (5), objective and constraints can
be calculated and determined by combination of
computational analysis programs, ordinary FE and
optimization.

Industrial application of structural optimization is
divided into the sizing and shape optimization
distinguished by the type of design parameters.
Size optimization is about the change of dimensions of
structure for instance, thickness of structure.
Shape optimization is about the change of boundary of
the structure and its design parameters are to comply
with certain design requirements that require moving
the nodes of FE mesh, both on the surface and in the
inner of mesh, and keeping good shaped elements.
The shape functions that are commonly accepted to
prescribe the surface and the inner parts of FE model
can be linear or quadratic.
The nodal positions during optimization are computed
as follows;

∑
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∂+=
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n
n
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n b
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For this shape optimization, the creation of shape
functions is fully supported in HyperMesh, Altair’s
finite element preprocessor [12].

StudyWizard

Parameter study and optimization can be usefully
combined to investigate and optimize the behavior of a
structural model. Response surface methods can handle
just a few design variables since otherwise the
computational effort is too high. Especially in crash
analysis, where a single analysis run requires from
several hours to days of computer time, any effort to
reduce the wait time needs to be made. The number of
design variables for an optimization should be limited
to about ten.
If the number of design variables is very high, it is
advisable to first run a screening Design of Experiment
to determine design variables of large influence.
Altair’s StudyWizard combines parameter studies
using Design of Experiments approaches and
sequential response surface optimization [13]. The
same parameterized model can be used in both
approaches. The StudyWizard is integrated in the
post-processing software HyperView [14]. This way all
the interfaces to different solvers can be accessed and
multi-disciplinary optimization can be performed.

The creation of parameterized models can be
automated with custom wizards. For the use of the
StudyWizard with LS-DYNA such a parameterization
wizard is available. The user can select the type of
design variables such as shell thickness, shape,
materials, load curves from a wizard window and the
parameterized deck is created automatically. Almost no
deck editing is involved.
(http://www.altair.com/, http://www.altairjp.co.jp)

Crash Optimization

From the computational crash simulations, a designer
could pick up the weak points and make feasible design
changes. The procedure of definitive changes depends
upon the engineering sense or engineering standard
database made by a previous study.

If they have no idea how to measure crash problems
and how to attempt crash optimization due to a new
study, the process would be as follows;

� Exclude the possible numerical errors with
respect to change of design parameters or its
instability and extract design parameters
considering crash phenomenon that have no
change qualitatively.

� Design of Experimental method is used to
understand the factorial effects in design
parameters and sample the design type. For the
sampling design parameters, the Latin square
technique is often used.

� Global approximation methods may facilitate
optimization for crash problem. A second order
Response Surface type model is made up with
wide crash design parameters and is implemented
to do optimization of the complex structural crash
problems.

Frontal Oblique Offset Crash Type

In order to reconstruct the real aggressivity
characteristics such as mass, stiffness, geometric
profiles, NHTSA has conducted a series of
vehicle-to-vehicle crash tests. A typical example of
fatality in LTV-to-Car crash types comes from
reference [2]. The results are repeated in figure 3 to 4.
According to the research based on the 1988-1996
NASS-CDS files, this crash type is severe in both crash
pulse and intrusion. Therefore it is proper to estimate
the restraint systems and structural improvements at the
same time because restraint systems are generally
designed by crash pulse basis and car structure are
designed by deformation basis.
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Fig 3. Side Impact Injury Measurements with
respect to Aggressivity Metric and Bullet Vehicle
Weight.

Fig 4. Frontal Impact Injury Measurements with
respect to Aggressivity Metric and Bullet Vehicle
Weight.

In this study, they concluded the side impact test series
did not show a strong relationship between the injury
measures of the target vehicle and either the mass of
the striking vehicle or the aggessivity metric based on
FARS/GES data.

The oblique offset test series, however, shows good
correlation of driver injury measure with both the
vehicle mass and the aggressivity metric.
And they commented that more research should be
done to better understand compatibility. Additional
factors may be affecting vehicle aggressivity, even
though the frontal offset tests show a good correlation.
In the determination of oblique offset test series,
analysis of the NASS crash data files of drivers in
frontal collision, one representing with the highest
frequency and serious-to-fatal injury risk is addressed.
For these reasons, the optimization for vehicle to
vehicle crash compatibility using FE methods should
consider the frontal oblique offset case only, due to the
fact that more clarity is seen in the frontal impact than
side impact.
As in reference [2], the crash type is shown in figure 5.

To see figure 5, this crash type should be catalogued as
the central collinear collision is not so much in
rotational effects during the crash and the simulation
substantiate this by representing very small amount of
rotational acceleration till ending of translational
deceleration.

Figure 5. Frontal Oblique Offset Crash
configuration

Optimization of car-to-LTV

To represent the LTV-to-Car crash types, the vehicle
categories were selected and tuned as the table 7
shows.

Table 7. Frontal Oblique Offset Impact Vehicle
Weights

Vehicle
Category

Target Vehicle Striking Vehicle

Passenger Car
Class 3

Ford Taurus
(W=1,511kg)

Pickup Class 2
Chevrolet C2500
(W=2,254Kg)

Van Class 1

Ford Taurus
(W=1,511kg)

Dodge Caravan
(W=1,910Kg)

30� 

Center of gravity
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In order to get more accurate body deceleration signal,
the original Taurus FE model mesh density (of which
the dash and floor was too rough to give us a feasible
response) was modified as moderate element size
between front and rear mesh density.

The deformable to rigid option of LS-DYNA,
allowing deformable parts to be switched to rigid, was
used in the Dodge Caravan model that reach 329,300
elements because this is too big to fulfill optimization
study.
A parameter study or a DOE (design of experiments)
study has been often used for determining which
parameters are most influential on the response.
In this compatibility study, the optimization study
follows a DOE study that could give us main parameter
effects to be considered at first.

DOE and Optimization study is implemented using
StudyWizard, and the crash problem is solved using
LS-DYNA. Numerical solutions are performed on
DELL Intel Xeon 2.4 GHz (4 CPUs, 4GB
Memory100GB free disk Windows 2000). A single
analysis of Taurus-to-Taurus impact takes about 7
hours, Taurus-to-C2500 pick up truck about 10 hours
and Taurus-to-Caravan about 21 hours.

At the first step, it is necessary to define the parameter
that is to be considered or likely to affect the
incompatibility problem.
Among the many parameters we could discuss, the
following design parameters (as mentioned in table 8)
are selected first, because many times crash engineers
experience those in crashworthiness.
For a DOE of 4 design parameters for each impact,
L16(2

15) Latin square is used because 4 design
parameters of each come to 12 design parameters in 3
impact models.

Table 8. Design Parameters for DOE study
Design Parameters Description
Engine Position Movement forward and

backward (+/- 30mm)
FRT Member Inner
Thickness

Upper Value 3mm
Lower Value 1mm

Sub Frame Member
Thickness

Upper Value 3.6mm
Lower Value 1.5mm

Dash Lower PNL
Thickness

Upper Value 3.6mm
Lower Value 1.0mm

To extend the commonly accepted idea of head injury
criterion (HIC) calculation, the average deceleration
means imposing comparative impulse as to different
crash conditions. . This average deceleration, however,
is not blocked with specific maximum duration time to
pick up the burst signal and weighted as like
mathematical HIC calculation.

A plot of the relationship between the vehicle weights
and average deceleration calculated by integration of
deceleration curve with respect to time and then
divided by its time duration is shown in fig 6. This
substantiates the understanding of aggressivity metric
in frontal oblique offset impact case as was done and
mentioned in reference 2.

One must carefully consider the fact that structural
modifications are included here. The heavier bullet
vehicle weight imposes more impulse in general. Thus,
the possibility of reducing the impulse with structural
modification is found, when we see the bottom case on
the heavier bullet vehicle weight. But it should be
aggressivity to the other passenger car.
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Fig 6. Changing average deceleration with respect
to bullet vehicle weight and structural modification.

Finding the main parameter, which most influences the
responses of average deceleration and displacement is
the goal here. The average deceleration monitored at
driver side is influenced more by the sub frame
member thickness and Engine position as shown in fig
7.
Meanwhile, the thickness of the front side member and
dash does not result in a change in the average
deceleration.
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Fig 7. Design Parameters influence in Average
Deceleration.

Fig 8 shows that the dash thickness and engine position
influenced the other displacement responses monitored
at several points of dashboard. Sub frame thickness
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also shows more influence with an inverse proportional
relationship.
A review of fig 9 (which illustrates the deformed
shape) shows the reason why this front side member
does not affect both deceleration and displacement.
The front side member have designed to get axial high
deformation energy in the full-lap frontal impact is
easy to bend in this frontal oblique offset, because of
loading angle changed from perpendicular to 30 degree
angled impact condition. But sub frame shows more
stable axial deformation due to originally angled layout
against oblique impact angle and its support by front
crossed member.

Therefore we may say the side member is necessary
to change in initial shape instead of its thickness and
the shape optimization for this matter of changing
initial geometry is efficient to change deformation
mode close to axial.
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Fig 8. Design Parameters influence in Displacement.

Fig 9. The main members deformed shape during
the frontal oblique offset impact

In the deformation of each crash as shown in fig 10,
not surprisingly the target Taurus has more
deformation than the same bullet Taurus, and that
deformation is in the proportion to bullet car weight in
general. The deformed shapes of the target car show
the more possible injury through the more deformation
of compartment as it pinpoint the collapse of center
pillar especially in Taurus-to-C2500 due to the high
impact position overriding the passenger car.

Fig 10. Simulated deformation in the Car-to-LTV
impact

Axial

Bending

Taurus-to-C2500 

Taurus-to-Taurus 

Taurus-to-Caravan 

Taurus-to-Taurus 

Taurus-to-Caravan 

Taurus-to-C2500 
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Fig 11. Body Deceleration Curve and Dashboard
Intrusion.

Having the DOE results, an optimization study of
compatibility follows it, utilizing parameters as listed
in table 9 that is distinguished with shape and size
variables. Shape optimization refers to the geometric
shape changes while size optimization considers the
gauge effects of any parts.
In this study, both size and shape optimization have
been utilized simultaneously to consider the efficient
ways of changing geometry.

Table 9. Design Parameters and its bounds for
optimization (Shape and size variables)

The shape optimization is used in the engine
positioning and shape of front longitudinal side
member. To define the shape variable perturbations,
nodal domains are defined having vectors specified at
the vertices, and internal nodes rounded by that
domains are interpolated linearly. This is very similar
to finite element shape function algorithm in basic idea.
Specifying vectors at the center between vertices, 2nd

order shape variables could be represented.
Specifically, the shape optimization of the front side
member needs to be considered because the original

deformed shape of it was very easy to bend at change
of section combined with impact loading direction of
frontal oblique offset impact, shown in previous DOE
study.

(a) Engine forward and rearward movement

(b) Front Side Member Wider perturbation
Fig 12. perturb FE mesh for shape optimization

The problem is formulated as a typical crashworthiness
concept ;
Minimize : intrusion of compartment
Within design range :

g15)DecelCompart(meang13

g15)DecelRoomEng(meang10

g45)onDeceleratimax(g25

≤≤
≤≤

≤≤

Fig 13. Concept of Design Range

Even though the role of restraint system has not been
investigated clearly at this time, the seat belt could be
effective to moderate injury level at even high

Design Parameters Initial Value Lower
Value

Upper
Value

Engine Position 0.0 -30 30

FRT Member
Wider Shape 0.0 0 20

FRT Member
Inner Thickness

1.5 1 3

FRT Member
Reinf Thickness

1.5 1 3

Sub Frame
Longitudinal
Thickness

1.930 1.5 3.6

Dash LWR
Thickness 1.120 1.0 3.6

Perturbation Vector

Perturbation Vector

Average Deceleration
  Of Compartment(18.08g) 

Average Deceleration
Of Engine Room(5.34g) 
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deceleration. The range of deceleration, therefore, may
be set to the upper 45g. At that value the seat belt can
manage to reduce the injury level without so much
venturing. The lower 25g is not thought to be an issue
in designing the car structure.

Other design ranges for the engine room average
deceleration and the compartment average deceleration,
as shown in figure 13, are associated with improving
crashworthiness by the increase of front stiffness
leading to decrease force level at the second impact
stage.

In order to set the threshold, the most moderated
impact condition of car-to-car impact was used, and
then it were taken out as the increased 10g of lower
bound at front stiffness and the moderated 15g of upper
bound at second impact stage. In the mean time, the
design variables were selected as only rearward of
front side member, it may have not related with
pedestrian impact.

Minimizing the intrusion into the compartment
would make sense if the car structure is going to be
strong simultaneously. And it is doable design method
to prevent occupant injury suffering from large
deformation to the extent that restraint system could
not support to moderate injury.

Unfortunately, the number of design parameters are
limited because of the computation time, as this full
vehicle impact models take about 3 days for one
iteration. To think this 6 parameters, sum up to 18
parameters for 3 impact models, it is required to
execute 18 runs at least for initialize stage of
optimization progress.
The intermediate results are shown in fig 14 and fig 15,
the change of objective dashboard intrusion and the
change of body deceleration for each.
We hope to show the optimized results at coming 18th

ESV conference.
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Fig 14. Optimization History for objective function
as intrusion minimize
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Fig 15. Optimization History for constraint function
with body deceleration

Figure 16 compares curves between the initial run and
intermediate run at iteration 14, showing some of the
changed responses.
In the ideal optimized results to the compatibility
problem, the balanced increase of body deceleration
and the minimization of intrusion are desired. The
intermediate results, therefore, are not sufficient to
conclude because deceleration is also decreased along
with the decreased intrusion.

Fig 16. Body deceleration curve and intrusion
between initial and intermediate at 14 run.

CONCLUSIONS

The main objective of this study is to show that bullet
vehicle weight deepens aggressivity by the DOE study
coupled with a optimization method and a nonlinear
dynamic FE code. Then, these same methods are
demonstrated to propose an optimized passenger car
structure against the incompatibility of LTV to car.

As a starting view for compatibility problems, the
parameters considered are in the line of
crashworthiness, because of the similarity in structural
improvement and response analysis.

Combining structural improvement and bullet
vehicle weight, the DOE results substantiate that the
tendency is close to aggressivity metric, and that
structural improvements also can leverage the
incompatibility.
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The results of the DOE indicate that engine position
and sub frame are more influential in both deceleration
and displacement responses. In contrast with full-lap or
offset case, the front side member is believed to act as
the main resistance and crash energy absorbing
member having not influenced both responses.

This means front side member need to change its
shape to be more effective in resistance force and crash
energy absorbing, ideally it should exhibit an axial
deformation mode. In this case, shape optimization
technique has facilitated the consideration of geometric
design space more efficiently.

Even though optimization followed DOE study, the
final results are unfortunately unavailable because it is
still running and just in initial step.
The optimization for vehicle-to-vehicle crash is a very
time consuming job. Of course it depends on the FE
model size and the number of design parameters. In
this case it took about 2 months just for the initial step
with 18 design parameters.
Another problem for FE model size is that enough
detail should be included, allowing representation of
the large deformation suffered with aggressive bullet
vehicle having heavy weight and stiffer structure. The
frontal oblique offset crash especially shows more
severe deformation of compartment.
The challenge is to reduce the number of elements not
affecting the response to be discussed or to seek the
way blocked consideration at specific time zone
sequentially.
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ABSTRACT

Preservation of passenger compartment space
during a frontal vehicle-to-vehicle collision is
extremely significant for the self-protection of
small cars.

It is well known that crash speed, mass, stiffness
and geometric interaction all have an influence on the
intrusion of the passenger compartment in a frontal
impact between vehicles. This paper reports on a new
enhanced body structure to reduce passenger
compartment intrusion in a crash between large and
small cars. The test discussed in this report set the
crash speed of both cars at 50kph, the mass of the
large car at almost twice that of the small car, and the
small car over lap at 50%. The proposed innovative
body structure for the front end of small cars
achieved a previously unavailable level of efficiency
of energy absorption and was able to maintain cabin
integrity.

INTRODUCTION

In recent years the use of stationary barrier crash
tests as a method of evaluation of crash safety
performance has increased internationally. This has
been very effective in improving vehicle crash safety
performance and reducing the number of casualties in
traffic accidents.

However, in the case of frontal collisions between
small cars and large cars in the real world accident�it
is said that the risk of injury to the small car’s
occupants is higher than that to occupants of the large
car� This is caused by incompatibility between
‘mass’ ‘stiffness� and ‘geometry� in vehicle-to-
vehicle collisions�A collision in which the mass and
stiffness ratios of the vehicles are large is equivalent
to an extremely high speed� stationary� barrier
crash for a small car�
Small cars which receive good evaluations in full lap
and offset frontal crash barrier tests are therefore not
always sufficiently safe in a small car to large car
collision in the real world accident. And it begins to
be pointed out the necessity to have an another
manner to evaluate it in the collisions with relatively
different sized vehicles.

In particular in the case of narrow offset collisions
in which overlap distance is relatively small in the

direction of the vehicle�s width and collisions with
differing bumper height, it is very difficult for�
conventional body structures to maintain crash safety
performance. It is therefore necessary to propose
innovative body structures based on new design
concepts�Of course it goes without saying that it is
extremely significant for compatibility not only to
consider the progress of self-protection but also
partner-protection (for opposite vehicles). This
research reports on the possibility to improve the self
and partner protection which are discussed in the
society by modifying the body structure such as one
of the unique technique.

THE SAFETY IMPROVEMENT FOR SMALL
CARS

In frontal vehicle-to-vehicle collisions it has been
discussed that mainly ‘mass’ ‘stiffness’ and
‘geometry’ are the factors for incompatibility. In this
part we report on some subjects and solutions in the
view of the self-protection for small cars.

The portion of the velocity change before and
after collisions is influenced by mass ratio � as
follows.

Vr = 1/Mr (1.)
Vr = �V2/�V1 �Vi: velocity change of
Vehicle i Mr = M2/M1 Mi: mass of Vehicle i
The lighter vehicles are forced to a higher

deceleration level than the heavier vehicles. As a
result the risk of injuries in small cars is higher than
in large cars. We will be able to solve such mass
incompatibility developing superior restraint systems
for small cars and to reduce mass in large cars.

The portion of energy absorption in vehicle
deformation depends on stiffness ratio of two
vehicles as follows.

Er = 1/Kr (2.)
Er = E2/E1 Ei: energy absorption of Vehicle i
Kr = K2/K1 Ki: stiffness of vehicle i

The problem is how to balance several vehicles’
stiffness. To be realistic we need to improve the
stiffness for small cars.

Certainly as stated above the difference between
mass and stiffness is a problem for the compatibility,
however we should first improve geometrical
compatibility.
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In recently years the level of self-protection for
small cars has advanced greatly because of the
adoption of offset deformable barrier testing.
However the deformable barrier is very uniform in
stiffness. But in reality, the front of vehicle in
vehicle-to-vehicle collisions lack uniform stiffness,
which causes severe damage to small cars. After this
we focus on the improvement of interaction in frontal
structures.

NEW DESIGN CONCEPT

To improve the offset and full lap frontal crash
performance, conventional body structures are
generally designed� with two main frames located�
on each side of the engine compartment to absorb
vehicle energy and to� control vehicle deceleration�

However, in the case of vehicle-to-vehicle collisions
such as narrow offset collisions in which there is less
overlap distance in the direction of vehicle width and
collisions between a passenger cars and a Sports
Utility Vehicle (SUV) in which the bumper beam
heights of the vehicles differ (as shown in Figure 1)�
this body type allows structural penetration into the
engine compartment.

� Plan view frame misalignment

Side view frame misalignment
Figure 1. Misalignment of stiffness between
vehicles in vehicle-to-vehicle collision.

In particular when there is a significant difference
in vehicle weight, the bumper beam and main
frame of the large car passes into the frame of the
small car without sufficient energy absorption and
deceleration, penetrating the weaker part of the small
car�As a result, deformation extends to the small
car’s passenger compartment, increasing injuries to
occupants from secondary collisions in the passenger
compartment,� as shown in Figure 2.

It is important for the improvement of the level of
protection offered by small cars to prevent structural
penetration of major frontal components, increase the
homogeneity of strength distribution and improve
energy absorption in the engine compartment in the
event of vehicle-to-vehicle collisions between
vehicles with misalignment of stiffness. The design
concept will be expected not only to achieve
progress for self-protection but also the effect of
partner-protection for compatibility.

Figure 2. Large deformation of the passenger
compartment after narrow offset
vehicle-to-vehicle collision.

STRUCTURAL OUTLINE AND CRASH
PERFORMANCE

The proposed structure consists of three
components, as shown in Figure 3.

A; Lower member
B; Closed bulk head upper cross member
C; Polygonal main frame

Figure 3. Structural outline.

These components are A; A lower member to
prevent penetration. B; A closed bulk head upper
cross member to assist energy absorption in the
upper part of the engine compartment. and C; A �
polygonal main frame enabling high efficiency
energy absorption. This paper will offer a structural
outline of the lower member system and discuss the
predicted effectiveness of this system as determined
by computer simulations.

The new ‘lower member’ was positioned in front of
the tires extending from the wheel house upper
member, and was connected to the main frame and
bulk head cross member. This prevents the
penetration of the frames of the respective vehicles in
narrow offset collisions and collisions between
vehicles with differing bumper heights. ( See Figure
4 ). On impact, the lower member makes contact
with the front structure of the other vehicle and
deforms, thus achieving a high level of energy
absorption (as shown in Figure 5).

�

�

�

�Frame layout
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Preventing the penetration of
the frame in narrow offset collision

� Preventing the penetration of the fame in
� collision with differing bumper height

Figure 4. Preventing the penetration of the Frame.
 

 

 

Figure 5. Increasing energy absorption in the
engine compartment from vehicle-to-vehicle
collision.

This leads to a significant reduction in the
proportion of energy absorption in the cabin and of
the degree of passenger compartment intrusion. The
effectiveness of the new structure in reducing
passenger compartment intrusion is shown in Figure
6.

Figure 6. Reducing passenger compartment
intrusion in vehicle-to-vehicle collision.

The new structure also enables reduction of the
strength and weight of the main frame, allowing a
more homogeneous distribution of strength in the
front end structure.

It is predicted that this structure will be effective in
reducing passenger compartment intrusion for
various overlap distances in the direction of vehicle
width (as shown in Figure 7), for the difference of
bumper height (as shown in Figure 8) and for angle
of approach (as shown in Figure 9).

Figure 7. Reducing passenger compartment
intrusion in various offset vehicle-to-vehicle
collisions.
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Figure 8. Reducing passenger compartment
intrusion for vehicle-to-vehicle collisions with
differing bumper height.

Figure 9. Reducing passenger compartment
intrusion for angle of approach in vehicle-to-
vehicle collision.

AGGRESSIVENESS

Secondly we give consideration to aggressiveness.
As a result of above-mentioned vehicle-to-vehicle

simulations, energy absorption in the engine
compartment has increased slightly and the energy
absorption in the cabin is decreased in large cars with
conventional body structures by means of the effect
from the new structure. It can therefore be predicted
that the new body structure will not increase
aggressiveness towards the partner vehicle in a
collision (as shown in Figure 10)�

Figure 10. Improving of energy absorption.

Further we analyzed aggressiveness towards small
cars as follows. We describe the simulation results in
a frontal collision between similar small cars A and B
with conventional structure (case 1), and between a
small car A with conventional structure and a small
car C with the new proposed structure (case 2)in
Figure 11. Opposite car’s intrusion in the passenger
compartment was approximately similar in both cases.
We could assess that our proposed new structure
greatly improved self-protection, and doesn’t increase
the aggressiveness towards the small car, and we
could find the possibility for compatibility.

Case 1: Frontal collision between similar small
cars with conventional structure

Case 2: Frontal collision between a small car with
new structure and a small car with conventional
structure

Figure 11. Not increasing aggressiveness to small
cars.
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�66%
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+6%
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ACCIDENT ANALYSIS

This time the condition in a vehicle-to-vehicle crash
test was based on the accident analysis in Japan.
Some accident data were provided from the Institute
for Traffic Accident Research and Data Analysis
(ITARDA) established in 1992.

Almost half of the number of occupant deaths is in
the case of frontal collisions as shown in Figure 12[1].
About 90% of the frontal collision deaths were at
speeds lower than 50kph as shown in Figure 13 [1].
And when the opposite vehicles are heavier than the
subject vehicles, the driver deaths in frontal collisions
are about 75% as shown in Figure 14 [1]. With
relation to overlap in frontal collisions, 30% and 50%
overlap cases are the primary overlap conditions for
offset collisions (as shown in Figure 15) [1].

For reduction casualties, we would get effective test
results from test condition based on accidents
analysis.

Figure 12. The collision direction in the fatal
accidents for vehicle-to-vehicle collisions.

Figure 13. Fatal accident speed and percentage in
frontal collisions.

Figure 14. Vehicle mass and the driver fatalities
of subject vehicle in frontal collisions.
; a) The opposite vehicle is heavier than the

subject vehicle.
; b) The opposite vehicle is lighter than the

subject vehicle.

� Figure 15. Overlap ratio in frontal collisions.

TEST CONDITIONS

� The target in this test is the verification for a small
car�s self-protection in the conditions based on real
world accidents, especially the improvement of
geometrical interaction in the frontal structure.

Small car: Prototype model
(This time only the ‘Lower member

system’ was added on.)
Large car: Conventional model
Speed: 50kph per car
Mass : Small car 985kg Large car 1855kg
Mass ratio: 1.9 (Large car�Small car)
Overlap ratio: 50% of small car

The 50% overlap case is the reason that the risk of
injury is higher than 30%. ( as shown in figure 7)
Impact angle is 0°to the car’s longitudinal axis.
Figure 16 shows the two cars before the crash test�
The main structural layouts of the cars are shown in
Figures 17.

etc
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Figure 16. Two cars before the crash test.

Bumper heights are approximately the same.

The main frame of the vehicles did not overlap in the
direction of width.

Figure 17. Main structural layout of two cars.

In this test the main frames of the cars did not
overlap in the direction of the cars’ width, and the
bumper heights were approximately the same.
Dummy: Hybrid�
Restraint system: airbag and seat belt pretensioner
with load limiter.

The restraint specification is similar to a small car
without suitable modification for the change of the
vehicle’s deceleration characteristic.

TEST RESULTS

Speed: Small car 50.0kph
Large car 49.9kph

Overlap ratio: 48% of Small car
Figure 18 shows two cars after the crash test.

The structural deformation of the small car and the
large car is shown in Figures 19 and 20 respectively.

The mode of structural deformation in the engine
compartment of the small car during the crash is
shown in Figure 21�Figure 22 shows deformation in
the engine compartment of the small car after the
crash.
Each part of deformation in both cars is listed in
Table 1. Figure 23 shows the velocity change of both
cars.

Figure 18. Two cars after the crash.

Figure 19. Deformation of small car with the new
structure after the crash.

Small car Large car

Small carLarge car

Small carLarge car

Small carLarge car

Small carLarge car
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Figure 20. Deformation of large car after the
crash.

0msec 10msec 38msec

Figure 21. Deformation mode of small car’s new
structure during the crash.

Before the crash After the crash

Figure 22. Deformation of small car in the engine
compartment after the crash.

Table 1. Deformation

Figure 23. Velocity & Deceleration of both cars.

The vehicle-to-vehicle crash test confirmed the
effectiveness of the new design in increasing the level
of self-protection of small cars. The mode of
deformation on impact confirmed that the bumper
beam and main frame of the large car collided with
the new lower member fitted in the small car.

The lower member restrained intrusion into the
small car by making contact with the tire and wheel.
Intrusion of the passenger compartment was therefore
significantly reduced and the integrity of the cabin
was maintained for occupants. The large car
deformations in each part were approximately similar
with the small car deformations.

The risk of injury to the small car’s occupants were
generally low by the prevention of secondary
collisions in the passenger compartment.

The test results show the small car driver’s injury
risk is higher than the large car driver’s injury risk.
The reason is that the small car’s �V[65kph],
(namely the velocity change of before and after
impact) is higher than the large car’s �V[35kph],
due to the influence by mass ratio.

CONCLUSION

A small car to large car crash test confirmed that the
new body structure is one of the ways in increasing
the level of self-protection of small cars.

It is very difficult for small vehicles with
conventional body designs to maintain cabin integrity
in narrow offset collisions and collisions with SUV
because of the intrusion of the frame of the other
vehicle

Small car
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Large car
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The innovative body structure proposed in this
research reduces passenger compartment intrusion
and occupant injury by restraining frame intrusion
and enabling a high level of energy absorption in the
engine compartment�

The structure improves the level of self-protection
in small cars, it is also expected to improve the level
of partner-protection offered by large car. As a further
step we are going to research the aggressiveness for
large cars based on the proposed new structure in this
report.

Therefore, new design concept in making vehicles
isn’t an individualistic one and doesn’t aim for only
superior self-protection. Rather, the concept is
harmony with the society of automobiles.

Finally it is hoped that the proposal of this new
structure will trigger further research on body
structures enabling reduction of traffic accident
casualties in the future�
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ABSTRACT

This paper attempts to summarize Japan’s child
restraint system (CRS) assessment program, which
was initiated in 2001. The CRS assessment program
was launched to assess the performance of universal
CRSs in response to the rising numbers of killed or
injured child car passengers in recent years as well
as in response to the introduction of a regulation in
April 2000 what mandates the use of CRSs for
children under six years old.
The assessment comprised frontal collision and
usability tests (evaluation of ease of use). The
frontal collision tests were carried out using the
body of a production car, which was mounted on a
sled. The test speed was 55 km/h, the same as used
in Japan’s New Car Assessment Program (JNCAP).
The usability test assessed the design and foolproof
features of the CRSs.
The assessment covered CRSs for infants (up to 10
kg) and toddlers (9 kg to 18 kg). The CRSs for
infants were examined for backward-facing and/or
bed. All toddler CRSs tested were forward-facing.
The evaluation items for the frontal collision tests
were decided in reference to Japanese, United States
and European safety standards.
Since it is important to check whether weaker parts
of toddlers are at risk of injury by pressure from
restraints such as harnesses, padding, we considered
adopting electric pressure sensors to measure
abdominal pressure.

1. INTRODUCTION

In April 2000, the National Police Agency mandated
the use of CRSs due to the increasing number of
accidents involving child passengers. Since then,
the use rate of CRSs has risen with the provision of

a public information campaign.
Numerous types and designs of CRSs, including
imported products, are available to consumers.
However, there was at the time, limited information
available to consumers in terms of safety and
usability.
Therefore, the Ministry of Land, Infrastructure and
Transport (MLIT) and the National Organization for
Automotive Safety & Victims’ Aid (OSA) in
cooperation conducted a CRS assessment program
to evaluate the safety and usability of the CRSs sold
domestically. The objectives of this program are to
encourage users’ safety minds, to promote the
spread of safer CRSs through the selection of the
users, and to encourage CRS manufactures to
undertake more research and development effort in
producing safer CRSs (Figure 1).

Figure 1 Objectives of CRS assessment

Provision of CRS assessment data

CRS users CRS manufactures

Spread of safer CRSs in the market

· Improvement of
safety consciousness

· Selection of safer
CRSs

· Promoting research
and development
for the production
of safer CRSs
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2. REAL WORLD ACCIDENTS

Figure 2 illustrates the yearly trend of the number of
killed or injured children in the National Police
Agency’s nationwide statistics for traffic accidents.
It indicates that a disproportionately high and
growing number of child passengers have been
killed or injured.

Table 1 presents the distribution of collision types
using the data of the Institute for Traffic Accident
Research and Data Analysis (ITARDA). According
to the statistics, almost half of the total collisions is
frontal collision. This pattern is the same for
accidents that involve child occupants.

Child injury data were divided into data of children
who used CRSs and data of those who did not.
Figure 3 compares their FSI ratio. The FSI ratio of
children who used CRSs is 1.17%; that of children
who did not use CRSs is 2.70%. The FSI ratio of the
children who used CRSs is lower than that of the
children who did not use CRSs. Consequently,
CRSs reduce child injuries.
Figure 4 shows the results of the investigations for
CRS installation realities conducted by the Japan
Automobile Federation (JAF). The rate of the CRSs
installed tightly is merely 29.1 %. Namely, it can be
thought that most of CRSs are used in the
incomplete state.
Injury data of 554 children were divided into data of
those who used CRSs correctly and data of those
who used CRSs incompletely. Figure 5 describes the
results of the analysis relating to use condition of
CRSs by each child’s ejection mode. Thirty-one
children were ejected from CRSs or the vehicles due
to accidents, thirty of the thirty-one ejected children
used CRSs incompletely. Incompletely used CRSs
thus cannot achieve their designed restraint
performance.

Figure 3 FSI ratios of children with
and without CRSs (Reference [2],
1996-2000)
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Figure 6 shows analysis results of child injury
locations by each object that injured them. Injuries
to the head represent 17% of all injuries caused by
CRSs. The rates of injuries by objects other than
CRSs are 34 to 100%. These rates are higher than
that of the injuries by CRSs themselves, since
incomplete use of CRSs causes the child to collide
with car interior parts.
Consequently, it can be concluded that it is
absolutely important to execute the usability
evaluation test.

Figures 7 and 8 depict the distribution of equivalent
barrier speed. When test speed ∆V in the test is
assumed to be equal to the equivalent threshold
speed, a test speed of 55 km/h accounts for 97% of
all ITARDA data. Comparing the distribution of
equivalent barrier speed of accidents involving all
data and children, the distribution of the equivalent
barrier speed of accidents involving child occupants
is obviously lower. The test speed of 55 km/h
accounts for 99% of accidents involving child
occupants.Figure 5 Child ejection and

correct/incomplete use of CRS (Reference
[2], 2000)
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Figure 6 Injured regions of child body
and cause of injuries (Reference [2],
2000)
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Figure 4 Actual conditions of the
installation of forward-facing toddler
CRSs (Reference [3], 2002)
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3. TEST METHOD

Frontal crash tests were conducted as a safety
performance evaluation test based on accident data.
An expert installed and fitted CRS for these tests. A
usability evaluation is important to guarantee safe
performance. Therefore, we performed a usability
evaluation test in addition to the frontal collision
test.
The CRSs tested were for infants weighing less than
10 kg and for toddlers weighing from 9 to 18 kg.
Because most CRSs used domestically are universal
types that are fitted in most or all car models, only
universal types were targeted in these tests. CRSs
for infants were tested with the occupant facing the
rear. Bed-type models were also tested in that
position, and CRSs for toddlers were tested with the
occupant facing forward. The examined CRSs were
selected in order from the best-selling model down.
However, CRSs models soon to be withdrawn from
the market were not tested.

3.1 Frontal Collision Test

(1) Test configuration
The test type adopted was frontal collision, since
this type of accident is the most common. The body
of a production car was attached to the sled test
device as shown in Figure 9. The CRSs were fixed
behind the driver’s seat (right-hand seat in the
second row).
The test speed was 55 km/h, the same as in the
full-frontal crash tests used by the JNCAP.

(2) Cut body
A Toyota Estima (manufactured in 2000,
eight-passenger design) was used for the car body
(Figure 10). This is a people-carrier model, a type
often used by families and popular in Japan.
Furthermore, it is compatible with a wide range of
CRSs, another reason that this model was selected.
The order of superiority or inferiority of CRSs
changed very little, even when the type of the car
body was changed. We therefore decided to test the
CRSs using only one car model. If the CRS
interfered with the headrest of the vehicle seat, the
headrest was detached. The seats of this model were
equipped with a three-point seatbelt with a CRS
anchoring function (Automatic Locking Retractor
function). The CRS was fixed using this seatbelt in
the test. The vehicle seat and the seatbelt used to fix
the CRS were replaced with new parts before each
test.

Figure 8 Distribution of equivalent barrier
speed in accidents involving children under 6
years (Reference [1], 1993-1999)
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(3) Sled acceleration
The sled acceleration curve was adjusted to satisfy
the corridor provided in ECE R.44 [4]. In addition,
a representative acceleration curve was established
to secure test reproducibility (Figure 11). The sled
acceleration curve was set to follow this curve as
closely as possible.

(4) Dummies
The maximum sized dummies within the range of
each category of CRSs were used (Figure 12). The
biggest available dummies were used to maximize
the restraint force needed by the CRSs and to
subject each CRS to the worst-case scenario.
The TNO P3/4 dummy was used in the tests on the
rearward-facing infant CRSs. This is the only
dummy for a nine-month-old available. The TNO
P3/4 is used for certification tests in Japan, Europe,
and the United States. The CRABI 6MO dummy
was used for the bed-type CRS tests. The CRABI
6MO dummy is the latest six-month-old child
dummy, and is believed to have the highest
biofidelity. The Hybrid-III 3YO dummy was used
for the tests on the forward-facing toddler CRSs.
This dummy is the newest version, and is used for
certification testing in the United States.

(5) Measurement items
The acceleration of the sled and the measurement
items in the dummy were electronically measured
(Table 2). The measurement items in the dummy
varied depending on the kind of dummy (and CRS
category). Items for reference in future evaluations,
as well as measurement items for immediate
evaluation, were measured.
Optical measurement items varied depending on the
type of dummy in the same way as the electrical
measurement items (Table 3). A high-speed video
movie was used to analyze the dummy movement
and observe the state of restraint. Both cameras
fixed to the sled and ground-based cameras were
used. The frame speed was 500 fps or more.
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Figure 11 Sled acceleration curve

Size : 9 months
Mass : 9.0 kg
Height : 708 mm
Height : 450 mm
(Sitting)

(a)TNO P3/4 (for rear-facing
infant CRS)

Size : 6 months
Mass : 7.4 kg
Height : 671 mm
Height : 439 mm
(Sitting)

(b)CRABI 6MO (for
bed-type infant CRS)

Size : 3 years
Mass : 15.5 kg
Height : 945 mm
Height : 546 mm
(Sitting)

(c)Hybrid-III 3YO (for
forward-facing toddler CRS)

Figure 12 Child dummies for CRS assessment
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(6) Reclining angle of CRS
The CRS reclining angle was adjusted using their
reclining mechanism. Rearward-facing infant CRSs
were adjusted to the maximum reclining angle for
each model; forward-facing toddler CRSs were
adjusted to the most upright reclining angle.

(7) Setting of CRS and dummy
Basically, the CRS and the dummy were installed
according to ECE R.44, since domestic certification
tests use a similar installation method.

3.2 Usability Evaluation Test

The usability evaluation test employed the same
Estima car body as for the frontal collision test. Five
neutral experts acted as evaluators. Five evaluators
were employed to ensure objectivity of the
evaluation results.

4. EVALUATION METHOD

This program evaluated both the frontal collision
test result and the usability evaluation test result
because it is extremely difficult to combine safety
performance and usability.

4.1 Frontal Collision Test

The evaluation items and the criteria for the frontal
collision test result were established for each of the
three CRS categories rearward-facing infant CRSs,
bed-type infant CRSs, and forward-facing toddler
CRSs; (see Tables 4, 5, and 6).
There is a risk of injury to weaker parts of the body
by restraining parts such as the harness and pads of
the forward-facing toddler CRSs. We decided to
evaluate injuries caused by the restraint system for
the forward-facing toddler CRSs. The restraint of
the dummy during the collision test was observed
using a high-speed video movie. The static state of
the restraint was also confirmed. The results were
considered "�" ("�" indicates "failure") if the
restraint system pressed against the weak parts of
the body such as the neck, abdomen or crotch or if
the restraint moved from its proper position. When
the extent of injury caused by the restraint was
negligible, however, this was noted.
The dropping of the dummy from the vehicle seat
was also evaluated.
The damage from fixture parts is judged by
touching with the hand and observation.
Energy-absorbing mechanisms made public
beforehand were excluded from the evaluation of
damage. Results were judged as "� " ("� "
indicates "satisfactory") if there were no crack,
exfoliation, deformation, loosening of threads, or
buttons coming off and if the strength maintenance
function of the CRS or the vehicle seatbelt was not
impaired. When multiple collisions are assumed,
damage that would result in injury in a secondary
collision was considered as "�". "�" was also
assigned when there is damage that might directly
injure the child. The results were rated as "�"�
("�" indicates "acceptable") if the damage was
slight.
Overall evaluations of "Excellent", "Good",
"Normal", or "Not recommended" were made based
on the evaluation results for each item (Table 7). For
instance, the overall evaluation is excellent when all
items are "� ". The overall evaluation is "Not
recommended" when one or more items are rated as
"�". CRSs designed for use by both infants and
toddlers were assigned overall evaluations for
infants and toddlers in parallel.

Table 2 Electrical measurement items

Regions
Rear-facing
infant CRS

Bed-type
infant CRS

Forward-
facing

toddler CRS
Head acceleration X, Y, Z X, Y, Z X, Y, Z
Neck load X, Z X, Y, Z X, Y, Z
Neck moment Y X, Y, Z X, Y, Z
Chest acceleration X, Y, Z X, Y, Z X, Y, Z
Chest deflection X
Sled acceleration X X X

Table 3 Optical measurement items
Rear-facing infant

CRS
Bed-type infant

CRS
Forward-facing

toddler CRS
- Inclination angle
of seat back

- Head excursion in
forward direction

- Head excursion in
forward direction

- Projection of the
head from CRS

- Bottom angle of
bed

- Knee excursion in
forward direction

- Projection of the
head from CRS
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Table 4 Individual rating for rear-facing
infant CRS

Rating items Criteria Rating
No �

Slight �
Terrible �

60deg. � angle �

60deg. � angle � 70deg. �

70deg. � angle �
No projection �

73mm � projection �

73mm � projection �

539m/s2(55G) � acc. �

539m/s2(55G) � acc. �

�

�

Release of buckle
Released from seatbelt

Damage of such as
fixtures

Inclination angle of
seat back (A)

Projection of the head
from CRS (B)

Chest resultant 3ms
acceleration (C)

(A)

(B)

(C)

Table 5 Individual rating for bed-type
infant CRS

Rating items Criteria Rating
No �

Slight �

Terrible �
Rotating rearward
(No projection of the head) �

No rotation
(No projection of the head) �

Rotating forward or
projection of the head �

600mm � excursion �

600mm � excursion

� 750mm �

750mm � excursion �

539m/s2(55G) � acc. �

539m/s2(55G) � acc. �

�

�

Damage of such as
fixtures

Restraining condition
(Projection of the
head from CRS,
bottom angle of bed
(A))

Head excursion in
forward direction�(B)

Chest resultant 3ms
acceleration (C)
Release of buckle
Released from seatbelt

(A)

(B)

(C)

Table 6 Individual rating for
forward-facing toddler CRS

Rating items Criteria Rating
No �

Slight �
Terrible �

550mm � excursion �
550mm� excursion

� 700mm �

700mm� excursion �

785m/s2(80G) � acc. �

785m/s2(80G) � acc. �

588m/s2(60G) � acc. �

588m/s2(60G) � acc. �

�

�

�

�Dropped from vehicle seat

Damages of such as
fixtures

Head excursion in
forward direction (A)

Head resultant 3ms
acceleration (B)

Chest resultant 3ms
acceleration (C)

Possibility of injury, such as that a harness press
weak parts of the child's body (abdomen etc.).

Release of buckle
Released from seatbelt

(A)

(B)
(C)

Table 7 Overall evaluations for frontal
collision test

Excellent
No "� " and the results of all 4 rating
items are "� ".

Good
No "� ", the results of any 3 rating
items are "� "and the result of the rest
of rating item is "� ".

Normal
No "� " and the number of "� " is two
or less.

Not recommended
If there is any "� " as the result of the
test.
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4.2 Usability Evaluation Test

Each evaluator evaluated the usability of CRSs
according to an evaluation sheet (Table 8).
An individual item is evaluated on a five-point scale
ranging from 1 to 5. The standard point of these
evaluations is 3 points. If the evaluators judged
different evaluation results, they have to consult

together. An evaluation item that does not
correspond to an individual item was treated as
invalid. The average points for each area
"Instruction manual, etc.", "Information on CRS",
"Structural design", "Ease of installation", and
"Ease of fitting" were calculated. These average
points were displayed using a radar chart (Figure
13).

Table 8 Evaluation items and standard levels of usability evaluation test
Area Target Standard performance level

Provides instructions on installation and fitting of CRS.
Contains references mandated by technical standards.
Method of installation and fitting can be understood by the written and visual
instructions provided.
Contains a warning about installation of the CRS in the front passenger's seat. Contains
clear references mandated by relevant technical standards.
Contains explanations of appropriate method of installing and fitting CRS according to
child's body size.
Contains explanation of how to confirm that the CRS is properly installed.

Package
Weight or height of children for which the CRS is appropriate is indicated on the
package (in Japanese). References mandated by technical standards, standards with
which the CRS is compliant are clearly indicated.
Indicates method of installation.
Includes a warning about installation of the CRS in the front passenger's seat. Includes
all warnings and cautionary references mandated by relevant technical standards.
Expressions are appropriate, not likely to lead to misunderstandings.
Provides contact details for further information on the product.
Standards with which the CRS is compliant are clearly indicated (visual
representations also acceptable).

Belt guide Indications are in written form.
Movable structures
(usability of reclining,
rotation structures)

Are certain to lock. Location of lever switch is easy to understand.

Seat cover (ease of
maintenance)

Proper attachment method for harness is not difficult to understand when replacing the
seat cover after it has been removed. Seat cover is not difficult to re-attach.

Internal storage (for
instruction manual,
accessories)

Product offers internal space to store instruction manual, accessories (if provided).

Belt routing
Miss-attachment is unlikely, belt easily passes through. Twisting or folding of vehicle's
seatbelt does not occur.
CRS can easily be secured in place by one person (need to put weight on product while
installing is acceptable).
Metal fasteners, etc. are easy to use and allow for well-secured installation.
Forward direction: CRS is not unsteady after installation (when top of product is
pulled with a force of 98N, displacement is 30mm or more, but less than 50mm).
Backward direction: Seatback is at an angle of 45 degrees less than 10 degrees
(placement of material between CRS and vehicle seat is acceptable).
Location of slots is easy to understand.
No difficulty is encountered in adjustment.
Can easily be securely locked.
Force required to release buckle is sufficient to make it difficult for child to release
locking mechanism (greater than 40N).

Fitting A specialist can seat the dummy in an appropriate position in less than 1 minute.
Each survey area is scored on a scale of 1 to 5, with a standard score of 3.

Structural
design

Installation

Ease of
installation
(installation
to vehicle
seat)

Buckle

Harness

Ease of
fitting

Instruction manual
Instruction
manual, etc.

Information contentInformation
on CRS
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5. EVALUATION RESULTS OF CRS
ASSESSMENT PROGRAM

Twenty-one rearward-facing infant CRSs and
twenty forward-facing toddler CRSs were evaluated
in the CRS assessment program in 2001. Nine
rearward-facing infant CRSs, a bed-type infant CRS
and nine forward-facing toddler CRSs were
evaluated CRSs in 2002.
Figure 14 presents the yearly distribution of the
evaluation results in the frontal collision tests.
Comparing the distribution of the evaluation results
each year, the distribution of the evaluation results
in 2002 is obviously better. Actually, in the products
for infants, six were "Not recommended" in 2001,
none was "Not recommended" in 2002. Likewise, in
the products for toddlers, eight were "Not
recommended" in 2001, none was "Not
recommended" in 2002.
Table 9 shows the evaluation results of infant CRSs
by each rating item in the frontal collision tests. Six
infant CRSs that evaluated as "Not recommended"
in 2001 were rated as "�" in the rating item of seat
back angle. There is no product rated as "�" in
rating items in 2002. The increase in the ratio of
products that rated as "�" in the item of damage of
fixtures is remarkable. Table 10 shows the
evaluation results of toddler CRSs by each rating
item. The breakdowns of eight toddler CRSs
evaluated as "Not recommended" in 2001 are three
products that rated as "�" in the item of damage of
fixtures, four products that rated as "�" in the item
of head excursion and one product that rated as "�"
in the items both of damage and head excursion.
There is no product rated as "�" in rating items in
2002. The increase in the ratio of products that rated

as "�" in the item of damage is remarkable, as well
as the trend of infant CRSs.
Table 11 shows the yearly average points of each
evaluation area in the usability evaluation test. All
average points in 2002 were higher than those in
2001.
New domestic safety standard for CRSs has been
enforced in April 2000. It is more stringent standard
than the previous one. The enforcement of new
standard to CRSs which were produced by the end
of 2002 was exempted. Accordingly, two categories
of the products which suited the new standard and
only the old standard were included in the selection
of the CRS assessment in 2001. On the other hand,
all assessed CRSs in 2002 suited new standard.
Consequently, the evaluation results in 2002 were
better than those in 2001.

Figure 13 Displaying of usability
evaluation test results (Example)

�
�
�

�
�

�

Instructions manual, etc.

Information on CRS

Structual designEase of installation

Ease of fitting

Figure 14 Overall evaluation results of
frontal collision test

(a) Rear-facing infant CRSs

(b) Forward-facing toddler CRSs
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6. PUBLICATION OF EVALUATION

The evaluation results of frontal collision tests and
usability evaluation tests are being published as
booklets and being distributed free of charge. The
evaluation is also published on the websites of
MLIT (http://www.mlit.go.jp) and OSA
(http://www.osa.� go.jp).
After the evaluation results were made public, the
users came to buy the products which obtained
better evaluation in the CRS assessment program.
At the same time, the CRS manufactures came to
develop safer products which were considered the
evaluation of the CRS assessment program.

Consequently, we believe that this program acted as
a major contributor to improving of CRS safety.

7. STUDY FOR QUANTITATIVE
EVALUATION OF ABDOMINAL INJURY

Injury by the restraint could not be evaluated for
vest-type CRSs using the previous method of
arriving at a judgment. The level of pressure that the
harness exerts on the abdomen could not be
estimated using the high-speed video movie. The
condition of the restraint and the behavior of the
dummy during the test were complex. To measure
the pressure on the dummy abdomen and to evaluate
injury by abdominal pressure, we launched another
study. The measurement method and the evaluation
method were examined using an electronic pressure
sensor as follows.

7.1 Specifications of Electrical Pressure
Measurement System

An electrical pressure measurement system
satisfying the following specifications was used.
- The range of the measurement should be 0 to

1.96MPa
- The analog-digital converter should have 8-bit or

better resolution.
- The measurement area should be 250mm

vertically and 120mm horizontally.
- The interval of measurement parts should be

10mm vertically and horizontally.
- The sampling rate should be 500Hz or more.

7.2 Setting Position for Electrical Pressure
Sensor

The sensor was set on the abdomen of a Hybrid-III
3YO, so that the lower edge of the sensor might
become the upper position of the hollows for
installation of the legs (Figure 15). The area of the
measurement was larger than the abdomen (Figure
16).

Table 11 Evaluation results of usability
evaluation test

2001 2002
Instruction manual, etc. 3.1 3.5
Information on CRS 3.4 3.5
Structural design 2.8 3.6
Ease of installation 3.2 4.0
Ease of fitting 3.0 3.6

Evaluation area
Average points

� � × � � ×

Damage of fixtures 6 14 0 8 1 0

Seat back angle 10 4 6 7 2 0

Head projection 15 5 0 8 1 0

Chest acceleration 12 8 6 3

Others 0 0

Rating items
2001 2002

Table 9 Evaluation results of infant CRSs
by rating item in frontal collision test

� � × � � ×

Damage of fixtures 12 12 4 8 1 0

Head excursion 0 22 5 1 8 0

Head acceleration 26 2 8 1

Chest acceleration 28 0 9 0

Others 0 0

Rating items
2001 2002

Table 10 Evaluation results of toddler CRSs
by rating item in frontal collision test
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8. CONCLUSION

(1) A CRS assessment program was implemented in
Japan in 2001.
(2) To reproduce actual usage of CRSs, we adopted
the car body for the frontal collision test and the
usability evaluation test.
(3) In the safety performance evaluation test, frontal
collision was adopted, since this kind of accident is
the most common.
(4) In the usability evaluation test, a
quasi-quantitative grading method was adopted in
which five experts judged the results.
(5) After the evaluation results were made public,
the users tend to buy the products which obtained
better evaluation in the CRS assessment program.
At the same time, the CRS manufactures tend to
develop safer products which were considered the
evaluation of the CRS assessment program.
Consequently, we recognize that this program
contributed significantly to safety improvements of
CRSs.
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ABSTRACT

The Swedish National Road Administration (SNRA),
the Japanese Automobile Research Institute (JARI)
and the Federal Highway Research Institute (BASt)
are co-operating in the International Harmonized
Research Activities on Intelligent Transportation
Systems (IHRA-ITS). Under this umbrella a joint
study was conducted. The overall objective of this
study was to contribute to the definition and
validation of a “battery of tools” which enables a
prediction and an assessment of changes in driver
workload due to the use of in-vehicle information
systems (IVIS) while driving. In this sense
“validation” means to produce empirical evidence
from which it can be concluded that these methods
reliably discriminate between IVIS which differ in
terms of relevant features of the HMI-design.
Additionally these methods should also be sensitive to
the task demands imposed on the driver by the traffic
situation and their interactions with HMI-design. To
achieve these goals experimental validation studies
(on-road and in the simulator) were performed in
Sweden, Germany and Japan. As a common element
these studies focused on the secondary task
methodology as an approach to the study of driver
workload. In a joint German-Swedish on-road study
the Peripheral Detection Task (PDT) was assessed
with respect to its sensitivity to the complexity of
traffic situations and effects of different types of
navigation systems. Results show that the PDT
performance of both the German and the Swedish
subjects reflects the task demands of the traffic
situations better than those of the IVIS. However,
alternative explanations are possible which will be
examined by further analyses. Results of this study
are supplemented by the Japanese study where
informational demands induced by various traffic
situations were analysed by using a simple arithmetic
task as a secondary task. Results of this study show
that relatively large task demands can be expected
even from simple traffic situations.

INTRODUCTION

In-vehicle information systems (IVIS) are becoming a
more and more common equipment of modern cars.

Despite of their obvious benefits there are concerns
that their use while driving may cause safety problems
due to distraction and increased workload (e.g.
Sprenger, 2000). Thereby it is assumed that it depends
mainly on the user-friendly design of the Human-
Machine-Interface (HMI) if the use of IVIS is
compatible with the primary task of driving or if
interferences have to be expected (e.g. Haller, 1999).
For instance, in Europe recent efforts to develop and
evaluate a catalogue of design goals for the in-vehicle
HMI of IVIS, the so called “European Statement of
Principles” (ESoP), reflect this approach.
Nevertheless, the character of the ESoP is generic, i.e.
defining no criteria to assess if the design goals have
been achieved by a certain HMI solution (e.g. Gail,
Nicklisch, Gelau et al., 2002). From all this it follows
that there is a need for methods to evaluate the effects
of IVIS on driver workload and behaviour in order to
assess problems for traffic safety and to improve HMI
design. Thus, both authorities and manufacturers have
an interest in the development and standardization of
tools and methods for the HMI evaluation of IVIS.

For these reasons the Swedish National Road
Administration (SNRA), the Federal Highway
Research Institute (BASt) and the Japanese
Automobile Research Institute (JARI) started to co-
operate under the umbrella of the International
Harmonized Research Activities on Intelligent
Transportation Systems (IHRA-ITS). Parallel studies
were conducted at VTI (Sweden) and Chemnitz
University of Technology (Germany) to contribute to
the research on promising methods, with special focus
on the Peripheral Detection Task (PDT, see next
paragraph) which could become part of a standardised
set of evaluation methods. Among the advantages of
parallel studies are the outcome of a large data set and
evidence on the reproducability of results at different
sites which is of special importance for standardised
methods. To ensure the advantages of common
studies an important goal in both studies was to arrive
at directly comparable data. The joint German-
Swedish study is supplemented by Japanese research
performed in the laboratory and in the simulator
which also aimed at further exploring and improving
measures of driver workload. In this paper we
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summarise the results and discuss the state-of-the-art
of this ongoing joint research activity.

Measurement of driver workload and
distraction

The assessment of distraction and workload effects of
an IVIS requires the consideration of HMI
characteristics as well as of situational factors and
strategical use by drivers. Interindividual differences
in drivers’ skills and abilities also have to be
considered. Three broad classes of safety-relevant
distraction effects have been identified in the literature
(Tijerina, 2001). These are:

- General withdrawal of attention,
- selective withdrawal of attention, and
- biomechanical interference.

General withdrawal of attention occurs, for example,
if drivers move their eyes away from the road scene to
the HMI of an IVIS. The resulting impairment of
vehicle control and object and event detection
depends on the frequency and duration of glances
away from the road. It also depends on the direction
of glances which varies according to the location of
the in-vehicle display. The intentions and activities
causing glances away from the road also contribute to
overall distraction. For example, the driver may just
confirm compliance with the current speed limit by a
glance to the speedometer, but will be much more
distracted when glancing to an IVIS trying to
understand a cryptic e-mail message.

The last mentioned example of drivers’ activities
within the vehicle can also be used to characterise the
second class of distraction termed selective
withdrawal of attention, which is a result of
“attention to thoughts” resulting in cognitive
workload. Even hands-free use of a mobile phone may
cause this kind of distraction effects (e.g. Nunes &
Recartes, 2002). Vehicle control may remain
unaffected, if eyes are on the road, but object and
event detection suffer. The useful field of view
narrows because of reduced and less guided visual
scanning and because of a reduced ability to detect
stimuli in the peripheral field of view (“tunnel
vision”, Williams, 1985).

The third class of distraction effects, biomechanical
interference, includes body shifts out of the neutral
seated position and hands off the steering wheel. This
might occur because the driver manipulates objects
with one or both hands or reaches for objects inside
the car, e.g. the remote control of a route guidance
system. Biomechanical interference can impede the
fast and effective execution of manoeuvres.

The safety implications of distraction effects grow
with the demands traffic situations put on the driver.

Small lapses of vehicle control may be less critical on
a free highway at moderate speed than in dense
traffic, and events and objects that have to be noticed
instantly are more probable in more complex traffic
situations like turning left on inner city four-way
crossings.
Drivers are aware of the demands of the primary task
of driving and can – within limits - strategically
manage their workload e.g. by adapting their glance
behaviour or by lowering speed. But the potential of
strategic workload management and time-sharing is
reduced if timing is not under the control of the driver
or if in-vehicle tasks take a long time. Furthermore
workload management can break down, e.g. caused
by emotional involvement during a phone
conversation or because of high cognitive workload.
Workload management itself requires cognitive
resources, that may be unavailable. Difficult to
prevent, workload management also can be performed
unsafely on purpose in response to time pressure.

Strategic management of workload bears relevance to
the evaluation of safety effects of in-vehicle
information and communication systems. Specifically
it would be invalid to assume that drivers usually
operate at their limits and sacrifice safety when
integrating driving and interacting with in-vehicle
information and communication systems. On the other
hand events that occur unexpectedly can instantly
demand full attention. Then the outcome may be the
worse, the more workload was present in addition to
the workload caused by driving, even if overall
workload was well below limits before the critical
event occurred.

To summarise, the assessment of the in-vehicle HMI
of IVIS should consider the frequency and duration of
general withdrawal of attention, the amount of
selective withdrawal of attention over time and
biomechanical interference which might differ
between traffic situations and between subgroups of
the driver population. The potential of strategical
management of workload should be kept in mind,
including the probability of failures in workload
management.

Thus, for HMI assessment the focus should be on
visual attention, overall cognitive workload and
overall response execution workload. Visual attention
is of special importance for safe driving, for vehicle
control as well as for event detection. Overall
cognitive workload may impair visual object and
event detection and degrade response selection.
Response execution may suffer from overall response
execution workload. Among methods for workload
measurement those aiming at visual attention and
overall workload are of special interest for HMI
assessment.
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General withdrawal of visual attention can be
quantified by observing and recording drivers’
viewing behaviour. Although this can be very useful
the disadvantages are the need for either expensive
eye tracking equipment or many working hours of
video coding. The presence of selective withdrawal of
attention is less obvious from overt behaviour and
better diagnosed by workload measurement.
Techniques for workload measurement often are
subdivided in primary-task measures, secondary-task
measures, physiological measures, and subjective
rating techniques (e.g. O’Donnell & Eggemeier, 1986;
Wickens & Hollands, 2000).

A primary-task measure of workload during driving
could be, for example, counting lane exceedences.
Obviously levels of workload that do not impair
driving cannot be differentiated by primary-task
measures of driving. Secondary-task measures of
spare capacity ideally do just this. If the secondary
task is well suited to the primary task it is assumed
that secondary-task performance is inversely
proportional to primary-task performance. If the
driver is instructed to allocate enough resources to the
primary-task to conserve primary-task performance,
the secondary-task is a “subsidiary task” and
secondary-task performance reflects changes in
primary-task resource demand (c.f. O’Donnell &
Eggemeier, 1986; Wickens & Hollands, 2000). A
possible drawback of secondary-task techniques is the
occurrence of interference with the primary task, i.e.
they may be obtrusive. Unobtrusiveness is a main
advantage of physiological workload measures. But
physiological data require interpretation to infer
workload and spare capacities, which are more
directly captured by secondary-task techniques.

The secondary task evaluated in the German-Swedish
study is the so called “Peripheral Detection Task“
(PDT) that was used in simulator studies and in driving
studies in recent years to assess changes in workload
during driving, and to assess workload and distraction
caused by in-vehicle systems. The PDT is considered as
a candidate for a standard set of methods or tools for
HMI assessment. The PDT requires a simple manual
responses to stimuli usually presented left to the drivers’
normal line of sight. Stimuli are visible for 1 to 2 sec.
and are presented with intervals of a few seconds, e.g. 3
sec. to 5 sec. or 3 sec. to 6 sec. Van Winsum, Martens,
and Herland (1999) at TNO developed the task mainly
based on studies of Miura (1986) and Williams (1985;
1995). Miura (1986) found that response times to spots
of light presented at different horizontal eccentricities on
the windscreen during driving increased with traffic
density and by this reflected demands of the driving
task. Williams (1985; 1995) showed that with increasing
foveal load the accuracy of responses to stimuli
presented peripherally decreased.

A subjective measure which has been widely used for
the HMI assessment of IVIS in recent years and which
will also be considered (in a simplified version) by the
German-Swedish study is the “NASA Task Load
Index” (NASA -TLX). The NASA –TLX was
developed by Hart and Staveland (1988) is a
subjective workload assessment tool. NASA -TLX
requires users to perform subjective workload
assessments on operator(s) working with various
human-machine systems. It is a multi-dimensional
rating procedure that derives an overall workload
score based on a weighted average of ratings on six
subscales. These subscales include Mental Demands,
Physical Demands, Temporal Demands, Own
Performance, Effort, and Frustration. Three
dimensions relate to the demands imposed on the
subject (Mental, Physical. and Temporal Demands)
and three to the interaction of a subject with the task
(Effort, Frustration and Own Performance). Besides
the six scales, an overall weighted measure of task
load can also calculated on the basis of the scales. The
NASA-TLX has been developed to assess workload
in various human-machine environments such as
aircraft cockpits; command, control, and
communication (C3) workstations; supervisory and
process control environments, simulations, and
laboratory tests. This method has been tested in a
variety of experimental tasks that range from
simulated flight to supervisory control simulations
and laboratory tasks (e.g., the Sternberg memory task,
choice reaction time, critical instability tracking,
compensatory tracking, mental arithmetic, mental
rotation, target acquisition, grammatical reasoning,
etc.). The derived workload scores have been found to
have substantially less between-rater variability than
unidimensional workload ratings, and the subscales
provide diagnostic information about the sources of
load.

The German-Swedish study: Evaluating the
PDT and the NASA-TLX as tools for HMI
assessment

As already mentioned it was the main objective of the
German-Swedish study to contribute to the definition
and validation of a standardised “battery of tools” for
the HMI assessment of IVIS. In order to achieve this
goal two field studies were designed and conducted in
Germany and Sweden. Both studies replicated each
other with respect to a number of “common elements”
which are crucial in terms of comparability of results
(i.e. definition and length of test routes, subject
samples, experimental design, systems used, workload
measures). Apart from these “common elements” both
studies also had their “specific elements” (e.g.
laboratory experiments with the occlusion technique
in Germany) will be reported elsewhere. In the present
paper we focus on the field study as a major “common
element” and results on the PDT and the NASA-TLX
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as methods evaluated in both the Swedish and the
German study.

Methods

Participants

For both, the German and the Swedish study, taxi
drivers were recruited as subjects. This was done for
safety reasons, i.e. taxi drivers are experienced drivers
who are used to driving with IVIS. Furthermore, this
group is homogeneous with regard to knowledge
about the roadmap of the respective city.

German study: In this study 49 subjects participated.
48 participants were aged between 26 and 55, one was
aged 65, 47 were male, 2 were female. They held their
driving license for at least 9 years and reported at least
130.000 km driving experience. Subjects were paid
50 for their participation.

Swedish study: 41 participants, 33 men and eight
women, were selected and 40 completed the
experiment. They were aged from 21 to 55 years and
mileage of more than 15000 km in the last year. All
participants were Swedes or fluent in the Swedish
language. After completing the experiment data from
all the participants but one were usable for analyses;
in this case a vehicle problem occurred.

Procedure

For both the German and the Swedish study the test
routes were defined according to a taxonomy of
traffic situations suggested by Fastenmeier (1995).
Traffic situations are classified with regard to the
demands they put on the driver in terms of
information processing and vehicle handling. In
selecting the route the following descriptions of traffic
situations were used to compose experimental
sections with differing demands:

- High demands on information processing and
high demands on vehicle handling (HH): Typical
examples of this group of situations are “driving
within city centres”, complex intersections with
road signs where the driver has to give right of
way.

- Low demands on information processing and low
demands on vehicle handling (LL): Low demands
result from all those situations in urban and rural
areas and on motorways where “free driving”, i.e.
without interactions with other traffic participants
is possible.

Participants in each study drove the same route in the
city of Chemnitz (260.000 inhabitants) and Linköping
(130.000 inhabitants) respectively. Routes were
selected to resemble each other as much as possible.
In both studies the test routes covered each two
experimental sections with high demands (HH1 and
HH2) and low demands (LL1 and LL2). The length of
the complete route in Chemnitz was 11.2 km, the part
that contained the experimental sections was 8.2 km
long. In Linköping the experimental part of the route
had a length of 8.6 km.

In both studies participants performed their test drives
with one of two navigation systems which mainly
differed in features of the HMI which were expected
to have an impact on task load. More precisely, the
VDO Dayton MS 4200 (“small”) and the VDO
Dayton MS 5000 (“large”) were used which differ
mainly in display size, display organization and
functionality (see Table 1). A main reason for
choosing the VDO Dayton systems was that they
provided audible information in Swedish and German
and that CD-ROMs were available for Sweden as well
as for Germany. A further requirement was a remote
control. Both navigation systems provided verbal and
symbolic guidance. The MS 4200 was mounted in the
radio slot and has a small monochromatic display that
shows arrow symbols, street names and distances for
route guidance. The MS 5000 has a larger colour
display that was mounted on a flexible holding
device. The displays of both systems were located
approximately 40 cm to the right measured from the
centre of the steering wheel to the display centre. The
large display was located vertically 5 cm below the
centre of the speedometer, the small display was
located 9 cm further down. The eccentricity from the
forward line of sight was around 30° for both
displays.

Settings for the MS 5000 were chosen so that during
route guidance the symbolic and distance information

Table 1.
Main differences between the navigation systems

VDO Dayton MS 4200 VDO Dayton MS 5000

Display “small”
6.7 cm diagonal (5.9 cm x 3.1 cm)
monochrome

“large”
14.6 cm diagonal (12.7 cm x 7.2 cm)
256 colours

Route
guidance

Basic arrows
No information about the actual road
name
Simple sketch of the next intersection

Different pointer forms
Actual road name is shown
Well defined diagram of the next intersection
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was comparable to that displayed by the MS 4200 (no
map was shown). In addition to the information
displayed by the MS 4200 the MS 5000 displayed
actual street names and more detailed diagrams of the
next intersection. Both navigation systems were
programmed with 5 destinations in advance. The
destinations were changed during 5 short stops by the
experimenter in the back seat using a remote control.

Workload measures

Peripheral Detection Task (PDT): The PDT used in
both studies was provided by VOLVO. It required
responses to LED signals projected in the left part of
the windscreen. It consists of a main unit that controls
signal presentation, a LED board with 6 red high-
intensity LEDs arranged in two rows and a pushbutton
to be attached to the left index finger. A mounting
device was constructed for the LED board that
allowed to adjust the board relative to the windscreen.
The LEDs were shielded from direct view of the
driver by black cardboard.

The LED board was mounted on the left side below
the windscreen. LEDs projected in the area
recommended by van Winsum et al. (1999): at a
horizontal angle of 11° to 23° to the left of the line of
sight of the driver and at a vertical angle between 2°
to 4° above the horizon. The location of the signal
varied randomly. The signal rate has been adjusted so
that the interval between two presentations was 3 to 5
sec. A LED was on for maximally 2 sec. Within 2 sec.
it went off as soon as the driver made a response. The
LED projection area and the presentation parameters
were identical for the German and the Swedish study.
Participants responded with the pushbutton on their
index fingers either by pushing with the thumb or by
pressing the pushbutton against the steering wheel.
The responses were collected on a PC in the back of
the car.

NASA –TLX: In both the German and the Swedish
study a simplified version of the NASA-TLX was
administered which does not require the weighting
procedure originally proposed by Hart and Staveland
(1988). This was done in order to make the filling-in

and scoring procedure faster and easier for the
subjects. As there is evidence from the literature that
the correlation between the original and simplified
version is about r=0,95 (Byers, Bittner & Hill, 1989)
we concluded that the more complicated scaling
procedure virtually does not provide substantially
more information. The modified form of the NASA-
TLX in German and Swedish language was used to
evaluate the subjective workload of the participants
during driving. The participants filled in the form after
the second complex route section (HH2), and after the
second simple section (LL2).

Results

PDT

German study: On average 60 PDT signals were
presented to each of the 49 participants within section
HH1 (stops excluded), 73 PDT signals were presented
within section HH2, 44 PDT signals within section
LL1 and 23 PDT signals within section LL2. The
mean hit rates and response times are presented in
Table 2. Few signals were missed on the LL sections,
the mean hit rates for both systems on these sections
are around 93.5%. Detection performance on the HH
sections was lower than on LL sections as expected
with mean hit rates on the HH sections varying from
85.6% to 88.7%. As can also be seen from Table 2,
differences between HMI types were negligible,
independent from the demands of the traffic situations
(HH vs. LL).

Responses with latencies above 2000 ms were
classified as misses. Another criterion would not have
changed the results considerably because only a small
percentage of all responses were late hits classified as
misses. 3.9% of responses on the HH sections and
1.9% of responses on LL sections were late hits.
There was no difference between system groups in
frequency of late hits. Also no difference between
system groups was present for false alarm
frequencies. 3.8% of all responses on HH sections and
2.4% of all responses on LL sections were false
alarms.

Table 2.
Mean hit rates [%] with standard deviations and mean response times [ms] with standard deviations by

display (large/small) on route sections with high demands (HH collapsing HH1 and HH2) and low
demands (LL collapsing LL1 and LL2) in the German study

Large Display Small Display
M SD M SD

Hit rate [%]
HH 85.6 7.7 88.7 6.8
LL 93.4 3.3 93.6 4.2

RT [ms]
HH 694 125 663 113
LL 565 125 561 89
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Swedish study: Corresponding results on the PDT
from the Swedish study are presented in Table 3. As
can be seen from the table results from both studies
correspond fairly nice with each other. The highest hit
rates and shortest response were observed while
driving during the HH route sections. Differences
between the different types of HMI (large vs. small
display) were negligible.

NASA-TLX

German study: Subjective workload ratings on the
subscales of the NASA-TLX were collected after
section HH2 and after section LL2. Participants’
ratings on the analogue scales were transformed to
values between 0 and 100. The mean ratings on the
subscales after HH2 and after LL2 are presented in
Figure 1 separately for participants who used the large
display and those who used the small display.

Means of ratings on all subscales given after LL2 are
around 20 for both types of display. After HH2 the
ratings on the subscales Physical Demands, Own
Performance, Effort, and Frustration are also around

20 for both display groups, only the ratings of Mental
Demands and Temporal Demands are in both groups
above those after LL2. This difference of
approximately 8 units in the ratings of mental
demands and temporal demands between HH2 and
LL2 is statistically significant as confirmed by
ANOVAs on single subscales.

The within subjects factor “route section” (HH2/LL2)
and the between subjects factor “display”
(large/small) have been included in ANOVAs of
ratings on single subscales. The ANOVA of mental
demands ratings confirmed the main effect of route
section, F(1, 46) = 14.0, p < .001; f = .55 , and the
same way the ANOVA of temporal demands ratings
yielded a statistically significant main effect of route
section, F(1, 46) = 12.1, p < .01; f = .51. No other
effect reached statistical significance in these and the
ANOVAs of ratings on the remaining 4 subscales.

Swedish study: Items on all scales of the NASA-TLX
showed a tendency towards higher workload in the
HH sections. Differences between the levels were
rather small and none of them reached the level of

Table 3
Mean hit rates [%] with standard deviations and mean response times [ms] with standard deviations
by display (large/small) on route sections with high demands (HH collapsing HH1 and HH2) and low

demands (LL collapsing LL1 and LL2) in the Swedish study

Large Display Small Display
M SD M SD

Hit rate [%]
HH 68.8 22.2 67.0 17.6
LL 82.9 16.7 85.0 10.6

RT [ms]
HH 846 155 865 124
LL 743 185 714 87

Large Display Small Display

Figure 1. Mean ratings on the NASA-TLX subscales Mental Demands, Physical Demands, Temporal
Demands, Own Performance, Effort, and Frustration with standard deviations (error bars) by display
(large/small) after route section HH2 with high demands and route section LL2 with low demands. The
left diagram shows mean ratings by the large system group, the right diagram shows mean ratings by
the small system group.
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statistical significance. A closer examination of
individual ratings revealed large variations between
participants. This indicates that the workload imposed
by the different road sections was perceived very
individually, and that other factors like e.g. traffic
volume, personal characteristics etc., besides the
demands of the road sections might have influenced
the ratings. Effects of the HMI (display size) were
weak as well. But at least a tendency was observed
that the small display caused larger workload. More
detailed information on the NASA-TLX results of the
Swedish study can be found in Kircher, Östlund,
Patten and Nilsson (in press).

Discussion

PDT hit rates and response times indicated a higher
workload on more demanding route sections. Within
the present design, effects of route demands and
effects of route guidance cannot be separated, but the
impairment is comparable to the documented effects
of similar route demands on detection tasks (Verwey,
2000). Thus, the route effect probably reflects mainly
demands of the driving task.

Nonetheless in short intervals around route guidance
messages there might have been effects on PDT
performance. The expected sensitivity of the PDT to
short peaks in workload will be true only if short
intervals are analysed or if those peaks are frequent
relative to the length of the analysed interval. It is
planned to have a closer look at those intervals in
following analyses.

The participants in the present study were taxi drivers
highly familiar with the local area. Because the route
guidance systems visually indicated the street name
into which the next turn would lead, the taxi drivers
could make use of their knowledge and their workload
therefore may have been lower than that drivers
would experience who are less familiar with the city.
But novelty of the systems presumably has raised
workload of participants relative to usual users.

Route demands in the German and the Swedish study
showed a stronger effect than in the study by Olsson
and Burns (2000) who compared driving on a
motorway and on country roads and did not find a
difference in PDT performance. The highly
demanding route sections in the present study
included turns and traffic situations that may impair
PDT performance through workload and through eye
and head movements. In the low-demand sections
turns and demanding situations were nearly absent.
Obviously sections like these should be selected as
baseline if effects of in-vehicle systems are to be
studied. This points to a weakness of the PDT method
as already mentioned: Some systems, e.g. route
guidance systems, usually are in use on route sections
that are highly demanding like in this study and, thus,

should be assessed on such routes. Because of
variance due to traffic situations PDT performance
then is less sensitive to system effects.

NASA-TLX ratings indicated a low level of overall
workload. And there were no significant effects of
display size on NASA-TLX ratings, too. There may
have been no differences in workload experienced by
participants in the two groups (large vs. small
display). Less probably, but also possible with the
high variance between participants’ ratings existing
differences might have remained blurred. If
participants had used both systems and would have
been able to directly compare the systems, reports of
differences would have been more likely. The high
variance of subjective ratings is not unusual and
yields them useful mainly with large samples.

The Japanese study: Assessment of driver
workload using an auditory arithmetic
secondary task

Although research revealed the relative demands of
various driving situations (e.g. Harms, 1991), these
demands were rarely described in quantitative terms
or relatively during driving or operating IVIS. JARI’s
part of the joint IHRA-ITS project proposes a way to
estimate spare capacity (bits/sec.) based on
performances for auditory-presented arithmetic task,
and try to assess the task load imposed by the
demands of traffic situations by a visual detection task
set in a driving simulator.

Procedures

It is generally accepted that, in simple situations, the
reaction time in choice reaction task is delayed as a
logarithmic function of the number of alternatives
presented (e.g. Wickens & Hollands, 2002). Research
has confirmed that choice reaction times of a subject
for one to ten alternatives are distributed as a
logarithmic function. The logarithms of the alternative
numbers, where the base is two, agree with the
theoretical units of information amount (bits) if the
occurrences of each alternative are equal.
Accordingly, the reaction times regress linearly with
the information units. The slope of the linear
regression line can be considered as the time required
to process a 1-bit unit of information; i.e., the greater
the incline, the longer the processing time per
information unit. For the purpose of this study, the
reciprocal number of the reaction time incline for
information units was defined as a measure of the
mental capacity, which is the amount of information
processed per second (bits/sec.). Here, the bits/sec.
value obtained in the choice reaction time task alone
is considered to be the total capacity of the respective
subject. The value obtained in the simultaneous
performances of another task (e.g. arithmetic task) and
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choice reaction time task is expected to change
according to the performance of another task.

Based on pilot research it was suggested that bits/sec.
value can be estimated by the reaction time of the
arithmetic task (adding digits from 0 to 15). That is, if
the arithmetic task is used as a secondary task and its
reaction times are measured while driving,
information processing demands of traffic situations
can be estimated using the reaction time of arithmetic
task. Thus, subjects were required to perform the
arithmetic task during simulated driving. The
arithmetic task has some advantages to be used as a
secondary task: It is relatively easy to carry out, and is
considered to be hard to interfere on the driving task
performance.

Traffic situations were provided using a driving
simulator with motion-base, and information
processing demands were estimated based on the
measured reaction times of arithmetic task which was
performed during driving.

A straight shape, two-lane (3.5m width for each lane)
rural road of 2 km length was set on the driving
simulator. Three driving situations were provided; i.e.,
straight, obstacle A, and obstacle B. In the straight
condition, there were no obstacles on the road, and
drivers were merely required to drive straight with
keeping at the speed 60 km/h. In obstacle conditions,
number of 10 obstacles were placed at 167 m interval
for “obstacle A”, and 20 obstacles were placed at 84
m interval for “obstacle B”. The drivers were required
to keep the speed of 60 km/h, so they had to negotiate
the obstacles each 20 sec. (in obstacle A condition) or
10 sec. (in obstacle B condition).

In order to reproduce at least partially the aspects of
using in-vehicle information devices, a peripheral
visual detection task was also added to the straight
condition. Red LEDs were installed in the simulator
cabin at intervals of 10 degrees over an area of 85
degrees on left side to 65 degrees on right side of the
driver’s seat, and one of 14 LEDs was randomly lit up
at interval of 5 to 11seconds. The visual detection task
required driver to press a horn switch if a LED lit up.

Subjects drove under four conditions (straight,
straight + visual detection, obstacle A, and obstacle B)
while simultaneously carrying out the arithmetic task.
Before driving simulator experiment, baseline of
mental capacity for each subject was measured in not-
driving (static) situation. Subjects were 13 male
drivers who have been participated in the above
mentioned experiment that estimated the mental
capacities.

RESULTS

Figure 2 shows the average values of processing
demands estimated by subtracting of bits/sec. values
in each driving condition from baseline value.
Estimated processing demands varied corresponding
to the driving conditions. Largest demand was
observed in obstacle B (5.4 bits/sec.) condition, and
smallest one was straight condition (4.0 bits/sec.).
That is, difference among driving conditions in this
experimental setting was estimated as 1.4 bits/sec.
This difference was relatively small than the demand
in straight condition (4.0bits/sec.) that required
drivers’ simple driving task. This result reveals that
driving itself creates large processing demands even if
it is done under relatively simple driving conditions.

Figure 2. Processing demands by driving
conditions in the Japanese simulator study

On the other hand, there were few increases in
processing demand caused from the visual detection
task. Simple detection of visual stimuli that can be
presented on in-vehicle information devices is
considered to induce relatively small information
processing demands in comparison with that induced
from driving tasks.

GENERAL DISCUSSION

The sensitivity of the PDT as suggested by van Winsum
et al. (1999) to demands of the driving task has been
demonstrated in the German-Swedish field studies. The
workload effects of route guidance systems turned out
to be weaker than the effects of the demands of traffic
situations. However, further analyses will have to
consider the possibility that this result can be explained
by effects of confounding the temporal length of
measurement intervals.

The disadvantage of blurred PDT sensitivity to effects
of in-vehicle systems in the presence of demanding
traffic situations may be difficult to avoid in field
evaluations of certain IVIS, especially route guidance
systems. In the German-Swedish study the NASA-TLX
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has been proven sensitive to driving demands, but may
be useful mainly with large samples and within-subjects
designs because of high variance between participants’
ratings. Further analyses will include PDT performance
on interesting shorter intervals and glance behaviour to
uncover possible effects of system display size.

The project performed by JARI proposed a possible
procedure to estimate information processing demand
as bits/sec. value using an arithmetic task
performance, and the demands were estimated for
some of driving situation set in a driving simulator.
The results show that driving itself has a concrete
information processing demand if the driving situation
is simple. It was also suggested that the simple visual
detection task which was designed to simulate HMI
performance on an IVIS induced only a relatively
small demand compared with the demands induced by
the primary driving task. This finding confirms the
results and conclusions from the German-Swedish
study.
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ABSTRACT

The particularities of accidents involving large trucks
(GVW of 8 tons or larger) in Japan and the future
direction of applicable safety measures will be
examined herein. An analysis of traffic accidents
caused by large trucks according to statistical data has
especially revealed the involvement of passenger cars
and pedestrians. Accidents involving passenger cars
are mostly caused by collisions through carelessness
(taking one’s eyes off the road ahead), and can be
reduced by using the collision warning system and the
forward collision avoidance assistance system.
Accidents involving pedestrians often occur while they
are crossing roads at night, and can be lessened by the
use of night vision or other nighttime visibility aids.

INTRODUCTION

At present in Japan, overall traffic safety measures are
being promoted from the viewpoints of people, the
environment, and vehicles. The Ministry of Land,
Infrastructure and Transport is actively working with
new targets set forth in 1999 for reducing the number
of traffic fatalities by 1500 by the year 2010 through
vehicle safety measures. Hino Motors, Ltd. has
started tackling a new vision of realizing trucks that
will ensure safety over a much wider range. For
realizing such trucks, it is necessary to extend new
safety measures to areas that hitherto have not been
considered from the viewpoint of accident prevention.
Based on the statistical data from traffic accidents, the
particularities of accidents caused by large trucks have
been analyzed, and the direction of future safety
measures has been examined.

INVESTIGATION

In Japan, as in Europe and the U.S., various measures
are deployed with the aim of substantiating the accident
investigation system. In 1992, for example, the
Institute for Traffic Accident Research and Data
Analysis (ITARDA) was established for the acquisition
and distribution of statistical data on accidents. The
database owned by this institute, which is made up of
statistical data on traffic accidents obtained from the
National Police Agency and automobile registration
data from the Ministry of Land, Infrastructure and

Transport, allows analysis of all accidental deaths and
injuries from different facets represented by their
causes. ITARDA carries out microscopic
investigation of approximately 300 accidents per year,
thereby providing even more detailed data on accidents.
The present study, in which the particularities of
accidents involving large trucks are analyzed in terms
of the relationship with their causes, is based on the
traffic statistics for the year 2000 presented by
ITARDA. Large trucks referred to here are deemed to
be ones whose gross vehicle weight (GVW) is eight
tons or more, fatalities as ones where death occurred
within 24 hours of the accident, and injuries include
both serious and minor ones. “Accidents attributable
primarily to large trucks” are ones where errors on the
part of large trucks take up the greater part, i.e., are
caused by large trucks. “Accidents attributable
secondarily to large trucks” are ones where errors by
large trucks take up a smaller part, i.e., in which large
trucks are involved. “Accidents concerning large
trucks” is the total of “accidents attributable primarily
to large trucks” and “accidents attributable secondarily
to large trucks”.

ANALYTICAL RESULTS

While the number of traffic fatalities has shown a
tendency to decrease over the last several years in
Japan, the number of injuries tends to increase. The
same trend applies to the number of fatalities and
injuries where large trucks are concerned, with 1201
fatalities and approximately 27,000 injuries in the year
2000 (See Figure 1). These figures represent 13% of
all fatalities and 2.4% of all injuries in traffic accidents.
Let’s classify them according to the degree of fault by
large trucks. The number of fatalities and injuries in
accidents attributable primarily to large trucks, i.e.,
caused by large trucks, was 493 and approximately
20,000 respectively, and those in accidents attributable
secondarily to large trucks, i.e., involving large trucks,
was 708 and approximately 7,000 (See Figure 2). As
for safety measures, priority has been placed on
preventive measures for accidents where large trucks
play a primary part, and on collision safety measures
for accidents where large trucks play a secondary part.
As for the latter group, the emphasis is on collision
safety measures against passenger car accidents (See
Figure 3). Since, for this purpose, a front underrun
protector and other countermeasures have already been
defined, the present study analyzes only accidents
where large trucks play a primary part from the
viewpoint of accident prevention.
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Figure 1. Trend in the number of fatalities and
injuries where large trucks are concerned.

Figure 2. Number of fatalities and injuries
classified according to the degree of fault by large
trucks.

Figure 3. Number of fatalities and injuries where
large trucks are concerned.

Analysis by human factor, road and environmental
factor, and vehicle factor

If the number of fatalities and injuries were acquired
upon classifying the causes of accidents into three ---
human factor, road and environmental factor, and
vehicle factor, almost all of the accidents would prove
to be caused by the human factor, or drivers (See
Figure 4). Further division of the human factor causes
would clarify delay or lack of recognition as the main
one, followed by errors in judgment as the second (See
Figure 5).
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Figure 4. Number of fatalities and injuries in
terms of human factor, road and environmental
factor and vehicle factor.

Figure 5. Number of fatalities and injuries in
categorized errors of large-truck drivers.

Analysis according to those who are involved in
accidents

Passenger Car Accidents
From the aspect of accidents, rear-end collisions bring
about a large number of both fatalities and injuries (See
Figure 6). Many of these are caused by stopped
passenger cars being bumped by large trucks (See
Figure 7), and most collisions are attributable to
carelessness such as diverting one’s attention from the
road or errors in judgment (See Figure 8).

Figure 6. Number of passenger-car occupants
perished and injured, categorized by types of
accidents.
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Figure 7. Numbers of passenger-car occupants
perished and injured in rear-end collision,
categorized types of road configurations and types
of behavior.

Figure 8. Numbers of passenger-car occupants
perished and injured in rear-end collision,
categorized by errors of large-truck drivers.

Pedestrian Accidents
From the aspect of accidents, pedestrians are at the
greatest risk of death or injury while crossing roads
(See Figure 9). Let’s examine accidents that occur
when pedestrians are crossing a road according to the
behavior of large trucks. Many fatalities occur when
large trucks are traveling straight ahead on non-crossed
roads or at intersections, and mainly at night (See
Figure 10). As for the human factor in accidents
while large trucks are running straight ahead,
Carelessness in looking ahead is the cause in many
cases, followed by errors in judgment (See Figure 11).
For ensuring on-time delivery and maximum
transportation efficiency, large long-haul trucks in
Japan travel mainly at night. Compared with daytime,
nighttime travel is generally done at higher speeds
whereby there is a greater risk of death in the case of an
accident. Visibility is also poorer at night, and the
assumption by the driver that pedestrians are probably
not around at such an unusual time will tend to delay
his or her recognition of a pedestrian. As for injuries,
they often occur when making a right turn at
intersections (See Figure 10). As a human factor in
right-turn accidents, Neglecting to� confirm safety
takes up the greater part (See Figure 12).

Figure 9. Number of pedestrians killed and
injured in accidents categorized by type of
accidents.
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Figure 10. Number of pedestrians killed and
injured in accidents while crossing roads,
categorized in types of road configurations and
types of large-truck behavior, based on categories of
daytime and nighttime.

Figure 11. Number of pedestrians killed in
accidents while going straight ahead, categorized by
errors of large-truck drivers.

Figure 12. Number of pedestrians injured in
right-turn accident, categorized by errors of
large-truck drivers

Fatalities and Injuries to Large Truck
Occupants

Rear-end collisions account for many of these accidents
(See Figure 13). Fatalities in rear-end collisions often
occur on expressways, and injuries on ordinary roads.
According to the behavior aspect, large trucks often
collide with stopped vehicles (See Figure 14). Most
of the collisions are caused by carelessness such as the
driver diverting his or her attention from the road (See
Figure 15). Expressways of around 6,400 km in
overall length support the physical distribution of
goods by truck in Japan. Large long-haul trucks are
the major means of distribution between important
points via expressways, and driving on long
monotonous expressways is likely to induce lapses of
attention. It may also lead to accidental collisions.

Figure 13. Number of large-truck occupants
perished and injured in accidents, categorized by
types of accidents.
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Figure 14. Numbers of large-truck occupants
perished and injured in rear-end collision,
categorized types of road configurations and types
of behavior.

Figure 15. Numbers of large-truck occupants
perished and injured in rear-end collision,
categorized by types of large-truck drivers' errors.

Bicycle Accidents
According to road configuration, intersections are
mentioned first as the site of fatalities as well as
injuries (See Figure 16). Let’s classify accidents at
intersections according to behavior. In the case of
both fatalities and injuries, bicycles moving straight
ahead are often struck by large trucks making a left
turn (See Figure 17). As a human factor in left-turn
accidents, neglecting to� confirm safety takes up the
greater part (See Figure 18). Bicycles because of their
smallness may be difficult to see from the cab of a
large truck, which may be one of the factors leading to
such accidents. While bicycles are regarded as
vehicles by law, they are similar to pedestrians from
the viewpoint of size. Safety measures will have to be
studied from an overall viewpoint including the issue
of whether bicycles should be allowed to travel on the
same routes as large trucks.

Figure 16. Numbers of bicyclists perished and
injured in accidents, categorized in types of road
configurations.
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Figure 17. Number of bicyclists perished and
injured in accidents at intersections, categorized by
types of behavior.

Figure 18. Number of bicyclists perished and
injured in accidents while turning left at
intersections, categorized by types of large-truck
drivers' errors.

Motorcycle Accidents
Fatalities often occur at intersections in the case of
motorcycle accidents also (See Figure 19). According
to behavior, large trucks running straight ahead often
collide with motorcycles that are also running straight
ahead (See Figure 20). More than half of these are
crossing collisions (See Figure 21). The sites of
injury-causing accidents are intersections followed by
non-crossed roads (See Figure 22). At intersections,
accidents are often caused by making right or left turns
without ensuring safety (See Figure 23), and,
on-crossed roads, they often occur while running
straight ahead, when changing lanes and when passing
by misjudgment (See Figure 24). Motorcycles are
sometimes hard to recognize since they easily blend
into the background. And some people have pointed
out that their relative position and speed tend to be
misjudged. For safety measures with respect to
motorcycles, it is important for people in other vehicles
to be positively aware of their presence.

Figure 19. Number of motorcyclists perished in
accidents, categorized in types of road
configurations.

Figure 20. Number of motorcyclists perished in
accidents at intersections, categorized by types of
behavior.
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Figure 21. Number of motorcyclists perished in
accidents while going straight ahead at intersections,
categorized by types of accidents.

Figure 22. Number of motorcyclists injured in
accidents, categorized in types of road
configurations.

Figure 23. Number of motorcyclists injured in
accidents at intersections, categorized by types of
behavior.

Figure 24. Number of motorcyclists injured in
accidents at non-crossed roads, categorized by types
of behavior.

DIRECTION OF COUNTERMEASURES

Safety measures presuppose an overall approach of
substantiating three phases --- driver training,
infrastructure, and vehicle hardware. The training
may have to include safety education so as to avoid
causing, and also to avoid being involved in accidents.
The infrastructure must be widely discussed including
the installation of separate signals by which vehicles
are kept waiting while pedestrians are crossing a road,
and the provision of lanes exclusively for bicycles.
Since the revision of the Road Traffic Control Law in
2002, the number of fatalities is recognizably smaller
than in the previous year. In order that the safety
measures will be effective, the promotion of
regulations will have to be discussed while obtaining a
wide-ranging consensus. To prevent vehicles from
causing accidents, the fundamental performance of
vehicle hardware must be improved above all.
Shortening the braking distance versus truck weight
and alleviating the fatigue inherent to long-haul runs
are fundamental and important issues. Accidents that
could not be avoided by improvement of the basic
performance of vehicles alone will have to be dealt
with by resorting to ASV; Advance Safety Vehicle
techniques and other safety systems to be improved
and/or newly developed. In order that conceived
safety measures will bring about fruitful results, it is
important to extend the safety systems over a wide area.
And in the development of products hereafter, it is
necessary to realize both safety and economy for the
user and to make the products available not only for
new vehicles but for vehicles already in use. The
following provides a direction for safety of vehicle
hardware with respect to each of the categories
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mentioned in the foregoing.

Passenger Car Accidents

To avoid collisions with passenger cars, one can
consider using the collision warning system and the
forward collision avoidance assistance system.

Pedestrian Accidents

To protect pedestrians crossing a road, a pedestrian
detecting technique must be developed. “Night
vision” will be effective for preventing accidents at
night. For preventing accidents at intersections, a
pedestrian detection system resorting to pyroelectric
sensor or ultrasonic waves can be envisaged. It is
advantageous to eliminate protrusions on the front of a
truck and provide an energy absorbing body structure
for minimizing damage to pedestrians in the event of an
accident.

Fatalities or Injuries to Large Truck Occupants

As countermeasures for Rear-end collisions, the
collision warning system which is already placed on
the market and the forward collision avoidance
assistance system can be considered. For minimizing
damage to truck occupants in the event of an accident
the vehicle body must be designed to ensure a proper
mechanical strength and also, from the viewpoint of
collision dynamics, a structure for transmitting the
impact energy to engine, chassis, etc. will have to be
devised.

Bicycle Accidents

For reducing bicycle accidents when making a left turn,
a left-rear vision aid and a rear alarm can be considered.
For preventing bicycles from being caught under a
vehicle, a system of automatically braking upon contact
with a bicycle, a front tire guard, etc. will have to be
studied.

Motorcycle Accidents

To cope with crossing collisions, or accidents when
making a right turn, when passing or when cutting in
and out of traffic, the use of a car-to-car
communication technique may be considered. And to
avoid accidents when changing lanes, a left-rear vision
aid and rear alarm may be helpful. The installation of
marker lamps that are easily noticed by others, and
other improvements of visibility on the part of
motorcycles are also important.

CONCLUSIONS

Safety measures start with understanding the true
causes of accidents. Effective safety systems will be
researched and developed by taking a multilateral
approach toward accidents from the viewpoints of
people, the environment, and vehicles.
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ABSTRACT

This paper provides the results of JNCAP analyses
and ongoing and future programs. The JNCAP
presently conducts brake, full frontal and offset
frontal impact, side impact and child seat safety
performance tests. The overall evaluation based on
three crash tests after 2001 has resulted in
significant improvements in crashworthiness. This
is mainly due to the improvement of the scores in
offset frontal impact tests. The frontal impact test
results show that cars are modified to have greater
passenger compartment strength without changing
the front stiffness. After side impact tests were
implemented in 2000, the scores have improved
every year. In side impact tests, the scores of injury
criteria in particular were nearly perfect in 2002.

Research is under way conducted on pedestrian
protection tests and child restraint abdominal
injuries.

INTRODUCTION

The JNCAP (Japan New Car Assessment Program)
has provided consumers with important information
on the safety performance of new car models since
1996, when it began brake tests and full frontal
impact tests for small cars [1]. The test items and
test vehicle categories were step by step expanded
based on accident analysis and amendment of
safety regulations. In 2000, minicars were included
in tests, and side impact tests were added. As of
2001, offset frontal impact tests were added, and
overall evaluation have been introduced from
calculating the combined scores based on three
crash tests; full frontal, offset frontal and side
impact tests [2]. At present, the JNCAP conducts
brake tests, full and offset frontal impact tests, side
impact tests, and child seat safety performance
tests.

In this paper, the results of overall evaluation have
been analyzed, and the factors which significantly
affect the overall evaluation have been examined.
Trends in car safety performance have been
investigated using the JNCAP results since 1996.

The effects of the introduction of offset impact tests
were examined since they test different features of
crashworthiness. Side impact tests were also
analyzed based on the car deformation and door
intrusion velocities. Current JNCAP research
projects and future programs are summarized.

OVERALL EVALUATION

Evaluation Method

The JNCAP started overall evaluation as of 2001.
The overall evaluations are calculated with weight
average of the scores of full frontal, offset frontal
and side impact tests (see figure 1). In each crash
test, the score is given for individual human body
region (full score in 4 points for each boy region)
according to the sliding scale, and then the scores
are weighted based on accident analysis. This
weight in each body region in the full and offset
frontal impact tests is head 0.923, neck 0.231, chest
0.923, lower extremities 0.923, respectively. In the
side impact test, the weights are head 1.0, chest 1.0,
abdomen 0.5, and pelvis 0.5. The full score in each
test is 12 points. The overall driver score of 36
points is determined by adding up the scores for the
full frontal, and offset frontal and side impact tests.
Similarly, the overall front passenger score of 24
points is determined by adding the scores for the
full frontal and side impact tests.

Analysis of Overall Evaluation

The overall evaluation scores of the driver and front
passenger in 2001 and 2002 are shown in figure 2.
The scores of the driver have improved
significantly, especially for score for the offset
frontal test. The change in the full frontal impact
test score was small, possibly because the JNCAP
started with the full frontal test and there was little
room for improvement. The front passenger score
has remained almost the same, whereas the score in
the side impact test is improved. The front
passenger score in the offset frontal test is not
included in the overall score; the average score in
2001 was 10.53 points against 9.88 points in 2002.
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The average scores in each human body region for
the tests are shown in figure 3. The score for the
lower extremities in the full frontal impact test
improved slightly. In offset frontal impact tests
when comparing the results of 2001 and 2002, the
scores of the chest and lower extremities have
improved, thanks to better chest acceleration (score
1.81 to 2.46 points), and brake pedal displacement
(deducting points 0.88 to 0.36). In side impact tests,
the chest score is improving, and the scores in side
impact have almost reached the full 12 points.

Figure 4 shows the trend in the combined
probability of head, chest and femur injuries in the
full frontal impact tests. In this probability, the
injury severity of the head is AIS≥2, chest AIS≥3
and femur AIS≥2, respectively. The probabilities of
chest injury were calculated from chest acceleration
and deflection [2]. The injury probability was 70%
in 1996, which was dramatically reduced to 37% in
2002, which demonstrates the effectiveness of
JNCAP.
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FRONTAL IMPACT TEST

Crashworthiness in Full Frontal Impact Tests

In full frontal impact tests, the vehicles are
impacted with a rigid barrier at 55 km/h with full
engagement of the vehicle front end. In the present
investigation, the vehicle acceleration and
force-deformation characteristics in full frontal
impact tests were examined using the JNCAP data.
The vehicle acceleration was determined from the
average of both the left and right B-pillars to
represent the acceleration of the passenger
compartment. The acceleration-time histories of
small cars are plotted in Figure 5. The maximum
vehicle accelerations were from 300 to 450 m/s2,
and the time durations from 0.075 to 0.110 s.

Figure 6 shows the force-deformation
characteristics averaged by vehicle classes. The
vehicle classes consist of minicar, small car,
medium car, large car and multi-purpose vehicle
(MPV) based on the JNCAP classification. The
force was obtained by the products of car test mass
and acceleration, and the deformation was from
double integration of acceleration. The maximum
vehicle deformations were about 0.6 m, except for
the 0.45 m for minicars. Even in a full frontal test,
the passenger compartment deforms in the later
stage of the impact. The maximum force at this
stage was 450 kN for a minicar and small car, 550
kN for a medium car and 650 kN for a large car.

 

-200

-100

0

100

200

300

400

500

600

700

0.000 0.050 0.100 0.150

Time (s)

A
cc

el
er

at
io

n
(m

/s
2 )

Figure 5. Acceleration time histories in full
frontal impact tests (2002).
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Crashworthiness in Offset Frontal Impact Tests

The JNCAP has conducted offset frontal impact
tests since 2001. In the test, the vehicles are
impacted into the ECE R94 honeycomb at a
velocity of 64 km/h with a 40% overlap ratio, the
same as for the EuroNCAP test.

Vehicle accelerations were obtained from the
average of both B pillars. Only longitudinal
acceleration was considered because cars did not
rotate significantly around the z-axis until they
reached the maximum deformation point. Figure 7
shows the acceleration time histories. The
maximum vehicle accelerations in offset frontal
impact tests were 200 to 370 m/s2, which were
lower in range than those in full frontal impact tests.
On the other hand, the time durations of offset
frontal impact tests distributed from 0.120 to 0.150
s, relatively longer than those of full frontal impact
tests.

The force-displacement characteristics in offset
impact tests averaged by vehicle classes are shown
in Figure 8. The displacement was determined from
accelerometers, which reflects the sum of the
deformations from the vehicle and the honeycomb
in offset deformable barrier tests. The
force-displacement curves were similar,
irrespective of vehicle classes. The maximum
vehicle displacement was 1.0 m for a minicar, 1.2 m
for a small car, and 1.3 m for other vehicles.

These differences in acceleration and
force-displacement characteristics indicate that full
and offset frontal impact tests evaluate different
features of crashworthiness with respect to
acceleration and deformation.
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Figure 7. Acceleration time histories in offset
frontal impact tests (2002).
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Figure 8. Average force-displacement
characteristics by vehicle class in offset frontal
impact tests (2002).

Trend in Force-DeformationCharacteristics

The influences of the introduction of offset frontal
tests in 2001 were examined using the results of full
frontal impact tests. The force-deformation
characteristics in full frontal impact tests were
compared by the test year. The force-deformation
characteristics averaged for the year are shown in
Figure 9. For small and medium cars for which a
large number of models were tested, the force
became high at a displacement of 0.4 m or more
after 2000, compared with previous years. These
results demonstrate that the strength of the
passenger compartment of small and medium car
tends to increase so as to prevent the collapse of the
passenger compartment in offset tests. Since there
were not so many MPV and large car test models,
no clear tendencies in the force-deformation
characteristics of these vehicles could be observed.

The differences in the force-deflection
characteristics due to model changes were also
examined. Figure 10 shows the force-displacement
characteristics in full frontal impact tests for the car
models tested more than once from 1996 to 2002.
Car model A showed an increase in the initial force
at a displacement of 0.15 m without any differences
in maximum force. In car model B, there were no
significant changes in the initial force, whereas the
force increased in the latter stage of impact due to
the great strength of the passenger compartment.
The change in the force-deformation characteristic
with this model is a general measure so that the
intrusion can be reduced in an offset impact test.

In car model C, the initial force was low though the
maximum force became high. The low initial force
can lead to the reduction of aggressivity. These
results demonstrate that the introduction of offset
frontal impact tests could not always cause the
increase in aggressivity.



Ono, 5

-200

0

200

400

600

800

1000

0.80.0 0.2 0.4 0.6

2000
2001
2002

Fo
rc

e
(k

N
)

Deformation (m)

1996
1997
1998
1999

2000
2001
2002

-200

0

200

400

600

800

1000

0.80.0 0.2 0.4 0.6

Fo
rc

e
(k

N
)

1997
1998
1999

2000
2001
2002

-200

0

200

400

600

800

1000

0.80.0 0.2 0.4 0.6

F
or

ce
(k

N
)

-200

0

200

400

600

800

1000

0.80.0 0.2 0.4 0.6

Fo
rc

e
(k

N
)

-200

0

200

400

600

800

1000

0.80.0 0.2 0.4 0.6

Fo
rc

e
(k

N
)

(a) Minicar

Deformation (m)

(b) Small car

Deformation (m)

(c) Medium car

Deformation (m)

(d) Large car

Deformation (m)

(e) MPV

1997
1998
1999

2000
2001
2002

1997
1998
1999

2000
2001
2002

Figure 9. Trends in average force-deformation
characteristics in full frontal impact tests by car
class

Fo
rc

e
(k

N
)

Fo
rc

e
(k

N
)

Fo
rc

e
(k

N
)

(a) Car model A

(b) Car model B

Deformation (m)

Deformation (m)

Deformation (m)

1996
2001

-200

0

200

400

600

800

0 0.2 0.4 0.6

1996
1998
1999
2001

0.8

1996
2001

-200

0

200

400

600

800

0 0.2 0.4 0.6 0.8

-200

0

200

400

600

800

0 0.2 0.4 0.6 0.8

(c) Car model C

Figure 10. Force-deformation characteristics in
full frontal impact tests for car models A, B and
C

Injury Criteria

Injury criteria and crashworthiness
The relations between injury criteria of driver
dummies and vehicle deformation in full and offset
frontal tests are shown in Figure 11. The HIC and
chest acceleration decreased as the maximum
vehicle displacement increased. Since the
acceleration becomes lower as the maximum
vehicle deformation increases, the
acceleration-based injury criteria such as HIC and
chest acceleration inclined to be small. Because of
the honeycomb deformation, the maximum vehicle
displacement in offset frontal impact tests was
larger than those in full frontal impact tests.
However, the results showed that the HICs and
chest accelerations between in both the full and
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offset frontal tests reached similar levels. The data
for the relation between vehicle acceleration and
acceleration-based injury criteria are scattered,
probably owing to the restraint system performance
and curve shapes of the acceleration-time histories.

Figure 12 also shows that the intrusion-based injury
parameters such as femur force and tibia index
tended to be large with increasing of intrusion. The
intrusion-based injury parameters are likely to be
larger in offset tests than in full frontal tests. In
offset frontal tests, the instrument panel intrusions
were likely to be larger than those in full frontal
tests, which led to higher femur forces. Tibia index
increased with the toe board intrusion both for full
and offset frontal impact tests.

Restraint system
With the introduction of offset frontal impact tests,
the passenger compartment became stiffer.
However, the acceleration-based injury criteria
such as HIC and chest acceleration reported do not
become worse; in fact such criteria have improved
every year [1]. One of the reasons for these
improvements is optimized restraint systems. In this
research, the velocities of driver airbag deployment
were investigated.

These velocities were determined based on the
vehicle side-view in high-speed videos. The
velocities were calculated by the distance from the
steering hub to the driver chest, divided by the time
from airbag deployment until driver chest contact.
The results obtained using JNCAP 2001 and 2002
data are shown in Figure 8. The airbag deployment
velocities were inclined to be high for minicars and
small cars. Deployment in 2002 tended to be faster
than in 2001. There were some cars in which the
airbag deployment velocity was so high that the
neck extension moments became large. As a result,
despite the full scores for neck injury shown by
most cars, there were a few cars in which the airbag
deployment velocity was so high that the neck
injury scores were not full.
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Figure 11. Injury criteria of driver dummies in
full and offset frontal impact tests.
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Figure 12. Deployment velocities of driver
airbag for each vehicle model in offset frontal
impact tests in JNCAP 2001 and 2002.

SIDE IMPACT TEST

The injury criteria in side impact tests were
examined in terms of the door intrusion and impact
velocity. The relation between the seat reference
point (SRP) height and vehicle deformation at the
corresponding SRP height are shown in Figure 13.
The vehicle deformations tend to be small with the
increasing height of SRPs.

Figure 13 shows the injury criteria of the dummy in
terms of vehicle deformation and door intrusion
velocity. The door intrusion velocities can be
analyzed only for the data of 2000 where an
accelerometer was attached at the B-pillar belt line.
HPCs do not have a correlation with vehicle
deformation. A slight correlation was found
between door intrusion velocities and chest
deflections. The abdominal and pelvis forces
become high as the vehicle deformation at the

height of SRP is larger. In addition to the vehicle
deformation and intrusion velocity, padding and
side airbag can also affect injury criteria in a side
impact. The full score for the HPC, chest deflection,
abdominal force and pelvis force is 650, 22 mm, 1
kN and 3 kN, then the most of test vehicles were
near the full points.
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Figure 13. Height of seat reference point and
vehicle deformation at this height level.

CHILD RESTRAINT SYSTEM TESTS

Child restraint systems (CRS) have been assessed
since 2001. In 2001, 32 CRSs were tested. The
injury risks by sled tests (acceleration corresponds
to 55 km/h) and child seat usage are evaluated.
Infant and child seats were tested in 2001. In a sled,
the child seats are tested on a real car seat using a
seat belt in a vehicle body. For infants tested in a
rear-facing child restraint, the P3/4 dummy is used,
and injury criteria such as chest acceleration, head
projection, seatback angle during impact and seat
damage are assessed. For children tested in a
front-facing CRS, a Hybrid III 3YO is used, and the
head excursion, head acceleration, chest
acceleration and seat damage are assessed.

In some CRS tests, there was a concern that the
CRS harness might penetrate the abdomen.
However, this is difficult to judge using the current
crash dummy sensors. Therefore, the measurement
methods of abdominal forces or pressures are
investigated. Baby carrycots will be tested in the
near future.
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Figure 14. Injury criteria in side impact tests.

CURRENT PROBLEM AND FUTURE
PROGRAMS

Frontal and Side Impact Tests

Overall evaluation started in 2001, and the car
safety performance combined by full frontal and
offset frontal and side impact tests have been
evaluated. Scores of offset frontal tests and side
impact tests have improved significantly. The
injury criteria have decreased consistently since the
start of JNCAP, and this trend has continued after
introduction of offset frontal impact tests. For
example, the combined injury risk to the head
(AIS≥2), chest (AIS≥3) and femur (AIS≥2) in full
frontal tests were 70% in 1996, and it decreased to
37% in 2002. Although offset frontal impact tests
may possibly increase the stiffness of vehicle
aggressivity, the JNCAP results showed high
passenger compartment strength whereas the front
stiffness remained at the same level.

After offset frontal impact tests were carried out,
intrusion-based injury criteria such as the femur
force and tibia index decreased because of the
reduced intrusion into the passenger compartment.
On the other hand, the high strength of the
passenger compartment can induce high
acceleration, which requires an effective restraint
system generally provided by optimized restraint
systems using a seat belt and airbag. High-speed
video analysis showed that the airbag deployment
velocities for some cars became higher. Further
analysis will be expected, since this high
deployment airbag velocity or pressure can increase
the injury risk to OOP (out of position) and small
occupants.

The self protection of the vehicle has improved
significantly, thanks to the full and offset frontal
impact tests. Compatibility will be an important
issue in vehicle performance in the next stage. In
full frontal impact tests, the high-resolution load
cells (150 mm x 150 mm) have been attached on the
rigid barrier, and the force distributions are
measured for research purposes.

In side impact tests, the injury criteria have been
decreased by the side stiffness, B pillar layout, door
pad, and airbag. As a result, the side impact score
have improved, and the HPC, chest deflection, and
pelvis force showed nearly full scores. The scores
in the side impact test have become better as the
ground height of the seat reference point has
become greater, e.g., the MPV due to the height
relation between the MDB barrier face and the seat
reference point.

Since in MDB tests, the contact of the dummy head
does not occur in most cases, the risk of head injury
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which has been frequently observed in real side
collisions is difficult to evaluate. Some cars have a
new head protection device like a curtain airbag.
Therefore, pole impact and other tests should be
introduced to evaluate these kinds of devices and
head injury risk.

Pedestrian Protection Tests

In Japan, pedestrians account for about 27% of all
traffic fatalities, and pedestrian protection is an
important issue. The Japanese Ministry of Land,
Infrastructure and Transport will introduce
pedestrian protection regulation in 2005. The
JNCAP is conducting research on pedestrian
protection tests with plans to introduce them in
2003. The pedestrian protection test program will
begin with the head impact tests which are based on
a pedestrian protection regulation in Japan.

Comparison of JNCAP Scores with Real-World
Accidents

The research to explore the correlation between
JNCAP scores and real-world accident data has
been carried out in order to show the effectiveness
of JNCAP program. The results of the research will
also provide a future indication of JNCAP.

CONCLUSIONS

As of 2001, JNCAP has started offset frontal impact
tests, and overall evaluation is now been conducted
on three tests; i.e., full frontal, offset frontal and
side impact tests. There are also several projects
currently under way.
1. The JNCAP overall evaluation scores have

improved, mainly due to the scores in the offset
impact tests. The chest acceleration and brake
pedal displacement contribute to good scores
on the offset frontal impact tests.

2. The acceleration is high in full frontal impact
tests, and the intrusion is large in offset impact
tests. Each test evaluates different features of
crashworthiness. With the introduction of
offset frontal impact tests, the strength of the
passenger compartment has become greater,
while frontal stiffness has remained at the same
level.

3. Since the JNCAP came into being, the injury
criteria in frontal and side impact tests have
decreased every year. In full frontal tests, the
combined probability of injury risk was 70% in
1996, against 37% in 2002. In side impact tests,
injury criteria scores have nearly reached the
full number of points except the abdominal
forces.

4. JNCAP has a research program on CRS
abdominal injury risk and pedestrian test.
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ABSTRACT 
 

According to the National Highway Traffic 
Safety Administration's (NHTSA) 2001 data, while 
total traffic deaths in the United States increased by 
four tenths of a percent (+0.4%) from previous year, 
motorcycle deaths were up by 10 percent.  
Motorcyclist fatalities increased for the fourth year in 
a row since reaching a historic low of 2,116 fatalities 
in 1997.  In 2001, 3,181 motorcyclists were killed, an 
increase of 1,065 fatalities (or over 50 percent) 
between 1997 and 2001.  Without this substantial 
increase in motorcyclist fatalities between 1997 and 
2001, overall highway fatalities would have 
experienced a marked reduction of about 2.5 percent 
over this same time frame. 
 

This paper presents information from 
NHTSA’s Fatality Analysis Reporting System 
(FARS) on fatal motorcycle crashes relating to trends 
between 1990-2001.  The paper also looks at the gain 
in popularity of motorcycles by comparing the sales 
data, demographic changes relating to the shifting 
trends in the age of ownership and engine size of 
motorcycles.  The analysis focuses on how the 
demographic changes in the age of ownership and 
engine size of motorcycles have affected the 
motorcycle crashes.  Fatality rates are calculated 
using exposure data based on vehicle miles traveled, 
and registered motorcycles. 
 
INTRODUCTION 
 

More than 100,000 motorcyclists have died 
in traffic crashes since the enactment of the Highway 
Safety Act of 1966 and The National Traffic and 
Motor Vehicle Safety Act of 1966.  This paper 
examines data on motorcyclist fatalities from 1990-
2001.  In 2001, motorcycles made up 2.2 percent of 
all registered vehicles in the United States compared 
to 1.8 percent in 1997 and accounted for only 0.34 
percent of all vehicle miles traveled compared to 0.39 
percent in 1997.  However, in the same year 
motorcyclists accounted for 7.6 percent of total 
traffic fatalities compared to 5.0 percent in 1997.  In 

2001, the fatality rate per 100,000 registered vehicles 
for motorcyclists (64.87) was 4.1 times the fatality 
rate for passenger car occupants (15.72) compared to 
3.1 times in 1997.  In 2001, per vehicle mile traveled 
motorcyclists (33.4) were about 26 times as likely as 
passenger car occupants (1.3) compared to 14.5 times 
in 1997 to die in motor vehicle traffic crashes.  The 
purpose of this paper is to: 
 
• Combine NHTSA’s motor vehicle crash data 

from FARS with data from the Motorcycle 
Industry Council (MIC), and the Federal 
Highway Administration (FHWA); and, 

 
• Analyze combined data within specific problem 

areas by looking for trends and calculating rates. 
 
In order to better understand the reasons for 

the increase in fatalities, FARS data can be analyzed 
in various cross tabulations of more than 100 data 
elements.  These analyses among the different 
variables provide better insight into the specific 
problem areas relating to the increase in fatalities.    
The following sections detail data used in the 
analysis, describe the methodology used to analyze 
crash and exposure data, highlight the findings, and 
summarize the implications for crash prevention 
programs. 
 
DATA SOURCES 
 

Three data sources were used in this 
analysis: 

 
• Fatality Analysis Reporting System (FARS) 

relating to fatal traffic crashes; 
 
• 2001 Motorcycle Statistical Annual from 

Motorcycle Industry Council (MIC) relating to 
ownership, retail sales, and motorcycle 
population; and, 

 
• Federal Highway Administration (FHWA) 

relating to registration and vehicle miles traveled 
(VMT). 
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Fatality Analysis Reporting System 
 

The National Center for Statistics and 
Analysis (NCSA) collects and analyzes data, 
conducts research, and disseminates statistical 
information to support efforts by NHTSA and the 
highway safety community aimed at reducing deaths, 
injuries and economic losses resulting from motor 
vehicle crashes. 

 
NCSA designed and developed the Fatality 

Analysis Reporting System (FARS) database, a 
national census of police-reported motor vehicle 
crashes resulting in fatal injuries.  FARS compiles 
data from various sources on the location and 
circumstances of the crash, types of vehicles, and 
people involved.  This system generates overall 
measures of highway safety, helps identify traffic 
safety problems, and provides a basis to evaluate the 
effectiveness of motor vehicle safety standards and 
highway safety programs.  FARS system became 
operational in 1975.  It contains a census of fatal 
motor vehicle traffic crashes within the 50 states and 
the District of Columbia and Puerto Rico. 

 
To be included in FARS, a crash must 

involve a motor vehicle traveling on a traffic way 
customarily open to the public, and result in the death 
of a person (either an occupant of a vehicle or a non-
motorist) within 30 days of the crash.  Data elements 
contain specific information including the age of the 
person, license status of the driver, roadway type, 
motorcycle engine size, and land use (urban/rural).  
These data elements can be used in determining 
trends relating to fatal crashes.  

 
Motorcycle Industry Council 
 

The Motorcycle Industry Council (MIC) is a 
nonprofit, national trade association representing the 
motorcycle industry.  The MIC’s purpose is to 
preserve and promote motorcycling and the 
motorcycle industry.  This is accomplished through 
activities in government relations, statistics, 
communications, technical, and aftermarket 
programs.  MIC has two offices, Executive Office in 
Irvine, California and Government Relations Office 
in the Washington, D.C. area. 

 
More than 300 members represent 

manufacturers and distributors of motorcycles, 
scooters, parts and accessories, and members of allied 
trades, such as publishing companies, advertising 
agencies, insurance companies, and consultants.  
While dealers, clubs and individuals are not eligible 

for membership, MIC works with these groups on 
issues of mutual interest. 
 
Federal Highway Administration 
 

FHWA is part of the U.S. Department of 
Transportation and is headquartered in Washington, 
D.C., with field offices across the United States. 
FHWA performs its mission through these main 
programs: 

 
The Federal Highway Program provides 

federal financial assistance to States to construct and 
improve the National Highway System, urban and 
rural roads, and bridges. The program provides funds 
for general improvements and development of safe 
highways and roads. 

 
The Federal Lands Highway Program 

provides access to and within national forests, 
national parks, Indian reservations and other public 
lands by preparing plans, letting contracts, 
supervising construction facilities, and conducting 
bridge inspections and surveys. 

 
To support all of these program areas, 

FHWA conducts and manages a comprehensive 
research, development, and technology program. 
 
ANALYTICAL APPROACH 
 

The analytical approach involved the 
following steps: 

 
• Reviewing the data sources, FARS, MIC, and 

FHWA, to determine the data elements of 
interest in FARS and how these data elements 
could be combined with data from the other 
sources; 

 
• Formulating hypotheses about factors in fatal 

motorcycle crashes that may vary with different 
data elements and from year to year; 

 
• Calculating percentages and rates to analyze 11 

years of trend data and within specific data 
elements; and, 

 
• Summarizing data that focus on increases in 

motorcyclist fatalities. 
 
Additional information on traffic safety 

facts, FARS and other publications can be obtained 
from the NHTSA’s website at: 

 
www-nrd.nhtsa.dot.gov/departments/nrd-30/ncsa/ 
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HISTORIC FARS DATA 
 

A review of historical FARS data from 1975 
through 2001 shows motorcyclist fatalities reached 
an all time high of 5,144 fatalities in 1980, which was 
10 percent of the 51,091 fatalities from all motor 
vehicle crashes.  Eleven years later (1990), the 
number of motorcyclist fatalities was 3,244, only 63 

percent of the high for motorcyclist fatalities reached 
in 1980.  In 2001, there were 3,181 fatalities, 98 
percent of the motorcyclist fatalities in 1990. In fact, 
the motorcyclist fatality count in 2001 was just 62 
percent of the count in 1980.  Table 1 and Figure 1 
show the fatalities from motor vehicle crashes from 
1975 to 2001. 

 
Table 1. 

Fatalities from Motor Vehicle Crashes by Year and Person Type 
 

Person Type 
Occupants by Vehicle Type Year 

Passenger 
Vehicles (1) Motorcycles Large Trucks and 

Others (2) 
Non Motorists 

Total Fatalities 

1975 30,785 3,189 1,951 8,600 44,525 
1976 31,604 3,312 2,186 8,421 45,523 
1977 32,758 4,104 2,288 8,728 47,878 
1978 34,898 4,577 2,058 8,798 50,331 
1979 34,986 4,894 2,050 9,163 51,093 
1980 34,935 5,144 1,848 9,164 51,091 
1981 33,726 4,906 1,792 8,877 49,301 
1982 29,689 4,453 1,504 8,299 43,945 
1983 29,181 4,265 1,397 7,746 42,589 
1984 30,116 4,608 1,560 7,793 44,257 
1985 29,901 4,564 1,578 7,782 43,825 
1986 32,261 4,566 1,407 7,853 46,087 
1987 33,190 4,036 1,339 7,825 46,390 
1988 34,114 3,662 1,394 7,917 47,087 
1989 33,614 3,141 1,332 7,495 45,582 
1990 32,693 3,244 1,197 7,465 44,599 
1991 30,776 2,806 1,158 6,768 41,508 
1992 29,485 2,395 1,000 6,370 39,250 
1993 30,077 2,449 1,048 6,576 40,150 
1994 30,901 2,320 1,097 6,398 40,716 
1995 31,991 2,227 1,073 6,526 41,817 
1996 32,437 2,161 1,097 6,368 42,065 
1997 32,448 2,116 1,161 6,288 42,013 
1998 31,899 2,294 1,189 6,119 41,501 
1999 32,127 2,483 1,265 5,842 41,717 
2000 32,225 2,897 1,226 5,597 41,945 
2001 31,910 3,181 1,295 5,730 42,116 
Source: NCSA, FARS 
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Note: (1) Passenger vehicles include passenger cars and light trucks (vans, pickups, sport utility vehicles, and 
other light trucks). 
(2) Includes large trucks, buses and other type of vehicles and unknown type of vehicle. 

 
The number of passenger vehicle occupant 

fatalities has ranged from a high of 34,986 in 1979 to 
a low of 29,181 in 1983.  However, between 1997 
and 2001 the occupant fatalities in passenger vehicles 
has been fairly steady.  Most of the increases in 
occupant fatalities between 1997 and 2001 have been 

accounted by the increase in motorcyclist fatalities.  
The overall fatalities would have declined further in 
1998, 1999, 2000 and 2001 if motorcyclist fatalities 
had also decreased in the same four years.  Table 2 
shows a comparison of the total vs. motorcyclist 
fatalities from 1997 to 2001. 

 
Table 2. 

Total vs. Motorcyclist Fatalities by Year 
 

Year Fatalities 
1997 1998 1999 2000 2001 

Total 42,013 41,501 41,717 41,945 42,116 
Change from Previous Year --- -512 +216 +228 +171 

Motorcyclists 2,116 2,294 2,483 2,897 3,181 
Change from Previous Year --- +178 +189 +414 +284 

Percent of Total Fatalities 5.0 5.5 6.0 6.9 7.6 
Source: NCSA, FARS 
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Figure 1.  Motorcyclist Fatalities by Year. 
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MOTORCYCLE INDUSTRY COUNCIL (MIC) 
DATA 
 

According to the 2001 Motorcycle Industry 
Council Statistics, there were 2.5 motorcycles in use 
for every 100 persons living in U.S. in 1998.  
California, Florida, Texas, New York and Ohio 
represented over one-third (34 percent) of the 
motorcycles in use in 1998.  By region, the South had 
the highest motorcycle population in 1998 with 28 
percent of the total motorcycles in use.  The West 
showed the highest motorcycle penetration, at 2.8 
vehicles per 100 persons.  The Midwest had 2.7 
motorcycles per 100 persons, the East had 2.4 
motorcycles per 100 persons and the South had the 
least motorcycle penetration compared to all the 
regions with 2.1 motorcycles per 100 persons. 

 
An estimated 4,809,000 “on-highway” 

motorcycles were in use in 1998 compared to 
3,650,000 motorcycles in 1990, an increase of 32 
percent between 1990 and 1998.  On-highway 
motorcycles are certified by the manufacturer as 
being in compliance with the Federal Motor Vehicle 
Safety Standards (FMVSS), and designed for use on 
public roads.  Table 3 and Figure 2 show the 
distribution of motorcycles by engine size in cubic 
centimeters (cc) for these years.  Two thirds (66 
percent) of the motorcycles in 1998 had an engine 
displacement of over 749 cc compared to 40 percent 
in 1990.  The percentage of motorcycles for all other 
engine sizes has decreased from 1990 to 1998.  These 
data indicate that motorcycles with engines over 749 
cc are becoming more prevalent. 

 
Table 3. 

On-highway Motorcycles by Engine Displacement in cc and Year 
 

1990 1998 
Engine Displacement 

Num. % Num. % 

Under 125 cc 430,700 11.8% 202,000 4.2% 

125-349 cc 328,500 9.0% 240,400 5.0% 

350-449 cc 197,100 5.4% 187,600 3.9% 

450-749 cc 1,215,500 33.3% 995,500 20.7% 

Over 749 cc 1,478,200 40.5% 3,183,500 66.2% 

Total 3,650,000 100.0% 4,809,000 100.0% 

Source: MIC 
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Figure 2.  On-Highway Motorcycles (Percent) by Engine Displacement cc and Year. 
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Table 4 shows the number of new on-
highway motorcycle units sold between 1990-2000.  
Starting in 1992, there has been an increase each year 
in the number of units sold.  An estimated 471,000 
new on-highway motorcycle units were sold in 2000, 
almost 20 percent over the previous year and an 
increase of over 90 percent from the 247,000 units 
sold in 1997.  The average number of units sold 
between 1990 and 2000 was 257,400 units per year. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 4. 
New On-Highway Motorcycle Units Sold by Year 

and Percent Change 
 

Year Units Sold Percent Increase 
from Previous Year 

1990 208,000 N/A 
1991 190,000 -8.7 
1992 186,000 -2.1 
1993 201,000 +8.1 
1994 210,000 +4.5 
1995 214,000 +1.9 
1996 228,000 +6.5 
1997 247,000 +9.2 
1998 298,000 +20.6 
1999 379,000 +27.2 
2000 471,000 +24.3 
Source: MIC 

The mean age of a motorcycle owner in 
1998 was 38.1 years compared to 33.1 years in 1990, 
28.5 years in 1985 and 26.9 years in 1980.  Table 5 
and Figure 3 show the proportion of ownership of 
motorcycles by age groups for these years.  The 
percent of ownership for those age 50 years and over 
in 1998 was 19.1 percent compared to 10.1 percent in 

1990, 8.1 percent in 1985 and 5.7 percent in 1980.  
Similar increases are also seen in the 35-39 and 40-49 
age groups.  Under 18, 18-24 and 25-29 age groups 
showed corresponding decreases.  The largest 
decrease was in the under 18-age group and the 
greatest increase was in the 40-49 age group. 

 
Table 5. 

Ownership of Motorcycles by Age Group and Year 
 

Year 
Age 

1980 1985 1990 1998 

Under 18 24.6% 14.9% 8.3% 4.1% 

18-24 24.3% 20.7% 15.5% 10.6% 

25-29 14.2% 18.7% 17.1% 10.9% 

30-34 10.2% 13.8% 16.4% 11.5% 

35-39 8.8% 8.7% 14.3% 16.0% 

40-49 9.4% 13.2% 16.3% 24.6% 

50 and Over 5.7% 8.1% 10.1% 19.1% 

Not Stated 2.8% 1.9% 2.0% 3.2% 

Median Age 24.0 Years 27.1 Years 32.0 Years 38.0 Years 

Mean Age 26.9 Years 28.5 Years 33.1 Years 38.1 Years 

Source: MIC 
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Figure 3.  Motorcycle Ownership Percentage by Age Group and Year. 
 
FEDERAL HIGHWAY ADMINISTRATION 
(FHWA) EXPOSURE DATA 
 

Table 6 shows motorcycle registrations and 
vehicle miles traveled (VMT) from 1990 to 2001.  
The data show that motorcycle registrations have 
increased from 1997 to 2001 by 28.1 percent.  The 
VMT for motorcycles reached the highest level in 
1999, an increase of 8.0 percent since 1995.  The data 
indicate increased exposure in terms of both 
motorcycle registrations from 1997 to 2001 and 
vehicle miles traveled from 1995 to 1999.  In 2000 
and 2001 the VMT actually decreased even though 
the number of registered vehicles increased. 
 

 
 
 
 
 
 
 
 
 
 
 

Table 6. 
Motorcycle Registrations and Vehicle Miles 

Traveled (VMT) by Year 
 

Motorcycle 
Registrations VMT (Millions) 

Year 
Number Percent 

Change Number Percent 
Change 

1990 4,259,462 N/A 9,557 N/A 
1991 4,177,365 -1.93% 9,178 -3.97% 
1992 4,065,118 -2.69% 9,557 +4.12% 
1993 3,977,856 -2.15% 9,906 +3.65% 
1994 3,756,555 -5.56% 10,240 +3.37% 
1995 3,897,191 +3.74% 9,797 -4.33% 
1996 3,871,599 -0.66% 9,920 +1.26% 
1997 3,826,373 -1.17% 10,081 +1.62% 
1998 3,879,450 +1.39% 10,283 +2.00% 
1999 4,152,433 +7.04% 10,584 +2.93% 
2000 4,346,068 +4.66% 10,469 -1.09% 
2001 4,903,056 +12.82% 9,529 -8.98% 
Source: FHWA 

Source: MIC 
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FINDINGS 
 

Results of the findings based on fatalities, 
ownership and exposure data are presented.  Results 
are also based on the fatality rates calculated using 
exposure and ownership data. 
 
Motorcyclist Fatalities by Year and Age Group 
 

Table 7 and Figure 4 show the number and 
percent of motorcyclist fatalities from 1990 to 2001 
by age group.  As seen in the table the number of 
motorcyclist fatalities among age 40 and over has 
been increasing, especially from 1997 to 2001.  Even 
though the number of motorcyclist fatalities declined 
each year between 1993 and 1997, the number of 
fatalities in the 40 and over age group increased 
during the same period.  The number of fatalities for 
motorcyclists ages 40 and over has increased from 
699 in 1997 to 1,254 in 2001, an increase of 79 
percent.  Motorcyclist fatalities have increased 
between 1990 and 2001 only in the 40-49 and over 
49 age groups whereas the number of fatalities has 
decreased for all other age groups.  The fatalities in 

40-49 age group have increased from 278 in 1990 to 
722 in 2001 and in the over 49 age group from 188 in 
1990 to 532 in 2001.  Still, the 20-29-age group 
accounts for the largest number of motorcyclist 
fatalities from 1990 to 2001 for any age group. 
 

After reaching the historic low in 1997 
motorcyclist fatalities increased 8.4 percent between 
1997 and 1998, 7.8 percent between 1998 and 1999, 
16.7 percent between 1999 and 2000 and 9.8 percent 
between 2000 and 2001.  These increases have been 
observed, for the most part, in the 40 and over age 
group.  The number of under 20 and 20-29 age group 
fatalities has declined considerably between 1990 and 
2001 and the 30-39 age group has maintained the 
same percentage of fatalities.  But the 40-49 and over 
49 age groups show a steady increase each year 
between 1990 and 2001.  The proportion of 
motorcyclist fatalities in the 40-49-age group has 
increased from 8.6 percent in 1990 to 22.7 percent in 
2001, a factor of 2.6.  The over 49 age group fatality 
proportion for the same years has increased from 5.8 
in 1990 to 16.7 in 2001, a factor of 2.9. 

 
Table 7. 

Motorcyclist Fatalities by Year and Age Group 
 

Motorcyclist Age Group 
< 20 20-29 30-39 40-49 > 49 Unknown Year 

Num. % Num. % Num. % Num. % Num. % Num. % 

Total 

1990 504 16 1,457 45 816 25 278 9 188 6 1 0 3,244 
1991 411 15 1,219 43 728 26 296 11 151 5 1 0 2,806 
1992 318 13 981 41 652 27 280 12 164 7 0 0 2,395 
1993 262 11 1,005 41 666 27 338 14 176 7 2 0 2,449 
1994 260 11 910 39 608 26 346 15 195 7 1 0 2,320 
1995 195 9 909 41 576 26 359 16 188 8 0 0 2,227 
1996 202 9 763 35 555 26 420 19 221 8 0 0 2,161 
1997 166 8 694 33 556 26 405 19 294 14 1 0 2,116 
1998 201 9 720 31 612 27 475 21 285 12 1 0 2,294 
1999 137 6 761 31 612 25 570 23 403 16 0 0 2,483 
2000 189 7 818 28 707 24 677 23 501 17 5 0 2,897 
2001 209 7 919 29 797 25 722 23 532 17 2 0 3,181 
Source: NCSA, FARS 
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Figure 4.  Motorcyclist Fatalities by Age Group (Percent) and Year. 
 
Motorcyclist Fatalities by Year and Engine 
Displacement in Cubic Centimeters (cc) 
 

In addition to the overall increase in 
motorcyclist fatalities in recent years, there has been 
a noticeable increase in fatalities among 
motorcyclists riding 1,001-1,500 cc engine size 
motorcycles.  The number of motorcyclist fatalities in 
the 1,001-1,500 cc engine group rose from 702 in 
1990 to 1,177 in 2001, an increase of 67.7 percent, 
the only group to show an increase of fatalities 
between 1990 and 2001. While the largest number of 

motorcyclist fatalities is still in the 501-1,000 cc 
engine group, the fatality count among motorcyclists 
in the 1,001-1,500 cc group is fast approaching the 
501-1,000 cc level.  Motorcyclist fatalities in the 500 
cc and less engine group declined by 64.5 percent 
between 1990 and 2001.  Similarly, fatalities in the 
501-1,000 cc group have declined by 8.6 percent 
during the same time period.  Starting in 1996, a very 
small number of all motorcyclist fatalities have been 
reported involving motorcycles with engine 
displacements greater than 1,500 cc.  Table 8 shows 
fatalities from 1990 to 2001 by engine displacement. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Source: NCSA, FARS 
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Table 8. 
Motorcyclist Fatalities by Year and Engine Displacement 

 
Engine Displacement (cc) 

Up to 500 501-1,000 1,001-1,500 > 1,500 Unknown Year 

Num. % Num. % Num. % Num. % Num. % 

Total 

1990 639 20 1,526 47 702 21 0 0 377 12 3,244 
1991 497 18 1,365 49 654 23 0 0 290 10 2,806 
1992 411 17 1,107 46 590 25 0 0 287 12 2,395 
1993 388 16 1,111 45 683 28 0 0 267 11 2,449 
1994 311 13 1,038 45 633 27 0 0 338 15 2,320 
1995 310 14 1,009 45 666 30 0 0 242 11 2,227 
1996 243 11 1,001 46 654 30 8 0 255 12 2,161 
1997 194 9 957 45 729 34 11 1 225 11 2,116 
1998 213 9 1,040 45 781 34 16 1 244 11 2,294 
1999 185 7 982 40 818 33 23 1 475 19 2,483 
2000 203 7 1,261 44 1,092 38 46 2 288 10 2,897 
2001 227 7 1,395 44 1,177 37 48 2 324 10 3,181 
Source: NCSA, FARS 
 
Motorcyclist Fatalities on 1,001-1,500 cc Engine 
by Year and Age Group 
 

Between 1990 and 2001, Table 8 (above) 
showed that motorcyclist fatalities increased only in 
the 1,001-1,500 cc engine size motorcycles.  Analysis 
of data from Table 9 and Figure 5 show that the 
number of motorcyclist fatalities in the 1,001-1,500 
cc engine size category has increased only in the 40-
49 and over 49 age groups between 1990 and 2001.  
The motorcyclist fatalities in the 40-49 age group 
have been steadily increasing each year since 1992.  
Similarly, motorcyclist fatalities in the over 49-age 
group have been steadily increasing each year since 
1993. 

 
The motorcyclist fatalities in the 40 and over 

age group in the 1,001-1,500 cc engine size have 
been increasing even though overall motorcyclist 
fatalities have reduced from 1990 to 1997.  The 

number of motorcyclist fatalities in the 40-49 age 
group has increased by a factor of 3.6 between 1990 
and 2001.  Similarly motorcyclist fatalities in the 
over 49-age group have increased by a factor of 4.4 
between 1990 and 2001.  These numbers indicate the 
involvement of larger motorcycles like 1,001-1,500 
cc engine size group by age groups 40 and over in 
fatal crashes. 

 
The percentage of motorcyclist fatalities in 

the 40 and over age group has increased from 27 
percent in 1990 to 62 percent in 2001 in the 1,001-
1,500 cc engine size category.  Almost two thirds (62 
percent) of the motorcyclist fatalities in 2001 were in 
the 40 and over age group and the remaining one 
third in under 40-age group.  In 1990, three fourths 
(74 percent) of motorcyclist fatalities were in the 
under 40-age group compared to 27 percent in the 40 
and over age group. 
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Table 9. 
Motorcyclist Fatalities on 1,001-1,500 cc Engine Size by Year and Age Group 

 
Motorcyclist Age Group 

< 20 20-29 30-39 40-49 > 49 Unknown Year 

Num. % Num. % Num. % Num. % Num. % Num. % 

Total 

1990 22 3 236 34 258 37 116 17 70 10 0 0 702 
1991 19 3 202 31 246 38 126 19 60 9 1 0 654 
1992 17 3 146 25 231 39 125 21 71 12 0 0 590 
1993 13 2 191 28 253 37 167 24 59 9 0 0 683 
1994 12 2 137 22 215 34 176 28 93 15 0 0 633 
1995 12 2 135 20 233 35 182 27 104 16 0 0 666 
1996 15 2 119 18 211 32 198 30 111 17 0 0 654 
1997 8 1 99 14 232 32 225 31 165 23 0 0 729 
1998 17 2 91 12 252 32 267 34 153 20 1 0 781 
1999 3 0 79 10 205 25 294 36 237 29 0 0 818 
2000 9 1 92 8 282 26 416 38 290 27 3 0 1,092 
2001 12 1 125 11 311 26 420 36 308 26 1 0 1,177 
Source: NCSA, FARS 
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Figure 5.  Motorcyclist Fatalities on 1,001-1,500 cc Engine Size by Age Group (Percent) and Year. 
 
 

Source: NCSA, FARS 
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Motorcyclist Fatalities by Year and Land Use 
(Rural/Urban) 
 

Between 1990 and 1997 the majority of 
motorcyclist fatalities occurred on urban roadways 
but it was generally decreasing.  This trend has 
changed in the recent years with more fatalities 
occurring on rural roadways.  Motorcyclist fatalities 
on rural roadways increased from 45 percent in 1990 
to 52 percent in 1999 an increase of 7 percentage 

points.  In 1997, 1,047 motorcyclists were killed on 
rural roadways compared to 1,557 in 2001, an 
increase of 49 percent.  The increase in motorcyclist 
fatalities for the same years on urban roadways was 
33 percent.  Table 10 shows the breakdown of the 
fatalities by land use for the years 1990 through 
2001.  The change in proportions from 1999 to 2001 
is partially due to the increase in the number of 
unknowns.  The number of unknowns in 2001 could 
change with release of the Final FARS 2001 file.

 
Table 10. 

Motorcyclist Fatalities by Year and Land Use 
 

Motorcyclist Fatalities by Land Use 
Rural Urban Unknown Year 

Num. % Num. % Num. % 

Total 

1990 1,445 45 1,798 55 1 0 3,244 
1991 1,337 48 1,465 52 4 0 2,806 
1992 1,091 46 1,285 54 19 1 2,395 
1993 1,177 48 1,256 51 16 1 2,449 
1994 1,070 46 1,244 54 6 0 2,320 
1995 1,070 48 1,144 51 13 1 2,227 
1996 1,027 48 1,126 52 8 0 2,161 
1997 1,047 49 1,064 50 5 0 2,116 
1998 1,166 51 1,119 49 9 0 2,294 
1999 1,290 52 1,175 47 18 1 2,483 
2000 1,428 49 1,385 48 84 3 2,897 
2001 1,557 49 1,411 44 213 7 3,181 
Source: NCSA, FARS 
 
Mean Age of Motorcyclist Killed and Mean 
Engine Displacement in Fatal Crash 
 

From 1990 to 2001 the average age of 
motorcyclists killed increased.  The mean age of the 
motorcyclist killed in 1990 was 29.3 years. It 
increased to 36.3 years in 2001, an increase of 24 
percent.  Similarly the mean engine displacement of 
the motorcycles involved in fatal crashes has 
increased from 769 cc in 1990 to 959 cc in 2001, an 
increase of 25 percent.  The analysis indicates a rise 
in the average age of motorcyclist killed and greater 
involvement of motorcycles with larger engines in 
fatal crashes.  Table 11 shows the mean age of 
motorcyclists killed and mean engine displacement in 
fatal crashes from 1990 to 2001. 
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Table 11. 
Mean Age of Motorcyclists Killed and Mean 

Engine Displacement in Fatal Crashes by Year 
 

Mean Age in Year 
(1) 

Mean Engine Size 
in cc (1) Year 

Number Change Number Change 
1990 29.3 N/A 769 N/A 
1991 29.6 +0.3 786 +17 
1992 30.5 +0.9 799 +13 
1993 31.3 +0.8 820 +21 
1994 31.8 +0.5 837 +17 
1995 32.1 +0.3 842 +5 
1996 33.4 +1.3 865 +23 
1997 34.8 +1.4 899 +34 
1998 34.6 -0.2 904 +5 
1999 36.5 +1.9 922 +18 
2000 36.8 +0.3 957 +35 
2001 36.3 -0.5 959 +2 
Source: NCSA, FARS 

 
Note: (1) Excludes unknowns 
 
Motorcyclist Fatality Rate by Registered 
Motorcycles and VMT 
 

Fatality rates for motorcyclists declined 
between 1990 and 1997 when measured per 100,000 
registered motorcycles and per 100 million 
motorcycle VMT. However, between 1997 and 2001 
fatality rates per 100,000 registered motorcycles 
increased by 17.3 percent and per 100 million VMT 
by 59.1 percent.  The number of fatalities has 
increased more sharply for these years than the 
increase in the VMT between 1997 and 2001.  Table 
12 gives the fatality rates for registered motorcycles 
and VMT from 1990 to 2001. 
 
 The fatality rate per 100,000 registered 
vehicles actually declined between 2000 and 2001 
since the increase in the number of registered 
motorcycles was higher than the increase in fatalities. 

 
 
 
 
 
 
 
 
 

Table 12. 
Motorcyclist Fatality Rates by Year and 

Registered Motorcycles and VMT 
 

Rate per 100,000 
Registered 
Vehicles 

Rate per 100M 
VMT Year 

Number Percent 
Change Number Percent 

Change 
1990 76.16 N/A 33.9 N/A 
1991 67.17 -11.8% 30.6 -9.7% 
1992 58.92 -12.3% 25.1 -18% 
1993 61.57 +4.5% 24.7 -1.6% 
1994 61.76 +0.3% 22.7 -8.1% 
1995 57.14 -7.5% 22.7 0.0% 
1996 55.82 -2.3% 21.8 -4.0% 
1997 55.30 -0.9% 21.0 -3.7% 
1998 59.13 +6.9% 22.3 +6.2% 
1999 59.80 +1.1% 23.5 +5.4% 
2000 66.66 +11.5% 27.7 +17.9% 
2001 64.88 -2.7% 33.4 +20.6% 
Source: NCSA, FARS and FHWA 

 
CONCLUSIONS 
 

The analysis described in this paper supports 
a variety of conclusions about the targets for 
motorcycle crash prevention programs and could aid 
in the design of countermeasure programs.  The 
analysis also demonstrates the utility of using 
different data sources to cross verify the results from 
one data source with another.  Since one of the major 
foci of this paper and analysis is based on age groups 
and engine size, use of the FARS data in conjunction 
with MIC data permitted conclusions that could not 
have been drawn by using FARS data alone.  The use 
of MIC data supports the observations of the FARS 
data relative to the involvement of 40 and over age 
groups and motorcycles with engine sizes of 1,001-
1,500 cc in fatal motorcycle crashes in recent years. 
 
Motorcycle Exposure Rates 
 

Data from FHWA relating to registered 
motorcycles and motorcycle VMT show an increase 
in the number of registered motorcycles in the past 
two years and also an increase in VMT in the past 
five years.  MIC data show that number of new on-
highway motorcycle units sold has increased each 
year since 1992 with most of the increase seen 
between 1997 and 2001.  The motorcyclist fatality 
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rates based on registered motorcycles and VMT have 
also increased between 1997 and 2001.  These 
exposure data indicate more motorcycles on the roads 
with more vehicle miles traveled in the recent years. 

 
Motorcyclist Age 
 

Results from 1990-2001 FARS data show 
that there has been an increase in the number of 
motorcyclist fatalities in 40 and over age group.  MIC 
data also suggests more people age 40 and over are 
buying and riding motorcycles thereby increasing 
their exposure.  If these patterns continue as seen 
from the combination of data sources, there is the 
likelihood that there will continue to be an increase in 
the number of motorcyclists age 40 and over 
involved in fatal crashes. 
 
Motorcycle Engine Displacement in Cubic 
Centimeters 
 

Analysis of FARS and MIC data shows that 
there is an increase in the average engine size of 
motorcycles involved in fatal crashes.  Further data 
from FARS indicate that more motorcyclists in the 40 
and over age group are getting killed on motorcycles 
with 1,001-1,500 cc engines. 

 
Motorcyclist Fatalities by Land Use 
(Urban/Rural) 
 

Even though the shift of motorcyclist 
fatalities on urban roadways to rural roadways has 
been very gradual, it is possible that this trend will 
continue.  This is important since 42 percent of all 
motorcyclist fatalities occur on rural undivided 
roadways.  Also, helmet use, license status, alcohol 
use and speeding vary between urban and rural 
roadways.  Hence more attention should be focused 
towards rural roadways for better education, 
enforcement, communication and other safety 
messages. 
 
Other Conclusions 
 
Following conclusions are based on the report and 
research notes referenced (references 6-8) in this 
paper. 
 
• Undivided roadways particularly rural roads 

account for a majority of motorcyclist fatalities;  
 
• Speeding is still one of the major factors in 

motorcycle crashes especially among riders 
under the age of 30; 

• High BAC levels continue to be a major problem 
among motorcycle operators; 

 
• Helmet use is just 50 percent among fatally 

injured motorcyclists with a 10 percentage point 
increase from 1990 (43 percent) to 2001 (50 
percent); and, 

 
• Motorcycle operators, especially in the under 20 

and 20-29 age groups, are often improperly 
licensed to operate motorcycles. 
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ABSTRACT 
 

Seating systems are designed for occupant comfort 
as well as for affording occupant protection in various 
crash modes.  FMVSS No. 207 specifies seat 
performance criteria, of which, one requires that a seat 
back withstand a minimum of 373 Nm moment 
measured about the seating reference point.  The 
sufficiency of this requirement has been a source of 
significant debate.   Some researchers believe that the 
potential hazards from a seat back collapsing in a rear 
impact include: the inability to control the vehicle in 
the event of a second impact, ejection of the occupant 
from the seat and injury to the rear seat occupant when 
struck by the front seat. 
 

Molino (1998) reported that the average yield 
strength and average ultimate strength for all seats 
tested were 2.1 times and 3.4 times the current standard 
respectively.   In spite of the greater strength of current 
production seats than FMVSS No. 207 requirements, 
there are still anecdotal cases of front and rear 
occupant injuries and fatalities due to seat back 
collapse (Saczalski, Cantor).  NHTSA has in the past 
stated that improving seating system performance may 
be more complex than simply increasing the strength of 
the seat (57 FR 54958).  Seat back force-deflection 
characteristics and energy management along with 
occupant interaction with the seat upholstery, head 
restraint and belt restraints may all play critical roles in 
mitigation of injuries in rear impacts. 
 

This paper examines the performance of original 
equipment manufacturer  (OEM) seat systems in a 
series of FMVSS No. 301 crash tests of 2002 model 
year vehicles by using the instrumented 50th percentile 
male Hybrid III dummy.   

 
INTRODUCTION 
 

FMVSS No. 207 came into effect in 1968 for cars 
and in 1972 for multipurpose passenger vehicles 
(MPVs), trucks, and buses.  The current test procedure 

for seat back strength evaluation involves applying a 
force at the upper cross-member of the seat back in a 
rearward longitudinal direction that produces a 373 Nm 
moment about the seating reference point (or H-point).  
The FMVSS No. 207 regulation requires that the seat 
back withstand this applied load. 

 
Molino (1998) conducted static tests to evaluate the 

seat back strength of various production seats and 
found that the average ultimate strength of single and 
dual recliner seats was 3 and 4 times greater than 
FMVSS No. 207 specified strength of 373 Nm H-point 
moment. 

 
Even though current production seats exceed the 

FMVSS No. 207 requirements, there are still anecdotal 
cases of front and rear occupant injuries and fatalities 
due to seat back collapse (Saczalski 1993 and Cantor 
1989).  These researchers believe that the potential 
hazards from a seat back that deforms too much in a 
rear impact include: the inability to control the vehicle 
in the event of a second impact, ejection of the 
occupant from the seat and injury to the rear seat 
occupant when struck by the front seat.  Further, 
fatalities and injuries to rear child occupants due to seat 
back collapse of the front seat in rear impacts have also 
been reported.  This is especially of concern since 
NHTSA recommends to the public that children of age 
12 and under should be placed in the rear seat. 

 
Other researchers contend that seats that deform 

are preferable.  Studies by Strother and James (1987) 
and Warner, et al. (1991) indicated that there was an 
underlying design conflict between occupant retention 
by a “stiff” or “rigid” seat in severe, but relatively 
infrequent rear crashes, and the need for a “yielding” 
seat back to prevent whiplash injuries in the more 
frequent, minor rear impacts.   

 
More recently, Viano, (2002, 2003) has 

demonstrated the efficacy of high retention seats in 
reducing injuries and fatalities associated with ramping 
out of the seat in high speed rear impacts as well as in 
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reducing whiplash injuries in low speed rear crashes.  
High retention seats have a strong frame structure with 
high recliner stiffness that yield by deformation of the 
seat trim.  Further, a recent investigation of insurance 
claims of rear impact crashes (Farmer, 2002) indicated 
that the use of head restraints that are higher and closer 
to the occupant’s head as well as active head restraints 
have reduced whiplash injury claims by as much as 
30%.   

 
Advances have also been made on assessing 

whiplash injuries in rear impacts (Viano, 2002) using 
the Hybrid III dummy.  In light of the recent advances 
in seat design and rear impact injury evaluation 
criteria, NHTSA undertook examining the performance 
of current seat systems in moderate to high speed rear 
impact crashes (velocity change between 22 to 30 kph) 
using the current FMVSS No. 301 rear impact test 
procedure.   
 
PROBLEM DEFINITION 
 
 The National Automotive Sampling 
System/Crashworthiness Data System (NASS/CDS) 
data files for the years 1992-2001 were examined to 
determine the number of rear impacts compared to 
other crash modes and to determine the injury rate of 
outboard occupants in rear impacts.  The data was 
divided into different crash types, which include 
rollover, frontal, side, rear, other and unknown.  All 
data presented in the paper are weighted to represent 
the national estimates. 
 
 Rear impact crashes account for only 8 percent of 
all tow away crashes in the NASS/CDS database 
(Figure 1).  In addition, the risk of moderate to severe 
injury (1990 Abbreviated Injury Scale, AIS 3+) 
injuries is lowest for rear impacts (0.5%) as compared 
to rollover (6%), frontal (2%) and side (2.5%) (Figure 
2).  In contrast Figure 3 shows that the risk of whiplash 
is greatest for rear impacts (20%) compared to other 
crash modes.  Further, unlike the risk of AIS 3+ 
injuries, the risk of whiplash injury is approximately 
the same at high and low speeds (Figure 4).  Cervical 
spine strain or sprain injuries without fracture or 
dislocation and of AIS 1 severity were considered as 
whiplash injury in this analysis.    Previously NHTSA 
has reported NASS whiplash rates of greater than 30% 
(NHTSA 1999).  The lower rate reported here is likely 
due to the fact that only occupants with a whiplash and 
no other injury greater than AIS 1 were included in the 
data analysis. 
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Figure 1.  Distribution of types of crashes. 
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Figure 2.  Rate of MAIS 3 -6 injuries by impact type. 
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Figure 3.  Rate of whiplash injuries by impact type. 
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Figure 4.  Average annual estimates of risk of 
whiplash injury for light vehicle occupants in tow 
away rear crashes at different deltaVs (NASS years: 
1992-2001). 
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TEST SETUP 
 

The vehicle setup was according to the rear impact 
test procedure defined by FMVSS No. 301.  In this 
procedure, the moving barrier, with flat rigid plate, 
impacts the rear of the vehicle at 48 kph (30 mph) (see 
Figure 5) and fully engages the rear of the vehicle.  The 
head restraint was placed in the highest position and 
the seat back angle was set according to the 
manufacturers’ specifications.  The list of vehicles 
tested are presented in Table 1.  The table also shows 
an abbreviation of each vehicle used throughout the 
paper.   

Table 1.  Test Matrix 

Vehicle Abbreviation  
Kia Spectra SPEC 

Hyundai Accent ACC 
Chevrolet Trailblazer TRAIL 

Acura RSX RSX 
Chevrolet Venture VENT 

Suzuki Aerio AERIO 
Dodge Intrepid INTR 
Toyota Camry CAMRY 
Nissan Altima ALT 

 
The Hybrid III 50th percentile male dummy was 

positioned in the driver’s seat according to the 
procedure defined in FMVSS No. 208.  The dummy 
was instrumented with 3-axis accelerometers in the 
head and chest and 6-axis upper and lower neck load 
cells.  To measure head-to-torso rotation, the dummy 
was instrumented with Magnetohydrodynamic (MHD) 
angular rate sensors (ATA model ARS-02) in the head 
and upper spine.  For three of the tests the head-to-
torso rotation was also measured using goniometers 
(Figure 6).  One goniometer link measured the upper 
neck rotation relative to the upper torso and the second 
link measured head rotation relative to the upper neck.  
 

The seat back rotation was calculated using the 
following two methods:  The first method used single 
axis accelerometers placed perpendicular to the seat 
back.  The first accelerometer was placed at the height 
of the H-point (Figure 7).  The second accelerometer 
was placed 262 mm above the first accelerometer along 
the seat back.  Equation 1 was used to calculate the seat 
back angle.  The second method was to place an MHD 
angular rate sensor just above the upper accelerometer 
and then integrate the output to get angular 
displacement.  Note that both the left and right side of 
the seat were instrumented. 

 

 

Figure 5.  Test setup. 

 

 

Figure 6.  Goniometer setup. 

 

Figure 7.  Seat setup. 
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Where: SBt:  Acceleration of the upper 

accelerometer 
 SBb:  Acceleration of the lower 

accelerometer 
 L :  Distance between the two 

accelerometers 
 
INJURY ASSESSMENT 
 
 To assess severe injuries in moderate to high 
speed rear impacts the current FMVSS No. 208 (CFR 
2001) injury criteria were monitored.  Several neck 
injury criteria to assess whiplash injury have been 

48 kph 

Accelerometer 
MHD 

Accelerometer 

H-Point 
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proposed in recent years such as NIC (Svensson et al., 
1993, 2000), Nkm (Schmitt et al. 2001), IV-NIC 
(Panjabi, et al., 1999), NDC (head-to-torso rotation) 
(Viano, 2002) and lower neck moment (Prasad et al., 
1997).   
 

Prasad, et al. (1997) conducted rear impact tests 
with the Hybrid III dummy in production seats and 
found that among all dummy responses, the extension 
moment computed at the base of the neck was most 
sensitive to seat design changes and crash severity.  
Prasad recommended a corrected lower neck moment 
threshold level on the Hybrid III dummy of 154-186 
Nm to mitigate ligamentous neck injury. While Prasad 
et al. (1997) noted that the Hybrid III dummy 
responses in rear impact crashes correlated well with 
cadaveric head/neck responses, other researchers 
(Svensson, et al. 1993,  Schmitt, et al. 2001) found 
Hybrid III dummy neck responses in rear impacts were 
not biofidelic and suggested that application of NIC 
and Nkm on Hybrid III dummy neck responses to 
assess whiplash injury risk may not be appropriate.   

 
While there remains a lack of consensus on the 

underlying whiplash injury mechanism, there is a 
consensus that limiting the relative head to torso 
motion would reduce the incidence of whiplash injuries 
(Viano, 2002, Yoganandan, 2000, Langweider, 2000).  
Viano and Davidsson (2002) demonstrated that the 
relative head to torso rotation versus relative head to 
torso longitudinal displacements trajectories of the 
Hybrid III dummy in rear impacts were similar to those 
of volunteers.  Therefore, injury criteria based on 
relative head to torso motion of the Hybrid III dummy 
may be adequate in assessing whiplash injury risk.      
 
 
RESULTS 
 
 Figure 8 shows the left seat back rotation (SBR) 
calculated from the accelerometers with zero being the 
starting seat back position.  Many of these curves 
indicate rotation values that pass through zero and 
continue with a negative slope.  However, these results 
are in question since video analysis showed that no seat 
back returned to its initial position.  This discrepancy 
in measured and observed seat rotation could be 
attributed to the error in calculating angle from double 
integrating the accelerometers or due to the axis of the 
accelerometers not remaining parallel to each other 
during the event due to seat deformation.  Note that 
Table 1 in Appendix 1 summarizes all results from 
these rear impact tests.  This same trend was found on 
the right side of the seat. 
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Figure 8.  Left seat back rotation calculated from 
accelerometers. 
 
 Figure 9 shows the left side of the seat back 
rotation calculated from the MHD and the Delta V for 
each vehicle.   The seat back rotation ranged from 11 to 
52 degrees of rotation and the Delta V ranged from 22 
to 30 kph.  Figure 10 and Figure 11 show the dummy 
position at maximum seat rotation for the Trailblazer 
and the Accent which had rotations of 11 and 52 
degrees, respectively.  The Accent seat back 
completely collapsed and was found in contact with the 
rear seat post-test.  The recliner mechanism was 
inspected after the tests to determine the cause of the 
collapse.  The teeth of the recliner were not sheared off 
and there were no noticeable scratches on the sides of 
the recliner mechanism.  In addition, the recliner 
worked properly after the test.  Therefore, the exact 
cause of the large seat back rotation could not be 
determined.   
 
 Although not shown, the rotations of the right side 
of each seat back was also measured using a MHD, but 
the data from that MHD was questionable for most of 
the tests.  The reason for this could be because the 
MHD was old and may not have been working 
properly.   

 
 

Figure 9.  Left seat back rotation calculated from 
MHD. 
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Figure 10.  Max Seat rotation of a 2002 Chevrolet 
Trailblazer  (11 degrees). 

 

Figure 11.  Max Seat rotation of a 2002 Hyundai 
Accent (52 degrees). 

 
 Figure 12 shows the comparison of measuring 
head-to-torso rotation using MHD’s or goniometers.  
From this figure it is seen that both measurement 
techniques give approximately the same result.  The 
percent difference between the peaks of the two 
measurement techniques are 5.8 and 5.3 percent for the 
Altima and RSX respectively.   
 
 The head-to-torso rotation (H2T) ranged from 7.8 
to 30.2 degrees (see Figure 13) for the seats tested.  
Since the Camry MHD data was bad, the goniometer 
data was plotted for this vehicle.  The Kia Spectra had 
the highest head-to-torso rotation at 30.2 degrees.   
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Figure 12.  Comparison of techniques of measuring 
head-to-torso rotation. 
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Figure 13.  Head-to-Torso Rotation.  

 Figure 14 and Figure 15 show the HIC 15 and 
chest g’s for each vehicle, respectively.  The vehicles 
with the maximum HIC 15 (147) and chest g’s (20 g’s) 
were the Acura RSX and Chevrolet, respectively. 
 
 Figure 16 and Figure 17 show the maximum upper 
neck Nij and the maximum upper neck Nkm for each 
vehicle.  Nij was computed as specified in FMVSS 
208.  Though Nkm was developed for the Hybrid III 
dummy with the TRID neck, it was applied to the 
Hybrid III neck measurements as done by Yoganandan, 
et al (2002).  The peak values for the Nij and Nkm 
were 0.31 and 0.82, respectively.  Figure 18 shows the 
corrected maximum lowe r neck moment for each 
vehicle.  The vehicle with the maximum corrected 
lower neck moment was the Trailblazer at 148 Nm. 
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Figure 14.  15 ms HIC. 
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Figure 15.  Chest g’s. 
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Figure 16.  Maximum upper neck Nij.  
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Figure 17.  Maximum upper neck  Nkm. 
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Figure 18.  Corrected maximum lower neck 
moment. 

 
DISCUSSION 
 
 The NASS analysis showed that only 8 percent of 
tow away crashes are rear impacts and the risk of AIS 
3+ injuries in rear crashes is only 0.5 percent.   
 
 Even though current OEM seats are on average 
approximately 2-3 times stiffer and stronger than the 
current FMVSS No. 207 standard requirement, the test 
of the Hyundai Accent resulted in a seat back rotation 
of 52 degrees with the dummy’s head contacting the 
rear seat back.  In spite of the head contact, the dummy 
performance criteria monitored were not able to 
distinguish between the Hyundai Accent seat that 
collapsed from other seats that stayed upright.   From 
Figure 11 it can be seen that if an occupant was present 
in the rear seat of the Accent, the front seat and /or the 
front seat occupant would have contacted the rear 
occupant and may have caused injury to that occupant.  
Video observation of dummy kinematics showed no 
noticeable translation of the dummy up the seat back 
(ramping) for the vehicles tested, even for the seat that 
collapsed.  This is contrary to reports from real world 
crash investigations (Saczalski, 1993).  However, no 
quantitative assessment of this relative motion was 
possible.  
 
 The seat rotation computed from accelerometer 
data did not appear to match the qualitative assessment 
of seat back rotation that was made from the video.  
This may have been due in part to the probable rotation 
of accelerometers caused by localized deformation of 
the seat back, as well as the computational error 
discussed previously.  The seat rotations computed 
from the MHD data were similar to the assessment of 
seat back rotation made from video.  A more thorough 
evaluation of the MHD sensors for use in determining 
seat back rotation should be conducted.  The head-to-
torso rotations computed using MHD sensors located 
in the head and upper spine and those computed using 
the goniometers were nearly identical.  This indicates 
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that both of the measurement techniques employed for 
determining head-to-torso rotation are reasonably 
accurate.  The MHD sensors are relatively unobtrusive 
and do not interfere with interaction of the dummy 
head and upper body with the seat back and head 
restraint.  Since the goniometer links are externally 
placed on the dummy head and neck, they may alter 
dummy and seat back interaction in some instances.  
This should be further investigated.     
 
 The Insurance Institute for Highway Safety (IIHS) 
publishes head restraint rating for different vehicles 
(www.highwaysafety.org).  The rating is determined 
by the height of the head restraint relative to the top of 
a test device representing the head position of a 50th 
percentile male and the distance from the back of the 
test device to the head restraint (backset) (see Figure 
19).  Note that a vehicle can have more than one rating 
since each vehicle may have different seats for 
different body styles and IIHS does not separate the 
vehicles in their rating system.  That is, a vehicle can 
have a rating GA, which stands for Good or 
Acceptable.  Table 2 shows the abbreviations of the 
IIHS ratings used for this paper.  Figure 20, Figure 21 
and Figure 22 show the head-to-torso rotation, Nkm 
and corrected lower neck moment grouped with the 
IIHS head restraint rating, respectively, for each 
vehicle.  From these figures it can be seen that within a 
IIHS head restraint rating the three whiplash injury risk 
assessments varied greatly in the vehicle crash tests.  
For example for the vehicles that were rated GA by 
IIHS the head-to-torso rotation ranged from 8 to 28 
degrees and the maximum upper neck Nkm ranged 
from 0.35 and 0.79.  Also, the lower neck moment 
ranged from 86 Nm to 134 Nm for vehicles rated A by 
IIHS.  This indicates that the IIHS static head restraint 
measurements ratings did not correlate well with the 
dynamic tests using the Hybrid III dummy along with 
the various whiplash injury measures for the tests 
under study.  However, one may expect that in a higher 
speed dynamic test such as performed here, the seat 
back design characteristics may have just as much 
effect on the whiplash injury risk assessment as they 
have on the static head restraint position.    

Table 2.  IIHS Ratings Used 

Abbreviation IIHS Rating* 
G Good 

GA Good or Acceptable 
A Acceptable 

AM Acceptable or Marginal 
M Marginal 

*Rating depends on seat style 

 

Figure 19.   IIHS Head restraint rating scale  
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Figure 20.  Head-to-torso rotation grouped by IIHS 
head restraint rating. 
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Figure 21.  Maximum Nkm grouped by IIHS head 
restraint rating. 
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Figure 22.  Corrected lower neck moment grouped 
by IIHS head restraint rating. 



Saunders, 8 

 
CONCLUSIONS 
 
 The performance of seatback systems in 
moderate to high speed rear impact vehicle crash tests 
was examined using the 50th percentile male Hybrid III 
dummy.  The current FMVSS 208 injury criteria as 
well as various whiplash injury criteria were used to 
assess injury outcome.  The seat back rotation during 
the impact event was also monitored.   
 
 Based on the results of vehicles tested and 
reported in this paper, the following conclusions can be 
drawn: 
 
1. Though current OEM seats are on an average 2-3 
times stiffer and stronger than the current FMVSS 207 
standard requirement, they may collapse in moderate to 
high speed rear impact crashes (25-30 kph DeltaV).  
The front seat and / or the front seat occupant in a 
collapsing seat is  likely to intrude into the rear 
occupant space.  There are anecdotal cases of rear seat 
occupant injuries and fatalities due to such seat back 
collapse in real world rear crashes.   
 
2.  The seat back rotation computed from the MHD 
angular rate sensors were more accurate than those 
computed using accelerometers attached to the seat 
back. 
 
3.  The head and torso rotations measured using the 
MHD angular rate sensors and the goniometers are 
reasonably accurate. 
 
4.  The IIHS static head restraint measurement ratings 
did not correlate with the dynamic performance of the 
seat and head restraint system in moderate to high 
speed rear impacts as assessed using currently 
available whiplash injury criteria such as Nkm, lower 
neck moments, and head to torso rotation for the 
vehicles tested in this study.   
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APPENDIX 1 
 

Table 1.  Summary of Test Results 

Vehicle Year 
Delta V 
(kph) 

Left Seat 
Back 

Rotation 
MHD's 

(degrees) 

Head-to-
Torso 

Rotation 
MHD's 

(degrees) 

Time 
(ms) 

Head-to-
Torso 

Rotation 
Goniometer 
(degrees) 

Time 
(ms) 

15 ms 
HIC 

Chest 
g's 

Max 
Upper 
Neck 
Nij 

Time 
(ms) 

Nij 
Comp. 

Correct 
Lower 
Neck 

Moment 
(Nm) 

Time 
(ms) 

Max 
Upper 
Neck 
Nkm 

Time 
(ms) 

Nkm 
Comp. 

IIHS Head 
Restraint 
Rating * 

Kia 
Spectra 2002 28 25.6 30.2 144 ND ND 69.6 12.3 0.31 137 Nte 119.1 144 0.56 168 Nep M 

Hyundai 
Accent 2002 28.2 51.8 21.4 223 ND ND 88.3 13.7 0.22 142 Nte 86.0 149 0.71 179 Nep A 

Chevrolet 
Trailblazer 2002 23.1 11.3 ND ND ND ND 104.1 19.9 0.22 103 Ntf 147.5 104 0.84 128 Nep M 

Acura RSX 2002 26.1 28.4 16.1 102 16.9 103 147.4 15.3 0.18 97 Ntf 75.9 98 0.44 86 Nfa GA 
Chevroler 
Venture 2002 22.4 14.2 ND ND ND ND 95.3 15.0 0.16 116 Ntf 133.7 118 0.69 129 Nfa A 

Suzuki 
Aerio 2002 30 28.0 21.9 114 ND ND 59.7 17.4 0.15 98 Ntf 96.3 105 0.36 93 Nfa G 

Dodge 
Intrepid 2002 23.9 25.9 27.7 137 ND ND 77.5 13.7 0.21 130 Nte 95.0 137 0.35 161 Nep GA 

Toyota 
Camry 2002 26 17.4 ND ND 7.8 111 87.3 14.1 0.16 113 Ntf 77.8 112 0.79 178 Nfa GA 

Nissan 
Altima 2002 26.4 18.0 26.3 111 27.8 113 61.5 16.1 0.14 119 Ntf 104.5 114 0.82 184 Nfa AM 

* Rating depends on seat style 
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ABSTRACT

The United States Department of Transportation has
been conducting a major study on the causes of large
truck crashes. An unprecedented database containing
highly detailed data (over 1,000 data elements) on
1,000 serious large truck crashes is being created.
When completed, it will be the most comprehensive
database on large truck crashes in existence. The
database will be made widely available to researchers
around the world.

This paper will describe the many pieces of
information in the database and the countless uses of
the data. Specific examples will be discussed that
illustrate the richness, depth, quality, and the variety
of the data.

The paper will also discuss the methods being used to
capture and describe the contributing factors and the
events that led up to each crash, as well as illustrate
the added value of collecting data on-scene,
immediately after the crash.

INTRODUCTION

The Large Truck Crash Causation Study (LTCCS) is
a three-year data collection project conducted by the
National Highway Traffic Safety Administration
(NHTSA) and the Federal Motor Carrier Safety
Administration (FMCSA) of the United States
Department of Transportation (DOT).

The National Highway Traffic Safety Administration
is charged with the responsibility of reducing the
personal and property losses resulting from motor
vehicle crashes. The goal of FMCSA is to reduce the
number of commercial truck and bus crashes. Many
sources of information are needed to permit
researchers to adequately measure the characteristics
of the highway safety environment. NHTSA's
National Center for Statistics and Analysis (NCSA)
operates a system of crash research teams that
provide detailed nationally representative statistics on
motor vehicle crashes and a database for evaluation
of standards and countermeasures design.

BACKGROUND

The Motor Carrier Safety Improvement Act
(MCSIA) of 1999 established the Federal Motor
Carrier Safety Administration and provided the
foundation for NCSA of NHTSA to provide
assistance to FMCSA for collection of large truck
crash data. The two agencies working together have
developed the Large Truck Crash Causation Study
(LTCCS), which is being conducted within the
infrastructure of the National Automotive Sampling
System (NASS). Currently, no national database
exists that contains information describing the causes
or contributing factors for large truck crashes. The
Federal Motor Carrier Safety Administration
recognized the importance of having these data and
began investigating methods to collect them in the
fall of 1998.

LTCCS is the first-ever national study to determine
the reasons and associated factors contributing to
serious large truck crashes so agencies within DOT
can implement effective countermeasures to reduce
the occurrence and severity of these crashes. Teams
of trained researchers from NHTSA’s NASS program
and State truck inspectors are collecting nationally
representative data on the factors contributing to
serious large truck crashes.

NHTSA is authorized by Congress (Volume 49 of the
United States Code, Section 30166, 30168 and
Volume 23, Section 403) to collect statistical data on
motor vehicle traffic crashes to aid in the
development, implementation and evaluation of
motor vehicle and highway safety countermeasures.
NASS is the mechanism through which NHTSA
collects nationally representative data on motor
vehicle traffic crashes.

Researchers under contract to NHTSA and FMCSA-
funded State truck inspectors are collecting
information on a sample of large truck crashes.
NASS researchers depend on the voluntary
participation and cooperation of law enforcement
agencies, hospitals, physicians, medical examiners,
coroners, tow yard operators, garages, vehicle storage
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facilities, and the individuals involved in crashes.
Cooperation is established with police agencies and
hospitals to provide copies or transcripts of official
records. Tow yards, police impound yards, and crash
involved parties are contacted to obtain permission to
inspect vehicles. Personal or telephone contact is
made with interviewees to obtain information about
occupant characteristics and crash circumstances.

Regardless of the mode of data collection, the
agencies and individuals are assured by the NASS
researcher that any information obtained that
identifies the individual will be held confidential.
The preservation of the privacy of individuals is
statutorily mandated. This requirement serves to
ensure the public's trust in the program and enhances
the researcher's ability to solicit the required
information.

NASS Infrastructure

The NASS mission is to provide nationally
representative data on fatal and nonfatal motor
vehicle traffic crashes for use in developing and
evaluating federal motor vehicle safety standards and
other safety countermeasures. NASS operates in 60
sites throughout the contiguous United States (Figure
1). At 24 of these sites, in depth crash investigations
are conducted in the Crashworthiness Data System
(CDS). These same sites, called Primary Sampling
Units or PSUs, are being used for the LTCCS.

Figure 1. NASS Site Locations.

The field data collection operation of the crash
research teams, maintenance of field research quality,
and technical guidance for each PSU are the primary
responsibilities of two contractors. These contractors
are referred to as Zone Centers. Zone Centers serve
as resource centers providing the teams with expert
technical guidance in crash investigation. The Zone
Centers monitor closely the performance and
productivity of each PSU under close supervision by

NHTSA. NHTSA has overall policy and
administrative management of the project.

NASS was selected for this study because: it has been
designed to provide nationally representative data
randomly selected from police traffic crash reports; it
provides quality assurance at multiple levels to
ensure data completeness, accuracy, reliability,
consistency, and timeliness; it offers quality
assurance to identify trends and problems in field
data collection methods; it offers quality assurance to
identify, measure, and control errors; it has an
established training program to teach the basics of
crash investigation, to improve data collection skills,
and provide remedial training; the data collected are
kept confidential to ensure the public trust and
enhance the program’s ability to solicit required
information from crash victims; and, the data are
publicly made available for others to clinically
review and analyze.

The NASS infrastructure has the capability to
establish operational procedures at multiple locations,
promote rapid start-up procedures for special data
collection efforts, provide real-time investigations,
and release timely reports of crash data. The NASS
program has been in existence for over two decades
and operationally has developed experience in the
establishment and maintenance of close relationships
with local agencies. This experience has helped
NHTSA to successfully launch and conduct unique
studies such as the Large Truck Crash Causation
Study.

FIELD DATA COLLECTION
METHODOLOGY

There were a number of issues/concerns associated
with the proposed large truck crash causation study.
It has been documented in preceding crash
investigation efforts that large trucks tend to be
moved from the immediate vicinity of the crash site
in a relatively short time frame. This is particularly
evident in circumstances where a national or regional
carrier owns the commercial vehicle. These units
tend to be moved to regional repair centers either to
be repaired and placed back in service or to be
stripped for parts. Given this tendency, it was critical
to the success of the program to initiate investigation
activities relatively quickly following the crash
occurrence.

An on-scene investigation response protocol was
developed, as opposed to a reactive approach
(follow-on investigation), to meet the large truck
study requirements of gathering in-depth crash
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related data in a timely manner. Since the start of
this study, experience has shown that the availability
of crash data often diminishes with the passage of
time. When the case investigation is initiated one to
several days after the crash, vehicles towed from the
scene tend to be more difficult to locate, and when
located, frequently are undergoing repair, have been
repaired, or have been processed through salvage. In
the case of interstate trucks, this situation is further
complicated by the transient nature of these vehicles,
as the potential for them to leave the area before
being inspected is understandably high.

On-scene presence by the NASS truck researcher and
State truck inspector provides the capability to obtain
vehicle and interview data that may not have been
available in a reactive post-crash environment. As an
example, the overall length of the vehicle (total
length of the vehicle including projections beyond the
front and rear planes) is more accurately measured in
the field than obtained later from other sources.
Interviewee responses to questions tend to be less
biased at the scene than away from the scene.
Another advantage of on-scene presence is the
opportunity to establish a rapport with the
interviewee at the scene, which makes it possible to
conduct a more in-depth follow-up interview.

It is noteworthy that the on-scene investigative
approach signifies the first time in NASS history (and
perhaps in the history of crash data studies) that
police investigators, certified Commercial Vehicle
Safety Alliance (CVSA) Level 1 State truck
inspectors, and NASS truck researchers have
combined their efforts and agreed to simultaneously
respond to a crash scene. This unique arrangement,
although initially thought to be difficult to achieve,
has developed into a first rate network among on-
scene responders, yielding several important results.
These results include a higher rate of participation by
crash victims, a higher quality of interview and
vehicle information, and a better understanding of the
crash events. Additionally, these results have been
achieved without compromising enforcement rules or
research protocols. The police and CVSA State truck
inspectors have maintained their responsibility for
enforcing traffic laws and safety regulations while
NASS has maintained its obligation of ensuring
research data confidentiality.

Investigation Team Structure

A team of two individuals completes the
investigation protocol utilized for each crash in this
study. Primary responsibility for each investigation
is assigned to the NASS truck researcher at the

designated data collection site. A certified State
truck inspector who completes a limited number of
investigation activities assists this individual. Since
these individuals are not at the same office location,
the NASS truck researcher is assigned responsibility
for tracking the location of the truck unit(s) and for
contacting the appropriate State truck inspector. If
the truck inspection cannot be conducted at the crash
scene with the state truck inspector, then the NASS
truck researcher will make arrangements for
completion of the truck inspection sequence at an
alternative location.

Team Data Collection Responsibilities

The NASS truck researcher is assigned primary
responsibility for case completion (See Table 1). The
role of the State truck inspector is to complete the
North American Level 1 truck inspection and secure
the cooperation of truck drivers and trucking
companies in completing required interviews.
Information collected by the NASS truck researchers
is not shared with the State truck inspectors in order
to maintain the separation between a research study
and law enforcement responsibilities.

In addition to these specific responsibilities, the
NASS truck researcher monitors the post-crash
location of the large truck unit(s) and schedules the
Level 1 inspection sequence. The NASS truck
researcher is also present for the inspection sequence
and secures photographic documentation of relevant
inspection findings.

On-scene Investigation Sequence

The sequence of data collection activities varies from
crash to crash and is dependent upon the number of
vehicles and participants involved, and the amount of
time available before the crash scene is cleared. The
NASS truck researcher is required to obtain a set of
digital images of the scene with emphasis on pre-
crash vehicle trajectory, impact, and final rest
position(s). These images provide crucial data that
are used in the assessment of crash events.
Additionally, views of the involved vehicles are very
important as the vehicles, especially interstate
vehicles, may not be available after the scene is
cleared. Areas of photographic interest include
alleged mechanical defects (e.g., degraded brake
hoses, worn reflective tape, defective tires,
suspension defects, etc.), location and severity of
vehicle damage, vehicle placard information (e.g.,
Gross Vehicle Weight Rating (GVWR), Vehicle
Identification Number (VIN), etc.), and overall
vehicle exterior and interior views.
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Table 1.
Team Data Collection Responsibilities

NASS Truck Researcher State Truck Inspector

• Document physical evidence at scene
• Perform all non-commercial vehicle

inspections
• Document commercial vehicle damage

documentation
• Conduct all driver and witness interviews
• Conduct all trucking company interviews
• Acquire medical reports
• Acquire police crash report
• Complete forms
• Submit case materials

• Interact between police and NASS truck
researcher

• Conduct Level 1 truck inspection
• Inspect truck driver log book
• Secure permission, if necessary, from police

officer at scene to inspect truck
• Facilitate communication between truck

driver and trucking company with NASS
truck researcher

• Provide on-scene photographs if taken by
inspector/police

The NASS truck researcher works with the State
truck inspector and observes the vehicle inspection
process, including the review of mechanical
components (e.g., brake stroke measurements,
suspension, lighting, reflective tape, tires, etc.),
observes the types of cargo loads and loading pattern,
and reviews the driver logs. Any vehicle defects
noted by the State truck inspector are reported to the
NASS truck researcher and recorded on data
collection forms.

The NASS truck researchers have attended the
intensive Commercial Vehicle Post Crash Inspection
Training Course (T.E.A.M.- Training Expertise in
Accident Management) to gain an appreciation of
truck regulations that has helped when interacting
with the State truck inspectors. Likewise, many State
truck inspectors have attended the NASS truck study
training to gain an appreciation of program
requirements. The purpose of this cross training was
to help understand the responsibilities of each at the
crash scene and to build relationships between
researchers and inspectors.

Scene evidence documentation is another priority and
is best obtained while on-scene. Researchers have
noted that physical evidence captured in on-scene
photography has degraded or vanished when they
returned for follow-up investigation. Researchers are
required to document pre-impact tire marks (e.g.,
skid marks, yaw marks, etc.), the point of impact(s),
and final rest positions of vehicles. They also
document several key items including roadway
design, traffic control devices, environmental
conditions, and sightline restrictions. While the
scene evidence is easier to obtain when the roadway

is closed to traffic, many of these tasks
understandably require considerable time to complete
and often require a return visit after the scene is
cleared.

Interviewing crash participants is clearly the most
important aspect of the LTCCS. During an on-scene
investigation, the NASS truck researcher conducts
interviews with the truck driver(s), the other
driver(s), and any witnesses to ascertain precrash
events. Given the fact that agreeing to an interview is
a voluntary act by the interviewee, the researchers
have noted that the presence of law officials has
helped them in gaining acceptance by the
interviewee. Police and State truck inspectors have
generally taken an active role in supporting this
research effort and encourage participants to discuss
the crash events with the NASS truck researcher.

Unfortunately, there have been a small number of
crash participants who were unwilling to discuss
precrash events with the NASS truck researcher
while on-scene, especially when criminal charges
were pending or where the driver (in the case of a
truck driver) has been instructed by the carrier not to
discuss aspects of the crash. Even in those
circumstances, the NASS truck researcher has been
able to glean information from the participants just
by being in the vicinity and listening to statements as
they are given to other individuals.

The NASS truck researcher has also been trained to
observe driver behavioral patterns for indications of
fatigue (e.g., speech pattern, the driver’s posture,
blood shot eyes, etc.). This was exemplified in one
crash where the truck driver indicated that he had
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sufficient sleep and claimed he had encountered
mechanical difficulties resulting in the crash. His
initial statement appeared compelling, but it began to
unravel as he was observed dozing while waiting in
the police car. This and other data in this particular
case indicated that the driver had fallen asleep prior
to departing the roadway.

In some cases, the crash participants have been
removed from the scene and transported to medical
treatment facilities. The NASS truck researcher
subsequently visits the medical facility and attempts
to obtain an interview. In most cases, the interviewee
is very cooperative as the person realizes that the
NASS truck researcher does not pose a legal threat.

Field data collection forms were designed to record
data in an efficient manner and to provide a guideline
for the NASS truck researcher. The NASS truck
researcher attempts to complete all relevant forms at
the scene, however, information that cannot be
obtained on-scene is obtained as soon as possible
afterward.

Modification of Current Cooperative Agreements

Currently, cooperative agreements with police
jurisdictions exist because of the infrastructure
established by NHTSA to conduct the NASS
program. These agreements had to be modified in
order to conduct the study requirements of this large
truck crash causation study. Successful completion
of the truck study required that the investigation
teams receive timely notification of the crash
occurrence from the local police jurisdictions. This is
necessary to ensure that truck documentation
protocols can be completed before the unit is
removed from the immediate vicinity of the crash
site. New cooperative agreements with participating
police agencies have been negotiated to include
securing direct notification of a crash occurrence.
The team must respond rapidly to the crash site while
the vehicles are on scene to obtain critical evidence
before it disappears. It is advantageous to begin
documentation procedures soon after the crash
incident.

In addition to providing crash notification, the
cooperative agreements with the local police provide
the names of applicable towing agencies and the
intended destination of at least the truck unit from the
dispatcher or responding officer. Upon receipt of
notification, the NASS truck researcher contacts the

intended destination site of the truck unit and
schedules vehicle inspection activities.

This study needed well-established cooperative
agreements with State truck inspectors and other
local police agencies in order to collect the data
needed for the project.

Notification Criteria

One important part of the notification process is how
to determine eligible crashes. Trucks involved in the
crash must be greater than 10,000 pounds and the
crash must result in a police-reported injury level of
“K”, “A”, or “B”. Threshold vehicle types like the
Ford F350 and F450 can be difficult to categorize;
however, pickup trucks above the F350 series and
similar trucks from other manufacturers are eligible
for this study. Injury levels are defined on police
reports by the standard KABCOU injury-coding
scheme. Police officers or State truck inspectors
responding to the scene visually define injuries as
“K” for killed, “A” for incapacitating injury, “B” for
evident but non-incapacitating, “C” for possible
injury or complaint of pain, “O” for no injury, and
“U” for injury status unknown. Definitions of
injuries are in the glossary. Determining the injury
level at an on-scene crash can be difficult for the
responding police officer or State truck inspector and
becomes a judgmental issue as to whether or not to
notify the NASS truck researcher. When injury
classification at the scene is difficult, the NASS truck
researcher may follow the victim to the hospital to
better evaluate the injury level before determining its
eligibility for the study.

Notification Process

Figure 2 graphically represents a general description
of the notification and communication network
developed for the Large Truck Crash Causation
Study. A typical scenario is once a crash occurs the
police dispatcher is usually notified through “911.”
The police dispatcher alerts the police officer on-duty
who responds to the scene. The responding police
identify the involvement of a large truck and report
back to the police dispatcher. The police dispatcher
calls a state truck inspector who also responds to the
scene of the crash. The eligibility of a crash for
LTCCS is determined by the state truck inspector
who then calls the NASS truck researcher via a cell
phone about the eligible crash. The NASS truck
researcher responds to the scene as soon as possible.
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Figure 2. Notification/Communication Process.

The NASS truck researcher may be notified through
other outside sources such as media, personal
observation or other team members using police
scanners.

NASS truck researchers are available 24 hours a day,
7 days a week except at locations where more than 80
crashes are expected to occur annually. If more than
80 crashes are expected, then an alternative plan will
be designed to randomly select eligible crashes. At
one study site, because of the high volume of eligible
truck crashes, every other crash is selected. State
truck inspectors typically work shifts and there may
be blackout periods where no State truck inspector is
available. Regardless of the State truck inspectors’
duty hours, the NASS truck researcher, if notified,
will respond as quickly as is feasible.

Sample Design of LTCCS

The crashes investigated for the LTCCS are a
probability sample of all large truck crashes in which
at least one person was killed or injured in the United
States. Using the infrastructure of the National
Automotive Sampling System Crashworthiness Data
System (NASS CDS), the number of crashes
involving at least one large truck and at least one
person involved that was killed or injured can be
estimated. Standard errors associated with these
national estimates will be computed. The selection of
crashes for the LTCCS is being accomplished in two
stages. The first stage is the selection of geographic
areas called Primary Sampling Units (PSUs). The

United States has been divided into 1,195 PSUs
where each PSU is comprised of a large city, a
county, or a group of counties. The PSUs are
grouped into 12 categories described by geographic
region (Northeast, Midwest, South, West) and degree
of population (central city, large county, and group of
counties). Two PSUs were selected from each
category with probability proportional to its 1983
population.

Since the majority of the PSUs will investigate all of
the qualifying large truck crashes that occur within
their area, the national estimate for these crashes is
obtained by weighting each crash in the PSU by the
inverse of the probability of the selection of the PSU.

For those PSUs that have too many crashes to
investigate, a sample of qualifying large truck crashes
will be selected. That is, for every nth qualifying
crash that the PSU is notified of, one crash will be
selected for investigation. The nth crash is called the
interval. This is the second stage of the sample
design. The national estimate for these crashes is
equal to the product of the interval and the inverse of
the probability that the PSU was selected.
The crashes eligible for the LTCCS are identified at
the on-scene investigation. Therefore, it is critical
that the NASS truck researcher at the PSU be notified
by the police that a qualifying large truck crash
occurred. Unfortunately, the NASS truck researcher
is not always notified that a large truck crash
occurred. Therefore, to adjust for the non-notified
LTCCS crashes, the national estimate for each crash
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will be multiplied by an adjustment factor. The
adjustment factor is equal to the number of qualifying
large truck crashes listed by the PSU divided by the
number of crashes selected

Data Collection Elements

The sources for the information collected in this
study come from the North American Standard Level
1 inspection report completed by State truck
inspectors for the truck and truck driver, the police
crash report, the NASS researcher’s reconstruction
data, interviews, medical reports, motor carriers, and
any other data source that can contribute to the
understanding of the crash events and circumstances.

Field data collection forms were designed to record
data in an efficient manner and to provide a guideline
for the NASS truck researcher. Forms taken on-
scene include: Collision Diagram Measurement
Table, General Vehicle Form, Exterior Truck Form,
Exterior Vehicle Form, Truck Driver Interview Form
(A), Surrogate Truck Interview Form (A), Other
Driver Interview Form (B), Surrogate Other Driver
Interview Form (B), Motor Carrier Interview Form
(C), Witness Interview Form (D), and Nonmotorist
Interview Form (E).

A general outline of data elements contained in each
data collection form is listed below by category.

o General Crash Data
� Crash Summary Description

o Collision Diagram Measurement Table
� Document physical evidence
� Document vehicle dynamics

o Collision Diagram

o General Vehicle Data
� Vehicle Identification
� Official Records
� Pre-crash Environmental Data

o Exterior Truck Data
� Vehicle Identification
� Cargo Information
� Truck Conspicuity
� Exterior Mirror Data
� Crush Measurements
� Vehicle Damage Sketch
� Level 1 Inspection Results

o Interior Truck Data
� Truck Occupant Contact Sketch
� Points of Truck Occupant Contacts

o Interview Forms for Truck Drivers and
Other Drivers
� Driver’s Description of Crash Events
� Occupant’s Description of Crash Events
� Crash Data Driver Related Data
� Rollover Data
� Fire Data
� Jackknife Data
� Cargo Shift Data
� Fatigue Issues
� Driver Physical Condition
� Inattention/Distraction Issues
� Perception/Decision Issues
� Aggressive Driving Issues
� Trip Related Data
� Vehicle Related Data
� Occupant Data Questions
� Restraint Information
� Ejection, Entrapment, Mobility

Information
� Injury Information

o Interview Form for Motor Carriers
� Carrier Information Vehicle

Information
� General Driver Information
� Detailed Crash-Involved Driver

Information
� Crash Trip Information

o Interview Form for Witness
� Description of Crash Events
� Crash Data Information

o Interview Form for Nonmotorist
� Description of Crash Events
� Nonmotorist Demographic Data
� Crash Data Information Physical

Condition
� Fatigue Issues
� Inattention/Distraction Issues
� Decision Issues
� Performance Issues
� Injury Information

o Occupant Assessment Data
� Occupant Characteristics
� Seating
� Ejection/Entrapment
� Belt System Function
� Police Reported Restraint Use
� Air Bag System Function
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� Injury Consequences
� Trauma Data
� Belt Use Determination

o Occupant Injury Data
� Source of Injury
� Body Region
� Type of and Specific Anatomic

Structure
� Level of Injury

o Crash Event Assessment Data
� Pre-crash Event Related Data
� Key Pre-crash Event Characteristics
� Critical Event Associated Factor

Support Data
� Driver Related Physical Factors

1. Alcohol Use
2. Illegal Drug Use
3. Over-the-Counter

Medication Use
4. Prescription Medication Use
5. Driver Fatigue
6. Illness
7. Vision

� Driver Related Recognition Factors
1. Inattention
2. Conversation
3. Other Non-Driving

Activities
4. Exterior Factors
5. Inadequate Surveillance

� Driver Related Decision Factors
1. Following Too Closely
2. Misjudgment of Gap

Distance to Other Vehicle
3. False Assumption of Other

Road User’s Actions
4. Illegal Maneuver
5. Inadequate Evasive Action
6. Aggressive Driving

Behavior
� Driver Related Emotional Factors

1. Driver Was Upset Prior to
Crash

2. Driver Under Work-Related
Pressure

3. Driver Was in a Hurry
� Driver Related Experience Factors

1. Vehicle Familiarity
2. Roadway Familiarity

� Relation with Carrier/Employer Factors
1. Under Pressure To Accept

Loads
2. Under Pressure To Operate

� Traffic Flow Related Factors
1. Traffic Flow Interruption

Factors
� Vehicle Factors

1. Vehicle Condition Related
Factors

� Environmental Related Factors
1. Roadway Related Factors
2. Weather Related Factors

Post-crash Activities

After the data have been electronically entered into
the LTCCS database, the case information is
forwarded to the Zone Center where experienced
staff determine the crash event assessment for the
crash occurrence, injuries sustained by occupants of
all involved motor vehicles, sources for those
injuries, and speed reconstructions.

The crash event assessment for a crash occurrence
consists of three elements for each vehicle involved
in the crash: the “critical precrash event”; the “critical
reason for the critical event”; and “associated
factors”.

The “critical precrash event” is the action or event
that placed the vehicle on a collision course such that
the collision was unavoidable given reasonable
driving skills and vehicle handling. In other words,
the “critical precrash event” makes the crash
inevitable. The “critical precrash event” is typically
coded in relation to a pedestrian, nonmotorist, object,
other motor vehicle, or animal that the subject vehicle
was attempting to avoid. It is important to note that
culpability/fault is not considered when making the
“critical precrash event” determination.

The “critical reason for the critical event” is the
immediate reason for this event and is often the last
failure in the causal chain (i.e., closest in time to the
“critical precrash event”). This variable establishes
the critical reason for the occurrence of the critical
event. Although the critical reason is an important
part of the description of crash events, it is not the
cause of the crash nor does it imply the assignment of
fault. The primary purpose for the “critical reason
for the critical event” is to enhance the description of
crash events and allow analysts to better categorize
similar events.

NASS truck researchers collect a wide range of data
on the presence of “associated factors” in the crash.
Associated factors can be related to driver physical
factors, driver recognition factors, driver decision
factors, driver emotional factors, driver experience
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factors, relation with carrier or employer, traffic flow,
vehicle condition, or environment. In some cases, the
presence of a particular factor may be ambiguous.
Therefore, the observation of the driver by the NASS
truck researcher at the scene before, during, and after
the crash is critical to the identification of many
“associated factors”. Identifying factors are
important in order to provide additional information
about the crash so that it can be described completely
and hypotheses created that are related to crash risk.

CURRENT STATUS REPORT

This three-year study consists of three phases: six
months for preparation and pilot testing; two years
for field data collection; and, six months for
completion and analysis. The pilot test began in
January 2001 and ended June 30, 2001. Cases from
the pilot test continue to be updated as variables are
added and improvements to the system are
implemented. Since field operations went smoothly
at the end of the pilot study, the regular data
collection phase of LTCCS began on July 1, 2001.

Through December 2002, 18,695 crashes involving
large trucks occurred at all 24 study locations. Of
these crashes, 12 percent (2189 crashes) satisfied the
study criteria. Active NASS truck researchers
received notification on 5 percent (957 crashes) of
the large truck crashes and initiated investigations on
69 percent of those notifications (662 crashes).

EARLY CASES – PRELIMINARY TALLIES

Preliminary tallies of the LTCCS data are presented
here to give an overview of the types of crashes being
investigated, as well as to give an idea of future
potential analyses. Out of the many variables being
collected, a few were chosen to demonstrate the level
of detail of the study. Tables that currently appear
rather sparse are expected to become well populated
as the case count increases. Note that no tally of
“crash cause” exists, since, as mentioned previously,
the LTCCS approaches a crash as a series of events
with associated factors that may or may not increase
the risk of a crash.

Only after data quality control and applications of
weighting factors will it be possible to make
meaningful national estimates from LTCCS data. As
mentioned above, preliminary tallies can provide
some insight into the types of cases being collected in
the study; the tabulations in this paper are meaningful
only for those purposes. No national estimates of
proportions, relationships, or risks should be
inferred from them.

Tallies in this paper include summations of certain
variables at the crash level (where the characteristic
of interest applies to the crash as a whole) and at the
vehicle level (where the characteristic of interest
applies to each vehicle in the crash). At either level,
the tabulations are divided into the following subject
matter areas:

� Crash Types
� Vehicles
� Drivers
� Injuries
� Crash Event Assessment and Associated Factors

Until the study is complete, the database is constantly
being updated as new cases are initiated and as new
data are entered on older cases. Each case goes
through several levels of quality control during which
values of previously coded variables can change. At
the time this paper was completed, the LTCCS data
file contained over 750 cases in various stages of
completion. For the purpose of the preliminary data
tallies presented here, only cases closer to completion
and in the advanced coding stages were queried.

Cases included in the tallies in this report were from
the pilot study and are in advanced coding stages.
This means that data collection has been completed
and coding of the crash event assessment form has
been completed to a certain degree. As with every
study, there is, to a certain extent, a learning curve
over which techniques and documentation improve.
Since the cases presented here represent the early
cases, some data values are likely to be missing. In
the following tables, when a tally includes data points
with values that are missing or yet to be determined,
those points are tabulated in the category “Incomplete
Coding.”

Each variable has several attributes. The tables show
only the variable attributes for which there was a
value; categories with counts of zero have been
omitted.

Crash Types

As of January 10, 2003, 750 LTCCS cases had been
initiated, and 159 had been completed through
advanced stages of Zone Center coding. These 159
are the basis of the tallies in the following sections.
They have involved 166 large trucks and 153 other
vehicles in single or multi-vehicle crashes. Table 2
summarizes the number of cases by the type of crash.
Multiple vehicle crashes involve two or more
vehicles with at least one of the vehicles being a large
truck.
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Table 2.
Number of Cases by Type of Crash

LTCCS Coded Crashes Through January 2003

Type of Crash Cases

Single Vehicle 34

Multiple Vehicle 125

Total 159
Source: Large Truck Crash Causation Study: Preliminary

Tallies, January 2003, NCSA, NHTSA
No National Estimates or Analysis Should be Inferred

from Preliminary Tallies

The first harmful event is the first damage or injury-
producing event in the crash. It is determined and
coded for each vehicle in the crash.

Table 3 shows that for both trucks and all other types
of vehicles, the most frequent first harmful event was
a collision with another vehicle that was in motion.
Collisions with non-occupants and with parked
vehicles were relatively infrequent. The second most
prevalent first harmful event for trucks was rollover
(i.e. overturn).

Table 3.
Number of Involved Vehicles by First Harmful Event and Involved Vehicle Type

LTCCS Coded Crashes Through January 2003

Involved Vehicle Type
First Harmful Event

Truck Other Vehicle

Non-Collision Events

Overturn 18 0

Other Non-collision 1 0

Subtotal 19 0

Collision Events

Pedestrian 4 0

Pedalcycle 2 0

Railway Train 1 0

Motor Vehicle in Transport 121 123

Parked Motor Vehicle 1 3

Concrete Traffic Barrier 6 4

Guardrail 4 2

Embankment – Earth 3 0

Other Post, Pole, or Support 3 0

Other Object (Not Fixed) 0 1

Tree 1 0

Thrown or Falling Object 0 5

Injured in Vehicle 0 1

Incomplete Coding 1 13

Subtotal 147 153

Total 166 153
Source: Large Truck Crash Causation Study: Preliminary Tallies, January 2003, NCSA, NHTSA

No National Estimates or Analysis Should be Inferred from Preliminary Tallies
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Vehicle Types

The LTCCS pays due attention to the types of
vehicles involved in large truck crashes. Detailed
information is recorded on the vehicle body type and
cargo body type of each truck in a sampled crash.
“Combination Truck” is used to represent all tractor-
trailers, including bobtails (tractors hauling nothing)
and tractors hauling one or more trailers. There have
been 58 single unit trucks and 108 combination
trucks coded in LTCCS cases. Table 4 displays the
numbers of involved vehicles by vehicle body type.
For display purposes, the different configurations
have been combined into main categories.
Combination trucks also include single unit trucks
pulling a trailer.

Table 4.
Number of Involved Vehicles by Body Type

LTCCS Coded Crashes Through January 2003

Vehicle Body Type Involved
Vehicles

Single Unit Trucks 58

Combination Trucks 108

Trucks Total 166

Passenger Cars and Light Trucks 151

Other Vehicles 2

Non-Truck Vehicles
Total 153

Total 319
Source: Large Truck Crash Causation Study: Preliminary

Tallies, January 2003, NCSA, NHTSA
No National Estimates or Analysis Should be Inferred from

Preliminary Tallies

Trucks are further classified in the LTCCS according
to their cargo body type, a description more specific
than the vehicle body type of Table 4. From the
cases in the pilot study, many body types have been
sampled and investigated. Van-type trucks and dump
trucks have been most frequently involved. Table 5
gives the numbers of involved trucks by cargo body
type. For vehicles hauling more than one cargo type,
the code used in these tallies was determined by the
cargo type in the first trailer, or in the case of a single
unit truck pulling a trailer, the cargo in the single unit
truck.

The cargo body types most frequently seen in the
LTCCS so far have been vans and dump trucks.

Table 5.
Number of Involved Trucks by Cargo Body Type
LTCCS Coded Crashes Through January 2003

Cargo Body Type Involved Trucks

Van 63

Open Top Van 3

Refrigerated Van 14

Livestock Carrier 2

Flatbed 11

Low Boy 3

Flatbed with Equipment 4

Flatbed with Sides 1

Pole/Logging 2

Tank 7

Auto Carrier 2

Dump 30

Garbage/Refuse 3

Cement Mixer 2

Other (Specify) 11

Unknown 8

Total 166
Source: Large Truck Crash Causation Study: Preliminary

Tallies, January 2003, NCSA, NHTSA
No National Estimates or Analysis Should be Inferred from

Preliminary Tallies

Drivers

Information about involved drivers is important to
any crash investigation. In the LTCCS, investigators
collect demographic information about truck and
non-truck drivers as well as interview them and
others for additional information. In the early
LTCCS cases, most truck drivers were between the
ages of 26 and 55 while the age of drivers in other
vehicles was generally more distributed. Table 6
shows the distribution of driver ages seen so far in
the LTCCS.
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Table 6.
Number of Drivers by Age and Involved Vehicle
LTCCS Coded Crashes Through January 2003

Involved Vehicle Type
Driver Age

(Years)

Truck Other
Vehicle

16-20 2 20

21-25 9 16

26-30 21 23

31-35 26 15

36-40 25 13

41-45 30 22

46-50 19 8

51-55 13 5

56-60 8 11

61-65 5 6

66-70 4 2

71-75 0 2

76 or Older 0 7

No Driver
Present 4 3

Incomplete
Coding

0 0

Total 166 153

Source: Large Truck Crash Causation Study: Preliminary
Tallies, January 2003, NCSA, NHTSA

No National Estimates or Analysis Should be Inferred
from Preliminary Tallies

Injuries

To qualify as an LTCCS case, a large truck crash
must involve at least one police-reported injury of
level “K” (Killed), “A” (Incapacitating Injury), or
“B” (Non-Incapacitating Injury) on the standard
“KABCOU” scale (Appendix). Due to the nature of
the study, many cases were investigated that had
minor or no injury. The investigations are completed
prior to the availability of the police report; therefore
injury level has not yet been confirmed. In addition,
some cases without known injuries were investigated
for experience-gaining purposes during the pilot
study and in the early months of the study. These

cases will be statistically weighted accordingly in the
final data set.

Injuries are recorded as occupant-level variables, but
occupants are recorded as being within vehicles, and
vehicles are recorded as being within cases. Thus it
is simple to determine the maximum injury level
within a vehicle or within a case. In the initial 159
cases, 32 crashes have had at least one occupant with
a fatal injury. The largest category for maximum
injury level has been “A” or incapacitating injury,
appearing in 51 cases. Table 7 shows the number of
cases by maximum police reported injury level in the
early LTCCS cases.

Table 7.
Number of Cases by Maximum Injury Level

LTCCS Coded Crashes Through January 2003

Maximum Injury Level Cases

K – Killed 32

A – Incapacitating Injury 51

B – Non-incapacitating Injury 48

C – Possible Injury 17

O – No Injury 11

Total 159
Source: Large Truck Crash Causation Study: Preliminary

Tallies, January 2003, NCSA, NHTSA
No National Estimates or Analysis Should be Inferred from

Preliminary Tallies

Crash Event Assessment and Associated Factors

After the researcher in the field collects all of the data
from the scene, through interviews, from the motor
carriers, etc., the case is sent to the Zone Center for
quality control and coding of the Crash Event
Assessment Form. This form is used to summarize
the events of the crash and the associated factors to
those events, using all of the other data in the case.

According to a method developed by K. Perchonok,
each crash has a sequence of events leading up to it.
There is no one specific cause of a crash; rather, there
exist several contributing factors and related events.
The “critical event” is that which is the last in the
chain of events after which the crash becomes
imminent. The “critical reason” describes why the
critical event took place. These two variables are
located on the Crash Event Assessment Form.

There are a variety of environmental and other
factors such as weather conditions, time of day,
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lighting conditions, the driver’s physical condition,
and attentiveness that can be considered factors
possibly associated with the crash. The LTCCS
researchers code the levels of many such variables
regardless of whether they contributed to the crash.
At the end of the study, through statistical analyses,
the relative risk approach will help determine
whether certain conditions contribute to crashes.
However, for reasons discussed earlier, the set of 159
coded LTCCS cases is not weighted for statistical
evaluation. To show the kinds of cases being
investigated that will eventually be available for
analysis, the following section provides preliminary
tabulations of the critical reason for the critical event.

The “critical reason for the critical event,” tallied in
Table 8, is the immediate reason for the event and is
often the last failure in the causal chain. Critical
reason can be subjective in nature and is determined
at the Zone Center by the case reviewer using all
available information in the case. There are many
attributes for this variable; therefore the driver related
factors are categorized into groups for display
purposes. The most frequent driver-related critical
reason in the preliminary LTCCS data was
inadequate surveillance, one of the recognition errors.

It is important to note that where a vehicle’s critical
event is coded as the action of another vehicle, the
critical reason field is usually given the code “Critical
Event Not Coded to this Vehicle.” Thus the
relatively large counts in Table 8 for that category do
not signify missing data.

There were seven single vehicle crashes where the
critical reason was “critical event not coded to this
vehicle.” Examples include a crash that resulted
from an avoidance maneuver due to a pedestrian in
the roadway and a critical event that was coded to a
non-contact vehicle.

Other Variables

The preceding tables cover only a fraction of the
variables being collected (over 1,000 coded data
elements) in the LTCCS. Each LTCCS investigation
gathers detailed information on many other crash
characteristics, including (but not limited to):

� Pre-crash environmental data
� Roadway surface conditions/defects
� Cargo weight
� Pedestrian/pedal cyclist/skater data
� Federal rating of motor carrier
� Truck conspicuity
� View line obstructions

� Cargo shift
� Driver citation history
� Driver years of experience
� Driver second job
� Driver hours on duty/schedule/over hours
� Driver physical condition/medications
� Driver sleep conditions/patterns preceding

crash
� Suspected aggressive driving behavior

(noted by researcher)
� Driver attention issues
� Driver perception issues

CONCLUSION

Upon completion of the study, using national
estimates, data on such factors can be mined for
associations among themselves and with various
crash scenarios, outcomes, and relative risks. Some
ideas for testing hypotheses of association among
factors and outcomes could include the following:

� Override or underride vs. the presence of
truck underride guards

� Truck conspicuity vs. lighting conditions
� Vision-related crashes vs. the presence of

supplemental mirrors
� Driver fatigue vs. first harmful event
� Record of previous violations vs. crash

involvement
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Table 8.
Number of Involved Vehicles by Critical Reason, Crash Type, and Involved Vehicle Type

LTCCS Coded Cases Through January 2003

Crash Type

Single
Vehicle Multi-VehicleCritical Reason

Truck Truck Other Veh.

Driver

Critical Non-performance 5 1 11

Recognition Error 3 16 27

Decision Error 7 18 14

Performance Error 4 4 5

Type of Driver Error Unknown 0 1 8

Subtotal 19 40 65

Vehicle

Tires/Wheels Failed 1 0 1

Brakes Failed 2 0 0

Other Vehicle Failure 0 3 0

Unknown Vehicle Failure 0 0 1

Subtotal 3 3 2

Environment

View Obstructed by Other Vehicle 0 0 1

Road Design 1 0 0

Slick Roads (Ice, Loose Debris, etc.) 2 0 5

Wind Gust 1 0 0

Fog 0 0 2

Glare 0 0 1

Subtotal 4 0 9

Others

Unknown 1 2 3

Critical Event not Coded to this Vehicle 7 87 74

Incomplete Coding 0 0 0

Subtotal 8 89 77

Total 34 132 153
Source: Large Truck Crash Causation Study: Preliminary Tallies, January 2003, NCSA, NHTSA

No National Estimates or Analysis Should be Inferred from Preliminary Tallies
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GLOSSARY

Incapacitating injury
An incapacitating injury is any injury, other than
a fatal injury, which prevents the injured person
from walking, driving or normally continuing the
activities the person was capable of performing
before the injury occurred.

Inclusions:
� Severe lacerations
� Broken or distorted limbs
� Skull or chest injuries
� Abdominal injuries
� Unconsciousness at or when taken from

the accident scene
� Unable to leave the accident scene

without assistance
� And others

Exclusions:
� Momentary unconsciousness
� And others

Nonincapacitating evident injury
A nonincapacitating evident injury is any injury,
other than a fatal injury or an incapacitating
injury, which is evident to observers at the scene
of the accident in which the injury occurred.

Inclusions:
� Lump on head, abrasions, bruises,

minor lacerations
� And others

Exclusions:
� Limping (the injury cannot be seen)
� And others

Possible injury
A possible injury is any injury reported or
claimed which is not a fatal injury, incapacitating
injury or nonincapacitating evident injury.

Inclusions:
� Momentary unconsciousness
� Claim of injuries not evident
� Limping, complaint of pain, nausea,

hysteria
� And others
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ABSTRACT 

European field data have shown that vehicle 
rollovers do not usually occur in isolation.  More 
frequently, they occur as part of more complex 
accident sequences involving multiple impacts.  In 
most cases, the rollover event does not occur at the 
beginning of the crash sequence.  Instead, the 
rollover is usually preceded by one or more 
impacts. 

This paper describes a detailed analysis of multiple 
impact crashes that involve rollover and considers 
the nature, characteristics and sequencing of the 
impacts and rollover events involved. 

INTRODUCTION 

Much of the analysis published on the subject of 
vehicle rollover events implies that rollovers either 
occur as isolated events or are always the most 
harmful event in any more complex impact 
sequence.  Traditionally, it has been a common 
practice in the U.S. for any crash in which a 
rollover occurs to be classed as a rollover accident, 
irrespective of the occurrence or severity of any 
other impacts in the crash sequence1.  It is believed 
that this practice came about, at least partly, 
because of limitations in the way in which crash 
event sequences are recorded in the FARS database 
(which began in 1975). 

In practice, the characteristics of vehicle rollover 
can be more complicated than such analyses 
suggest because of the large number of vehicles 
which experience multiple event crash sequences, 
including combinations of impacts and rollover 
events. 

The authors have already reported on a preliminary 
analysis of European multiple impact crashes at the 
2001 IRCOBI conference2.  This study investigated 
multiple impacts at a general level and, in 
particular, explored the importance of different 

groups of multiple impacts in the total accident 
population. 

With regard to rollover, they reported that single 
isolated rollover events (i.e. those occurring 
without the occurrence of any impacts) were 
relatively infrequent in both UK and German in-
depth accident databases (see Table 1). 

 
Impact Type German 

Data 
UK Data 

Single Front 43.6% 45.0% 
Single Side 19.3% 17.0% 
Single Rear 10.2% 4.0% 

Single Rollover 0.4% 5.0% 
Multiple Impact 26.5% 29.0% 

Total % 100.0% 100.0% 
Total N 5472 9288 

Table 1: Distribution of impact configurations 
for German and UK data (all injury levels). 
[Taken from Reference 2]. 

Rollovers occurring during more complicated crash 
sequences (i.e. those involving rollovers and one or 
more impacts) were more common.  In such impact 
sequences, the rollover element most commonly 
occurred following an initial impact (for example 
see Table 2).  Only a small proportion of cases 
involved an impact sequence that started with a 
rollover event. 
 
 N % 
Rollover followed by Impact(s) 102 14% 
Impact followed by Rollover 
(and subsequent impacts) 

618 86% 

Total 720 100% 

Table 2: Distribution of accidents involving 
rollovers and impacts according to impact 
sequence. [UK data taken from Reference 2] 

The research described in the current paper extends 
this work, exploring the occurrence and 
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characteristics of rollover events during more 
complex, multiple impact sequences. 

METHODOLOGY 

This study uses data from the UK’s Co-operative 
Crash Injury Study (CCIS) and the analysis covers 
cases investigated from 1998 to 2002.  The CCIS 
study has been described in detail by Mackay et al3 
and further details can be found at www.ukccis.org. 

It is planned to carry out a similar analysis of in-
depth German data for a future publication. 

ANALYSIS AND DISCUSSION 

The database contains details of 7163 occupants 
where details of the crash sequence are known.  
1012 of these (14%) experienced a rollover at some 
point during their crash sequence.  For those with 
injuries at the AIS3 level or higher, 13% 
experienced a rollover during the crash sequence 
(see Table 3). 

It can be concluded from this that rollover is a 
relatively infrequent event and that the occurrence 
of rollover, per se, does not appear to be associated 
with high injury risk.  However, it should be 
mentioned that the selection criteria for those cases 
examined in CCIS result in the sample being 
strongly biased towards accidents involving fatal 
and serious injuries.  It is possible that, if the 
complete accident population was analysed, then 
the frequency of rollovers (including those 
resulting in slight or no injuries) could be higher 
than the CCIS sample suggests. 

 
 No Rollover Rollover Total 
All Injury 

Levels 
6151 
(86%) 

1012 
(14%) 

7163 
(100%) 

MAIS 3+ 730 
(87%) 

109 
(13%) 

839 
(100%) 

Table 3: Occurrence of rollover events during 
the crash sequence. 

However, accidents involving a rollover element 
are complex events in which the rollover can occur 
at any stage of the crash sequence. 

 
1 Rollover before impact 
2 Rollover after impact 
3 Rollover with no impact 
4 Rollover between impacts 

Table 4: Codes used in CCIS for recording the 
timing and occurrence of rollover. 

In CCIS, the timing of a vehicle rolling over is 
recorded using the four classifications shown in 
Table 4.  In all cases, a rollover is defined as a 
rotation of at least 90 degrees about the 
longitudinal or lateral axis of the vehicle. 

Looking at distribution of rollovers according to 
these CCIS classifications (see Figures 1 and 2), it 
can be seen that, for both occupants at all injury 
levels and for those sustaining MAIS3+ injuries, 
most of the rollovers (around 60%) occur after an 
initial impact.  The second most common group, 
rollovers occurring without an impact, accounts for 
approximately one third of rollovers. 

 

Figure 1: Distribution of rollovers according to 
crash sequence (All occupants N=1012). 
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Figure 2: Distribution of rollovers according to 
crash sequence (MAIS 3+ occupants only 
N=109). 

Because the remaining two groups (rollovers 
before and between impacts) are relatively small, it 
was decided to re-group the rollover classifications 
into two groups: 

A) Accident sequences which start with a 
rollover (includes rollovers occurring without 
an impact and rollovers occurring before 
impact).  In all of these cases, the rollover was 
the first event in the crash sequence and the 
occurrence of any subsequent impacts can be 
regarded as a random outcome, dependent on 
the proximity of other vehicles and fixed 
objects, etc. 
 

B) Accident sequences in which a rollover 
event follows an initial impact (includes 
rollovers occurring after impact and rollovers 
occurring between impacts).  In all of these 
cases, an impact was the first event in the crash 
sequence and the occurrence of any subsequent 
impacts after the rollover can be regarded as a 
random outcome. 

In the following sections, the seat belt wearing 
rates for various types of crash and injury outcome 
will be examined.  It is therefore useful to consider 
the significance of these against the overall seat 
belt wearing rate for the entire sample.  This is 
shown in Table 5.  In this sample, approximately 
two thirds of occupants were known to be 
restrained. 

 

 Belted Not Belted Not 
Known 

All Occupants 
 65.81% 11.34% 22.85% 

All Occupants 
with 

MAIS3+ 
Injuries 

66.51% 19.67% 13.83% 

Table 5: Seat belt wearing status for occupants 
in the CCIS database. 

A) ACCIDENT SEQUENCES WHICH START 
WITH A ROLLOVER 

Taking the first group of rollover events (i.e. those 
impact sequences which started with the rollover 
element), a number of characteristics of the crashes 
were investigated. 

     Number of rolls The first characteristic 
explored was the number of rolls that the occupants 
experienced.  There is no universal method for 
quantifying the severity of rollover events but the 
number of rolls undergone can give some 
indication of the energy available at the start of the 
roll.  On the other hand, a vehicle entering a very 
high energy roll can be brought to rest after a very 
small degree of rotation by the presence of other 
vehicles or fixed objects.  In CCIS, the number of 
rolls is assessed to the nearest quarter turn (ie 0.25 
of a complete vehicle roll).  The analysis is shown 
in Table 6. 
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All Occupants 

Occupants with 
MAIS3+ 
Injuries 

Number of 
rolls N % N % 
0.25 39 9.44% 4 10.81% 
0.5 152 36.80% 10 27.03% 
0.75 26 6.30% 1 2.70% 
1 52 12.59% 4 10.81% 
1.25 14 3.39% 2 5.41% 
1.5 52 12.59% 3 8.11% 
1.75 2 0.48% 0 0.00% 
2 7 1.69% 0 0.00% 
More than 2  19 4.60% 3 8.11% 
Not Known 50 12.11% 10 27.03% 
Total 413  37  

Table 6: Number of rolls experienced by 
occupants in accident sequences starting with a 
rollover. 

The most frequent number of rolls is 0.5 (i.e. with 
the vehicle ending up on its roof) and most 
occupants experienced one complete roll or less.  
The situation was similar for those occupants with 
more serious injuries but in these cases, the 
proportion for whom the number of turns could not 
be determined is significantly higher. 

 

 
All Occupants Occupants with 

MAIS 3+ Injuries 
Direction N % N % 
To Right 183 44.31% 15 40.54% 
To Left 184 44.55% 14 37.84% 

Rear over front 11 2.66% 2 5.41% 
Front over rear 3 0.73% 0 0.00% 

Not Known 32 7.75% 6 16.22% 
Total 413  37  

Table 7: Direction of the rollover experienced by 
occupants in accident sequences starting with a 
rollover. 

     Direction of roll The second characteristic 
explored was the direction of the rollover event 
compared to the axes of the vehicle.  This analysis 
is shown in Table 7.  It can be seen that the 
majority of occupants experienced rolls around the 
longitudinal axis of the vehicle, almost equally split 
between those rolling to the right (i.e. clockwise) 

and those to the left (ie anticlockwise).  The 
situation was again similar for those occupants with 
more serious injuries but in these cases, the 
proportion for whom the direction of rotation could 
not be determined is higher. 

     Characteristics of impacts following the 
initial rollover An additional characteristic 
considered was the nature of the impact for the 
small number of cases where the rollover was 
followed by an impact.  Of the 56 cases, 14 
suffered an impact to the rear of the vehicle, 9 to 
the front, 17 to the sides, 13 to the top and 1 to the 
underside.  For occupants suffering MAIS3+ 
injuries, three of the impacts were to the sides, 1 to 
the front and 2 to the top of the vehicle. 

Table 8 shows the distribution of objects struck in 
the impacts following an initial rollover.  At both 
levels of injury, the most frequent objects struck 
were fixed objects (both wide and narrow). 

 
 

All 
Occupants 

Occupants 
with 

MAIS 3+ 
Injuries 

Car 10 1 
2-Wheeler 0 0 
Light Truck 0 0 
Heavy Truck/Bus 1 0 
Narrow Fixed Object (eg 
Pole) 

17 3 

Wide Fixed Object 24 2 
Unknown 4 0 

Table 8: Objects struck in impacts following an 
initial rollover. 

     Severity of rollover versus severity of impact 
In the CCIS cases, the investigators are asked to 
consider whether or not “the damage to the vehicle 
caused by the rollover is likely to have more of an 
influence on the injuries sustained by the vehicles 
occupants, than the damage caused by an impact.” 

For these 56 cases, the responses were equally 
divided between those where it was judged that 
rollover was more harmful than an impact and 
those where it was judged less harmful.  At the 
MAIS3+ injury level, in only 1 case out of the 6 the 
rollover was considered more harmful than the 
impact. 

     Ejection of occupants It is known that ejection 
from the vehicle constitutes a significantly 
increased risk of injury during rollover events.  The 
occurrence of ejection for occupants in the accident 
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sequences starting with a rollover is shown in 
Table 9. 

 

 All Occupants Occupants with 
MAIS3+ Injuries 

Ejection N % N % 
No 384 92.98% 26 70.27% 
Yes 20 4.84% 8 21.62% 
Suspected 9 2.18% 3 8.11% 
Total 413 100.00% 37 100.00% 

Table 9: Occurrence of ejection (complete or 
partial) for occupants in accident sequences 
starting with a rollover. 

Nearly 5% of occupants were known to have been 
ejected and there were a further 2% for whom 
ejection was suspected.  The rate of known ejection 
was very much higher (21%) for those occupants 
with MAIS3+ injuries.  This confirms the view that 
ejection leads to higher injury risks. 

Table 10 shows the number of ejected occupants as 
a function of their level of ejection (full or partial) 
and the route of ejection.  Slightly more occupants 
experienced partial ejection than full ejection.  
None of those experiencing full ejection had 
confirmed seat belt wearing.  For both groups (full 
and partial ejection), the most common route of 
ejection was through the side window.  This route 
accounted for half of full ejections and three 
quarters of partial ejections.  This would support 
the increasing move towards side curtain airbags, 
that are designed to deploy in rollover events, 
which help to mitigate this ejection route. 

 
 Full Ejection Partial Ejection 
Side Window 7 12 
Rear Window 3 1 
Side Door 0 1 
Sun Roof 1 1 
Not Known 2 1 
Total 13 16 

Table 10: Degree and route of ejection for 
occupants in accident sequences starting with a 
rollover. 

     Seat belt wearing One of the most effective 
ways of preventing ejection during rollover events 
is the use of the seatbelts.  The use of seat belts for 
these cases is shown in Table 11 as a function of 
level of injury and occurrence of ejection (known 
or suspected). 

It can be seen that the level of belt wearing reduces 
with both injury level and ejection.  This suggests 
that the simple countermeasure of using the seat 
belt provided could be effective in reducing both 
ejection from the vehicle and the severity of the 
resulting injuries. 

 

 Belted Not 
Belted 

Not 
Known 

All Occupants 62.71% 9.44% 27.85% 
Occupants with 
MAIS3+ Injuries 59.46% 18.92% 21.62% 
All Ejected 
Occupants (known 
or suspected) 24.14% 51.72% 24.14% 
All Ejected 
Occupants (known 
or suspected) with  
MAIS3+ Injuries 0.00% 63.64% 36.36% 

Table 11: Seatbelt wearing status for occupants 
in accident sequences starting with a rollover.  
(“Ejection” includes complete and partial 
ejection). 

 
     Distribution of injuries Table 12 shows the 
distribution of AIS3+ injuries according to the 
body regions used in the calculation of Injury 
Severity Scores.  The body regions most frequently 
injured at this severity are the head and thorax.  A 
more detailed analysis of the injury types and 
causation is outside the scope of the current paper. 
 

Head 21 
Face 0 
Thorax 15 
Abdomen 3 
Limbs 7 
External 1 
All 37 

Table 12: Number of occupants suffering AIS3+ 
injuries in each body region (in accident 
sequences starting with a rollover). 

B) ACCIDENT SEQUENCES WHICH START 
WITH AN IMPACT 

In a similar manner to the analysis of the accident 
sequences which started with a rollover described 
above, the characteristics of crashes involving 
rollovers but beginning with an impact were 
investigated starting, in these cases, by considering 
the initial impact. 
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 All Occupants Occupants with 
MAIS3+ Injuries 

 N % N % 
Back 41 6.84% 2 2.78% 
Front 222 37.06% 24 33.33% 
Left 174 29.05% 20 27.78% 
Right 154 25.71% 23 31.94% 
Other 8 1.34% 3 4.17% 
 599 100.00% 72 100.00% 

Table 13: Location of the initial impact for 
occupants in sequences involving a rollover after 
an impact. 

     Characteristics of the initial impact Table 13 
shows the location of the initial impact on the car.  
Although the most common location is the front of 
the car, the front and the two sides are not 
significantly different in frequency, all accounting 
for around 30% of the impacts.  However, when 
considering the database in its entirety (i.e. 
including all the cases where no rollover occurred 
and where rollover occurred before impact), frontal 
impacts accounted for around 57% of all first 
impacts whilst impacts to the left and right sides 
accounted for 14% and 18% respectively.  This 
suggests that vehicles are less likely to roll after 
being struck at the front than they are after a side 
impact. 

     Object struck The objects struck in the initial 
impact are summarised in Table 14.  The most 
common object struck (at both injury levels) is 
another car but there are also a significant number 
of impacts against fixed objects (both narrow and 
wide). 

 
 All 

Occupants 

Occupants 
with MAIS 
3+ Injuries 

Car 227 28 
2-Wheeler 3 0 
Light Truck 14 3 
Heavy Truck/Bus 39 1 
Narrow Fixed Object 
(eg Pole) 

119 17 

Wide Fixed Object 185 22 
Unknown 12 1 

Table 14: Object struck in sequences involving a 
rollover after an impact. 

Comparing these results with those for the impacts 
following rollovers (see Table 8), the proportion of 
impacts with cars is significantly higher. 

This suggests that when rollovers occurs, they are 
more likely to be triggered by impacts with cars but 
arrested by impacts against fixed objects (such as 
poles or crash barriers). 

     Number of rolls Table 15 shows the number of 
rolls experienced by the occupants in the rollovers 
that followed these initial impacts.  As was the case 
with the rollovers at the start of the impact 
sequences, see Table 6, the most common number 
of rolls was 0.5 turns, accounting for around 40% 
of events. 

 

 
All Occupants 

Occupants with 
MAIS3+ 
Injuries 

Number of 
rolls N % N % 
0.25 153 25.54% 13 18.06% 
0.5 222 37.06% 29 40.28% 
0.75 20 3.34% 1 1.39% 
1 85 14.19% 12 16.67% 
1.25 12 2.00% 1 1.39% 
1.5 35 5.84% 3 4.17% 
1.75 2 0.33% 1 1.39% 
2 9 1.50% 3 4.17% 
More than 2 8 1.34% 1 1.39% 
Not Known 53 8.85% 8 11.11% 
Total 599  72  

Table 15: Number of rolls experienced by 
occupants in accident sequences involving a 
rollover after an impact. 

 

 All Occupants Occupants with 
MAIS 3+ Injuries 

Direction N % N % 
To Right 299 49.92% 29 40.28% 
To Left 257 42.90% 36 50.00% 
Rear over 
front 11 1.84% 2 2.78% 
Front over rear 2 0.33% 0 0.00% 
Not Known 30 5.01% 5 6.94% 

 599 
100.00

% 72 100.00% 

Table 16: Direction of the rollover experienced 
by occupants in accident sequences involving a 
rollover after an impact. 

     Direction of roll The direction of the rollovers 
is summarised in Table 16.  As with the cases 
where the impact sequence started with a rollover 
(see Table 7), the vast majority of the rollovers 
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following impact were around the longitudinal axis 
of the vehicle, approximately evenly split between 
rolls to the right and the left. 

     Severity of rollover versus severity of impact 
For these 599 cases, the responses were almost 
equally divided between those where it was judged 
that rollover was more harmful than an impact and 
those where it was judged less harmful (302 less 
harmful, 285 more harmful, 12 not known).  At the 
MAIS3+ injury level, in 26 cases out of the 72 the 
rollover was considered more harmful than the 
impact. 

     Ejection of occupants The occurrence of 
ejection for occupants in the accident sequences 
starting with an impact is shown in Table 17. 

 

 All Occupants 
Occupants with 

MAIS 3+ Injuries 
Ejection N % N % 
No 550 91.82% 54 75.00% 
Yes 20 3.34% 13 18.06% 
Suspected 29 4.84% 5 6.94% 
Total 599  72  

Table 17: Occurrence of ejection (complete or 
partial) for occupants in accident sequences 
involving a rollover after an impact. 

Around 3% of occupants were known to have been 
ejected and there were a further 5% for whom 
ejection was suspected.  The rate of known ejection 
was very much higher (18%) for those occupants 
with MAIS3+ injuries.  This again supports the 
view that ejection leads to higher injury risks. 

 
 Full Ejection Partial Ejection 
Windscreen 0 1 
Side Window 6 25 
Rear Window 1 0 
Side Door 1 1 
Sun Roof 3 2 
From Open 
Top Car 

0 1 

Not Known 3 5 
Total 14 35 

Table 18: Degree and route of ejection for 
occupants in accident sequences involving a 
rollover after an impact. 

Table 18 shows the number of ejected occupants as 
a function of their level of ejection (full or partial) 
and the route of ejection.  For these cases, over 

70% of ejections were partial – significantly higher 
than for the first group considered (see Table 10).  
For both groups (full and partial ejection), the most 
common route of ejection was again through the 
side window – further support for side curtain 
airbags. 

     Seat belt wearing The use of seat belts for 
these cases is shown in Table 19 as a function of 
level of injury and occurrence of ejection (known 
or suspected). 

As with the first group of rollovers, it can be seen 
that the level of belt wearing reduces with both 
injury level and ejection.  This suggests that the 
simple countermeasure of using the seat belt 
provided could be effective in these cases as well. 

 

 Belted Not 
Belted 

Not 
Known 

All Occupants 64.77% 11.69% 23.54% 
Occupants with 
MAIS3+ Injuries 58.33% 26.39% 15.28% 

All Ejected 
Occupants (known 
or suspected) 

36.73% 34.69% 28.57% 

All Ejected 
Occupants (known 
or suspected) with  
MAIS3+ Injuries 

22.22% 61.11% 16.67% 

Table 19: Seatbelt wearing status for occupants 
in accident sequences involving a rollover after 
an impact.  (“Ejection” includes complete and 
partial ejection). 

 
     Distribution of injuries Table 20 shows the 
distribution of AIS3+ injuries according to the 
body regions used in the calculation of the ISS 
scores.  The body regions most frequently injured 
at this severity are the head and thorax. 
 

Head 34 
Face 0 
Thorax 42 
Abdomen 7 
Limbs 28 
External 0 
All 72 

Table 20: Number of occupants suffering AIS3+ 
injuries in each body region (in accident 
sequences involving a rollover after an impact). 
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Comparing, this injury distribution with that from 
the cases starting with a rollover (see Table 12), a 
significant difference can be seen in the number of 
AIS3+ limb injuries. 

CONCLUSIONS 

−  Vehicle rollovers (occurring as single events) 
are rare events in Europe, occurring in 
approximately 5% of accident cases in the UK 
CCIS database and less than 1% of cases in the 
German GIDAS database. 

−  Even when all rollover events are considered 
(i.e. including those occurring in combination 
with other impacts), rollovers are still relatively 
infrequent, only occurring in 14% of the UK 
crashes in the CCIS database. 

A detailed study of the in-depth accident data from 
the UK’s CCIS database has identified the 
following characteristics of vehicle rollovers during 
impact sequences: 

−  Only around one third of all rollovers occur as 
single, isolated events in the UK.  The 
remainder occur during more complex multiple 
impact crash sequences. 

−  In most of these cases, the first event in the 
sequence is the impact rather the rollover. 

−  In general, in the UK, rollover can be regarded 
as a consequence of impact rather than an 
initiator. 

−  Most UK vehicle rollovers involve one 
complete roll or less. 

−  Most UK rollovers occur about the longitudinal 
axis of the vehicle, approximately half in each 
direction. 

−  Occupant ejection appears to be an important 
factor when serious injuries are sustained. 

−  Ejection takes place most frequently through 
the side windows but is also associated with 
low seat belt wearing rates. 

−  Increased seat belt wearing rates and measures 
to reduce ejection (full and partial) through the 
side windows are the approaches most likely to 
reduce injury levels in crash sequences 
involving rollover. 

−  The head and thorax are the body regions most 
frequently injured at AIS3+ level in accident 
sequences involving rollover. 

−  The limbs are more frequently injured in those 
sequences where the rollover follows an initial 
impact. 

−  When an impact follows an initial roll, it is 
frequently against a fixed object (rather than a 
vehicle) and appears to randomly involve all 
parts of the vehicle. 

−  In cases where rollover follows an initial 
impact, the impacts are split between those 
against cars and those against fixed objects.  A 
disproportionate number of the initial impacts 
are against the sides of the vehicle that rolls 
over (rather than the fronts). 

−  When all crash sequences involving impacts 
and rollovers are considered, it is judged that in 
approximately half of the cases the rollovers 
were less harmful than the impacts.  However, 
when occupants suffered injuries at the 
MAIS3+ level, the impact was considered more 
harmful than the rollover in the majority of 
cases. 
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ABSTRACT

In 2000, Congress passed the Transportation Recall
Enhancement, Accountability, and Documentation
(TREAD) Act. Section 13 of this act directed the
U.S. Department of Transportation to complete a
rulemaking within one year. This rulemaking
requires implementation of a warning system in new
motor vehicles (to be phased-in beginning with
model year 2003) to indicate to the operator when a
tire is significantly underinflated.

In support of rulemaking activities mandated by
Section 13 of the TREAD Act, the National Center
for Statistics and Analysis of the National Highway
Traffic Safety Administration has completed an
intensive data collection effort on the state of
America’s tires. The Tire Pressure Special Study
(TPSS) was designed to assess to what extent
passenger vehicle operators are aware of the
recommended tire pressures for their vehicles, the
frequency and the means they use to measure their
tire pressure, and how significantly the actual
measured tire pressure differed from the
manufacturer’s recommended tire pressure.
Measurements were taken and interviews were
conducted to compile a rich database of over 11,000
passenger vehicles (44,000 tires).

This paper will discuss the methodology of the TPSS
as well as the extent of under-inflation found in the
field and the attitudes and maintenance habits of
drivers.

BACKGROUND

Providing vehicle operators with a device that would
alert them to under-inflation could result in a
reduction in the number of associated tire failures
which can cause a loss of control of the vehicle.
Consequently, this information supports the
Department of Transportation’s Strategic Goal:
Safety - by working towards the elimination of
highway related deaths and injuries.

The data collected in the TPSS have been used in
support of various rulemaking actions. These
included an upgrade to the placement and contents of

the vehicle placard and the requirement of an
onboard tire pressure monitoring system.

The stringent requirement for enactment of the rule
requiring tire pressure monitoring systems required
that data on the frequency and pervasiveness of
under-inflation be collected and provided in a short
time period. To minimize the survey start-up and to
provide a trained cadre of data collectors, field data
collection was conducted through the infrastructure
of the National Automotive Sampling System
(NASS) Crashworthiness Data System (CDS). The
NASS CDS is a nationally representative sample of
all police-reported motor vehicle traffic crashes that
occur in the United States in which at least one
passenger vehicle was towed from the crash scene
due to damage from the crash.

SAMPLE DESIGN

The CDS consists of teams of researchers located at
twenty-four Primary Sampling Units (PSUs)
throughout the United States. The PSUs are a
probability sample selected from a frame of all
geographic areas in the continental United States.
The PSUs were selected based on the number of
motor vehicle traffic crashes occurring within their
regions in which at least one person involved in the
crash was killed or injured.

The population surveyed by the researchers in the
TPSS represents a sample frame consisting of drivers
who used gas stations to refuel their passenger
vehicles between the hours of 8:00 am and 5:00 pm.
Data collection was conducted during a two-week
period in February 2001.

The sampling stages for the TPSS are as follows:
• Stage 1 – Selection of the CDS PSUs
• Stage 2 – Selection of the Zip Codes
• Stage 3 – Selection of the Gas Stations
• Stage 4 – Selection of the Vehicles

The first stage of sampling for the Tire Pressure
Special Study is the selection of the NASS CDS
PSUs. For the CDS, the continental United States
was grouped into 1,195 Primary Sampling Units
(PSUs). PSUs were either central cities, the balance



Thiriez, 2

of a county containing a central city, a county, or a
group of counties. From the 1,195 PSUs, a stratified
(geographic region and size) sample of twenty-four
PSUs was selected using a probability proportional to
size (PPS) procedure with a measure of size (MOS)
equal to the number of fatal and injury producing
motor vehicle traffic crashes.

The second stage of sampling was the selection of zip
codes within the twenty-four CDS PSUs. A random
selection of seven zip codes from a list of eligible zip
codes within each of the twenty-four PSUs was
selected. A zip code was eligible if it contained at
least two gas stations with more than one service
island with a canopy over the islands. The gas
stations must also be at least two miles apart. The
CDS data collection teams identified zip codes within
their PSU and provided the list to NHTSA where the
sample of zip codes was selected.

The third stage of sampling was the selection of gas
stations within each zip code. Within each of the
seven selected zip codes, the CDS Data Collection
Team listed all qualifying gas stations. From this list,
the CDS data collection team selected two gas
stations at random and sought cooperation with each
prior to the start of the study. In the event of the
refusal of a gas station to cooperate, the next gas
station on the list (after the random selection) was
chosen as an alternative. If a gas station initially
agreed to cooperate, but on the date scheduled for
data collection refused to cooperate, again, the next
gas station on the list was substituted as an
alternative. The fourteen selected gas stations within
a PSU were assigned to one of the fourteen days of
the data collection period.

The final stage of sampling is the identification of
motor vehicles and motor vehicle operators from
which to collect the data. At each sampled gas
station, data from approximately forty passenger
motor vehicles (passenger cars, pickup trucks, vans,
and sport utility vehicles) coming to the gas station
for refueling were collected. Additionally, the goal
was to observe ten vehicles within each vehicle
category (passenger cars, pickup trucks, vans, or
sport utility vehicles) coming to the gas station for
refueling. Each of the fourteen days of data
collection was divided into the following time
intervals: 8 am – 10 am, 10 am – noon, noon – 2 pm,
2 pm – 4 pm, 4 pm – 5 pm. The CDS data collection
team began each time interval of data collection by
counting all eligible vehicles entering the gas stations
for refueling for a fifteen minute period. At the end
of the fifteen minute period, the next eligible vehicle
entering the gas station was asked to cooperate in the

survey. Data was collected for this vehicle and when
collection was complete, the next eligible vehicle
entering the gas station for refueling was surveyed.
If more than one vehicle entered the gas station and
one was of a type for which fewer observations had
been collected, that vehicle took precedence for data
collection. Teams collected data throughout all five
time periods regardless of the number of vehicles
observed.

Vehicles surveyed included passenger cars and light
trucks. NHTSA classifies light trucks as sport utility
vehicles, pickup trucks and vans with a gross vehicle
weight rating of less than or equal to 10,000 pounds.
A total of 11,530 vehicles were included in the
survey, of which 6,442 were passenger cars, 1,874
were sport utility vehicles, 1,376 were vans, and
1,838 were pickup trucks. The distribution of
vehicles was consistent with national estimates of
vehicle registration.

Estimation

To simplify and unify estimating procedures, weights
were produced for all sampled vehicles accounting
for the sample design. The base weight, which is the
reciprocal of the probability of the selection of the
PSUs, the zip codes within the PSUs, and the gas
stations within the zip codes reflected the sampling
stages. Hence, the base weight for a selected gas
station, BWTG, is given by:

GZipPSU
G

PPP
BWT

××
= 1

where

PPSU = Probability of selection of PSU;

PZip = Probability of selection of the
zip code within the PSU; and

PG = Probability of selection of the gas
station within the zip code and
PSU.

In order to get unbiased estimates for driver
characteristics in the population, a base weight,
BWTVi, was defined for each vehicle sampled in each
of the four vehicle categories and was given by:

i
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where

E(Ni) = the expected number of vehicles
in the i-th vehicle category coming
to the gas station during the entire
survey period (calculated using the
vehicle tallies from the Daily Site
Information Forms);

ni = the sample of vehicles selected;
and

i = represents each of the four
vehicle body type categories.

DATA COLLECTION METHODOLOGY

Data collected during the TPSS included daily site
information, driver interview and profile data, vehicle
profile data, and tire data for all four tires on the
vehicle.

The Daily Site Information Form contained
information regarding the number of vehicles by
body type category coming into the gas station for
refueling during each day. The vehicles were
observed for fifteen-minute time periods every two
hours. This included a total count for each body type
category as well as a total count of all vehicles. The
Daily Site Information Form also contained
information regarding the presence and operation of a
site’s air pressure pump available for customer use.
Pump data collected included availability, use fee,
functionality, air pressure gauge presence, and
accuracy.

The Driver Interview Form, which was completed
for each observation, contained information
regarding the extent to which the driver was aware of
the recommended air pressure for his/her vehicle’s
tires, if he/she monitors the air pressure in the tires,
and how he/she monitors the air pressure. If the
driver was neither the vehicle’s primary driver nor
responsible for the vehicle’s maintainence, then none
of the tire pressure knowledge or maintenance
questions were asked. The form also contained
driver profile data documented by the researcher.

The Vehicle Inspection Form, which was completed
for each observation, contained vehicle profile
information such as make, model, and model year. It
also contained information documented from the
vehicle’s placard regarding recommended tire size,
recommended air pressure, and the gross axle weight
rating.

The Tire Inspection Form, which was also
completed for each observation, contained tire size
and measurement information. In addition, the form
contained the ambient air temperature at the time of
the observation.

Data from the field was sent to the quality control
centers (Zone Center) for review, then delivered to
NHTSA for final review.

Data Collection Process

Each data collection team consisted of two to three
researchers. This team size was chosen in order to
expedite data collection and minimize the impact on
the gas station. Each observation took approximately
six to eight minutes. One researcher was tasked to
garner cooperation with the participant, and to collect
data on the Interview Form and the Vehicle
Inspection Form. The second (and third if present)
researcher collected data on the Tire Inspection
Form. At the conclusion of each observation, the
participant was given a courtesy card which
contained the air pressure measured on each tire, the
vehicle manufacturer’s recommended cold tire
pressure, and several tire safety tips.

Special Equipment

Special equipment used for data collection included
pyrometers to measure tire sidewall temperature and
ambient air temperature, an air pressure gauge to
measure tire pressure, and a tread depth indicator to
measure tread depth. The only limitation to the
equipment regarded the air pressure gauge. The
gauge only measured pressures between 0 and 60 psi.
Any pressures measuring 60 or above were coded as
“60+.”

The pyrometers used in the study were checked
against each other prior to each data collection day.
If the pyrometers did not measure the same ambient
air temperature (within a tolerance of one degree), the
researchers noted the discrepancy on the Daily Site
Information Form.

The air pressure gauges used in the study were tested
for calibration prior to each data collection day. The
test was conducted using the two air pressure gauges
assigned to each team. The tire pressure of a vehicle
belonging to one of the researchers was checked with
both gauges. If the pressures were not within a 1 psi
tolerance they were to notify their Zone Center for
immediate replacement. If the researcher could not
determine which gauge was inaccurate, both gauges
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were replaced. No problems were noted with any of
the equipment used in the study.

At the end of each day the research team documented
the presence and function of any customer-use air
pressure pump at the data collection site. The
researchers checked the functioning status of the
pump and whether there was any fee for use. In
addition, the researchers checked the accuracy of any
pressure gauges attached to the pump. This was
accomplished by bleeding the air on the tires of one
of the researchers’ vehicle to 10 psi. The researcher
then inflated the tire until the vehicle manufacturer’s
recommended pressure was met. The researcher then
checked the pressure with one of the supplied air
pressure gauges. If the pressure was within ±1 psi,
the pressure gauge was deemed to be accurate.

The data collection forms, procedures, and methods
were tested during both the alpha and beta testing
prior to study implementation.

ANALYSIS AND RESULTS

Survey data were analyzed for the following three
categories of vehicles:

1) Passenger Cars with P-Metric Tires
(Cars w/ P Tires);

2) Pickup Trucks, Sport Utility Vehicles,
and Vans with P-Metric Tires (Light
Trucks w/ P Tires);

3) Pickup Trucks, Sport Utility Vehicles,
and Vans with Other Type Tires (Light
Trucks w/ Other Tires).

P-Metric tires are regular passenger car tires. Their
labeling has the format “P205/75R14.” Other Type
tires include LT tires, which are light truck tires with
the sample format “LT235/85R15/D,” and High
Flotation tires that have the sample format
“31X10.50R15LT/C.” Information on standard tire
labeling formats can be found in the “2000 Tire
Guide” courtesy of the Rubber Manufacurers
Association.

Estimates and Sampling Error

The observations were weighted to represent national
estimates. Because estimates from the TPSS are
based on a sample, they are statistically weighted
according to the sample design and are subject to
sampling error. When calculated, estimates in the
tables are shown with their corresponding sampling
error in parentheses. Adding and subtracting twice
the sampling error from the corresponding estimate

will produce an approximate 95 percent confidence
interval for the estimate. This means that one can be
95 percent confident that the true value for the
quantity being estimated lies within this interval.

Results of Driver Interviews

Tables 1and 2 show the results of the question: “Is
maintaining proper tire inflation a concern for you?”

As shown in Table 1, eighty-five percent of drivers
interviewed reported that they are concerned about
proper inflation. There did not appear to be any
significant difference in percentage when broken out
by vehicle body type and tire type.

Table 1
Percentage of Drivers Concerned About

Maintaining Proper Tire Inflation
By Type of Vehicle and Response

(Estimates and Sampling Errors in
Percentages)

Response
Vehicle Type

Concerned Not Concerned

Cars w/ P Tires 84 (2.6) 16 (2.6)

Light Trucks w/
P Tires

87 (2.5) 13 (2.5)

Light Trucks w/
Other Tires

88 (3.8) 12 (3.8)

Overall 85 (2.3) 15 (2.3)

Source: National Center for Statistics and Analysis,
NHTSA, NASS 2001 Tire Pressure Special Study.

Table 2 shows that only 68 percent of drivers
between the ages of 16 and 24 were concerned about
maintaining proper tire inflation, but, as can be seen
from Table 3, 75 percent of that age group were
responsible for the maintenance of their vehicle.

Table 3 shows that 82 percent of drivers between the
ages of 25 and 69 are responsible for the maintenance
of their vehicle, and, as can be seen from Table 4,
only 71 percent of females compared to 87 percent of
males are responsible for the maintenance of their
vehicle.
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Table 2
Percentage of Drivers Concerned About

Maintaining Proper Tire Inflation
By Age Group and Response

(Estimates and Sampling Errors in
Percentages)

Response
Age Group

Concerned Not Concerned

16-24 68 (6.1) 32 (6.1)

25-69 88 (1.4) 12 (1.4)

Over 69 89 (3.7) 11 (3.7)

Source: National Center for Statistics and Analysis,
NHTSA, NASS 2001 Tire Pressure Special Study

Table 3
Percentage of Drivers Responsible for the

Maintenance of their Vehicles
by Age Group and Response

(Estimates and Sampling Errors in Percentages)

Response
Age Group

Responsible Not
Responsible

16-24 75 (3.0) 25 (3.0)

25-69 82 (1.3) 18 (1.3)

Over 69 86 (4.3) 14 (4.3)

Source: National Center for Statistics and Analysis,
NHTSA, NASS 2001 Tire Pressure Special Study.

Table 4
Percentage of Drivers Responsible for the

Maintenance of their Vehicles
by Gender and Response

(Estimates and Sampling Errors in Percentages)

Response
Gender

Responsible Not
Responsible

Male 87 (1.3) 13 (1.3)

Female 71 (2.7) 29 (2.7)

Source: National Center for Statistics and Analysis,
NHTSA, NASS 2001 Tire Pressure Special Study.

If the driver of the vehicle was also the “primary
driver” and “responsible for the maintenance of this
vehicle,” additional questions were asked. The
results for some of these questions are shown in
Tables 5 through 16.

Tables 5 through 8 show the results of the question:
“How often do you check your tire pressure?”
Drivers interviewed were not given multiple choices
but were asked to provide a time period. The
responses were then categorized into their most
common occurrences.

Table 5 shows that drivers of light trucks with other
tires check their tires more frequently (48 percent
weekly or monthly) than do drivers of cars and light
trucks with passenger car tires (less than 35 percent
weekly or monthly). The most frequent response for
drivers of vehicles with passenger tires was “when
serviced.” It should be noted that vehicle
manufacturers usually recommend an oil
change/service visit every 3,000 miles for those who
drive under severe conditions (multiple short trips,
stop and go driving, cold weather, hot, dusty
conditions, tow trailers, heavy loads) and between
5,000 and 7,500 miles for those who drive under
normal conditions (ref: Automotive Oil Change
Association). It should also be noted that at some
service stations checking tire pressure should not be
assumed to be a routine maintenance along with an
oil change and the customer should specifically
request to have his or her vehicle’s tire pressure
checked. In its list of routine maintenance included
with one of their premier tune-up packages, one
service center admits “visually inspect and correct
tire pressure.” (ref: www.pepboys.com/service/tune-
ups.shtm)

Some “other” responses included “daily by visual
inspection”, “biannually”, and one driver responded
“when I yell at him (her husband) enough.” Twenty-
five percent of drivers responded that they check
their tire pressure “when it seems low” giving
examples of “visual inspection”, “change in handling
characteristics”, and “tires squealing.”



Table 5
Percentage of Drivers Who Check Their Tire Pressure

by Type of Vehicle and Frequency
(Estimates and Sampling Errors in Percentages)

Response

Vehicle Type
Weekly Monthly When They

Seem Low
When

Serviced
Before a

Long Trip Other
Does Not
Check at

All

Cars w/ P Tires 9 (0.7) 21 (1.4) 26 (3.7) 30 (2.8) 1 (0.2) 6 (0.8) 7 (0.9)

Light Trucks w/ P
Tires 9 (0.7) 25 (1.2) 24 (3.4) 28 (4.0) 2 (0.6) 8 (1.0) 4 (0.9)

Light Trucks w/
Other Tires

8 (2.5) 40 (5.9) 16 (5.1) 26 (3.0) 2 (1.1) 7 (1.9) 2 (0.9)

Overall 9 (0.7) 24 (1.0) 25 (3.4) 28 (3.0) 2 (0.4) 7 (0.8) 5 (0.8)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

Table 6 shows that 40 percent of females check their
tire pressure only when their vehicle is serviced, an
alarming 11 percent do not check their tire pressure at
all.

Tables 7 and 8 show the results of frequency of
checking tire pressure by the demographics of race
and age.

Table 6
Percentage of Drivers Who Check Their Tire Pressure

by Gender and Frequency
(Estimates and Sampling Errors in Percentages)

Response

Gender
Weekly Monthly When They

Seem Low
When

Serviced
Before a

Long Trip Other
Does Not
Check at

All

Male 11 (1.0) 30 (1.1) 26 (3.6) 21 (2.9) 2 (0.4) 8 (0.8) 2 (0.4)

Female 6 (0.8) 15 (1.2) 22 (3.6) 40 (3.7) 1 (0.5) 6 (0.9) 11 (2.5)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

Table 7
Percentage of Drivers Who Check Their Tire Pressure

by Race and Frequency
(Estimates and Sampling Errors in Percentages)

Response

Race
Weekly Monthly When They

Seem Low
When

Serviced
Before a

Long Trip Other
Does Not
Check at

All

White 8 (0.7) 24 (1.1) 25 (1.1) 28 (3.1) 1 (0.4) 8 (4.8) 5 (1.0)

Hispanic/ Latino 14 (2.8) 26 (2.5) 17 (3.2) 29 (8.1) 4 (2.0) 4 (0.7) 5 (0.8)

Black/ African
American

11 (2.0) 22 (2.8) 28 (3.5) 23 (3.6) 1 (0.3) 6 (1.5) 10 (1.8)

Other 6 (1.6) 28 (3.3) 17 (4.0) 35 (6.2) 0 (0.3) 9 (3.9) 4 (1.0)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.
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Table 8
Percentage of Drivers Who Check Their Tire Pressure

by Age Group and Frequency
(Estimates and Sampling Errors in Percentages)

Response
Age Group

Weekly Monthly When They
Seem Low

When
Serviced

Before a
Long Trip Other Does Not

Check at All

16-24 8 (0.8) 17 (1.9) 32 (4.2) 25 (3.9) 1 (1.0) 7 (1.5) 10 (1.7)

25-69 10 (0.9) 25 (1.0) 24 (3.6) 27 (3.0) 2 (0.3) 8 (0.8) 3 (1.1)

Over 69 5 (1.4) 28 (1.5) 19 (3.6) 38 (3.8) 2 (0.7) 3 (1.1) 4 (1.6)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

NHTSA recommends that drivers take responsibility
for the maintenance of their tires and the safety of
their vehicles by checking tire pressure at least once a
month and always before a long trip.

Tables 9 through 12 show the responses to the
question: “How do you normally determine what
pressure to set your tires?”

Table 9 shows that the most frequent response from
drivers of sport utility vehicles, vans, and pickup
trucks was that they determine the proper tire
inflation level by referring to the tire label. Of those
drivers of passenger cars who are responsible for the
maintenance of their own vehicle, the most frequent
response was also the tire label. It should be noted

that the value on the tire label is the maximum
pressure for that tire and the manufacturer’s
recommended tire pressure which can be found either
in the owner’s manual or on the placard can deviate
significantly from the pressure listed on the tire.
Only 25 percent of drivers knew to check their
owner’s manual or vehicle’s tire placard to determine
the proper tire inflation level for their vehicle. Some
“other” responses included “the thumb test”,
“guessing”, and several drivers said “use 32 all of the
time”.

The unknown column was used when the researcher
could not get an answer to the question. It does not
necessarily mean that the driver did not know how to
determine proper tire inflation.

Table 9
Percentage of Drivers Using the Following References to Determine Proper Tire Inflation Levels for Their

Vehicle
by Type of Vehicle and Response

(Estimates and Sampling Errors in Percentages)
Response

Vehicle Type Owner’s
Manual

Vehicle
Placard

Tire
Labeling Visually Other

Person
Other

Method

Does
Not

Know
Unknown

Cars w/ P
Tires

18 (2.3) 8 (1.1) 22 (2.0) 11 (1.2) 24 (3.4) 10 (2.2) 7 (1.2) 1 (0.5)

Light Trucks
w/ P Tires

15 (1.9) 7 (0.7) 31 (4.5) 8 (1.1) 23 (3.6) 10 (1.2) 4 (0.9) 2 (0.5)

Light Trucks
w/ Other Tires 22 (8.9) 11 (4.1) 44 (6.1) 7 (2.2) 4 (1.4) 10 (2.4) 2 (0.9) 0 (0.1)

Overall 17 (2.5) 8 (0.9) 27 (3.7) 10 (1.1) 22 (3.3) 10 (1.8) 6 (0.9) 1 (0.2)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.
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Table 10 shows that while 20 percent of the female
drivers check their owner’s manual or the vehicle’s
tire placard, 13 percent check the tire label. However,
40 percent of the female drivers responded that
another person is responsible for determining proper
tire pressure. Of the male drivers, 36 percent use the
tire label as their guide.

Tables 11 and 12 show the results of references used
to determine proper inflation levels by the
demographics of race and age.

Table 10
Percentage of Drivers Using the Following References To Determine Proper Tire Inflation Levels for their

Vehicle
by Gender and Response

(Estimates and Sampling Errors in Percentages)

Response
Gender

Manual Placard Tire
Labeling Visually Other

Person
Other

Method
Does Not

Know Unknown

Male 18 (3.1) 10 (1.1) 36 (4.7) 11 (1.5) 10 (2.4) 11 (2.0) 4 (0.8) 1 (0.2)

Female 15 (2.2) 5 (0.9) 13 (2.3) 8 (1.2) 40 (4.6) 8 (2.2) 9 (1.5) 2 (0.5)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

Table 11
Percent of Drivers Using the Following References To Determine Proper Tire Inflation Levels for their

Vehicle
by Race and Response

(Estimates and Sampling Errors in Percentages)

Response
Race

Manual Placard Tire
Labeling Visually Other

Person
Other

Method
Does Not

Know Unknown

White 17 (2.6) 9 (1.3) 29 (3.7) 9 (0.9) 21 (3.4) 10 (1.9) 5 (1.0) 1 (0.2)

Hispanic/ Latino 17 (4.8) 4 (0.7) 26 (10.4) 6 (0.8) 28 (5.5) 11 (1.6) 7 (1.3) 2 (0.8)

Black/African
American

18 (2.7) 5 (1.5) 19 (1.6) 18 (4.3) 22 (4.3) 7 (1.7) 9 (1.7) 2 (0.5)

Other 17 (2.3) 4 (1.1) 28 (5.5) 6 (1.5) 22 (7.3) 13 (4.8) 7 (1.8) 3 (1.1)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

Table 12
Percent of Drivers Using the Following References to Determine Proper Tire Inflation Levels for their

Vehicle
by Age Group and Response

(Estimates and Sampling Errors in Percentages)

Response

Age Group
Manual Placard Tire

Labeling Visually Other
Person

Other
Method

Does
Not

Know
Unknown

16-24 14 (5.1) 5 (1.3) 27 (4.5) 14 (2.7) 21 (3.2) 8 (2.0) 9 (2.0) 1 (0.4)

25-69 17 (2.3) 8 (1.0) 29 (3.6) 9 (1.1) 21 (3.3) 10 (2.0) 5 (0.8) 1 (0.3)

Over 69 18 (1.7) 9 (1.2) 18 (5.0) 8 (1.4) 33 (3.7) 10 (5.4) 4 (1.4) 1 (0.2)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.
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Tables 13 through 15 show the responses to the
question: “How do you normally check your tires for
proper inflation?” Table 13 shows that for the most
part, and for all three categories of vehicles analyzed,

drivers (48 percent) check their tire pressures by
using a tire pressure gauge. A high percentage (15
percent) of people check their tire pressure visually.

Table 13
Percentage of Drivers Using the Following Methods to Check Their Tire Pressure

by Type of Vehicle and Response
(Estimates and Sampling Errors in Percentages)

Response

Vehicle Type Pressure
Gauge Visually When

Serviced
Other Person

Responsible for Car
Other

Method

Does Not
Check at

All

Cars w/ P Tires 42 (3.0) 16 (2.0) 27 (2.7) 10 (1.0) 1 (0.2) 4 (0.6)

Light Trucks w/ P
Tires

51 (2.0) 13 (2.4) 24 (3.0) 8 (0.7) 1 (0.2) 2 (0.3)

Light Trucks w/
Other Tires

68 (7.4) 6 (1.2) 18 (6.9) 7 (2.9) 0 (0.0) 1 (0.2)

Overall 48 (2.3) 15 (2.1) 25 (2.8) 9 (0.7) 1 (0.1) 3 (0.4)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

Some “other” responses included “pound with a
hammer”, “press with finger”, and several drivers
said that they “kick the tires”. When asked how often
and by what methods he checks his tire pressure, one
driver responded that he has a warning light.
NHTSA would like to remind drivers that tire
pressure monitoring systems should be used as a

supplement to responsible tire maintenance and not
as the primary indicator.

Table 14 shows that 61% of males use a tire pressure
gauge when measuring their tire pressure, while only
25% of women do, many of whom have their tire
pressure checked when their vehicle is serviced.

Table 14
Percentage of Drivers Using the Following Methods to Check Tire Pressure

by Gender and Response
(Estimates and Sampling Errors in Percentages)

Response

Gender Pressure
Gauge Visually When

Serviced

Other Person
Responsible for

Car

Other
Method

Does Not
Check at

All

Male 61 (2.5) 16 (2.7) 18 (3.2) 3 (0.6) 1 (0.2) 2 (0.2)

Female 25 (2.6) 13 (1.8) 36 (3.5) 20 (2.0) 1 (0.3) 5 (0.9)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

Table 15 shows that the method for checking tire
pressure was fairly consistent across the age ranges,
with more than 40% of people using a tire pressure

gauge. An alarming 7% of those between the ages of
16 and 24 said that they do not check their tire
pressure at all.



Thiriez, 10

Table 15
Percentage of Drivers Using the Following Methods to Check Tire Pressure

by Age Group and Response
(Estimates and Sampling Errors in Percentages)

Response

Age Group Pressure
Gauge Visually When

Serviced

Other Person
Responsible for

Car

Other
Method

Does Not
Check at

All

16-24 41 (3.3) 17 (3.9) 21 (2.8) 12 (1.8) 1 (0.4) 7 (1.5)

25-69 49 (2.5) 15 (1.8) 24 (3.1) 8 (0.8) 1 (0.2) 3 (0.3)

Over 69 45 (2.3) 8 (2.1) 37 (4.1) 8 (2.8) 0 (0.2) 1 (0.4)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

Twenty-five percent of the people responded (from
Table 13) that their tire pressure was checked when
the vehicle was serviced. It has already been noted
that some service centers do not include a tire
pressure check with an oil change. For those who do
check the tire pressure it is important to request that
they inflate the tires to the vehicle manufacturer’s
recommended tire pressure, which can be found on
the tire placard, and that the tire pressure is checked
using a gauge.

NHTSA recommends that all drivers take
reponsibility for the maintenance of their tires and the
safety of their vehicles. Tire pressure should be
checked at least once a month and before a long trip.

The proper tire inflation level to use can be found on
the vehicle’s tire placard or owner’s manual and the

tire pressure should always be checked using an
accurate tire pressure gauge.

Results of Vehicle Observations

Table 16 shows the cumulative percentile of the
difference between the measured pressure for each
tire on the vehicle and the manufacturer’s
recommended cold tire pressure for that tire for
passenger cars with P-Metric tires. Five percent of
the left front tires were under-inflated by at least 9.9
psi. Twenty-five percent of the left front tires were
under-inflated by at least 4.3 psi. Half of the left
front tires were under-inflated by at least .8 psi. And
seventy-five percent of the left front tires were under-
inflated, or properly inflated, or over-inflated by not
more than 2.7 psi.

Table 16
Difference Between the Recommended and the Measured Pressure for Passenger cars with P-Metric Tires

by Tire Position and Percentile
(Measured Pressures in psi)

Difference in Pressure (psi)
Tire Position

5th Percentile 25th Percentile Mean 50th Percentile 75th Percentile

Left Front -9.9 -4.3 -0.2 (0.2) -0.8 2.7

Left Rear -13.0 -5.9 -1.9 (0.2) -2.1 1.5

Right Rear -12.5 -5.8 -1.8 (0.2) -2.0 1.6

Right Front -10.1 -4.5 -0.6 (0.2) -0.9 2.3

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

Table 17 shows the cumulative percentile of the
difference between the measured pressure for each
tire on the vehicle and the manufacturer’s
recommended cold tire pressure for that tire for light
trucks with P-Metric tires. Overall, light truck tires

are underinflated by one to one and a half psi more
than passenger car tires.
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Table 17
Difference Between the Recommended and the Measured Pressure for Light Trucks with P-Metric Tires

by Tire Position and Percentile
(Measured Pressures in psi)

Difference in Pressure (psi)
Tire Position

5th Percentile 25th Percentile Mean 50th Percentile 75th
Percentile

Left Front -10.5 -5.3 -1.1 (0.4) -1.7 1.9

Left Rear -12.7 -6.8 -2.8 (0.2) -3.4 0.4

Right Rear -13.7 -7.2 -3.1 (0.2) -3.4 0.2

Right Front -11.0 -5.6 -1.4 (0.4) -1.9 1.5

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

Table 18 shows the percentage of vehicles that have
at least one tire underinflated by 8 psi or more.
Twenty seven percent of the passenger cars have at
least one tire which is underinflated by 8 psi or more.
Of light trucks with P-Metric tires, 32 percent are
underinflated by 8 psi or more. Light trucks with
light truck and high flotation tires were not included
in the analysis due to the 60 psi limitation of the
pressure gauge.

Table 18
Percentage of Vehicles that Have at Least One

Tire Underinflated by at Least 8 psi
(Estimates and Sampling Errors in Percentages)

Vehicle Category Percent

Passenger Cars with P-Metric Tires 27 (1)

Trucks, SUVs, and Vans with
P-Metric Tires

32 (1)

Source: National Center for Statistics and Analysis, NHTSA,
NASS 2001 Tire Pressure Special Study.

Table 19 shows the percentage of tires that deviate
from the manufacturer’s recommended cold tire
pressure (Delta P) by 8 psi or more by the age of the
tire. Categories were broken down by age of vehicle
and extent of misinflation. Most tires are within 8
psi. More tires are underinflated than overinflated.

There is also a correlation between the age of the
vehicle and the deviation in pressure, with older
vehicles deviating more than newer vehicles.

Table 20 shows the percentage of vehicles by number
of tires that are underinflated by 8 psi or more from
the recommended cold tire pressure. More than one-
quarter of the passenger cars with P-Metric Tires
have at least one tire underinflated by 8 psi or more.
For the light truck category (trucks, vans, and SUVs)
with P-Metric tires, almost one-third have at least one
tire underflated by 8 psi or more. The proportion of
light trucks where all four of the tires are
underinflated by 8 psi or more is twice that of
passenger cars.
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Table 19
Percentage of Tires Deviating from the Manufacturer’s Recommended Pressure

by Vehicle Type, Delta P and Age of Vehicle
(Estimates and Sampling Errors in Percentages)

Delta P (psi)

Underinflated by 8 or more Inflated Within 8 Overinflated by 8 or more

Vehicle Age in Years Vehicle Age in Years Vehicle Age in Years
Vehicle Type

≤ 3 3 < y ≤ 6 > 6 Y ≤ 3 3 < y ≤ 6 y > 6 y ≤ 3 3 < y ≤ 6 > 6

Cars with P-
Metric Tires

8 (1) 11 (2) 15 (1) 86 (1) 82 (1) 78 (1) 6 (1) 7 (1) 7 (1)

Trucks,
SUVs, and

Vans with P-
Metric Tires

12 (1) 15 (2) 24 (2) 82 (1) 80 (3) 71 (2) 6 (1) 5 (1) 5 (1)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

Table 20
Percentage of Vehicles by Vehicle Type and Number of Tires Underinflated by 8 psi or More.

(Estimates and Sampling Errors in Percentages)

Number of Tires Underinflated by 8 psi or More
Vehicle Type

0 1 2 3 4

Cars with
P-Metric Tires

73 (2) 14 (1) 7 (1) 3 (0) 3 (0)

Trucks, SUVs,
and Vans with
P-Metric Tires

68 (2) 13 (1) 10 (1) 8 (1) 6 (1)

Source: National Center for Statistics and Analysis, NHTSA, NASS 2001 Tire Pressure Special Study.

CONCLUSIONS

The results of the Tire Pressure Special Study
reiterate the importance of increasing the public’s
awareness of proper tire care and maintenance. In a
country where 1 in 4 passenger cars and 1 in 3 light
trucks have a significantly under-inflated tire, and
only 1 in 4 drivers know how to determine the proper
tire pressures for their vehicle, tire pressure
monitoring systems have the opportunity to provide a
substantial benefit. These systems in combination
with a public awareness campaign could significantly
improve these results.

The presence of tire pressure monitoring systems
should be used as a supplement to regular tire
maintenance and care. NHTSA recommends that
each tire, including the spare, should be checked
monthly when cold and set to the recommended
inflation pressure as specified in the vehicle placard

and owner’s manual. It is important to note that a tire
pressure gauge should be used when measuring tire
pressure. Less than half of the respondents in the
TPSS used a gauge when measuring tire pressure.
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ABSTRACT

In 2000, Congress passed the Transportation Recall
Enhancement, Accountability, and Documentation
(TREAD) Act. Section 13 of this Act directed the
United States Department of Transportation to
complete a rulemaking within one year. This
rulemaking requires implementation of a warning
system in new motor vehicles to indicate to the
operator when a tire is significantly under-inflated.

In support of rulemaking activities mandated by
Section 13 of the TREAD Act, the National Highway
Traffic Safety Administration’s National Center for
Statistics and Analysis conducted the Tire Pressure
Special Study (TPSS). The TPSS was designed to
assess to what extent passenger vehicle operators are
aware of the recommended tire pressures for their
vehicles, the frequency and the means they use to
measure their tire pressure, and how significantly the
actual measured tire pressure deviated from the
manufacturer’s recommended tire pressure.

There are two types of Tire Pressure Monitoring
Systems (TPMS), direct and indirect. Direct systems
operate with a tire pressure sensor in each tire cavity
while indirect systems monitor under-inflation by
comparing characteristics of tires, e.g. comparing
wheel speeds using the anti-lock braking system
(ABS). This paper will discuss how the data from the
TPSS were used to simulate the effectiveness of an
indirect Tire Pressure Monitoring System.

BACKGROUND

Operating a vehicle with significantly under-inflated
tires can result in a tire failure, such as instances of
tread separation and blowouts, with the potential for
loss of control of the vehicle. Under-inflated tires
can also shorten tire life and increase fuel
consumption.

The National Highway Traffic Safety Administration
issued phase 1 of a rule in June 2002 requiring a Tire
Pressure Monitoring System in new vehicles with a
GVWR of 10,000 pounds or less, with a phase-in
period for vehicles manufactured between November

1, 2003 and October 31, 2006. There are two options
for compliance:

• TPMS must detect up to four tires under-
inflated by 25% or more.

• TPMS must detect 1 tire under-inflated by
30% or more.

NHTSA is researching the options for compliance by
examining the effectiveness of direct and indirect
Tire Pressure Monitoring Systems. There are several
items that NHTSA is preparing to provide in support
of rulemaking for phase 2 of the rule:

• Real world data to determine the
effectiveness of direct and indirect TPMS

• A survey of vehicle owners asking the
following questions, among others, “Has
your low tire pressure telltale ever
illuminated? If so, how did you react to it?”

• Additional data on Tire Pressure Monitoring
Systems

INTRODUCTION

At the time this paper is being written, the National
Center for Statistics and Analysis (NCSA) is in the
process of designing the real world study and
securing approval from the Office of Management
and Budget for the data collection forms. Tire
pressure measurements will be taken on several
thousand vehicles equipped with TPMS and an equal
number of peer vehicles that are not equipped.
Extents of under-inflation will be analyzed for each
group and compared to determine the effectiveness of
TPMS. The study is scheduled to begin in March
2003, and data collection will continue through
September 2003. Analysis and results are to be
presented prior to March 2004. Using these results,
along with other relevant information, the Agency
will decide upon a performance option for phase 2
with which the auto manufacturers would be required
to comply beginning November 1, 2006

A previous study conducted by NHTSA (TPSS) can
be used to provide additional data on the
effectiveness of TPMS.
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Many sources of information are needed to permit
researchers to adequately measure the characteristics
of the highway safety environment. NHTSA's NCSA
operates a system of crash research teams that
provide detailed nationally representative statistics on
motor vehicle crashes and a database for evaluation
of standards and countermeasures design.

In support of rulemaking activities, the Tire Pressure
Special Study (TPSS) was conducted by NCSA in
February 2001. The infrastructure of the National
Automotive Sampling System (NASS) was used to
provide a cadre of trained data collectors to minimize
both cost and start-up time. The sample was
comprised of 11,530 vehicles that visited gas stations
for refueling during a two-week period in February
between the hours of 8am and 5pm.

ANALYSIS AND RESULTS

Data were collected on over 11,000 vehicles during
the TPSS. The body types were distributed among
passenger cars and light trucks (including pickup
trucks, vans, and sport utility vehicles). A limited
number of these were equipped with Tire Pressure
Monitoring systems (140 direct and 9 indirect).

Several methods for analysis were used. Before data
were available on the TPMS equipped status of the
vehicles in the TPSS, all of the passenger cars were
used in a simulation to estimate effectiveness.
Details of this simulation are in the following
sections.

When sufficient data were available on the TPMS
equipped status of vehicles from the TPSS, an
analysis was performed comparing the under-
inflation of the group of vehicles equipped with
TPMS to the set of peer vehicles.

The variables of interest in determining the
effectiveness of Tire Pressure Monitoring Systems
are the recommended pressures for each vehicle and
the measured pressures for each vehicle. These were
compared to determine the extent of mis-inflation
(mis-inflation is used to characterize the extent of
under-inflation and/or over-inflation) for each tire
and then for each vehicle as a whole. The data were
used to determine both under-inflation and mis-
inflation (over-inflation was included because
indirect Tire Pressure Monitoring Systems do not
distinguish between over and under-inflation).

Effectiveness of the system can be defined in several
different ways. For the purpose of these analyses two
definitions of effectiveness were determined.

1. Reducing the percent of vehicles in the
equipped group, when compared with the
peer vehicles, that have at least one tire
under-inflated (or mis-inflated) past a
certain threshold.

2. Reducing the average under-inflation (or
mis-inflation) of the group of equipped
vehicles when compared to the peer
vehicles.

The thresholds for mis-inflation used were 25% and
30%. These correspond to the thresholds specified in
phase 1 of the rule for each of the compliance
options. The direct TPMS can meet the 25%
threshold if any (or all) of the vehicle’s tires are
under-inflated. The direct and indirect TPMS must at
least meet the 30% threshold if one of the vehicle’s
four tires is under-inflated.

Applying an Algorithm Simulating an Indirect
TPMS to the TPSS Data

Because so few vehicles were equipped with TPMS
in the sample in early 2001, it was necessary to
examine the data in a variety of ways.

Research was done on TPMS to determine under
what situations the warning lamp would activate to
signal under-inflation. The indirect TPMS varies
from manufacturer to manufacturer and can also
change from model to model. Technology also
progresses with time; therefore improved systems
may be present now compared to those available in
1999.

To account for the many different types of TPMS, a
general algorithm was developed by NHTSA and
used in these analyses; the diagonal algorithm is
similar to that used on most systems already being
implemented. To account for other possibilities, the
analyses also include a two-tire system. The
algorithms were then combined to give the
manufacturers the benefit of the doubt. If either of
the two algorithms triggers a warning, then the
vehicle was considered to be capable of triggering a
warning. See the vehicle diagram in Figure 1, an
example calculation is shown in the appendix.

• Diagonal Algorithm
o Most representative of what is

currently on vehicles
o ((LF+RR)-(RF+LR))

• Two-tire Algorithm
o ((LF-RF) or (LR-RR))

• Combination of Algorithms
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Figure 1. Vehicle Diagram

These algorithms were applied to the data for each
vehicle in the TPSS and were used to determine
whether or not an indirect TPMS present on that
vehicle would have been capable of triggering a
warning of under-inflation. The effectiveness of the
indirect system was calculated by determining the
number of truly under-inflated vehicles and finding
the percentage of those that were capable of being
detected by the algorithms.

Because the indirect TPMS functions by detecting
differences between tires, it is impossible to detect
under-inflation when all four tires are similarly

under-inflated. Data from the TPSS showed that 3%
of passenger cars had all four tires under-inflated by
25% or more (Table 1). In addition, the indirect
TPMS may have problems detecting under-inflation
when more than one tire is under-inflated, depending
upon the algorithm being used and the configuration
of the under-inflated tires.

Table 2 shows some examples of possible scenarios
of under-inflation. “P” is used to represent tires that
are at placard pressure, while “L” is used to represent
tires that are under-inflated by whatever threshold is
chosen to represent significant under-inflation. The
cells highlighted in red are those for which it is
impossible to detect under-inflation given the
algorithm used and the condition of the tires. There
are countless combinations of both extent and
location of under-inflation. In certain instances, a
diagonal algorithm may have the capability to detect
an under-inflation that a two-tire algorithm will not.

The results of the simulation take this into account
and will show that the problem of detection is
imminent for more than just 3% of passenger cars.

Table 1.
Percent of Vehicles in the TPSS with All Four Tires Improperly Inflated

Body Type Mis-inflated by 25%
or More

Under-inflated by
25% or More

Mis-inflated by 30%
or More

Under-inflated by
30% or More

Passenger Cars 6 3 3 1

Light Trucks 7 4 3 2

Source: National Center for Statistics and Analysis, National Highway Traffic Safety Administration

Table 2.
Capability of Indirect TPMS to Detect Under-inflation Under Different Conditions

Front Rear
Left Right Left Right

Diagonal
Algorithm

Two-tire
Algorithm

Combination
of Algorithms Condition

P P P P n/a n/a n/a All at Placard
L L L L All Low
P L P P One Low
L L P P An Axle Low
P L P L A Side Low
P L L P Diagonal Low
L P L L Three Low

P=Placard Pressure L=Low Pressure Cannot Detect Can Detect
Source: National Center for Statistics and Analysis, National Highway Traffic Safety Administration

V

1 – Left 2 – Right

3 – Left 4 – Left

V

Left Front Right Front

Left Rear Right Rear
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Results of Applying the Algorithm

Because the indirect TPMS does not distinguish
between under and over-inflation, the data were
analyzed by looking at the mis-inflation of the
vehicle’s tires. The absolute value of the difference
between the recommended and the measured
pressures was used. Thirty percent of the passenger
cars and 28% of the light trucks in the TPSS had at
least one tire mis-inflated past the threshold of 30%.
Of those passenger cars, the diagonal algorithm was
able to detect 38%, the two-tire algorithm was able to
detect 43% and a combination of the two algorithms
was able to detect 47%. Therefore, of the 30% of
passenger cars with a mis-inflated tire, less than half
of them would have received a warning (Results in
Table 3).

Because the issue of interest to NHTSA is under-
inflation, the data were also analyzed by looking at
under-inflation only. Twenty percent of the
passenger cars in the TPSS were under-inflated past
the threshold of 30% (Table 4). Of those truly under-

inflated vehicles, the diagonal algorithm was able to
detect 46%, the two-tire algorithm was able to detect
53% and a combination of the two algorithms was
able to detect 53%. Therefore, of the 20% of
passenger cars with an under-inflated tire, about half
of them would have received a warning. The same
was done with the group of light trucks. The results
of the algorithms’ capability to detect them can be
seen in Table 3.

If the indirect TPMS were required to comply with
the 25% option, the percentage of under-inflated
vehicles that could be detected by the algorithm
would be even lower. Even using the combination of
algorithms, the system would only be effective for
48% of cars and 34% of light trucks that have at least
one truly under-inflated tire. In all cases, under-
inflation was more likely to be detected than mis-
inflation. This may be due to the likelihood of
vehicles with an over-inflation to have all four tires
over-inflated, e.g. drivers filling their tires to the
maximum pressure indicated on the tire sidewall.

Table 3.
Percent Effectiveness of Indirect TPMS in Detecting Improper inflation Using Different Algorithms

Algorithm Used Mis-inflated by
25% or More

Under-inflated by
25% or More

Mis-inflated by
30% or More

Under-inflated by
30% or More

Passenger Cars

Diagonal 33 39 38 46

Two-tire 36 44 43 53

Combination 40 48 47 53

Light Trucks

Diagonal 25 28 31 37

Two-tire 25 30 32 40

Combination 30 34 37 44

Source: National Center for Statistics and Analysis, National Highway Traffic Safety Administration
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Table 4.
Percent of Vehicles in the TPSS with at Least One Tire Improperly Inflated

Body Type Mis-inflated by 25%
or More

Under-inflated by
25% or More

Mis-inflated by 30%
or More

Under-inflated by
30% or More

Passenger Cars 39 27 30 20

Light Trucks 39 29 28 20

Source: National Center for Statistics and Analysis, National Highway Traffic Safety Administration

Vehicles Losing Air Over Time

An important point to consider in requiring TPMS in
all new vehicles is the interaction of the owners and
drivers with the system. In the previous analysis two
assumptions were made.

• The systems were calibrated properly for
each vehicle.

• Upon receiving a warning from an indirect
system, the driver would both know how to
interpret it and know that he or she needs to
check all four tires since the system does not
specify which one is in need of attention.

Calibration is required for both direct and indirect
TPMS. The systems must be “zeroed” when the tires
are set to the vehicle manufacturer’s recommended
pressure to insure that under-inflation is being
detected relative to some desired number. There are
many different ways to calibrate the system
depending on each vehicle. For some indirect TPMS,
calibration is a complicated procedure. For all
indirect TPMS, calibration needs to be performed
every time the tires are filled with air and every time
the tires are changed or rotated.

There is a general concern that drivers who have
vehicles equipped with TPMS may substitute reliance
on that warning system for routine tire maintenance,
a matter of particular concern for indirect TPMSs
which may only provide a warning when one tire (not
one or more tires) is significantly under-inflated.

A simulation was performed to see what would
happen if drivers relied solely on the indirect TPMS
to indicate when tires were under-inflated. Tires
slowly leak air due to the permeability of rubber and
due to changes in air temperature, leading to
dangerous situations (because of the difficulty in
detecting leaks) that are likely to occur when all four
tires are under-inflated at the same time.

The simulation was done using a typical
recommended tire pressure of 30psi. Leak down
rates were selected randomly and ranged
homogeneously from 0 to 1.5psi per month. Extent
of under-inflation was monitored, as was period of
time until a warning activated. It is possible to
analyze the data in many ways, including
determining the average amount of time a vehicle had
an under-inflation until the warning was activated
and the percentage of vehicles that would never
receive a warning even if a tire was completely flat.

Results of the Simulation

For this simulation, effectiveness was defined as the
percentage of vehicles for which the algorithm was
capable of triggering a warning at the time at least
one tire was truly under-inflated past the threshold.

Using the diagonal algorithm, the indirect TPMS was
effective 17% of the time in detecting under-inflation
in vehicles whose tires are normally losing air
pressure over time. Using the combination of
algorithms, the result was only slightly better, 26%.

Based on normal tire pressure loss, the average car
will have at least one tire under-inflated by 30% in
6.5 months. With an indirect system, if drivers rely
only on the TPMS to tell them when their tires are
significantly low, the simulation estimates that the
average driver won’t get a warning until 11.5 to 13
months because the difference in under-inflation
between tires may be insufficient to trigger the
algorithm. Thus, these drivers will be driving around
with significantly low tire pressure almost half of the
time. Using the diagonal algorithm, 28% of the
vehicles would never trigger a warning, even if they
had a completely flat tire. Of those that would
eventually trigger a warning, the average extent of
under-inflation when a warning was finally triggered
was 14psi (46%). See Table 5 for the results of the
simulation.
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Table 5.
Performance of Indirect TPMS on Vehicles Slowly Losing Air Over Time

Algorithm
Used

Effectiveness
(Percent)

Never Alerts
(Percent)

Average Under-
inflation at Alert (in

psi, percent in
parentheses)

Average Time from
True Under-
inflation to

Detection (months)

Diagonal 17 28 14 (46) 6.5

Combination 26 11 14 (46) 5

Source: National Center for Statistics and Analysis, National Highway Traffic Safety Administration

Tire Pressure Special Study Data

While simulations can indicate the possible
effectiveness of indirect TPMS, it is necessary to
consider both possibilities and functionality. If the
systems are capable of detecting to a certain degree,
what is more important is how they are used in the
real world. Are they detecting under-inflation? Are
drivers reacting, and if so, reacting properly?

Calibration is one issue that may pose an impediment
to proper use of the indirect TPMS. From the TPSS,
it was found that when people filled their tires, only
25% of them knew how to determine the proper
inflation level for their tires. Twenty-seven percent
of people used the value on the tire sidewall as their
reference (this is the maximum inflation pressure for
the tire, not the vehicle manufacturer’s recommended
pressure for the tires). Given these responses, the
likelihood that the systems would be calibrated
properly is an issue to consider.

Until the next tire pressure study begins, some of
these questions will remain unanswered. In the
meantime, data are available from the TPSS.

A limited number of vehicles measured in the TPSS
were equipped with TPMS. The findings were not
statistically significant, but the tire pressures of
groups of vehicles equipped with TPMS were
compared with the tire pressures of groups of
vehicles not equipped with TPMS.

Because many factors can affect under-inflation, the
group of vehicles not equipped was limited to those
of the same body type and model years as the
vehicles in the groups of equipped vehicles. The
analyses were limited to passenger cars with p-metric
tires in model years 1997 through 2001.

Results of the TPSS Data

There were very few vehicles equipped with Tire
Pressure Monitoring Systems in the TPSS: 140 were
equipped with indirect TPMS and 9 were equipped
with direct TPMS. The set of peer vehicles included
about 2,100 passenger cars.

The data were analyzed by looking at the
recommended pressures of each vehicle and
comparing them to each actual measured tire
pressure. The same thresholds for under-inflation
were used as before, 25% and 30%. Both mis-
inflation and under-inflation were analyzed.

The average under-inflation of vehicles in the peer
group was 14% under the recommended pressure,
with 14% of the vehicles under-inflated by more than
the threshold of 30% (Tables 6 and 7).

Table 6.
Average Deviation from Recommended Pressure

of Vehicles in the TPSS by Equipped Status

TPMS
Equipped

Status

Average Mis-
inflation (%)

Average
Under-

inflation (%)

Peer Vehicles 21 14

Vehicles with
Indirect
TPMS

16 7

Vehicles with
Direct TPMS

13 11

Source: National Center for Statistics and Analysis, National
Highway Traffic Safety Administration
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Table 7 shows that of the 140 vehicles equipped with
indirect TPMS, 14% (19 vehicles) were mis-inflated
past the 30% threshold, about half of which were
under-inflated and the other half over-inflated.

Of the 9 vehicles equipped with direct TPMS, none
were mis-inflated past the 30% threshold (2 were

mis-inflated past the 25% threshold). The average
under-inflation was 11%.

Due to the small number of vehicles equipped with
TPMS, the results shown in these tables are
preliminary.

Table 7.
Percent of Vehicles in the TPSS with at Least One Tire Improperly Inflated by Equipped Status

TPMS
Equipped

Status

Mis-inflated by 25%
or More

Under-inflated by
25% or More

Mis-inflated by 30%
or More

Under-inflated by
30% or More

Peer Vehicles 31 19 23 14

Vehicles with
Indirect TPMS 17 7 14 6

Vehicles with
Direct TPMS

22* 22* 0* 0*

*Note: n = 9 vehicles
Source: National Center for Statistics and Analysis, National Highway Traffic Safety Administration

CONCLUSIONS AND CURRENT STATUS
REPORT

Based on the simulations and limited early data,
NHTSA’s assessment was that indirect TPMS are
only capable of detecting half of existing under-
inflations.

While the data in these analyses are very interesting,
the findings are neither nationally representative and
statistically significant, nor indicative of the real
world performance of Tire Pressure Monitoring
Systems.

Ideally, a real world study would be conducted a few
years from now, when TPMS is present on more
vehicles. In 2002, vehicles equipped with TPMS
accounted for about 1% of all registered vehicles.
Because under-inflation increases with the age of the
tire (whether due to waning vehicle maintenance or
increased permeability of the tire), it would be
advantageous to wait until more vehicles equipped
with TPMS are experiencing under-inflation, several
years in the future. To expedite data availability in
support of rulemaking activities, data collection will
begin in March 2003 and continue through
September 2003. Interviews will be conducted and
vehicle measurements will be taken on vehicles that

are equipped with TPMS and those that are not . The
effectiveness of direct and indirect TPMS will be
calculated using the same techniques as the first
analyses show in this paper. Results from the next
study will be available in March 2004.

While new technology in indirect TPMS is allowing
for finer thresholds of detection, the issue still exists
of limited capabilities in detecting when more than
one tire is under-inflated.

The presence of tire pressure monitoring systems
should be used as a supplement to regular tire
maintenance and care. Each tire, including the spare,
should be checked monthly when cold and set to the
recommended inflation pressure as specified in the
vehicle placard and owner’s manual.
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APPENDIX

Example calculations using algorithms:

Diagonal Algorithm
(LF+RR)-(RF+LR) = (35+20)-(30+30) = -5
5/35 < 30%
Will not detect

Two Tire Algorithm
(LF-RF) or (LR-RR)
(35-30) = 5
5/35 < 30%
(30-20) = 10
10/30 >30%
Will detect

Combination of Algorithms
5/35 < 30%
5/35 < 30%
10/30 > 30%
Will detect

V

1 – Left 2 – Right

3 – Left 4 – Left

V

35psi 30psi

30psi 20psi
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ABSTRACT

Real-world accident data is used as part of the
process by which vehicles and roads are made safer.
Typically data is used to identify priorities in injury
prevention and to support the development of test
procedures. However the provision, nature and
integration of accident data with safety policy is in
many cases unsystematic and not fully capable of
meeting the requirements of it.
This paper examines the existing structures that
utilise accident data to improve safety, and compares
the existing systems in the US, UK, and EU. The
paper concludes that:
Safety policy needs to take full account of real-world
issues – all groups dealing with safety policy need to
have a close connection to a strong accident data
resource
Data collection needs to be an integrated part of the
problem identification->solution generation
(technical development of standards)->monitoring
solution effectiveness cycle
Data systems must be designed to meet the specific
objectives of the main casualty groups
Different levels of data are needed to provide a
complete resource including national data,
longitudinal studies and focused studies.
The levels of detail in the data gathered must match
the detail in the research questions being addressed
New technologies, such as event data recorders, have
the potential to improve the detail of in-depth data,
but there are obstacles from lack of standardisation
and privacy regulations.

The paper proposes:
New system of accident and injury data to integrate
with EU structures
Coordinated international approaches to accident data
within the framework of EEVC and IHRA
Specific technical areas, including collision severity
assessment and injury scaling, where new advances
are required to accurately describe injury causation

INTRODUCTION

Annually within the European Union, there are over
40,000 road accident fatalities and 1.6 million other
casualties. Such accidents cost the Community over
160 billion Euros annually. If the additional road toll
of approximately 23,000 persons killed each year in
the EU’s associated states were to be taken into
account, the annual socio-economic cost would be
around 250 billion Euros.
The development of a Community-wide road
accident database is strongly supported by safety
professionals as an essential tool for informed
decision-making to effectively combat the huge road
safety problem throughout the European Union. The
collection of disaggregated data would enable
flexible and broad analyses of a large number of
variables. It would provide at EU level the base level
data set needed to produce international comparable
data on road crashes. It would enable objective
assessment of the true size of the road safety
problem, the identification of areas for
countermeasures having the largest potential for
safety benefits, and contribute to the evaluation of the
effectiveness of those countermeasures.
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THE CO-ORDINATED APPROACH

At a broad level, data on the numbers and types of
crashes occurring are needed to identify and order
priorities and to understand the scale of the problem.
At a more detailed level, an understanding of the
circumstances resulting in crashes is needed to
inform safety policy. Further still, knowledge of the

injuries sustained and their causes provides an
essential tool to monitor the consequences of changes
in vehicle structures and to give feedback on the
effectiveness of countermeasures. This knowledge
will also enable safety strategy engineers within
industry to produce improved design solutions. This
co-ordinated approach is shown in table 1.

Table 1.
Levels of Data Needs in the EU

Level Main Source of Data Functions
Base Level Traffic police accident reports

National road transport statistics
To assess accident situations (who, where, when, what);
To examine trends in traffic volume, risks and accidents,
make forecasts;
To evaluate the effects of legislation and other
countermeasures

Intermediate
level

Traffic police accident reports
Observations at sites
Additional evidence from witnesses
Judicial reports

To identify and diagnose hazardous road locations (where,
how, what)
To reconstruct accidents and determine useful
countermeasures

In-Depth
level

Traffic police accident reports
Observations at sites
Additional evidence from police
Officers or witnesses
Interviews with road users involved
Clinical assessment of injuries
Technical inspection of damage

To assess accident causes
To assess accident causation mechanisms
To study accident and injury prevention measures
To further knowledge on vehicle safety, human tolerance
and mechanism of injury (injury tolerance)
To monitor the effectiveness of specific legislation and
legislative measures.

In practice there is a continuum between the level of
detail and the quantity of accident data. Resources are
normally limited so that in any one database it is
possible to have large numbers of cases with little
detail or few cases in considerable detail. The choice
made depends on the nature of the research questions
to be addressed and also the manner in which the
database can be integrated with others to form a
complete picture of injury and accident causation.
Clearly no single accident database will address all of
the information needs of policymakers, as the range
of questions is so diverse. A co-ordinated safety
network approach offers the best means to gain
maximum value out of each separate system and to
make use of synergies based on links between the
general database and other more specialised
databases. The coordinated safety network approach
will build these statistical links but it will also ensure
that each relevant combination of detail, numbers of
cases and accident and injury coverage is included
within an overall structure.
Such an approach already exists within the US
National Automotive Sampling System (NASS)
(Table 2) where there are different levels of data

collected on a national basis with each providing a
unique input into the policy-making agenda. In the
NASS study, data are collected at a number of levels,
specifically the General Estimates System (GES), the
Crashworthiness Data System (CDS) and the Crash
Injury Research and Engineering Network (CIREN)
system.

General Estimates System

At a general level are data that are collected as part of
the General Estimates System. This Federally system
of data collection began operation in 1988. Providing
data about all types of crashes involving all types of
vehicles, the GES is used to identify highway safety
problems areas, provide a basis for regulatory and
consumer information initiatives, and form the basis
for cost and benefit analyses of highway safety
initiatives. The GES obtains its data from a nationally
representative probability sample selected from the
estimated 6.4 million police-reported crashes that
occur annually. These crashes include those that
result in a fatality or injury and those involving major
property damage. Although various sources suggest
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that there are many more crashes that are not reported
to the police, the majority of these unreported crashes
involve only minor property damage and no
significant personal injury. By restricting attention to
police-reported crashes, the GES concentrates on
those crashes of greatest concern to the highway
safety community and the general public.

Fatality Analysis Reporting System

The FARS system provides a comprehensive census
of all fatal crashes in the US. State based
arrangements supply data based on police reports and
related sources. It is Federally funded and one of the
two primary crash analysis resources used in the US.
Its strengths come from the wide ranging but
systematic nature of the data recorded and its
derivation from the conventional approaches used as
part of the standard police operating procedure.
Typically over 40,000 casualty records are added to
the file each year and the data has been used to
support policy direction on many aspects of road and
vehicle safety. Its rigorous sampling basis gives a
strength that results in many opportunities for precise
statistical analysis.

Crashworthiness Data System (CDS)

At an intermediate level the Crashworthiness Data
System data are collected. Federally funded field
research teams located at Primary Sampling Units
(PSU's) across the country study about 5,000 crashes
a year involving passenger cars, light trucks, vans,
and utility vehicles. Trained crash investigators
obtain data from crash sites, studying evidence such
as skid marks, fluid spills, broken glass, and bent
guardrails. They locate the vehicles involved,

photograph them, measure the crash damage, and
identify interior locations that were struck by the
occupants. These researchers follow up on their on-
site investigations by interviewing crash victims and
reviewing medical records to determine the nature
and severity of injuries.

Crash Injury Research and Engineering Network
(CIREN)

A third level of data collection are those data that are
obtained as part of the CIREN study. This study is a
network of medical and engineering researchers
working on safety at leading trauma centres. It is
funded as a joint activity between the Federal
Government and the automotive industry. There are
10 CIREN Centres in the US which have been
organised into a Network for the collection, analysis,
and sharing of crash injury data. In this study, key
in-depth data including X-ray, MRI, and CAT-Scan
images are organised in a core repository so that all
centres can review the status of cases across the
network. Cases, in whole or in part, may be reviewed
electronically so that individual centre expertise may
be shared in evaluating a case. They are selected
from hospital based sampling systems and focus on
crashes involving life-threatening injury.
Videoconferences are periodically conducted wherein
cases are reviewed simultaneously across multiple
centres.
At a general level, the data systems act in a
complementary fashion to one another. In additions,
the data collection protocols are the same in each of
the states and this offers significant advantages in
terms of data analysis, purpose, interpretation and
dissemination.

Table 2.
National Automotive Sampling System

Data Description Coverage
General Estimates System (GES) Sample of 55,000 police reported accidents, weighted for national

estimates (Basic information on road user types and minimal
accident causation information)

Fatality Analysis Reporting System Census of all police reported fatal crashes with data derived from
police reports and related information.

Crashworthiness Data System (CDS) Stratified sample of 5,000 injury, tow-away accidents, weighted
for national estimates (principally crash injury data)

Crash Injury Research and
Engineering Network (CIREN)

In-depth crash injury data based on seriously injured casualties
(solely crash injury data)

While the US system is not directly transferable to
the European context, it illustrates the principle of the

co-ordinated approach (NHTSA, 1995, 1996). A
small number of European Member States utilise an
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equivalent integrated approach. For example, The
UK Department for Transport (DfT) funds the Co-
operative Crash Injury Study (CCIS) together with a
group of industry partners. The CCIS includes data
collection of 1,500 accidents annually to monitor the
causes of car occupant injuries and the effectiveness
of safety countermeasures. The DfT has also recently
implemented a new study using on-the-spot methods
to explain the causes of accidents and pedestrian
injuries and the two databases are related to the
national accident database - STATS 19. In Germany,
the Medical University of Hannover conducts
research into injury and accident causation by
investigating around 1,000 accidents annually, and
this database is again linked to the national accident
database maintained by the German Federal Highway
Research Institute (BASt). Both UK and German in-
depth studies use a statistical sampling approach to
ensure the in-depth samples are related to the national
accident population defined by the national database.
In both countries the in-depth crash investigations are
basically a research activity.

Building blocks for a European Accident
Database

European data requirements need to take account of
EU competence for road safety that covers to some
degree all parts of the traffic system. The EU has
explicit Treaty obligations to act on road safety. It
has exclusive powers for ensuring both a high level
of protection in car and motorcycle technical
standards (Article 95) and the competence to act in
any other area of road safety where the EU can add
value over and above the efforts of Member States
(Article 71). The EU has also established competence
in several areas since the 1980s such as seat belt use
in cars and driver licensing.
The main area of responsibility of the EU is in setting
and adapting to technical progress requirements for
the EU Whole Vehicle Type Approval (EUWVTA)
of vehicles. This covers cars and motorcycles now
but it may be extended to buses and goods vehicle
before long. Measures focus on the pre-crash phase
on handling, braking and lighting, and the crash
phase in which the main factors are those of
crashworthiness, both structural (roadside furniture
and vehicle) and occupant protective equipment
performance. Historically, the crash protection
measures have been proven more effective
mechanisms to reduce car occupant crash injury.
Unlike handling, braking and lighting, crash
protection measures do not rely on appropriate driver
behaviour to deliver benefits. This balance of focus
between accident causation and injury causation will
also depend on the nature of the road user and
existing political activity. On the one hand, there are

many engineering opportunities to reduce car
occupant injuries and this has been the main area of
regulatory activity. While this may gradually change
with time, the existing need is for an in-depth injury
focussed data system. There is also a need for injury
and accident causation work aimed at improving the
safety of motorcyclists, pedestrians and cyclists.
Future crash data needs will increasingly focus on the
development of new vehicle and infrastructure based
crash avoidance systems. At policy level there is a
pressing need to ensure data and analysis tools are
available to ensure that new technologies do result in
real casualty reduction. Increasingly there will be
requirement to assess progress of all safety
stakeholders against targets. Nevertheless the impact
of active safety systems is not likely to be great
within the timescale of the current EU casualty
reduction targets and passive safety approaches will
continue to predominate in effectiveness.

EU data requirements

The EU needs several data sets in different levels of
detail to support its activities. There is a need for the
basic counting of crashes, injuries and fatalities in a
similar way to national systems; this need is being
covered by the CARE project. At a more detailed
level there is a demand for information on the main
area of EU competency in road safety, that of vehicle
safety standards and road user injury prevention.
Regulations that exist in this area are all detailed in
their specification and in the requirements they place
on the vehicle, thus the data needed to provide
feedback and future direction must also be detailed.
Information about injuries has to come from hospital
records but additional, linked data are needed to put
injuries into the context of vehicle design and
accident causation. The data have to be sufficient to
provide a reliable feedback yet also detailed enough
to provide accuracy. The complete range of road
users should eventually be addressed, although
primarily, the main casualty groups are car
occupants, pedestrians and two-wheelers. Initially,
the focus of new in-depth accident data collection
should be crashworthiness and injury causation so
that it remains manageable but this should be
expanded to include relevant aspects of accident
causation with time.
A number of building blocks towards the integrated
accident data system already exist. Most particularly
the CARE database is part way towards providing a
system that will enable basic counts of fatalities and
reported casualties of all severities as well as provide
basic details of the reported crashes. The STAIRS
project, funded under the Fourth Framework
Programme (Ross et al) researched the need and
possibilities for an in-depth crash injury database to
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set the safety priorities in vehicle design and to
provide feedback on regulation effectiveness. The
Safety Rating Advisory Committee (SARAC) study
will develop a methodology for rating the safety
levels of car models using mass data such as national
accident databases or insurance files. Each of the
building blocks and their corresponding activities and
needs are further discussed later. The most important
gaps in the existing EU accident data provision are in
the areas of:
� Underreporting of single vehicle and injury

accidents;
� In-depth crash injury database;
� Database linkage of hospital injury data and

police accident data; and
� Systematic collection of exposure data.
The wider system envisaged, describing the injuries
sustained by all road users and linked to summary
information about the crash and vehicles involved,
will provide a substantial, broad view of the crash
injury situation. Moreover, it would enable the
estimation of the underreporting of injuries in the
police accident data. This is needed to avoid
misguided road safety priorities due to the relatively
much higher underreporting of vulnerable road user
casualties (ETSC, 1994; OECD-IRTAD, 1994).
Any database must be independent of the major
stakeholders, defined as those groups that have a
financial stake in the research outcome, if it is to be
used to inform policy and evaluate the effectiveness
of safety systems in an impartial way.

The CARE Database – Disaggregated Data

The CARE database comprises statistical information
of reported road accidents in the European Union
resulting in injury or death. The Council Decision
(93/704/EC) requires Member States to establish road
accident statistics and to communicate these data for
a given year to the Statistical Office of the European
Communities. The European Commission reported
on the outcome of the first three years of CARE in
COM (97) 238 final. (European Commission, 1997)
The database comprises annual national sets of
accident data in their original form supplied by all the
15 Member States without harmonisation of
individual variables. The Commission and Member
States' aim in the pilot has not been to harmonise
database variables, but rather to provide a framework
of transformation rules in CARE to increase database
compatibility using the methodology developed by
the CARE PLUS group. CARE is different from
other international databases in that it contains data
on individual accidents i.e. disaggregated data. To
minimise both the time taken to implement the
database and the inconvenience to the national
administrations, the national data sets are integrated

into CARE in their original national structure and
definitions but without any confidential data. A
framework was designed to enable access to the data
at EU level. Accident reports contain detailed
information on accident location, injuries and
vehicle, but the level of detail, the definitions and the
number of variables vary significantly between the
Member States. At the start, the process for data
compatibility was very basic. Using the
classifications in Table 1, CARE is an example of a
base level database for the EU. Each Member State is
responsible for the quality of its data and is requested
to validate its data after inclusion in the CARE
database. In this way, it can be assured that the
information from the CARE database corresponds to
the information extracted from the national database.
CARE PLUS reported in June 2000, and proposed
the extension of harmonisation of the national data,
redefining the national variables into common
variables, to include:
Location (urban, motorway, junction, type of
junction)
Date and time
Light/weather conditions
Collision type
Accident severity
Type of vehicle(s) involved
Description of person(s) involved (driver, front/rear
seat passenger, pedestrian)
Age and gender of those involved
Injury severity of those involved
The supplementary data from CAREPLUS 2 will
include:
Country of registration
Nationality
Vehicle age
Driver experience (length of time license held)
Road surface
Road condition
Region, province
Speed limit.
Alcohol test
Alcohol test result
Carriageway type
Pedestrian/driver/vehicle manoeuvre.

Good progress has been made in the development of
CARE and the principal need now is to start deriving
useful information from the databases and to improve
access. The principal use of the CARE database lies
in the statistical monitoring of developments and
comparative analyses of national differences in
variables and types of fatalities. Due to the different
(under) reporting levels of injuries and accidents
sustained by different types of road users in each
country of the EU, the CARE database cannot be
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meaningfully used for comparative analyses of
injuries. However, the CARE database is
indispensable since it contains the disaggregated data
as comparably defined records on individual accident
and casualties from each EU Member State. As such,
it is much richer that the aggregated data in a limited
number of cross-tabulations from the IRTAD
database of the OECD. The CARE fatality database
contains almost all road fatalities in the EU and its
functional use is comparable to the Fatality records in
the GES in the USA. However, in contrast to the
GES system, its actual usefulness is hampered by the
restrictive policies for access by the national
authorities, whereby most leading road safety
research institutes in the EU are not allowed to use
the data. This is a serious drawback for the research
exploitation of the wealth of information contained in
the CARE fatality database. Moreover as national
experiences show, flaws in such databases are mainly
detected by comparative research. These can then be
cured.

The IRTAD Database – Aggregated Data

Since 1988, the International Road Traffic and
Accident Database (IRTAD) has been maintained by
BASt (Germany) under the auspices of the OECD.
The principle sets of road traffic and accident data
available for 29 countries on a yearly basis from 1970
onwards are:
Population figures with a breakdown by age groups
and single age bands (15-20).
Vehicle population with a breakdown by vehicle
types.
Kilometrage classified by network areas and vehicle
types.
Number of injury accidents classified by road
network areas.
Fatality figures with a breakdown by types of road
user, age and network areas.
Hospitalised with a breakdown by types of road user,
age and network areas.
Network length classified by network areas.
Seat belt wearing rates by network areas.
Modal split.
Area of State.
Risk values: fatalities, hospitalised and injury
accidents related to population or
kilometrage figures.
Monthly accident and injury data (three key
variables).

The data, provided by relevant national institutes, are
constantly checked for consistency within countries
and over years. IRTAD is a traffic accident analysis
tool that stimulates international standard definitions
and spurs improvements in data collection and

comparison. For example, the number of fatalities is
available in corrected form (30 day recording period).
Member countries were repeatedly encouraged to
adopt the 30-day limit for the definition of a fatality
and most countries have now complied. The
definition for a seriously injured person as
"hospitalised" (non-fatal victims who are admitted to
hospital as in-patients) is to some extent workable,
but nationally different registration coverage of
seriously injured persons is present.
The IRTAD database is used as a prime source of
international data required for annual reports and ad
hoc studies at the aggregated level. The main
advantage lies in the ease of quick reference. It
allows the development of safety indicators and is
used as an analytical tool for statistical comparisons
and road safety policy formulations. It is the quickest
way to achieving the goal of reliable, comparable and
consistent traffic and fatality data for nearly all
OECD countries. To be internationally representative
on a global scale, IRTAD is open to all non-OECD
member countries. The database is used by a wide
range of public and private institutes on CD-ROM or
on the Internet.

Injury Reporting System

In several EU countries, mostly in the northern and
western regions, clinical hospital data on traffic
injuries are linked with the police reported accident
data on a national or regional level. This serves two
purposes: (1) establishing the underreporting of
registration of injury accidents by the police and (2)
adding the detailed injury information to the
registered data of accidents. It is generally believed
that almost all fatalities are registered, but a German
study (Metzner, 1992) on linked hospital and police
data estimated that up to 5 per cent could be missing
from police data. A French study (Laumon et al.,
1997) for the region of Lyon established that as many
as 12 per cent of fatalities were underreported in the
official police based registration. In Nordic countries,
Great Britain, Germany and the Netherlands several
studies on linked hospital and police data (see
OECD-IRTAD, 1994, for summary) have revealed
that many injuries from single vehicle accidents and
injuries of pedestrians and cyclists are underreported
to a varying extent in the official road accident
registration systems of these countries. On average
between 20-40 per cent of all serious injuries are not
reported, while the largest underreporting with
respect to all (slight and serious) injuries is generally
observed for cyclists. Up to 80 per cent of injured
cyclists in traffic accidents are not reported. For the
southern countries of the EU, no such studies on the
completeness of the official registration of road
accident injuries and fatalities are available. It is
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evident that the statistical analyses and the
monitoring of developments from the injury accident
data in the national databases, and thus also from the
CARE database, will be misleading, unless detailed
corrections for fairly well known underreporting
percentages are made. Therefore, it is urgently
recommended that, in the short term, similarly
designed national studies on the underreporting of
injuries are periodically performed in every country
of the EU. This will add value and so should be
financially sustained and co-ordinated by the EU.
The aim is that comparative national correction
factors can be applied to the types of injury data in
the CARE database to obtain reliable information on
road injuries. This would then allow the correct
estimation of the actual economic costs of road
accidents (now probably underestimated by several
tens of percentage points) and the proper priority
setting for road safety improvement.

In-Depth Crash Injury Databases

In-depth crash injury databases contain the necessary
post-crash information for causal analyses of injury
patterns in crashes. They contain the detailed injury
and vehicle crash data generally gathered by teams of
medical and technical experts and police specialists
soon after a severe accident. These combined details
of injury and vehicle deformation data of severe road
accidents are indispensable for input to safety
regulation on vehicles and restraint systems, which is
the prime competence of the EU in the field of road
safety. These databases exist for selection of severe
accidents in a few regions of some countries in the
EU, some states of the USA, and in Japan, especially
where car industries are located. The STAIRS
project, funded under the Fourth Framework
Programme, identified the need for a joint European
in-depth crash injury database to set the safety
priorities in vehicle design and to provide feedback
on regulation effectiveness. The study also observed
that there was a need for further work to refine
certain crash investigation tools, particularly in the
area of collision severity estimation, impairment
measurement scales and analytic methods.
A further limitation concerns the routine conduct of
post-mortem investigations in the case of fatalities. In
some Member States this is performed as a routine
event in the case of unexpected death and these
reports can be used to provide essential information
on causes of death. In some countries, however, this
is not routine and the data on this important casualty
group are missing. These countries should be
encouraged to conduct post-mortem investigations
where the data can be used to inform EU or national
priorities.

Finally, although many of the data collection
activities needed are primarily European, there is a
need to build a wider international consensus on
accident data, particularly at the levels of counting
crashes and also in-depth data. Other territories, such
as the USA, Canada, Japan and Australia, all have
on-going studies at both levels and, as there is a
deeper involvement of the EU in WP 29 in Geneva,
there will be a need for a common understanding on
the strengths and limitations of the data.
The STAIRS project has made great progress in
defining the essentials for a European in-depth crash
injury base and its statistical selection correction
factors. The protocol forms the basis of comparability
many data collection systems including those in the
UK, France, Germany, Australia, Sweden, Finland,
Austria and the Netherlands. Although some
organisations with regional in-depth crash injury
databases in several EU countries have agreed to
cooperate and to work towards harmonisation of their
databases, it is still a major task to initiate a
completely pan-European in-depth crash injury
database. Therefore, it is to be recommended that the
EU initiate the first phase of work by initiating
actions in a limited group of countries and then
continuing to build once the system is operating
satisfactorily.

Accident Causation Databases

Accident causation databases differ from the
previously discussed databases in that they contain
the necessary details of the pre-crash data, where the
other databases either contain hardly any data on the
pre-crash phase of the accidents or only post-crash
data. Self-evidently pre-crash data are indispensable
for the analysis of effective countermeasures to
prevent road accidents. Since the focus on the
relevant pre-crash data generally differs for accidents
of different road users, there are activities on accident
causation data gathering for car accidents, for
motorcycle accidents and pedestrian accidents; the
latter two for obvious reasons also include data that
are relevant for the causation of injuries. Some
national accident causation studies have been carried
out in several Member States, either in connection
with the in-depth injury causation work (e.g. Medical
University of Hannover) or by the police in routine
recording of accidents and casualties in the national
accident database system (eg. Great Britain).

CAR ACCIDENT CAUSATION

The Association of European Car Manufacturers
(ACEA) conducts a European Accident Causation
Survey on car accidents with financial support from
the European Commission. The focus on research
interests of the car manufacturers for this study on the
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pre-crash conditions of car accidents is quite
understandable, since improvement of pre-crash
conditions may focus more on road infrastructure as
much as vehicle design. However, as stated earlier,
great care must be taken that any database is
independent of the major stakeholders if it is to be
used to inform public policy and evaluate the
effectiveness of safety systems in an impartial way. It
is recommended that further initiatives of the EU on
car accident causation databases and research looking
at vehicles and infrastructure are undertaken in a way
that guarantees participation and management by
independent parties albeit in cooperation with private
sector stakeholders.
Future directions in crash avoidance involve the
development and implementation of many
technologies that have the potential for casualty
reduction and a representative research in-depth
database is needed to ensure that strategic decisions
over systems development are directed by estimates
of casualty reduction under real-world conditions.

Pedestrian accident and injury causation

Within the European Accident Causation Survey of
the ACEA and in a small number of independent
studies (OECD, 1998), data are gathered on the
causation of pedestrian accident and injuries. An
ACEA study on the cost effectiveness of pedestrian-
friendly car fronts in comparison to road
infrastructure countermeasures prompted critical
comment from the Forum of European Road Safety
Research Institutes (FERSI) in the form of a letter,
that illustrated the importance of impartial databases
and research. It is recommended that the EU take
initiatives towards setting up a European database on
pedestrian accident and injury causation.

OTHER RELATED INFORMATION

Exposure statistics

In order to be able to compare safety levels of road
modes and road types of countries in the EU, the
number of user/passenger/vehicle kilometres of the
road modes on the road types of Member States must
also be known. Risk assessment is not possible
without this exposure data, nor the priority setting for
road safety, as has been discussed extensively by the
ETSC (ETSC, 1999.).
In several countries of the EU these exposure data are
not gathered or only partially and/or unreliably
gathered. For example, in Greece, where in recent
years exposure data are gathered, the data imply an
annual kilometrage of over 22,000 km. per motor
vehicle. This is probably incorrect since the average
of the other countries in the EU is about 14,000 km.
Therefore, the recommendations of the ETSC (ETSC,

1999) on the comparable gathering of exposure data
in all countries of the EU are again brought to the
attention of the European Commission and Member
States.

Need for European activity

Currently research groups, national organisations and
industry are investigating crashes and collecting
accident data. Each activity has a specified purpose
and the structure of each system is optimised to meet
that purpose efficiently. These systems do not
however serve a European regulatory purpose so well
and there is now a clear need for more co-ordinated
European action as much decision-making is now
taking place on a European scale. Since 1996, the
European Commission has overall competence in
terms of vehicle safety legislation through the Whole
Vehicle Type Approval procedure and this currently
covers cars and motorcycles. This places a
responsibility on the Commission to ensure that
appropriate safety standards are in place to ensure a
high level of safety and this has been reinforced
through the discussions over the European Union
signing the Geneva Agreement. The Commission
also has a duty to develop a road safety strategy for
Europe, although the responsibilities must be shared
with Member States. Finally, it also has competence
for driver licensing issues. As part of this policy
making, there is a continuing need to monitor and
evaluate the effects of regulation and safety actions.
Feedback will always be an essential component and
has recently been included within the Front and Side
impact Directives. In order to develop policy there is
a need for a comprehensive set of crash injury
databases to inform policy makers, direct the
engineering development of new test procedures and
to provide feedback on the effectiveness of existing
regulation. The decisions over vehicle designs are
made on a European scale, the industry is either
European or global, and it operates over many
territories. Most industry groups do not utilize any
systematic pan-European crash investigation and
most frequently have to generalize based on regional
or even local accident data. The availability of
systematic accident data will also support the
industry decision-making and could provide a more
substantial common ground for government-industry
discussions. In the field of vehicle design and crash
protection there has been a very rapid rate of
technological development over the past ten years. It
has often not been possible for government or
industry to conduct sufficient accident data to
confirm that one generation of systems is effective
before the new generation is being sold. One example
concerns airbag systems, which were introduced to
reduce driver injuries in mass-market cars in 1992,



Thomas, Page 9

but it was not until 1996 that the first results on injury
reduction became available. There is still no estimate
of fatality reductions from airbag systems and the
limiting factors are generally the small numbers of
crashes investigated by any one group and also the
untargeted approach that means that most crashes and
vehicle types are included in a sample. Extending the
crash data samples to cover a wider geographical area
and restricting eligible cases to those that offer
greater research value can improve the efficiency and
speed of feedback. A database that only includes
information on newer vehicles will provide as much
useful information as one that is much larger but
unselective. By combining results from a number of
sample areas, it is possible to build a larger sample
and obtain statistically significant results more
quickly using a targeted approach on a European
basis.
The primary focus of this review of crash data
requirements has been the member states of the EC
however many of the issues that have been discussed
are relevant for many other territories. Indeed policy
decisions are increasingly being made at the global
level, for example based on the 1958 Geneva
Agreement where many vehicle design and
regulatory issues are resolved. Data that is gathered
in the UK may not be directly comparable with
Japanese or US data as a result of different
methodologies and there are many instances where
different national priorities can be attributed to either
real differences in crash populations or artefacts from
different data collection protocols.

CONCLUSIONS AND RECOMMENDATIONS

Some progress has been made so far with the
development of road accident databases and
Community action now needs to develop as follows:
1. Continued development and support of the

CARE/CAREPLUS programme with target-
setting to expand the numbers of common
variables within CARE, development of the
convergence of the various national data sets and
provision of regular estimates of under-reporting
for non-fatal crashes, particularly for the
seriously injured.

2. Widened access to the CARE database presently
restricted by EU or national rules, at least to all
relevant road safety research institutes within the
EU.

3. Establishment of a limited scale in-depth
crashworthiness data collection programme
(such as the PENDANT programme) to
demonstrate the value of car crash injury data to
the regulatory process. Implementation of a
demonstration project to review future EU safety
priorities.

4. Establish an injury and accident-reporting
system, based on linked hospital and police
information. Implement a demonstration project
to identify injury priorities and changes in injury
patterns due to vehicle design changes.

5. Review existing data collection activities in the
areas of car, motorcycle and pedestrian accident
causation to establish the value of data and their
relevance to the competencies and priorities of
the EU.

6. Ensuring that groups who do not have a stake in
the financial consequences of the investigations
conduct data collection and analysis. EU
financial support for database activities should
be made conditional on the established
impartiality of those responsible for managing
them, as well as appropriate access.

7. Encouragement and financial support for the
collection of exposure data.

8. The setting up of a website-based road safety
information system for public use comprising
aggregated fatality, exposure and risk data for
road transport in all EU Member States,
information on national and EU road safety
polices, laws (such as year and level of permitted
alcohol, speed limits etc.), recent, important
research results as well as an annual EU report
on road safety developments.

9. There is a need for an international dialogue to
assess comparability between accident datasets
and to derive harmonised methods of analysis.
The STAIRS protocol, already used in many
countries, provides a good basis for in-depth
crash injury data gathering.
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ABSTRACT

ESP (Electronic Stability Programme) has recently
been introduced on the market to reduce the number
and severity of loss-of-control accidents. It has been
expected that this reduction would mainly be
addressed to accidents on roads with low friction. It
is, however, complicated to evaluate the
effectiveness with more conventional methods.

In this study, data from accidents occurring in
Sweden during 2000 to 2002 were used to evaluate
the effectiveness of ESP. To control for exposure,
induced exposure methods were used, where ESP-
sensitive to ESP-insensitive accidents and road
conditions were matched in relation to cars
equipped with and without ESP. Cars of similar or
in some cases identical make and model were used
to isolate the role of ESP.

The study shows that there are positive effects of
ESP in circumstances where the road has low
friction. The overall effectiveness was 22.1 +/- 21
%, while for accidents on wet roads, the
effectiveness was 31.5 +/- 23.4 %. On roads
covered with ice and snow, the corresponding
effectiveness was 38.2 +/- 26.1 %. ESP was found
to be effective for three different types of cars,
small front wheel drive, and large front wheel and
large rear wheel drive cars.

BACKGROUND

The Electronic Stability Programme, ESP, is an on-
board car safety system, which enables the stability
of a car to be maintained during critical
manoeuvring and to correct potential understeering
or oversteering (1). In a general sense the
equipment should eliminate loss of control. Since
1998, when the first mass-produced car with ESP
standard equipment was launched, the market for
cars with ESP has grown quickly. On some cars,
however, ESP is an option, and there are still a
number of car models where ESP is not available.

ESP operates normally with both brakes and engine
management. If the car loses control, defined as
when one wheel or more is moving faster or more
slowly than calculated from the steering input and

turning angle, braking is applied to one or more
wheels, and the engine power might be reduced.

It has been expected, that the ESP will have a
significant effect on loss of control type accidents.
This effect is expected to have an influence both on
the number and the severity of impacts (1), and
might also change the orientation of the vehicle
prior to impact (2). A projection of the effects based
on in-depth data suggests that in 67% of the fatal
and 42% of injury only accidents where the driver
lost control, ESP would have a probable or definite
influence (1). For all injury accidents, the estimated
proportion of accidents addressed is 18%, for fatal
accidents 34%.

While ABS (anti-locking brakes) also was
subjected to high expectations prior to being
available, several studies have shown, that the
effects are minor, or close to none (3,4). While the
accident type distribution has been found to be
different for cars equipped with ABS compared to
cars without, the net effect is probably less than 5%
reduction of accidents with injuries (3,4).

The aim of the study was to:

• Present a method and apply it to estimate the
influence of ESP on accidents in Sweden

• Estimate a possible reduction of real life
accidents with injuries.

METHOD

In this study, induced exposure is used to estimate
the exposure to accidents for cars equipped and not
equipped with ESP. This is an accepted method to
use in situations when it is not possible to calculate
the true exposure (3). The method is based on the
identification of at least one type of event that is not
expected to be affected by ESP. For that specific
case, the accident number relation between ESP and
non ESP fitted vehicles would be considered as the
true exposure relation. Any deviation from the
established basic distribution for accidents not
affected by ESP, is considered to be a result of the
equipment of ESP. The method is also considered
to be based on the fact that there are no other
differences between cars equipped and not
equipped with the system under study (ESP), or any
other user related factor that would alter the
expected equal distribution of events and accidents.
Both these prior factors are normally complicated
to fulfil and control. In the present study, not only
type of accident but also the surface condition was
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used to estimate possible effects. In the purest form,
the effectiveness is

calculated by

E = (AESP / NESP) / (AnonESP/ NnonESP)

(Eq. 1)

Where E is the effectiveness of ESP on accidents
sensitive to ESP. A is the number of accidents
sensitive to ESP, and N is the number of accidents
considered not sensitive to ESP.

The standard deviation of the effectiveness was
calculated on the basis of a simplified odds ratio
variance (3). While this method gives symmetric
confidence limits, the effectiveness is not
overestimated. The formula is given below

Sd = E (SQR (SUM 1/n))
(Eq. 2)

Where n is the individual number of crashes of each
type. The confidence limits are 95%.

A critical part of the method is to choose and
identify cars that are identical in every other factor
than the presence or absence of ESP. This is in
reality very complicated, as ESP is firstly not a
random equipment, but has sometimes to be
ordered separately or was introduced in a sequence
where none of the vehicles of a particular model
had ESP, and after a certain date, all had. The third
possibility is when a vehicle has ESP as standard
equipment on some of the versions of a model
range, often linked to other differences. There is no
record of ESP equipment kept in the register of
vehicles in Sweden. In this study, the focus has
been on finding two sets of vehicles, with and
without ESP, where ESP was introduced as
standard equipment at a certain point in time. The
benefits are that the selective bias in picking ESP as
option, or choose a car with higher specifications, is
avoided. On the other hand, a car with and without
ESP has not been subjected to the same conditions
otherwise. If the same time is picked for the
analysis, the cars without ESP is on average older
than cars with ESP, or if the age of the cars is
identical, the time at which they were exposed is
not the same. It is, however, not impossible to
control for these confounders, as the history for the
cars without ESP could be analysed as to what
happens when the car gets older.

In this study, products mainly from Mercedes-Benz,
BMW, Audi and VW were included in the analysis
as case cars. The majority of the cars picked would
be classified as more upmarket models, but there
are some that would be considered as models

attracting a wider part of the market, such as MB
A-Class, Audi A3/A4 and VW Passat.
The other critical part of the method is to pick
accident types and/or road surface conditions that
are considered to be insensitive to the effect of ESP.
It is important that this part is done a priori to the
analysis. The approach used in this study was to use
the results of a European multi centre assessments
of where ESP would have an impact (1). In the
European multi centre study, expert teams assessed
on a number of in-depth studies in a scaling system
how much ESP would have contributed. It was
found, that accidents in intersections would not
have been benefited much by ESP, while other
types of accidents would have been affected to a
varying degree. Also, lower friction, in this case
rain, is a risk factor.

In the present study, rear end impacts on dry
surface were considered insensitive, and both wet
roads as well as roads with snow and ice were
treated separately. The reason for picking only rear
end impacts, was that it is one of a few accident
types that alone on just dry road conditions would
constitute enough cases to be used. Logically, it is
also an accident type that would not involve much
of vehicle handling factors. This is an even more
limited accident type than proposed by the study
mentioned above, which has the advange that
effects of ESP could be picked up over a more
varied set of accident types. A broader set of
accident types would have limited the possibility to
estimate the overall effect of ESP. The
disadvantage by not disaggregating the effects on
idndividual accident types is abvious, but the data
set was not large enough to allow such a detailed
analysis.

MATERIAL

The data set was constituted by police reported
accidents with at least one injured person in
Sweden. All crashes from the years 2000 to 2002
was used to select crashes with vehicles from model
year 1998 to 2003. All crashes recorded by the
police contains at least on injury. From vehicle
model codes the car models with electronic stability
program (ESP) were specified. Matched controls
were identified also by the model codes. The
controls were selected to be as close as possible to
the case vehicles. In many cases the same model or
model platform was used as control. Table 1 shows
the vehicle models used in this study. In all 442
crashes with ESP equipped cars were found. The
control group contained 1967 crashes. For every
crash the road condition, dry, wet or snowy/icy was
used together with the collision type. For car to car
crashes it was known if the vehicle under study was
the striking or struck part. To indicate the speed
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limitzone the actual speed limit at crash site was used to calculate average speed limit
Table 1.

Car models used for the calculations

Small front wheel drive models
Case car models Control car models Case cars Control cars
AUDI A2 AUDI A3 10 1
AUDI A3 VOLKSWAGEN GOLF 1998- 98 281
MERCEDES-BENZ A-CLASS 66

Sum 174 281
Average speed limit (km/h) 66 69

Large front wheel drive models
Case car models Control car models Case cars Control cars
AUDI A4 2001- AUDI A4 1994-2000 29 162
AUDI A6 AUDI A6 43 83
CITROËN C5 CITROEN C5 7 8
PEUGEOT 607 6 503
SAAB 9-5 SAAB 9-5 10
VOLKSWAGEN PASSAT 4 VOLKSWAGEN PASSAT 4 45 430

Sum 140 1186
Average speed limit (km/h) 69 70

Large rear wheel drive models
Case car models Control car models Case cars Control cars
BMW 3-SERIE 98- BMW 3-SERIE 98- 36 99
BMW 5-SERIE 96- BMW 5-SERIE 96- 34 67

MERCEDES-BENZ C-CLASS
203 2001-

MERCEDES-BENZ C-CLASS
202 1994-2001 25 38

MERCEDES-BENZ E-CLASS
W210 1996-2001

MERCEDES-BENZ E-CLASS
W210 1996-2001 9 295

MERCEDES-BENZ E-CLASS
W211 2002- 3
MERCEDES-BENZ S-CLASS 99- 3

Sum 110 499
Average speed limit (km/h) 63 65

Others Sum 18
Total Sum 442 1967

While police reported accident data is known to
suffer from a number of quality problems, none of
them is likely to influence the findings of this study
to any large degree.

RESULTS

The results are based on the assumption that rear-
end accidents on dry roads are not, or only slightly,
affected by the presence or absence of ESP. Both
ESP vehicles and the selected controls are all
equipped with ABS, so there should not be any
influence of such a factor. A factor that would harm

the analysis is if there was a risk compensation for
cars with ESP. A higher average speed would result
in an overrepresentation as a bullit car in rear end
collisions. In such a case, the calculated
effectiveness would be overestimated. One way of
controlling this factor in rear end accidents is if
ESP cars were more involved as bullit cars in
relation to be target car. The bullit to target
distribution of cars with and without ESP is almost
identical (44% and 47% respectively as target car).

The results presented were based on a selected
sample of control cars. There was also a control
calculation performed using all post 1998 car model
vehicles and their accident distribution. This control
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group and the used matched control group show an
almost identical distribution of rear end crashes to
other crashes, as well as the distribution of
accidents on the three road surface types used in
this study. The selected and used control group
therefore does not seem to differ from the rest of
the car population, and the case group does not
differ from the control, group in the accident type
that is used as the exposure basis (rear end
collisions on dry road surface).

In table 2, the calculated effectiveness of ESP for
different road conditions, is given. It can be seen,
that while the effectiveness on all road conditions,
and for all accidents except rear end impacts, the
effectiveness is 22.1%. The 95% confidence limit is
just over the zero effect limit, so the effectiveness
estimate ranges between 1.1 % and 43.1%.

For accidents on low friction surface, the
effectiveness estimates are clearer. On wet roads,
the effect is at least 7.8% with the 95% confidence
limits. These accidents account for 30% of the
accident population. On roads covered with ice or
snow, the effectiveness is even higher, at least
12.1% (lower bound of the 95% confidence limit).
These accidents account for 10% of all accidents
during the study period among controls.

For accidents on dry roads, there was no significant
effect.

Table 2.
The effectiveness of ESP on accidents with

personal injuries. 95% confidence limits. All
estimates are reductions in relation to rear end

impacts on dry road surface

All accidents excl rear end 22.1 +/- 21.0%
Accidents on dry roads 9.3 +/- 28.3%
Accidents on wet roads 31.8 +/- 23.4%
Accidents on snow/ice roads 38.2 +/- 26.1 %

In table 3, the effectiveness estimates were broken
down into three car types, small and large front
wheel drive (small fwd and large fwd) as well as
large rear wheel drive cars (large rwd). The road
surface wet and covered with snow and ice were
added to constitute a group of “low friction
surface”.

Table 3.
The effectiveness of ESP on accidents with

personal injuries, by vehicle type. Point
estimates. Significance levels 5%, double sided.
All estimates are reductions in relation to rear

end impacts on dry road surface

Type of car All accidents Accidents on low
friction

Small fwd 28.0% ns 24.5% ns

Large fwd 21.4% ns 58.9% s

Large rwd 44.8% s 46.0% s

It can be seen in table 3, that there was a significant
reduction of low friction accidents for the both
large car types. With a larger data set for the small
cars, the effectiveness would still be substantial if
the point estimate would be at the same level as
shown here.

DISCUSSION

This study was a first attempt to evaluate a new
technology. It is important to stress, that this type of
evaluation, should be a normal exercise when
technology aimed at reducing health losses in the
society, is implemented. It is also important to
stress, that while such analyses are complicated to
conduct, they should be done on a broader basis
than just in one country. In this case, the study was
done in a small country, with limited numbers of
accidents subject to the study, which limits the
possibility to draw conclusions. It would be of
major interest to the global society if studies of new
technologies could be jointly conducted in many
countries at the same time.

It is important to stress, that the weather conditions
in Sweden are different from many other countries,
making it impossible to generalize the results from
this specific study to all parts of the world. It would
therefore not be surprising to find other estimates of
the effectiveness if accidents from other countries
are analysed. On the other hand, the results of the
present study show, that positive results shoudl be
expected in countries with a different climate as
well.

ESP (Electronic Stability Programme), is a
technology that helps the driver to maintain control
of the vehicle in critical situations. Such technique
has been implemented and evaluated earlier, in the
form of Anti Locking Brakes (ABS) with quite
disappointing results. No or only minor effects has
been found (2, 3), even if there has not been any
behavioural adaptations in driving more aggressive
with cars equipped with ABS.

ESP is functionally different from ABS, but there
has not been any evaluation of the system in real
life critical situations published. While this study
can bring some knowledge as to how effective ESP
is, it is still very important that more studies are
conducted.

The method used for this study has been used in
many other types of evaluations (3,4). It is a
method that is dependent on a number of
assumptions and critical factors. It should be
understood, that new vehicle technology is not
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brought into the market in a way that would
guarantee a scientific evaluation. First of all, the
technology is not randomly equipped to vehicles,
and there is probably a selective recruitment to such
technology. Secondly, ESP seems to be brought to
the market on more up-market car models, and
vehicles in high-performance versions. Attempts
have been made in this study to overcome this
problem, but there are still some doubts about how
the technology is picked up by consumers. The
novelty of the technology might even lead to , that
drivers of cars with such technology will provoke
the system to act, or that there are some behavioural
modifications. These phenomena are very hard to
control for, but might modify the long-term
effectiveness of ESP or similar technologies.

In this study, only vehicles where ESP became
standard equipment at a certain moment of time
were included. In most cases, where ESP was an
option, the car model was excluded. The selective
recruitment bias should therefore be minimised. On
the other hand, this method meant, that cars
otherwise identical with and without ESP never
existed in parallel time with identical age of the car.
Other studies should try to pick up this factor. The
fact that ESP has been introduced on fairly up
market car models is a restriction on the possibility
to generalise the results. Some controls are car
models different from ESP cars, which were sold at
the same time as ESP cars. This should reduce the
type of bias mentioned above.

The results are extraordinary, in that the
effectiveness of ESP is large and consistent, and not
just on an isolated accident type or event It is
therefore essential, that the method and the possible
bias, are challenged. There are a few possible
explanations to the results, given that ESP was not
effective in reducing the accidents. Firstly, if rear-
end impacts was an accident type, where ESP
drivers showed their aggressiveness and risk
compensation more, than in all other accident types,
the results could show the same profile as in this
study. The fact that both ESP cars and non-ESP
cars show the same profile in being target and
bullet vehicles in rear is an indication of that this
assumption does not show in reality. Secondly, the
same results could be present if ESP cars were not
exposed to driving on low friction surface. Such
factor is very complicated to analyse with induced
exposure. It is, given the way the data was
assembled, not a plausible explanation. Still, the
study should be repeated also in Sweden, also to
study the long term effects of ESP. In the
meantime, the likely explanation to the results is,
that ESP in fact is effective.

The method used in the present study, does not
allow an analysis on the actual function of the

system, and in what sequence of driving it has its
potential. Wheather ESP works as an intelligent
system to warn the driver about low friction, or if it
has a direct function in the driver-vehicle loop in
critical manouvers, either in controlling stability
and/or reduce speed, was not possible to study. It
was not possible to study to what extent the
effectiveness varied over accident types or events.
Further studies should try to analyse this in-depth.
It should also be analysed, if the severity of impacts
is reduced by ESP.

A recent development of ESP that would most
probably increase the effectiveness is the link
between the ESP being active and the passive safety
system of the car being alerted and start to act. In
Mercedes-Benz S-Class update 2002, both the ESP
and the brake assist system will trigger a reversible
seat belt pretensioner, to bring the occupant in a
favourable position before a possible crash. Also
other functions of the vehicle are also triggered. In
this sense, the ESP is used as a device for
increasing the crash protection of the car.

The effectiveness of ESP is promising enough, to
stimulate automotive industry and consumers to
implement ESP in new cars as quickly as possible.
Therefore, consumers should be advised to choose
cars with ESP, especially in countries with wet and
icy road conditions. While the effectiveness on dry
roads was not significant, accidents on both wet as
well as roads covered with snow or ice were
significantly reduced.

CONCLUSIONS

- ESP was found to reduce accidents with personal
injuries.

- The effectiveness on all accidents, except rear-end
impacts on dry road surface, was 1.1% to 43.1%,
with best estimate 22.1%

- The effectiveness on roads with lower friction was
substantially higher, 7.8-55.2% and 12.1-64.3%
(best estimates 31.8 and 38.2% ), for wet roads and
roads covered with ice or snow, respectively.

- The results broken down to vehicle types were
consistent with the above results, in some cases
though not statistically significant.

RECOMMENDATIONS

- Consumers should be recommended to buy cars
with ESP, especially in countries with wet or icy
road conditions.

- Further studies should be made, to validate the
results of the present study, and increase the
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understanding of the mechanism of the
improvement.
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ABSTRACT

Vehicle crashworthiness in frontal collisions is
often evaluated using a procedure that simulates a full
frontal crash between two vehicles. In the real world,
however, many of the accidents regarded as frontal
collisions are oblique offset impacts. Such impacts may
differ from full frontal collisions in terms of vehicle
body deformation and occupant behavior, owing to
differences in the position and direction of the input
crash energy. The distribution of occupant injuries in
real-world accidents tends to vary depending on the
impact angle. Accordingly, researching occupant
protection measures based on a good understanding
oblique offset impacts is a useful approach to help
enhance vehicle safety performance further. In this
work, vehicle body deformation and dummy behavior
were analyzed in frontal oblique offset impacts,
involving car-to-car crashes of ordinary medium-size
passenger vehicles, and in FEM simulations. A
fundamental research study was then made of the
results to identify the characteristics of frontal oblique
offset impacts. The collision test results revealed that
cabin deformation tended to increase when crash
energy was applied at an oblique angle. It was
observed that the struck vehicle also moved sideways,
causing the force of inertia to act on the dummy. As a
result, the dummy's upper torso translated sideways
and ankle inversion/eversion occurred. In the FEM
simulations, it was seen that the front side member of
the struck vehicle sustained less axial deformation and
that the engine compartment absorbed less energy than
in the full frontal collision, resulting in the cabin
structure needing to absorb larger proportions of the
crash energy.

FEM simulations showed that providing a
subframe to connect the front side members and the
floor panel increases the energy-absorbing capacity of
the engine compartment. Additionally, MADYMO
(Mathematical Dynamic Model) simulations showed
that side-impact airbags on the struck side reduce the
lateral translation of the near side dummy's upper torso.
These simulations also showed that applying a control
load that acts on the thighs and lower legs in the lateral
direction reduces ankle inversion/eversion.

INTRODUCTION

The number of traffic accident fatalities in Japan
has been on a downward trend since 1993, dropping to
8,747 deaths in 2001, which marked the first time in 13
years that the figure fell below the 9,000 level.
However, both traffic accidents and injuries have been
consistently increasing in number, with the latter
reaching 1.18 million in 2001. Vehicle manufacturers
strive to find new means to help reduce the injuries that
occur while maintaining this downward trend of
fatalities.

Crash compatibility is an example of an issue that
has been examined in recent years as an area for further
improvement of vehicle safety. This issue was taken up
by one of the six working groups formed under the
International Harmonized Research Activity (IHRA)
project at the 15th ESV Conference. At the time
research was launched, attention was focused on the
question of vehicle mass. At IBEC '97, Steyer et al.(1)

presented a report concerning the vehicle body strength
characteristics that were needed to ensure compatibility
with respect to vehicle mass differences. At the 16th
ESV Conference, Zobel at al.(2) also reported on body
structural requirements (i.e., the bulkhead concept), in
addition to body strength properties. However, at the
17th ESV Conference, the IHRA Compatibility WG(3)

indicated that the vehicle mass alone was not
necessarily the only factor that influences the risk of
occupant injury. They pointed out that passenger
compartment integrity is a key factor in reducing the
risk of occupant injury and that a favorable structural
interaction between the colliding vehicles must first be
ensured in order to secure cabin integrity. At the same
ESV Conference, Edwards et al.(4) and Delannoy(5)

reported different methods for evaluating the
homogeneity of the stiffness distribution of the front-
end structure, which is thought to be an important
element in securing a favorable structural interaction
between the front-ends of colliding vehicles.

Another issue in the consideration of improving
front-end crashworthiness is oblique offset impact
performance. Based on the results of an accident
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analysis using National Automotive Sampling System
(NASS) data, Stucki et al.(6, 7) reported at the 1995 SAE
Congress and at the 15th ESV Conference that frontal
oblique offset impact tests conducted with a moving
deformable barrier (MDB) were suitable for covering
the accident patterns not included in the FMVSS 208
test procedures. At the 16th ESV Conference,
Ragland(8) reported the results of a detailed study of an
oblique offset impact test procedure in which the MDB
was crashed into a subject vehicle. In addition, on the
basis of NASS data, Ragland et al.(9) reported at the
17th ESV Conference that the largest number of leg
injuries occur in frontal oblique offset impacts on the
driver's side and that offset impacts represent the most
common crash mode. At the 16th ESV Conference,
Sugimoto et al.(10) also presented the results of oblique
offset impact tests together with a test procedure in
which they crashed their independently developed
MDB into a subject vehicle.

It is anticipated that performance in oblique offset
impacts is closely related to crash compatibility.
Improving the robustness of vehicle crashworthiness in
relation to the impact angle should be studied. The
compatibility evaluation procedures(4, 5) being
investigated at present would be very useful in relation
to real-world accidents. However, although the reports
seen in the literature so far have described the results of
oblique offset impact tests and the results of analyses
of real-world accident patterns, they have not presented
any details concerning studies of safety measures
actually applied to vehicles.

The purpose of this research is to present technical
issues involved in oblique offset impacts and to show a
direction for implementing measures to improve
vehicle safety, with the aim of enhancing the
robustness of vehicle crashworthiness in relation to the
impact angle in frontal collisions. This research paper
presents the results of crash tests and FEM simulations
that were conducted to analyze vehicle deformation
and dummy behavior in oblique offset car-to-car (CTC)
impacts involving ordinary medium-size passenger
vehicles as an example. It also presents the results of a
basic examination of the technical issues that were
revealed on the basis of this analysis.

ACCIDENT ANALYSIS

In the U.S., NASS makes public accident data in which
the impact angles are indicated. Figure 1 shows the
results of an accident analysis based on NASS
Crashworthiness Data System (CDS) statistics. This
analysis looked at accidents involving belted drivers.

Accidents that occurred at impact angles having an
absolute value of 10° or less were the most numerous,
accounting for approximately 40% of the total.
Excluding the accidents for which the details were
unknown, those having an impact angle greater than
10° accounted for approximately 50% of this NASS
accident database.
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Figure 1. Impact angle distribution.

CLARIFICATION OF FRONTAL OBLIQUE
OFFSET IMPACT CHARACTERISTICS

Impact Tests

Car-to-car (CTC) impact tests were conducted to
study the characteristics of frontal oblique offset
impacts and to identify the technical issues that should
be investigated. The circumstances at the time of the
impact are illustrated in Figure 2. The subject vehicle
and the bullet vehicle used were two identical
prototypes representing ordinary medium-size
passenger cars. The angle of impact was set at 30°,
taking into account the impact angle distribution seen
in the analysis of real-world accidents in Figure 1 and
the data given in the literature.(8-11) A 50th percentile
Hybrid III (AM50) dummy was placed in the driver's
seat to obtain injury value measurements, and a high-
speed video camera was also used to record the
kinematics during the impact.

Figure 2. Oblique offset crash.
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Vehicle Deformation Behavior

Figure 3 is a photograph of the subject vehicle
following a frontal oblique offset impact test, and
Figure 4 shows the vehicle with the same specifications
following an offset deformable barrier impact test at 64
km/h (64K-ODB). Figure 5 shows the deformation
ratios (oblique offset impact/64K-OBD) found for
representative locations of the vehicle body.

Figure 3. Prototype vehicle after oblique offset
crash.

Figure 4. Prototype vehicle after offset deformable
barrier crash.
The lower portion of the cabin, including the floor
panel and the lower part of the A-pillar, displayed
larger deformation in the oblique offset impact test
than in the 64K-ODB test. It appears this is due to the
pronounced crash force applied to these locations by
the tire that was pushed directly inward on account of
the oblique impact. In addition, the side member,
which is a principal absorber of crash energy, was
crushed to a lesser extent in the oblique offset impact
than in the 64K-ODB impact. It is deduced from this
lesser amount of crushing that there is a decrease of
engine compartment crash energy absorption.
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Figure 5. Deformation ratios.

Dummy Kinematics

The injury values recorded for the dummy in these tests
satisfied the ECC protocol standards.(11) However,
certain dummy kinematics were observed that have not
been reported previously, notably that the upper torso
translated laterally (See Figure 6) and the ankles
suffered inversion or eversion (See Figure 7).

Figure 6. Lateral translation of dummy’s upper
torso in oblique offset crash.
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Figure 7. Ankle inversion/eversion in oblique
offset crash.

The upper torso’s translation to the side is attributed to
the force of inertia acting on the dummy as a result of
the lateral movement of the struck vehicle during the
impact. Friction force between the floor panel and the
soles of the dummy's shoes also appears to influence
ankle inversion/eversion (See Figure 8).

Vehicle Lateral Movement

Force of Inertia

Loading Force

Restrained by Lap Belt

Friction between Shoe
Soles and Floor Panel

Momentum

Lateral Translaltion

Vehicle Lateral Movement

Force of Inertia

Loading Force

Restrained by Lap Belt

Friction between Shoe
Soles and Floor Panel

Momentum

Lateral Translaltion

Figure 8. Schematic illustration of dummy’s
kinematics.

FEM Simulations

FEM simulations were run in order to analyze the
deformation behavior of the vehicle body in more
detail. The model utilized in the analysis modeled the
prototype vehicle used in the impact tests. Figure 9
compares the measured and simulated deformation
ratios for the oblique offset impact and the 64K-ODB
impact. The simulated deformation ratios agreed well
with the measured results for the most part, indicating
that this simulation procedure could be used to help
study the characteristics of oblique offset impacts. In
order to make a more detailed comparison, a simulation
was also run for an inline CTC impact with a 50%
offset, in addition to the 64K-ODB impact (See Figure
10). Figure 11 shows the distribution of energy
absorption by the subject vehicle in each impact mode.
In the oblique offset impact, the energy absorption rate
of the engine compartment, which is designed to
absorb crash energy, was lower and that of the right
side of the cabin was higher in comparison with the
results seen for the other two impact modes. Energy
absorption by the engine compartment in the oblique
offset CTC impact was only 78% of that in the inline
CTC impact.
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Figure 10. FEM simulations.
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Figure 11. Distribution of energy absorption.
This decrease in energy absorption coincided with the
energy absorption level that was predicted from the
smaller extent of side member crushing in the oblique
offset impact than in the 64K-ODB impact. This
decline in energy-absorbing capacity may be due to the
oblique impact angle, as the front part of the side
member on the struck vehicle was bent inward, and the
force acting to push the front part rearward decreased.
Another contributing factor was a decrease in the
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dispersion of the load to the non-impacted side,
because the engine was not pushed directly rearward.
Figure 12 compares the side member deformation
modes in the inline CTC impact and the oblique offset
CTC impact. It is seen that the front part of the side
member was bent inward in the oblique offset impact
and also that the side member itself suffered less
deformation.

Based on the foregoing analysis results, it is
thought that the lower portion of the cabin displayed
larger deformation in the oblique offset impact than in
the 64K-ODB impact because of two factors. One was
the pronounced energy input from the tire, and the
other was the reduced level of energy absorption by the
engine compartment.

Figure 12. Comparison of side member
deformation.

EXAMINATION OF TECHNICAL ISSUES

Increase in Cabin Strength

The same impact tests were conducted using a
reinforced vehicle body that was built by adding
structure to the above-mentioned baseline prototype
vehicle. Figure 13 illustrates the areas of the body that
were reinforced. Reinforcement was mainly applied to
the lower portion of the cabin, including the floor panel,
the lower part of the A-pillar and the side sill. A
photograph of the reinforced vehicle body following an
oblique offset impact test is shown in Figure 14. The
deformation ratios of the reinforced body in relation to
the original body are given in Figure 15. As a result of
the reinforcements applied, cabin deformation was
substantially reduced compared with that of the
original body. These results show that reinforcement of
the lower portion of the cabin can help reduce
deformation in oblique offset impacts.

Figure 13. Reinforced areas of improved body.

Figure 14. Reinforced vehicle after oblique offset
crash.
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Figure 15. Deformation ratios.
On the other hand, because the amount of

crushing exhibited by the front side member did not
increase, it is thought that improvement of the energy-
absorbing capacity of the engine compartment is an
issue that must be addressed separately. It is desirable
for the engine compartment to absorb as much crash
energy as possible. This is because the amount of
energy that the engine compartment has to absorb may
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increase in real-world accidents when vehicle
incompatibility is seen. Additionally, although the
measured dummy injury values satisfied the ECC
protocol standards,(11) it was observed that the dummy's
upper torso still translates laterally and that ankle
inversion/eversion still occurred, as was seen in the
earlier series of tests. Accordingly, it was concluded
that measures for dealing with these behavior patterns
must be addressed separately from those intended to
control vehicle body deformation.

Improvement of Engine Compartment's Energy-
Absorbing Capacity

As one measure for improving the energy-
absorbing capacity of the engine compartment, FEM
simulations were conducted to confirm the effect of
applying the #-type frame that has generally been used
on large cars. Figure 16 shows the front-end of a
vehicle with the H-type frame that was used on the
prototype vehicle in the impact tests. Figure 17 shows
the front-end of a vehicle built with the #-type frame.

Figure 16. H-type frame model.

Figure 17. #-type frame model.

The #-type frame includes a subframe that connects the
front part of the side members and the front part of the
floor panel, which is thought to help disperse the load
applied to the engine compartment. A comparison was
made of the deformation modes of the two frames in
frontal impacts. It was found that the vehicle with the
H-type frame showed pronounced deformation of the
portion on the outer side of the engine in an oblique
offset CTC impact, and the deformation mode differed
from that seen in an inline CTC impact (See Figure 18).
On the other hand, for the vehicle with the #-type
frame, the deformation mode of the engine
compartment was nearly the same in both the inline
and oblique offset CTC impacts (See Figure 19).

Figure 18. Comparison of deformation modes with
H-type frame.

Figure 19. Comparison of deformation modes with
#-type frame.
In addition, for the vehicle with the #-type frame,
energy absorption by the engine compartment in the
oblique offset CTC impact was 88% of that in the
inline CTC impact (See Figure 20). This figure was
10% higher than that of the vehicle with the H-type
frame. Together with the results of the above-
mentioned deformation mode comparison, this showed
that the #-type frame can help increase the energy-
absorbing capacity of the engine compartment in this
oblique offset impact test condition.
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Controlling the Lateral Translation of Dummy's
Upper Torso

A simulation was run in which an attempt was
made to prevent the dummy's upper torso from lateral
translation by means of a side-impact airbag system on
the struck side occupant. The MADYMO
(Mathematical Dynamic Model) code was used in the
simulation. Figure 21 illustrates the airbag used to
inhibit the sideways fall of the upper torso. The airbag
was designed to inflate fully at the moment the dummy
began to move laterally. When the airbag was
positioned so as to inhibit lateral movement of the
dummy's head, it substantially reduced the lateral
movement of the head, but had little effect on the chest
region. When positioned next to the chest region so as
to inhibit the lateral movement of the chest region, it
was found that it was equally effective in controlling
the sideways movement of both the head and chest
region (See Figure 22). In attempting to inhibit the
sideways fall of the upper torso, it is thought that
support should be provided for the chest region or for
the chest region and the head together.

Figure 21. Reduction of lateral movement.
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Figure 22. Movement ratios.�

Controlling Ankle Inversion/Eversion

Simulations were also run to examine measures
for preventing ankle inversion/eversion. The
MADYMO code was also used in performing these
simulations. The basic approach considered for
controlling ankle inversion/eversion was to use the
seats, door trim, A-pillars, floor panel and other places
to apply a lateral load to the legs and thereby prevent
relative displacement of the feet and lower legs (See
Figure 23). The places considered for applying a load
to the legs were the feet, the lower legs and the thighs.

Figure 23. Method of reducing ankle rotation.

An investigation was made of the effect of applying a
load to these three locations on inhibiting ankle
inversion/eversion. It was found that loads could be
applied to two locations, i.e., the feet and the lower
legs or the thighs, in order to obtain stable behavior.
Furthermore, in a comparison of the lower legs and the
thighs, it was observed that the thighs tend to govern
leg movement because of their larger effective mass.
Accordingly, it was found that using the thighs as one
of the load input locations had a larger effect on
inhibiting ankle inversion/eversion (See Figure 24).
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However, the lateral movement of the upper torso,
which was discussed in the previous section, and ankle
inversion/eversion are both behavior patterns that are
especially characteristic of oblique impacts. At this
point, not enough research has been done on the
corresponding injury criteria for these body locations
or on methods of measuring such injuries. Therefore,
further research needs to be done on these behavior
patterns in future studies.

SUMMARY

Car-to-car (CTC) crash tests and FEM simulations
were conducted to analyze vehicle deformation and
dummy behavior in frontal oblique offset impacts. The
results raised the following four technical issues:

• Increase in cabin strength
• Improvement of the energy-absorbing capacity of

the engine compartment
• Controlling the lateral movement of the upper

torso
• Controlling ankle inversion/eversion

Measures for addressing these issues were
examined in CTC crash tests and FEM simulations and
their effectiveness was studied. The results indicated
certain directions to take in implementing measures to
address these technical issues.

CONCLUSIONS

This research has raised several technical issues
involved in frontal oblique offset impacts under certain
conditions and has indicated some directions to take in
addressing those issues. However, further R&D work
would need to be undertaken in order to implement
measures for dealing with such issues on production
vehicles. With regard to such occupant behavior as the

lateral movement of the upper torso and ankle
inversion/eversion in particular, accident analyses have
to be conducted to examine the actual incidence of
injuries and research must be done to clarify the
corresponding injury criteria. In addition, more
concrete and detailed R&D work must be done on the
proposed measures examined in this study. Specifically,
the control logic, including an occupant detection
method needed for deployment of the side-impact
airbag system, must be developed and studies must be
undertaken to examine a mechanism for triggering the
application of a desirable load and a method of
applying the load to occupants' legs.
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ABSTRUCT

This paper describes a very simple sled test method
to simulate the thoracic behavior of dummy in the
side impact test situation of SUV representative
impacting a passenger car side. In this sled test, the
door inner panel which was deformed in the full scale
test was rigidly set on the sled, and impacted the
dummy. Even if the sled moved in normal V-T profile
used in HYGE sled facility, the dummy responses
were correlated with full vehicle tests in order to
study occupant protection practically. This test
method could be applied for both SID2s and Eurosid
dummies.
In addition to the real sled tests, FE simulation was
also used to analyze the influences of various factors.
In conclusion, it was found that the sled test with
deformed door was a useful and efficient method to
study for occupant protection. With this test method
and FEM, it was found that one of the ways which
has possibility to reduce injury index of SID2s is to
disperse the impacting force by Side Airbag or door
trim.

INTRODUCTION

Side impact occupant protection is one of the
important issues in crash safety development. Mainly,
there are two measures for side impact occupant
protection, one is the body crashworthiness, and the
other is characteristic of interior parts. Considering
efficient process investigating interior or side airbag
crush characteristics, it is beneficial to use the sled
test. Key parameters to get good correlation between
full scale side impact test and sled test are door
intrusion velocity profile, crush characteristics of
door, distance between door and occupant, etc.
However reproducing these conditions on the sled
isn’t easy in side impact comparing to frontal impact,
therefore many studies have been carried out in order
to get good correlation of these key parameters and
occupant injury indices, and many sophisticated sled
test methods have been proposed. e.g. [1][2][3]
Although these efforts for good correlation are very
important, considering simplification of test method
with keeping reasonable correlation is also
meaningful.
In this study, practical correlation of Eurosid rib
deflection has been obtained using post test deformed
door set on the sled. Simulated condition was similar
to IIHS proposed new side impact test in which SUV

representative is used. [4]

Test Method

     Concept
In this test method, the door which was rigidly set on
the sled and a new door trim on the door impacted the
dummy sitting on seat. As the impacting device the
door inner panel which was deformed in the full scale
test was used to consider that the injury indices are
determined during deformation of the door in full
scale test. And to consider the difference of door
impacting profile, final shape in the sled test and
during deformation in the full scale test, the door
fixture angle had to be adjustable to simulate the
relative timing between contacts of thorax and pelvis
regions in the full scale test. The seat could travel on
the sled by the bearing and rail system located
between the seat and the sled. (See Figure 1)

Figure 1.  Schematic of sled test

     Conditions
In the full vehicle test which was used as reference,
the moving deformable barrier (MDB) with IIHS
proposed barrier face impacted the sedan type car
which had some modifications on a current
production vehicle. This test condition was similar to
IIHS newly proposed one, except Eurosid was used.
The features of this test result were as follows.
Because MDB contacted the comparatively high
position of the impacted car and the mass of MDB
was comparatively heavy, the body deformation
tended to increase and MDB deceleration tended to
decrease. In the sled test introduced in this paper, sled
velocity profile was set at the same level of B-pillar
intrusion velocity in full scale test (See Figure 2).
This was one of the try of applying simple profile
using HYGE facility without reproducing detailed
velocity profile of B-pillar in full vehicle test.
The sled velocity profile and B-pillar intrusion
velocity profile in the full vehicle test were

Dummy

Door trim

Deformed door inner
panel in full scale test
is rigidly set

Bearing and rail system

Seat
(include
seat back)

Sled

Angle adjuster
of door fixture

Direction of sled motion
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synchronized as shown in Figure 2. And the initial
distance from the door trim to the dummy was set in
order that the dummy contacted to the trim
corresponding to the full scale test. The angle of the
door fixture was adjusted in order that the relative
contact timing of thoracic and pelvis regions to the
door trim corresponded to the full scale test.

Figure 2.  Sled and B-pillar velocity.

     Correlation With Test
The movement of the pelvis and spine of the dummy
in sled test were correlated with those in full scale
test at a reasonable level (See Figure 3). The
tendency of injury indices in sled test was also
correlated with those in full vehicle test. The indices
tended to be increased relatively in abdominal and
thorax part (See Figure 4). But, as concerns the
tendency of rib deflection, upper rib deflection was
larger in full vehicle test, lower rib was larger in sled
test meanwhile (See Figure 5). It was guessed that
this difference was caused by the difference of door
shape, final shape in the sled test and during
deformation in the full scale test. This matter is also
discussed in the FEM section below.
Furthermore, the influence of equipping side airbag
was studied (See Figure 6). With respect to input
force characteristics to abdomen, the tendency of
earlier input and reducing peak force were simulated
in both sled test and full scale test with side airbag.
The difference of peak force value between sled test
and full scale test was caused by a slight difference of
timing when side airbag begin to effect. Then it could
be considered that influence of Side Airbag was
correlated practically.

Figure 3.  Dummy movement (Displacement).

  

Figure 4.  Tendency of injury.

Figure 5.  Tendency of Rib Deflection.
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Figure 6.  Abdominal force characteristics.
   
FEM Modeling
  
     Modeling and Correlation
The FE model was developed with a view to analyze
the effect of factors which had influence on the
correlation of this test method and factors which had
influence on injury indices.
The conditions of this FE model are mentioned
below;
- The model contains door inner panel, trim, B-pillar
inner panel and trim, seat frame, dummy, and side
airbag. (See Figure 7)
- The models of Eurosid and SID2s are used. (See
Figure 8)
- The deformed door panel shape is obtained from the
full vehicle calculation. The angle of the panel
replicates the condition considered in the real test.
- Door panel and seat anchor parts have boundary
conditions of displacement time history curve
obtained from real test. (See Figure 9)
- In respect of side airbag, folding is not modeled and
it is simply deploys with increase of inner pressure.
With some modifications, good correlation to sled
test was obtained as described below.
In the condition with and without side airbag, the
level of injury value is correlated enough for both
EuroSID and SID2s. Figure 10 shows the result of
SID2s. It can be said that this model is considered to
be applicable to a variety of the analysis.

Figure 7.  FE model of sled test.

         <SID2s>            <Eurosid>
Figure 8.  FE dummy models.

Figure 9.  Boundary conditions.

　
　
　
　
　

Figure 10. Comparison of Rib deflections of SID2s
between FEM and test
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Study on the test condition

Concerning about the difference of rib deflection
tendency between the SLED test and Full vehicle side
impact test mentioned above, FEM is good tool to
investigate the effect of door shapes in the different
phases of deformation on the dummy response. Four
phases, initial, 20ms, 34ms, and 50ms as final, of
deformed door are used as the impacting door to
investigate the effect on Eurosid response in the FE
model. Each door shape is picked up from the Full
vehicle FE calculation and applied as an initial shape
in the FE SLED calculation. (See Figure 11)

Figure 11.  Deformation shape of door inner
panel in each phase

Figure 12 and 13 show the difference of Eurosid
response for each deformation shape of door. The
results show, when the deformed doors are applied,
abdominal forces tend to increase than the case when
the initial shape are applied. (See Figure 12) And
there is no big difference in maximum rib deflections.
Among the tests with application of deformed doors,
there is a tendency that the more deformed door is
used, the larger the lower rib deflection be. (See
Figure 13)
This should be one of the reasons why the lower rib
deflection tended to increase in SLED test in which
final shape of door was used, comparing to full scale
test in which the injury indices are determined during
the deformation of door.

Figure 12.  Comparison of Eurosid response for
each door shape

Figure 13.  Rib deflection tendency of each door
deformation shape.

Studies to Reduce Injury Index

From this SLED test and FEM, there are some results
of investigation to reduce the injury index of SID2s.
The test and FEM results mentioned below are
mainly conducted with prototype Side Airbag
covering shoulder and pelvis region of SID2s. These
studies are carried out to find general tendency in
limited conditions, and more research and
development will be needed before applying to
production vehicles.

     Force Dispersion by Side Airbag
SLED test results using many kinds of SAB shows
that there is a rough tendency, when the energy
dispersion to shoulder area increases, the thoracic rib
deflections reduce especially in the upper part. (See
Figure 14) Here “energy to shoulder” is represented
by the area of “Shoulder Force” vs. “Displacement of
upper spine relative to Door” trace. Typical pattern to
reduce rib deflection shows earlier input and smaller
peak force. (See Figure 15) The same tendency is
obtained from FEM calculations. (See Figure 14)

Figure 14.  Input energy to shoulder vs. Upper
rib deflection plot.
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Figure 15.  Typical curve of shoulder force.

     Inflator Characteristics
Study on the effect of inflator characteristics is
conducted only by FEM because it is easy to set
various characteristics in the FEM comparing to the
real tests. The results with various characteristics
show a tendency that when the amount of gas
increased, rib deflection is reduced especially in the
lower part. (See Figure 16) This should be the effect
of dispersion of input force to pelvis area. The iliac
force inputted earlier and peak value reduced. (See
Figure 17)

Figure 16.  Amount of gas vs. Abdominal upper
rib deflection plot.

Figure 17.  Typical curve of iliac force.

     Timing of Deployment
Study on the effect of SAB deployment timing shows
the tendency that early deployment reduces rib
deflection, because SAB absorbs enough energy. On
the other hand late deployment increase rib deflection,
because SAB cannot absorb energy as intended. (See
Figure 18)

Figure 18.  Effect of deployment timing

CONCLUSION

It is found that the simple HYGE sled test using
deformed door panel could simulate the thoracic
behavior of the dummy in the side impact situation
which SUV representative impacts passenger car side
in the practical level to study occupant protection.
This test method might be an effective tool to tune
Side Airbags or door trims. Using this SLED tests
and FE calculations, general tendencies concerning
with some parameters were found.
This test method has a weakness coming from the
application of deformed door panel, that means it
cannot be conducted in the very first phase of vehicle
development before the first full scale test. On the
other hand, FE models have enough level of
correlation and have potential to overcome the
weakness.
As an additional discussion about FEM, model of this
SLED test is relatively smaller size than full vehicle
model, and it is easy to apply the optimizing
processes. And, there is one option that the deforming
process of door panel in the full vehicle calculation
can be used as a boundary condition in the sled type
calculation.
More efficient process of side impact development
will be continued to study in future.

Disp. (SLED-Pelvis)

Ili
ac

 F
or

ce

x1.4

x0.8

x1.2 x1.4Basex0.8

D
ef

le
ct

io
n 

of
A

bd
om

in
al

 U
pp

er
 R

ib

Amount of gas

Base +3ms +6ms-3ms-6ms-9ms
D

ef
le

ct
io

n 
of

Th
or

ac
ic

 L
ow

er
 R

ib
Timing of Deployment

Disp. (SLED-US)

Sh
ou

ld
er

 F
or

ce

Earlier input

Smaller peak value



Ikeno 6

REFERENCES

[1] P. Michael Miller II and Hai Gu. 1997. “Sled
Testing Procedure for Side Impact Development”
SAE970570

[2] Douglas J.Stein. 1997.“Apparatus and Method for
Side Impact Testing” SAE97052

[3] Young-Ho Ha and Byung-Wan Lee. 2000. “A
Device and Test Methodology for Side Impact Crash
Simulation Using A Frontal Crash Simulator and Two
Hydrauric Brake Systems” SAE2000-01-0047

[4] IIHS status reports. e.g. “Side Impact
Crashworthiness Evaluation Development (October.
2001)”

[5] LS-DYNA Ver.960 User’s Manual



Hiramatsu 1

BROADSIDE COLLISION SCENARIOSATUNCONTROLLED INTERSECTIONS

 

Machiko Hiramatsu

Hideo Obara

Hiroshi Ueno

Kenjou Umezaki

Nissan Motor Co., Ltd.

Japan

Paper Number 267

ABSTRACT

The purpose of this research is to clarify the principal

causes of broadside accidents at unsignalized

intersections from various pre-crash driving patterns.

Driving patterns showing a high incidence of accidents

and high accident probabilities were identified by

analyzing accident statistics, accident case data, and

direct observational data collected at unsignalized

intersections. In addition, it was found that primary

parties traveling straight ahead tended to collide more

often with secondary parties coming from the left side

in Japan. This observation was studied from various

perspectives, and the most probable causal factor was

identified. These analyses have yielded information

that is expected to be effective in considering measures

for preventing these types of accidents.

INTRODUCTION

Having a good understanding of the realities of traffic

accidents is an important factor in implementing

measures that are effective in preventing them.

According to statistics on traffic accidents in Japan,

approximately 240,000 broadside collisions occurred

in 2001, accounting for 26% of all traffic mishaps[1].

Previous studies[2], [3] of broadside accidents have

pointed out various causes, based on analyses of actual

accident cases. For example, driver distraction by the

signal lights at the next intersection increases broadside

collisions at unsignalized intersections. Lack of human

peripheral vision is thought to influence broadside

accidents at intersections where there is good visibility.

The purpose of this research is to make clear the

principal causes of broadside accidents that occur under

various pre-crash driving patterns. Comprehensive

analyses were made of police-reported accident data,

accident case data compiled by the Institute for Traffic

Accident Research and Data Analysis (ITARDA), and

data collected by direct observation surveys at actual

unsignalized intersections. A thorough examination

was made of what types of pre-crash driving patterns

occurred frequently, what types of driving patterns had

high accident probabilities based on the use of

statistical tools, and under what sort of scenarios

accidents occurred. This paper presents the results of

these analyses.

ANALYSIS OF TRAFFIC ACCIDENT DATA

Broadside accidents were analyzed using data obtained

from ITARDA, which consisted of traffic accident data

for the year 2000. The results of an analysis of the

traffic accident data are shown in Table 1-2 and Fig. 1.

The results of an analysis of the accident case data are

shown in Table 3.

Breakdown of Broadside Accidents

Table 1 shows the numbers and percentages of

broadside collisions for different types of intersection

and for daytime and nighttime driving. As the data

shows, 70% of the broadside accidents in this database

occurred during daytime at unsignalized intersections.

A closer look at the different unsignalized intersections

shows that the largest number of broadside accidents

occurred at intersections where the primary party (i.e.,

the driver of the striking vehicle) was required to stop

prior to entering the intersection, whereas the

secondary party (i.e., the driver of the struck vehicle)
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Table 1. Broadside collisions by type of intersection and day or night

PP: Primary party, SP: Secondary party (Limited to accidents involving injury)

was not required to stop. This category accounted for

31% of all the broadside accidents.

Based on these statistics, it was decided to focus the

analysis on this subset where the primary party was the

non-right-of-way vehicle and the secondary party was

the right-of-way vehicle. In addition, the primary

parties analyzed here were motor vehicles, which

accounted for the largest percentage of the total types of

vehicles involved in these accidents.

Pre-crash Driving Patterns of Primary and

Secondary Parties

The pre-crash driving patterns of the primary and

secondary parties are categorized in Table 2. This

analysis refers to the stop sign for PP, but not for SP

data. The most frequent driving pattern found for the

primary parties was starting-off (i.e., beginning to

move through an intersection from a stationary state),

which accounted for 37% of the total. That was

followed by a pattern of cruising straight ahead at

nearly a steady speed, which represented 22% of the

total. For secondary parties, steady-speed cruising was

the most frequent driving pattern at 85%, followed by

decelerating, which represented slightly less than 10%.

In the latter pattern, the secondary parties were

traveling straight ahead while braking their vehicles to

slow down.

Table 2. Pre-crash driving patterns of primary and

secondary parties

Types of primary parties: motor vehicles

Types of secondary parties: motor vehicles, motorcycles, 1st class

mopeds and bicycles

Approach Direction of Secondary Parties

Relative to Primary Parties

An investigation was made to determine whether

primary parties that were either starting off or traveling

straight ahead collided more frequently with secondary

parties coming from the right side or from the left side.

The results are shown in Fig. 1. Because people drive

on the left side of the road in Japan, as

non-right-of-way vehicles pass through an intersection

they first cross the right-of-way traffic stream coming

from the right side (for the U.S. and other countries that

drive on the right side of the road, right and left should

Day or night

Type of intersection Number Share Number Share Number Share

Intersection

With signals 29,182 11.88% 18,369 7.48% 47,551 19.35%

Without signals 142,239 57.89% 34,968 14.23% 177,207 72.12%

Stop sign for PP but not for SP 77,340 31.48% 21,312 8.67% 98,652 40.15%

No stop sign for PP or SP 50,842 20.69% 10,040 4.09% 60,882 24.78%

No stop sign for PP but one for SP 10,761 4.38% 2,351 0.96% 13,112 5.34%

Others 3,296 1.34% 1,265 0.51% 4,561 1.86%

Others 73 0.03% 33 0.01% 106 0.04%

Sub-total 171,494 69.79% 53,370 21.72% 224,864 91.51%

Others 20,852 8.49%

Total 245,716 100.00%

Day Night Total

Driving pattern Number Share Number Share

Starting off 24,548 37.4% 708 1.1%

Traveling straight

ahead Accelerating 3,975 6.1% 958 1.5%

Cruising 14,265 21.7% 55,886 85.1%
Decelerating 7,585 11.6% 6,266 9.5%

Turning right 8,541 13.0% 497 0.8%

Turning left 6,185 9.4% 159 0.2%

Others 571 0.9% 1,196 1.8%

Total 65,670 100.0% 65,670 100.0%

Secondary partyPrimary party
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be considered in reverse here). Accordingly, it was

presumed that primary parties would collide more

frequently with secondary parties approaching from the

right. However, the results in Fig. 1 indicate that

primary parties collided more frequently with

secondary parties coming from the left side in all four

driving patterns, including starting off and cruising. A

noticeable difference is seen especially for cruising

straight ahead at a steady speed.

 

 

 

 

 

 

 

 

Figure 1. Comparison of accident counts by

approach direction of secondary parties.

Collision Avoidance Action by Primary and

Secondary Parties

Among the accident case data compiled by ITARDA

for 1993 to 1996 in and around Tsukuba City, 71

broadside accidents between motor vehicles at

unsignalized intersections were analyzed to determine

whether primary and secondary parties took any

collision avoidance action and what type of action was

taken. The results are shown in Table 3. Primary parties

acted to avoid an collision in approximately 25% of the

cases, whereas secondary parties braked their vehicles

or took some other avoidance action in approximately

50% of the cases.

The non-right-of-way primary parties could have been

expected to take action to avoid a collision, but these

Table 3. Collision avoidance action by primary and

secondary parties

data are for accidents, so they by definition were not

avoided. In contrast, the right-of-way secondary parties,

many of whom were cruising at a steady speed as seen

in Table 2, attempted more collision avoidance action

just prior to the crash.

ESTIMATION OF BROADSIDE ACCIDENT

PROBABILITIES FOR EACH DRIVING

PATTERN

The probability of a broadside accident occurring under

each driving pattern was estimated in order to quantify

the risk potential of the non-right-of-way vehicle in

each pattern at an unsignalized intersection. Bayes'

theorem[4] was used as the statistical method for

making the estimates.

Method of Estimating Accident Probabilities

Using Bayes' Theorem

Bayes' theorem is a statistical method for estimating

incidence probabilities under a certain given condition

by integrating the prior probability before acquiring

data and the data subsequently acquired[4]. The

probability of a broadside accident occurring, P(A|D) ,

under each driving pattern was found with the

following equation(1) by applying Bayes' theorem.

P(A|D) = (1).

• P(A) : Probability of a broadside accident occurring

Types of primary and secondary parties : motor vehicles

0 1000 2000 3000 4000 5000 6000

Starting off

Accelerating

Cruising

Decelerating

Number of accidents

From the left From the right
Driving pattern of PP

P(D|A) P(A)

P(D|A) P(A)�P(D|-A) P(-A) 

Number Share Number Share

No avoidance 42 59.2% 29 40.8%

Avoidance Braking only 12 16.9% 30 42.3%

action Braking & steering 2 2.8% 4 5.6%

Steering only 3 4.2% 3 4.2%

Accelerating 1 1.4% 0 0.0%

Horn & steering 0 0.0% 1 1.4%

Sub-total 18 25.4% 38 53.5%
Unknown & others 11 15.5% 4 5.6%

Total 71 100.0% 71 100.0%

Primary party Secondary party
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per vehicle passage through an intersection (prior

probability)

At an intersection with a stop sign:

P(A) = 3.069*10-7

This value was found by dividing the total number

of broadside accidents that occurred at

stop-sign-controlled intersections in 2000 by the

total number of vehicle passages through such

intersections. The total number of vehicle

passages was calculated by multiplying the

number of passages in one year by the vehicle

population[1] in Japan, assuming that there were

ten vehicle passages on average per day.

• P(A|D) : Likelihood of each driving pattern by

primary parties in broadside accidents (accident

data)

This indicates the proportion of each driving

pattern by non-right-of-way primary party

vehicles in daytime broadside accidents at

intersections with a stop sign in 2000.

• P(D|-A) : Likelihood of driving pattern occurrence

(observation data)

Observation surveys were conducted at four

stop-sign-controlled intersections Kanagawa

Prefecture. The observation surveys were all

conducted at medium-size urban intersections

having limited visibility.

The likelihood of each driving pattern occurring

was estimated from the proportions of the driving

patterns actually observed for non-right-of-way

vehicles at the time they entered the intersection.

Results

 

The data used and the estimated accident probabilities

are shown in Table 4. Although the largest number of

accidents occurs as non-right-of-way vehicles start off,

this driving pattern has the lowest accident probability.

There are very few instances (approximately 0.8%)

where non-right-of-way vehicles are cruising at a

steady speed when they enter an intersection, but the

probability of an accident occurring under this driving

pattern is 50 times greater than for starting off.

Table 4. Calculated accident probabilities by

driving pattern

Factors were calculated letting starting off equal 1.

Based on the results of this analysis and the broadside

accident data, it is thought that it is particularly

important to address broadside accidents involving

non-right-of-way primary parties that are cruising at a

steady speed, a driving pattern that shows a large

number of accidents and a high accident probability

rate at unsignalized intersections. Accordingly, a

detailed examination was made of the principal reasons

why primary parties more often collide with secondary

parties coming from the left side, which is a distinctive

characteristic of broadside accidents that occur when

primary parties are cruising at a steady speed.

BROADSIDE ACCIDENT SCENARIO UNDER

STEADY-SPEED CRUISING BY PRIMARY

PARTIES

For a non-right-of-way vehicle to enter a stop

sign-controlled intersection at a steady cruising speed is

extremely dangerous driving behavior that entails a

very high probability of an accident. Various reasons

can be considered for why primary parties would enter

an intersection at a steady cruising speed, including

careless or inattentive driving or a mistaken assumption

that no right-of-way vehicle is coming. Moreover, it is

thought that secondary parties, having the right of way,

Accident Observation

Driving pattern P(D|A) P(D|-A) P(A|D) Factor

Starting off 0.374 0.747 1.535E-07 1
Traveling straight

ahead Accelerating 0.061 0.001 1.858E-05 121.0

Cruising 0.217 0.008 8.382E-06 54.6
Decelerating 0.116 0.115 3.089E-07 2.0

Turning right 0.130 0.054 7.430E-07 4.8

Turning left 0.094 0.074 3.882E-07 2.5

Others 0.009 0.001 2.668E-06

Total 1.000 1.000 3.069E-07

Accident probabilities



Hiramatsu 5

do not expect a non-right-of-way vehicle to enter an

intersection at a steady cruising speed. However, these

factors concerning broadside accidents in general do

not explain the reason why broadside accidents more

frequently involve secondary parties approaching from

the left side.

Hypotheses for the Higher Incidence of Accidents

with Left-side Secondary Parties

The following hypotheses were formulated concerning

the cause of the higher incidence of broadside accidents

with secondary parties coming from the left side.

(1) Lateral asymmetry of intersections: Primary

parties' visibility of secondary parties coming

from the left side is worse because of irregular

intersection geometries, presence of obstructions

or other factors.

(2) Influence of another vehicle: A secondary party

coming from the left is in a primary party's blind

spot because another vehicle passes through the

intersection at the same time.

(3) Influence of the corner triangle or road width:

The corner triangle or road width makes it more

difficult for primary parties to see secondary

parties coming from the left side.

(4) Propensity of primary parties to look in the other

direction: Primary parties tend to look to the right.

(5) Partiality of primary parties' attention: Primary

parties pay attention only to the right side.

(6) Partiality of secondary parties' awareness:

Secondary parties do not consider that primary

parties are coming from the right side.

While poor visibility at an intersection or the creation

of a momentary blind spot by another vehicle

(hypotheses (1) and (2) above) could give rise to a

broadside accident, it is thought that they have a low

possibility of being the principal reason for the higher

incidence of collisions with secondary parties coming

from the left side. Hypothesis (4) is also thought to

have a low possibility of being the main reason because

drivers do not necessarily look only to the right side.

Therefore, the possibility that hypotheses (3), (5) and

(6) might be the principal cause was investigated in

detail as explained below.

Study of Visibility Conditions Related to the

Road Width and Corner Triangle

To examine the validity of hypothesis (3), a study was

made to determine if there are cases where visibility

conditions related to the road width, corner triangle or

other factors make it more difficult for primary parties

to see secondary parties approaching from the left side.

Methodology

A right-angle intersection like that shown in Fig. 2 was

modeled in this study. A primary party and a secondary

party entering this intersection at a steady cruising

speed would collide. The positions at which each party

would be able to see the other vehicle were found.

Since the position at which the other party becomes

visible is determined by the speed of the two vehicles,

road width and corner triangle, the following

calculation conditions were defined for calculating the

distance from that position to the crash point.

Calculation conditions

The vehicle speed of the primary and secondary parties

was set at 20-40 km/h and 30-50 km/h, respectively.

These speed ranges were determined on the basis of

accident statistics and represent 80% of the driving

speeds reported to the police by primary and secondary

party drivers who were involved in broadside accidents

at stop sign-controlled intersections while traveling at a

steady cruising speed. (The reported driving speed

represents how fast drivers stated they were traveling at

the moment they became aware of the other vehicle and

before taking action to avoid an accident.)

The road width was set at not less than 5.5 m (the

typical width at a medium-size intersection) and the

corner triangle was set at not less than 0 m.

The overall vehicle width and length were set at 1.5 m
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and 4.5 m, respectively. The driver's eye point was set

at 0.35 m to the right side of the vehicle centerline and

at a distance of 2.2 m from the vehicle front-end.

Figure 2. Modeled intersection.

Results

One example of the calculated relationship between the

corner triangle and the distance at which the primary

and secondary parties can see each other is shown in

Fig. 3. The conditions used in the calculation were a

road width of 6.5 m, a primary party vehicle speed of

30 km/h and a secondary party vehicle speed of 40

km/h. The following tendencies can be observed under

all of the conditions in the figure.

• The distance at which the primary party can see the

secondary party is nearly the same for both the

right and left sides and does not depend on the

corner triangle.

• The distance at which the secondary party can see

the primary party is somewhat longer for a

secondary party approaching from the left side.

The results suggest that visibility conditions related to

the road width and corner triangle are, on the contrary,

favorable for primary parties and secondary parties

coming from the left side. Accordingly, this analysis

shows that hypothesis (2) has a low possibility of being

the principal cause of the higher incidence of broadside

collisions with secondary parties approaching from the

left side.

Figure 3. Distance at which PP and SP can see the

other party.

Study of Collision Avoidance Possibility under

Steady-speed Cruising by Primary and Secondary

Parties

To examine the validity of the remaining hypotheses

(5) and (6), the possibility of avoiding a broadside

accident when primary and secondary parties are

cruising at a steady speed was examined.

Methodology

It was assumed that primary and secondary parties

entered a right-angle intersection like that in Fig. 2 at a

steady cruising speed and that they executed

emergency braking at the moment they became aware

of the other vehicle. The possibility of avoiding a

cross-traffic collision in this case was examined. The

following conditions were used in the calculations.

• The speed ranges of the primary and secondary

party vehicles were the same as those in foregoing

paragraph.

• The primary and secondary party vehicles

decelerated by 0.5 G and 0.6 G, respectively, as a

result of evasive braking.

• The road width was 6.5 m and the corner triangle

was 2.5 m, representing the general conditions at

medium-size intersections.

• Collision avoidance was assumed to be possible

under a condition where the distance from the

Road width: 5.5 m�

Corner triangle: 0 m�

Primary party

Stop sign

Secondary party (Left)

Crash point (SP-L)

Crash point (SP-R)

Secondary party
(Right)

Road width: 5.5 m�

Corner triangle: 0 m�

Primary party

Stop sign

Secondary party (Left)

Crash point (SP-L)

Crash point (SP-R)

Secondary party
(Right)
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point of recognition of the other vehicle to the

crash point was longer than the stopping distance.

Results

The distances calculated from the point of recognition

to the crash point under the above-mentioned

conditions are shown in Fig. 4. In addition, Table 5

shows the respective collision avoidance possibilities

for the primary and secondary parties.

• Excluding the cases where primary and secondary

parties are traveling at identical speeds, the

secondary party can see the primary party from a

farther distance.

Figure 4. Distance at which PP and SP can see

the other party, measured from crash point.

Table 5. Collision avoidance possibilities under

steady-speed cruising by primary and secondary

parties

OK: Possible

- : Impossible

• Collision avoidance as a result of emergency

braking by the primary party is possible in about

50% of the cases.

• Collision avoidance as a result of emergency

braking by the secondary party is impossible,

except for some low-speed situations.

At the point where the other vehicle is seen, the

secondary party is usually farther away from the crash

point than the primary party. However, when the

primary party enters the intersection at a steady

cruising speed, the secondary party often does not have

sufficient time to execute emergency braking.

Accordingly, hypothesis (6) concerning second parties'

potential awareness has a low possibility of being the

principal cause of the higher incidence of cross-traffic

collisions between primary parties and secondary

parties coming from the left side.

Order in which Primary Parties See Right- and

Left-side Secondary Parties

A comparison was made to determine whether primary

parties see right-side or left-side secondary parties first

in the process of approaching an intersection, assuming

that both parties are on a collision course. Based on the

data in Fig. 4, the vertical axis in Fig. 5 has been

Figure 5. Distance at which PP and SP can see the

other party, measured from the intersection

entrance point.
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changed to indicate the distance to the intersection

entrance (not the crash point) from the point where

primary and secondary parties can see each other. It is

clear from Fig. 5 that primary parties always see

secondary parties on the right side at a farther distance

from the intersection than cross traffic on the left side.

This suggests that primary parties see secondary parties

coming from the right side at an earlier point in the

process of approaching an intersection. This is

attributed to the fact that people drive on the left side of

the road in Japan.

Based on the foregoing characteristics, a scenario like

that in Fig. 6 is considered concerning hypothesis (5)

about the partiality of primary parties' attention. In

short, it is thought that as primary parties approach an

intersection, if there are no vehicles coming from the

right side, they mistakenly assume that there is no cross

traffic approaching from the left side either;

consequently, they do not pay any attention to the left

side. This scenario is thought to have the highest

probability of being the principal reason for the higher

incidence of broadside accidents with secondary parties

coming from the left side.

CONCLUSION

The purpose of this research is to provide useful

information for considering measures to address

broadside accidents at unsignalized intersections. In

this scenario, broadside accidents are the fault of

primary parties, making it difficult for secondary

parties to avoid such collisions. Accordingly, it is

thought that measures for avoiding broadside accidents

need to be directed at non-right-of-way vehicles.

Measures for getting such vehicles to stop at

intersections should be considered first of all, in as

much as this driving pattern shows high accident

probabilities and also a high incidence of accidents.

Because people drive on the left side of the road in

Japan, it is thought that primary parties see

right-of-way vehicles approaching from the right side

at an earlier point in time. This difference in

Figure 6. Scenario for broadside collisions with

left-side secondary parties.

recognition timing between right- and left-side cross

traffic is thought to be a factor that induces more

accidents with secondary parties coming from the left

side. With regard to this factor, it is hoped that

measures can be applied to roads to eliminate this

difference in recognition timing between the right and

left sides. That could be accomplished, for example, by

giving non-right-of-way traffic a larger corner triangle

on the left side of intersections than on the right side.
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ABSTRACT 
 
Pedestrian protection technology has drawn 
considerable affection. Three sub-system tests have 
been proposed by EEVC/WG17 to evaluate car front 
aggressiveness: 1) legform to bumper test, 2) upper 
legform to bonnet leading edge test and 3) headform 
to bonnet top test. In addition, a pedestrian full-scale 
dummy has been developed to evaluate the 
kinematics of a pedestrian. However, the differences 
between the sub-system tests and the full-scale 
dummy test have not been clarified yet. 
The object of this study is to clarify the differences 
by comparing the results of sub-system tests and full 
scale dummy tests on the same impact condition in a 
compact car.  
A typical compact car was selected and several kinds 
of car front specifications were implemented. A 
series of tests with combination of two impact 
speeds, 25 and 40km/h and several car front 
specifications was conducted using three impactors 
proposed by EEVC/WG17 and a full-scale dummy.  
A POLAR dummy developed by Honda R&D Co., 
Ltd. and GESAC was used.  
The kinematics was compared by video analysis. 
The head accelerations, the accelerations and loads 
of femur, leg and others were compared by 
electronic measurements. It is clarified how the 
results of sub-system tests and full-scale dummy 
tests have been influenced by the difference of 
impact speed and car front specifications. And its 
reasons were discussed as well. 
 
INTRODUCTION 
 
Figure 1 shows the distribution of fatalities for 
different type of traffic accidents in Japan, 2000. 
(ITARDA 2000) Fatalities related to pedestrian 
accidents contribute to 28% of total traffic accident 
fatalities, second next to car occupants. Therefore, 
improved protection of pedestrians is desirable. 
Figure 2 shows the injury distribution of each body 
region for fatalities and injuries. (ITARDA 2001) 
The percentage of head and face injuries for 
fatalities is the highest and accounts for 60% of all 
regions. For serious injuries the percentage of leg 
injuries is the highest and accounts for 50% of all 

Car
43.6%

Motorcycle
17.4%

Bicycle
10.9%

Others
0.2%

Pedestrian
28.0%

Figure 1. Distribution of impact type for 
fatalities 
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regions. Figure 3 shows the distribution of impact 
parts that cause injury to head and leg. (ITARDA 
2001) The window, window frame and A-pillar 
contribute to 30% of total head injuries. The main 
cause of leg injuries is the bumper, which contributes 
to 40% of total leg injuries. Therefore it is important 
to consider the collision between head and window, 
window frame and A-pillar and the collision between 
leg and bumper for pedestrian protection. 
About 7000 pedestrians per year are killed by traffic 
accidents in the European Union. (Davies 1997) For 
this reason, the European Enhanced Vehicle-safety 
Committee (EEVC) has proposed test procedures to 
evaluate vehicle aggressiveness against pedestrians. 
The procedures were implemented by EURO-NCAP. 
Many vehicles on the market were evaluated 
according to these procedures and the results are 
publicized. The procedures focus on subsystem tests 
because of low cost and high repeatability compared 
to full-scale pedestrian dummy test. (Harris 1989)  
Figure 4 summarizes the set-up of the subsystem test 
procedures proposed by the European Enhanced 
Vehicle-safety Committee/WG17 (EEVC/WG17 
1998). Three different impactors representing head, 
upper leg and whole leg are impacted against the car 
bonnet, bonnet leading edge and bumper, and the 
accelerations, loads or others of the impactors are 
evaluated. 
In addition, full-scale test dummies and mathematical 
models have been developed to evaluate the 
kinematics of a pedestrian. (Akiyama et al. 2000, 
G.Coley 2001, M. Howard 2000) The relationship 
between subsystem tests and full-scale dummy tests 
is not clear and a lot of attention is paid to understand 
the differences. Japan Automobile Research Institute 
(JARI) conducted the comparison between 
subsystem tests and full-scale dummy tests using two 
different types of vehicles, a compact car and a sport 
utility vehicle. (Matsui 2002) However the 
evaluation of different impact speeds and pedestrian 

protection structures using the same car has not been 
studied.   
The first object of this study is to evaluate the impact 
test results between sub-system and full-scale 
dummy in a compact car. On a condition of two 
different impact speeds, four car front specifications 
are implemented as countermeasures for pedestrian 
protection. The second object is to clarify the effect 
and problems of the applied countermeasures.  
 
METHODS 
 
EEVC subsystem tests (head, upper leg and leg) were 
conducted at Mazda and full-scale dummy tests were 
conducted at JARI. Impact speeds are 25 and 40km/h. 
A production car was used and its main 
specifications are shown in table 1. Four types of 
specifications for pedestrian protection were applied. 
The center of the bumper was selected as the impact 
location for the leg impactor tests, the upper leg 
impactor tests and the full-scale dummy tests.  
 
Subsystem tests 
 

Legform-to-bumper test - Figure 5 shows 
the legform-to-bumper test. The vehicle cut-body 
was fixed to the ground. A legform impactor 
developed by the Transport Research Laboratory 
(TRL) (Lawrence et al. 2000) was used as test device. 
The tibia acceleration, knee shearing displacement 
and knee bending angle were measured by sensors 
commercially equipped into this impactor. The data 
were sampled at 10kHz and processed by means of 
an SAE 180 filter. The motion of the legform 
impactor was recorded by high-speed digital camera 
(1000 frames/second). 
 

Upper legform-to-bonnet leading edge test 
- Figure 6 shows the upper legform-to-bonnet leading 
edge test. The vehicle cut-body was fixed at the 
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Figure 4. EEVC subsystem tests 

Total length – total width 
– total height   (mm)
Minimum height  (mm)
Weight  (kg)

4670 - 1780 - 1430

135
1340

Total length – total width 
– total height   (mm)
Minimum height  (mm)
Weight  (kg)

4670 - 1780 - 1430

135
1340

Table 1. Vehicle specifications 

Figure 5. Legform impactor test   
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desired angle to the ground. The upper legform 
impactor developed by TRL (Lawrence et al. 1991 
and Hardy 1993) was used. Impactor loads, moments 
and acceleration were measured. The data were 
sampled at 10kHz and processed by means of an 
SAE 180 filter. Impact conditions, such as speed, 
impact angle and impact energy were determined 
from the look-up graphs defined by EEVC/WG17 
(1998) and are shown in Table 2. The motion of the 
upper legform impactor was recorded by high-speed 
digital camera (1000 frames/second). 
 

Headform-to-bonnet or window test - 
Figure 7 shows the headform-to-bonnet test. The 
headform impactor developed by TNO was used. 
(Philippens 1998) The acceleration of the center of 
gravity of the impactor was measured. The data were 
sampled at 10kHz and processed by means of an 
SAE 180 filter. The motion of the headform impactor 
was recorded by high-speed digital camera (1000 
frames/second). The impact locations of the head 
impactor on the bonnet and windshield were chosen 
to be similar to the impact locations of the dummy 
head in the full-scale dummy tests. The impact angle 
was 65 degree, as proposed by EEVC/WG17, and the 
impact speed was 11.1m/s (40km/h). 
 
Full-scale dummy tests 
 
Figure 8 shows the full-scale dummy test. The 
full-scale dummy developed by Honda R&D Co., 

Ltd. (Akiyama et al. 2000) was used. This dummy is 
called Polar II and is the most advanced and 
biofidelic pedestrian dummy currently available. The 
height of the dummy is 1775 mm and the weight is 
770 N. The knee ligaments are substituted by four 
cables connected with a system of springs and rubber 
tubes. The dummy was suspended from the roof in 
the walking posture as shown in figure 8, and 
released at 100 msec prior to the impact to ensure 
that its whole weight loads the lower extremities at 
the time when the vehicle cut-body hits the dummy. 
The dummy position was set where the left leg 
impacts with the center of the bumper initially at all 
test conditions. 
 

Measurement items – In addition to the 
standard instrumentation of the POLAR II dummy to 
measure the loads, moments and accelerations, two 
additional accelerometers were added to the left 
femur and left tibia. In order to compare the tibia 
acceleration of the legform impactor and the dummy, 
the additional accelerometer in the left tibia was 
added to the dummy at the location 61 mm below the 
knee joint center. (Though the accelerometer of the 
legform impactor is equipped at 66 mm below the 
knee joint center, the additional accelerometer of the 
dummy was equipped at 61 mm below due to the 
layout limitation.) Table 3 shows the measurement 
items. The data were sampled at 10kHz and 
processed by means of an SAE 180 filter.     
 

Dummy Motion analysis - The motion of the 
dummy was recorded by high-speed digital camera 
(500 frames/second). To determine the dummy head 
impact speed, knee shearing displacement, knee 

Figure 6. Upper legform impactor test 

Imact energy J 510
Impact speed m/s 9.5

Impactor mass kg 13.17
Impact angle degree 29.39

Table 2. Upper legform impact conditions  

Figure 7. Headform impactor test 

Figure 8. Full-scale dummy test 

Acceleration 

Load cell

Head, Chest, Pelvis
Femur*1, Upper knee
Lower knee *1, Tibia
Upper neck, Lower neck
Femur, Upper tibia
Lower tibia

*1:additional sensors

Acceleration 

Load cell

Head, Chest, Pelvis
Femur*1, Upper knee
Lower knee *1, Tibia
Upper neck, Lower neck
Femur, Upper tibia
Lower tibia

Acceleration 

Load cell

Head, Chest, Pelvis
Femur*1, Upper knee
Lower knee *1, Tibia
Upper neck, Lower neck
Femur, Upper tibia
Lower tibia

*1:additional sensors

Table 3. Measurement items 
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bending angle and the trajectories of some parts of 
the dummy, photographic targets were placed on the 
dummy head, torso, pelvis and lower extremities as 
shown in figure 9. Motion of the targets was traced 
and analyzed using Image Express workstation (NAC, 
1995). 
 

Head impact speed - The head impact speed 
was determined as the magnitude of the relative 
velocity between the target of the head and a car. It 
was assumed that the car cut-body did not move in 
the vertical direction because it was firmly fixed to 
the sled. 
 

Knee shearing displacement and knee 
bending angle – Figure 10 shows the method of the 
motion analysis. The intersection points of the lines 
connecting target 1,2 and target 4,5 were calculated 
at each time. The knee shearing displacement was 
determined as the horizontal displacement between 
the target 3 and the intersection point. The knee 
bending angle was determined as the angle of the two 
lines. Their values were set to zero at the start of 
dummy-car impact.  
 
Vehicle specifications 
 
A typical small car was used as the target car. Four 
types of specifications for pedestrian protection were 
applied as shown in table 4. To avoid the problem of 
the breakage of the window glass, steel panels were 
welded on the part of the window instead of glass. A 

50 mm urethane pad was put on the lower part of the 
window to avoid damage to the dummy head 
hardware when the window airbag is not equipped. 
For specification 1, an energy absorbing material was 
added between the bumper face and the bumper 
reinforcement to protect pedestrian legs. For 
specification 2, a window airbag was added to 
protect the head. The window airbag is installed 
under the bonnet and deploys toward the lower part 
of the window. The airbag covers only the center part 
of the window. The width is 650 mm, the length is 
300 mm and the thickness is 150 mm at full 
deployment. For specification 3, a bumper airbag 
was added to increase protection to the legs. The 
bumper airbag is installed on the bumper face and 
deploys to the front of the car. The width is 1200 mm 
and the diameter is 400 mm at full deployment.   
 
RESULTS 
 
Subsystem tests 
 

Legform-to-bumper test - Figure 11 shows 
the results of the standard specification, spec.1 and 
spec.3 for impact speed 40km/h. The maximum 
values of the tibia acceleration and the knee shearing 
displacement for spec.1 are about 30% smaller than 
the results for the standard specification. The knee 
bending angle for spec.1 is reduced as well. For 
spec.3, the maximum values of the above mentioned 
signals are reduced over 70% compared with the 
results of the standard specification. 
 

Upper legform-to-bonnet leading edge test 
- The specification of the bonnet leading edge is only 
the standard specification. Figure 12 shows the 
results. The total load is about 6.5kN and the 
maximum moment is about 500Nm. 

  
Headform-to-bonnet or window test - 

Figure 13 shows the results of two locations, the rear 
end of the bonnet and the lower part of the window. 
These locations coincide with the impact position of 
the dummy head at impact speed 25km/h and 40km/h 
in the full-scale dummy tests. All of the impact 
speeds are 40km/h. For the lower part of the window, 
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Figure 9. Target marks 
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Figure 10. Method of motion analysis 

Standard Spec.1 Spec.2 Spec.3
Bumper Window airbag

Bumper 
reinforcement

Bumper face

Energy absorbing 
material

mm
650mm

30
0m

m
15

0m
m

Window airbag
Shape after deployment

1200mm
400mm

Bumper airbag

Bumper airbag
Shape after deployment

Window made by steel
Without engine etc.

Window airbag

Window airbag is sama 
as spec.2

Standard Spec.1 Spec.2 Spec.3
Bumper Window airbag

Bumper 
reinforcement

Bumper face

Energy absorbing 
material

mm

Bumper 
reinforcement

Bumper face

Energy absorbing 
material

mm
650mm

30
0m

m
15

0m
m

650mm

30
0m

m
15

0m
m

Window airbag
Shape after deployment

1200mm
400mm

1200mm
400mm

Bumper airbag

Bumper airbag
Shape after deployment

Window made by steel
Without engine etc.

Window airbag

Window airbag is sama 
as spec.2

Table 4. Vehicle specifications 

60
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two tests with and without window airbag were 
conducted. Figure 14 shows the status of the impacts. 
The peak value of the head acceleration without 
window airbag for the lower part of the window is 
much higher than that for the rear end of the bonnet 
in spite of the urethane pad on the lower part of the 
window. By applying the window airbag the peak 
value of the head acceleration is reduced about 80% 
and the HIC value is reduced about 95%.     
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Figure 11. The comparison of standard, spec.1
and spec.3 for impact speed 40km/h 
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Figure 12. The results of the upper
legform-to-bonnet leading edge test 
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The rear end of the bonnet 

without airbag        with airbag  

Figure 14. The impact status of headform
impactor for impact speed 40km/h 
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Full-scale dummy tests 
 
A total of 5 tests at different impact speeds and 
vehicle specifications, as shown in table 5, were 
conducted in JARI. 
 

Influence of impact speed (comparison of 
test 1 and 2) - Comparing the results of test 1 and 2, 
the influence of the impact speed for the dummy 
responses are identified. Figure 15 shows the time 
histories of the accelerations of the head, chest, 
pelvis and tibia of the dummy. All peak values for 
impact speed 25km/h are reduced over 40% 

compared with those for 40km/h. It is also confirmed 
that the loads and moments of the dummy for 
25km/h also tend to be reduced.    
 

The effects of the countermeasures for leg 
protection - Comparing the results of test 2, 3, 4 and 
5, the influences of the bumper specification on the 
dummy responses are identified. The tibia 
acceleration, knee shearing displacement and knee 
bending angle of the dummy responses were 
compared to the results of the legform impactor tests. 

Test No. Test1 Test2 Test3 Test4 Test5

Impact speed 
km/h

２５ ４０ ← ← ←

Specification Stan
dard

← Spec.
１

Spec.
２

Spec.
３

Test No. Test1 Test2 Test3 Test4 Test5

Impact speed 
km/h

２５ ４０ ← ← ←

Specification Stan
dard

← Spec.
１

Spec.
２

Spec.
３

Test No.Test No. Test1Test1 Test2Test2 Test3Test3 Test4Test4 Test5Test5

Impact speed 
km/h

Impact speed 
km/h

２５２５ ４０４０ ←← ←← ←←

SpecificationSpecification Stan
dard
Stan
dard

←← Spec.
１

Spec.
１

Spec.
２

Spec.
２

Spec.
３

Spec.
３

Table 5. Full-scale dummy test conditions 
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Figure 15. The acceleration time histories for impact speed 25 and 40km/h 
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Figure 16. Knee bending angle for test 5 
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The knee bending angle for test 5 with bumper airbag 
was roughly determined at 55 and 90 msec as shown 
in figure 16, because the target marks of the leg were 
concealed by the bumper airbag. Figure 17 shows the 
results. The peak values of the tibia accelerations for 
test 3 and 4 (with energy absorbing material) and 5 
(with bumper airbag) are lower than for test 2 
(standard). This tendency is similar to the results of 
the legform impactor tests. On the other hand the 
peak values of the knee shearing displacement for 
test 3 and 4 are larger than for test 2. The knee shear 
results for test 5 could not be analyzed because the 
bumper airbag concealed the dummy legs. The peak 
values of the knee bending angle for all of the tests 
are almost identical. The effect of the 
countermeasures could not be identified for knee 
shearing displacement and knee bending angle of the 
full-scale dummy. The methods to calculate the knee 
shearing displacement and knee bending angle, based 
on the motion analysis, cause errors because of the 
motions of the dummy skin and the bending 
deformation of the dummy legs. Therefore, these 
errors should be considered in future.      
 

The effect of the countermeasure for the 
head (The comparison of the results of test 3, 4 
and 5) - For test 4, the window airbag is applied and  
for test 5, the window airbag and the bumper airbag 
are applied. Figure 18 shows the dummy head at 
impact with the window (test 3) or the window 
airbag (test 4 and 5). Comparing the result for test 3 
with those for test 4 and 5, the effect of the window 
airbag can be identified. Figure 19 shows the time 
histories of the head accelerations. Though the head 
accelerations for test 3 and 4 are almost the same 

until 110 msec, the peak acceleration at 130 msec for 
test 4 is much lower than for test 3. The peak time of 
the acceleration for test 5 is late because the start of 
the contact between the dummy leg and the bumper 
airbag which deployed forward the bumper is set to 0 
msec. The peak value is much lower than for test 3. 
However, since the peak values for test 4 and 5 are 
different, the effects of the window airbag also seem 
to be different.  
 
The Comparison of the results of the subsystem 
tests and the full-scale dummy tests 
 

Comparison concerning leg - Figure 20 
shows the comparison of the peak values of tibia 
acceleration, knee shearing displacement and knee 
bending angle between the legform impactor and the 
full-scale dummy for standard, spec.1(with energy 
absorbing material) and spec.3(with bumper airbag). 
The peak values of tibia accelerations for the legform 
impactor tests are similar to the full-scale dummy 
tests. And the trends of the differences between the 
specifications are similar as well. The values of the 
knee shearing displacement and knee bending angle 
for full-scale dummy tests are much larger than for 
legform impactor tests. For legform impactor tests, 
peak of spec.3 show a large decrease compared with 
spe.1 and 2. However, such a phenomenon is not 
found for the full-scale dummy tests.     
 

The comparison concerning upper leg – 
The same specification of the bonnet leading edge is 

test 3        test4        test5 
Figure 18. Pictures at the head impact timing 
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applied for test 3-5 of the full-scale dummy tests. But 
the stiffness of test 4 and 5 may be changed a little 
because of the setting of the window airbag. 
Therefore the results of test 3 were compared with 
the results of the upper legform impactor test. For the 
impactor test, the loads and moments proposed by 
EEVC/WG17 were used. In the dummy test the 
lateral load and moment from load cell located at 210 
mm above the center of the knee joint in the left 
femur and the accelerations from an accelerometer 
located at 165 mm above the center of the knee joint 
were used for comparison. Figure 21 shows the time 
histories. The peak acceleration of the dummy is 
close to that of the impactor. However, the shapes of 
the time histories of the loads and moments are 
considerably different.   

The comparison concerning head - Figure 
22 shows the time histories of the accelerations of the 
dummy head and the headform impactor for 40km/h. 
The impact location is on the lower part of the 
window. The results of the tests with and without 
window airbag are shown. In the dummy tests, the 
results of test 2 and 3 were used for the results 
without window airbag and the results of test 4 and 5 
were used for the results with window airbag. In the 
case without airbag the peak values of the 
accelerations for the dummy tests are lower than 
those for the impactor tests. On the other hand in the 
case with airbag the peak values for the dummy tests 
are higher.     
 
DISCUSSION 
 
The causes of the differences between subsystem 
tests and full-scale dummy tests 
 

The differences for leg - Figure 23 shows the 
motions of the impactor and the dummy leg for 
vehicle specification 1 (with energy absorbing 
material). From the left side in this figure, the each 
motion at the time of the peak of the tibia 
accelerations, the knee shearing displacement and the 
knee bending angle are shown. Since the time of the 
peak of the tibia acceleration occurs at a very early 
stage in the impact, the upper body of the dummy 
hardly moves with respect to the legs. Therefore, the 
inertia does not influence the peak value. And this 
explains the similar peak values of the tibia 
accelerations. The knee bending angle of the legform 
impactor decreases after 25 msec because both the 
femur and the tibia start to rebound. The knee 
bending angle of the dummy leg increases until 50 
msec. It is assumed that this phenomenon is caused 
by the inertia of the upper body of the dummy and 
the friction between the dummy feet and the ground. 
This phenomenon also might cause the difference 
concerning the knee shearing displacement. However, 
the reason could not be identified from the test 
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results, because the results of the knee shearing 
displacement are not reliable due to the limitation of 
the motion analysis. It seems to be difficult to 
evaluate the leg protection performance using the 
knee shearing displacement and bending angle of the 
dummy leg. Because the differences of these values 
in the full-scale dummy tests can not be observed 
clearly among the several vehicle specifications, and 
some errors and variations are included in the motion 
analysis.    
The lateral loads and bending moments by a load cell 
installed in the dummy tibia were evaluated as an 
alternative method. Figure 24 shows the results of 
test 2, 3, 4 and 5. The load and moment in the test 2 
are sharply decreased at about 40 msec. When the 
dummy was checked after test 2, it was confirmed 
that a cable representing the ligament inside the left 
knee was broken. Though the bumper specification 
of test 3 is the same as that of test 4, the loads and 
moments are different. The reason of this difference 
could not be identified because of the limitation of 
the number of the tests. The moment and load of test 
5 are similar as those of test 3. It is concluded from 
the results that the bumper airbag used in this test can 

not reduce the risk of the injury caused by knee 
bending and shearing. As mentioned above it seems 
to be possible to evaluate the leg injuries by the load 
and moment of the dummy tibia. 
 

The differences for upper leg - Figure 25 
shows the time histories of the loads, moments and 
accelerations of the dummy femur for test 4 and 5. 
The peak values for test 5 are much lower than for 
test 4. 
However the evaluation results of both of the tests 
using the legform impactor must be the same because 
the specification of the bonnet leading edge in the 
test 5 is the same as that in the test 4. Why were the 
peak values in the test 5 using the full-scale dummy 
reduced? Figure 26 shows a picture at 50 msec in the 
test 5. The bumper airbag is moved upward by the 
movement of the dummy and covers the bonnet 
leading edge. This phenomenon seems to have 
caused the reduction of the peak values in the test 5. 
The full-scale dummy test is necessary to evaluate 
such effects because the impactor test can not 
evaluate such phenomena.  
 

Figure 23. The comparison of dummy and impactor for the evaluation of leg 
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The differences for head - In the cases 
without airbag, the peak values of the accelerations 
of the dummy head are lower than those of the 
headform impactor. On the contrary, in the case with 
airbag, the peak values of the dummy head are higher.  
Figure 27 shows two pictures at the time when the 
dummy head began to impact against the window or 
the window airbag for test 3 and 4. In the case 
without airbag, there is no space between the dummy 
chest and the bonnet when the head begins to impact 
against the window. Therefore, the movement of the 
chest does not influence the movement of the head. 
This is the same condition as the headform impactor 
test. In the case with airbag, there is some space 
between the dummy chest and the bonnet when the 
head begins to impact against the window airbag. It 
is assumed that the window airbag absorbs a part of 
the kinetic energy of the chest in addition to the head. 
This phenomenon seems to be a reason that the peak 
head acceleration in the dummy test is larger than 
that in the impactor test. Figure 28 shows the time 
histories of the relative velocity between the head 
and the car for all of the dummy tests. The impact 
timings between the head and the window or the 
window airbag are shown as ● marks in the figure. 
The impact speed of test 4 and 5 with the window 
airbag is 12.8 m/s and 12.5 m/s, higher than the 
impact speed for the impactor test(11.1 m/s). This 
seems to be another reason.  The impact speed of 
test 2 and 3 without the window airbag is 9.8 m/s and 

11.1 m/s, the same or lower than the impact speed of 
the impactor test(11.1 m/s(40km/h)). This difference 
of impact speed seems to cause that the peak value of 
the dummy head acceleration is lower than that of the 
impactor acceleration in the test without window 
airbag. Therefore, the impact speed of the full-scale 
dummy head should be considered for the evaluation 
of countermeasures for head protection. For the 
evaluation of window airbags the full-scale dummy 
test is necessary because the upper body of the 
dummy influences the performance of the window 
airbag.  
 
The effects of the countermeasures for pedestrian 
protection 
 
In this research project, an energy absorbing material 
inside the bumper, a window airbag and a bumper 
airbag were applied as the countermeasures for 
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Figure 25. The loads, moments and accelerations of the femur for test 4 and 5 

Figure 26. Picture at 50 msec for test 5

Beginning of impact between head and window Beginning of impact between head and window airbagBeginning of impact between head and window Beginning of impact between head and window airbag

Figure 27. The pictures of the impact between 
the dummy head and the window or the 
window airbag 
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pedestrian protection. It was confirmed by the 
impactor tests and the full-scale dummy tests that 
these countermeasures are effective. However the 
magnitude of the effects is different for the impactor 
and full-scale dummy tests. The energy absorbing 
material inside the bumper is only effective for leg 
protection, the window airbag is effective for head 
protection and the bumper airbag is effective for leg 
and upper leg protection. Figure 29 shows the 
trajectories of the head, chest, pelvis, knee and foot 
for test 2, 3, 4 and 5. The trajectories for all tests 
except test 5 are almost identical. It was also 
confirmed, from the results of the other 
measurements, that the applied countermeasures did 
not give any bad influences to other body parts. For 
test 5 (with the bumper airbag), the pelvis moves 
more upwards and the horizontal displacement of the 
head is a bit longer than for the other tests. However, 
it is confirmed that the differences of the movements 
do not give any bad influences to the results of the 
other parts. On the contrary, it is confirmed that the 
load, moment and acceleration of the dummy femur 
are reduced by the upward movement of the pelvis. 
Therefore not only the impactor tests but also the 
full-scale dummy tests are necessary to design and 
evaluate the countermeasures like window airbag and 
bumper airbag. The window airbag and bumper 
airbag are very effective methods to improve the 
performance of pedestrian protection in the limited 
space to achieve the miniaturization of vehicle size 
and good visibility. However, it is necessary to detect 
or predict the collision between a vehicle and a 
pedestrian with high reliability in order to implement 
these countermeasures. Some researches concerning 
such sensing system have been reported. (P.N. 
Holding 2001)  
 
CONCLUSIONS 
 
EEVC subsystem tests (impactor tests) and full-scale 
dummy tests were conducted to evaluate four kinds 
of vehicle specifications for a compact car. The 
following conclusions were made by comparing the 

results of two types of tests. 
 
The differences between EEVC subsystem tests 
and full-scale dummy tests 
 

Leg -  The peak values of the tibia 
accelerations for the dummy tests are identical to the 
legform impactor tests for the every specification. It 
is assumed that the inertia of the upper body of the 
dummy does not influence the acceleration, since the 
peak occurs at an early stage in the impact. The 
knee shearing displacement and knee bending angle 
for the full-scale dummy tests are much larger than 
those for the impactor tests because of the inertia of 
the upper body of the dummy and the friction 
between the feet and the ground. These signals are 
not suitable to evaluate the risks of the leg injuries 
because they do not represent the differences of the 
vehicle specifications and have errors and large 
variations. It is possible to evaluate the risk of 
injuries caused by knee shearing and bending using 
the lateral load and moment measured by the load 
cell installed in the dummy tibia for the full-scale 
dummy test.  
     

Upper leg - The full-scale dummy test is 
necessary to evaluate the upper leg protection 
because the loads and moments of the dummy femur 
affected by the different movement of the dummy 
caused by the different specification of the bumper.  

 
Head - For the specification without the 

window airbag, the peak value of the acceleration of 
the dummy head is lower than that of the headform 
impactor because the impact speed of the dummy 
head is lower than the vehicle speed. 
For the specification with the window airbag the 
peak value of the acceleration of the dummy head is 
higher than that of the headform impactor because 
the impact speed of the dummy head is higher than 
the vehicle speed and the movement of the upper 
body of the dummy influences the performance of 
the airbag. 
 
The countermeasures for pedestrian protection 
 
In this research an energy absorbing material inside 
the bumper, a window airbag and a bumper airbag 
were applied as the countermeasures for pedestrian 
protection. It was confirmed by both of the impactor 
tests and the full-scale dummy tests that these 
countermeasures are effective though the magnitude 
of the effects are different between these tests. 
The energy absorbing material inside the bumper is 
effective for only leg protection, the window airbag 
is effective for head protection and the bumper airbag 
is effective for leg and upper leg protection.  
Not only the impactor tests, but also the full-scale 
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dummy tests are necessary to design and evaluate the 
countermeasures like window airbag and bumper 
airbag because their performance strongly influences 
the movement of the dummy. 
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ABSTRACT

Pedestrian safety is one of the most discussed topics
in vehicle safety right now. There are concerns re-
garding the realistic implementation of real world
accident issues into the EEVC WG17 component
testing procedure. The European car industry pre-
sented a modified component test in relation to the
self commitment.

The key advantages of the current test procedure are
easy handling and high reproducibility. They are
contrasted by a number of specific problems which
the current component test can not address. For ex-
ample it can not reproduce the effect of the shape of
the car’s front on the kinematics of a colliding pedes-
trian. The contact points of a pedestrian on a car’s
front are car-specific. Therefore no predetermined
test zones should be used. For the determination of
these car-specific test-zones numerical simulations
can be used.

The presented approach for a test procedure com-
bines numerical simulations and component tests into
a hybrid-test; it is able to solve most of the mentioned
disadvantages of a conventional component test
without complicating it unduly. The numerical simu-
lation allows to define the car-specific parameters of
the pedestrian-car-collision in terms of localization of
the contact, impact angle and velocity of the relevant
pedestrian body parts. These parameters are in a
second step used as input for the experimental com-
ponent test. This hybrid-test reproduces real world
pedestrian-car-collisions much better. It can be ap-
plied to all current and future car concepts (SUV,
minivans, cross over concepts etc.) very easily. This
method can also be used in the early stages of car
development, to improve the preconditions for pedes-
trian safety. This results in better cost effectiveness.

The key ideas of the hybrid-test will be presented in
the paper: Starting with a description of the pedes-
trian-car-collision a suitable numerical model has
been created. Multi body dummies are used to collide
with passenger cars under a multitude of conditions
(size of the pedestrian, relative location of car and
pedestrian, relative speed). The TNO-pedestrian
model has been chosen. The procedure has been
applied to two very distinct car models. As a result a
statistical pattern describing the impact of pedestrians
in a collision is generated for the two selected cars. It
is shown that the results are considerably at variance
to the testing conditions according to EEVC WG17.

TEST PROCEDURES FOR PEDESTRIAN
SAFETY

There are two different testing philosophies in vehi-
cle safety. Both of them have specific advantages and
disadvantages.

Full-scale tests

In full-scale tests the whole accident event is realisti-
cally reproduced. In the end just the human being is
replaced by an anthropomorphic test device. The
needed dummies are mechanically complex. Addi-
tionally an extensive measurement technique is nec-
essary. The layout of the experiment is very time
consuming.

In the field of pedestrian safety there are no espe-
cially developed dummies to use in full-scale tests.
That is the reason why conventional dummies are
used. According to this lack of proper test devices the
results of the experiments are not able to reproduce
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the pedestrian kinematics in real accidents fairly [1],
[2]. Furthermore the reproducibility of full-scale tests
of pedestrian-car-crashes is not guaranteed.

Possibly the use of the newly developed POLAR II-
Dummy can solve those problems and lead to a dif-
ferent perspective of the full-scale test in the field of
pedestrian safety.

Component tests

In contrast to full-scale tests component tests repro-
duce just a small part of the whole accident event.
Therefore a lot of knowledge about the accident event
is required in order to interpret the results in the right
way. In simple contexts a component test is an estab-
lished approach. But in kinematically complex con-
texts, for example, in the pedestrian accident event,
the component test may be inappropriate in certain
constellations.

One possible solution for these problems is the hy-
brid-test described in this paper. Its special character-
istic is that the numerical simulation delivers the
knowledge of the kinematic of a pedestrian-car-
accident. Thereby the geometry of the tested car can
be considered in detail. Based on these kinetic data
the component tests can be performed and the struc-
tural characteristics of the tested vehicle can be ana-
lyzed.

THE HYBRID-TEST

The key idea for the presented hybrid-test-procedure
is to link accident analysis, numerical simulation and
component test (See Figure 1).

Due to the fact that the kinematics of pedestrians
primarily depend on the vehicle front shape geometry
future car models can be tested with this method as
well. The kinematic data depends just secondarily on
design details [3], [4]. With this method it will be
possible to influence the pedestrian friendliness of a
car in a very early stage of the vehicle development
process.

Accident data

The analysis of real accident events allows the deter-
mination of impact constellations, impact velocities
and pedestrian risk groups. This information allows

to focus on accident events, which are statistically
relevant in real life. The necessary information can be
extracted from accident databases, like GIDAS1 or
GDV2 database, which cover German accident
events.

In order to present the methodology and feasibility of
our method, for this paper previously published sta-
tistical material in combination with our own statisti-
cal analysis of recent data is used. Our statistical
analysis is based on accident data from the GDV. A
more complete analysis of accident data will be pub-
lished later.

1 GIDAS – German In-Depth Accident Study, in co-
operation with BASt and FAT.
2 GDV – German Insurance Association, Institute for
Vehicle Safety, Munich.

The idea of the hybrid-test method

NUMERICAL
SIMULATION

EXPERIMENT
component test

• pedestrian model
• vehicle model
• simulation tool

• impactor
• vehicle
• test facility

INPUT PARAMETER

• impact location
• impact velocity
• impact angle
• etc.

ACCIDENT DATA

• impact velocity
• impact constellation
• pedestrian data
• etc.

Figure 1. Methodology of the hybrid-test.
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Simulation matrix

By means of numerical simulation a great number of
accident constellations was simulated for each of the
analyzed cars. The simulation was intended to cover
as many pedestrian accident constellations as possi-
ble. The used parameters were chosen to be as inde-
pendent as possible from each other.

Fixed parameters:

In order to reduce the number of parameters which
have to be included simulations were conducted
which show the influence on kinematics of certain
settings. The parameters which only minor influence
were chosen to be fixed for the purpose of our inves-
tigation. This does not imply, that they are negligible
for more detailed studies, e.g. considering the biome-
chanics of accidents. The following parameters were
selected as fixed parameters:

- Deceleration of the car:

The assumption is based on statistical analysis
conducted in cooperation with the GDV. In 55 %
of all analyzed cases the vehicle brakes before
the crash. In combination with dry road condi-
tions (60.2 %) and dry weather conditions
(76.5 %) 8 m/s2 are a realistic assumption for the
deceleration of the vehicle in the simulation.

- Vehicle pitch during deceleration (pitch
angle):

The vehicle pitch during braking is vehicle spe-
cific predefined. For the vehicle A 0.04 m were
used, for vehicle B 0.05 m (See Figure 9). This
definition corresponds to results of experiments
[5].

- Position of the pedestrian relative to the
car:

The most common impact location of pedestrians
at vehicles is the vehicle front. In 67.1 % (See
Figure 4) of the cases the front of the vehicle is
the initial impact zone for the pedestrian. This
constellation leads also to the most serious inju-
ries [6]. In 81.8 % (See Figure 5) of the cases pe-
destrians are crossing the road, so the car will hit
the side of the pedestrian at an angle of approxi-
mately 90° (see also [7], [8]). The simulation is
focussed on the impact of the right half of the
vehicle front against the left side of the pedes-
trian. That means the constellation represents a
pedestrian, who is crossing a road from the right
side to the left (See Figure 9). The obtained im-
pact locations can afterwards easily be mirrored
to the left half of the vehicle front by using the
vehicle symmetry.

Weather conditions
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Figure 2. Weather conditions in pedestrian acci-
dents determined from GDV data.

Figure 3. Road conditions in pedestrian acci-
dents determined from GDV data.
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Figure 4. Initial impact zones at the vehicle in
pedestrian accidents determined from GDV data.



Kuehn, 4

- Position of arms and legs of the pedestrian
model:

The simulations were conducted with a pedes-
trian in a walking position. Especially, the posi-
tion of the arms influence the kinematic of the
upper body of the pedestrian. In combination
with a different leg position it leads to more or
less rotation of the pedestrian around the vertical
axis. However in this simulation the position of
arms and legs is shown to have only a minor in-
fluence on the position of the head impact loca-
tion (See Figure 6).

Variable parameters of the simulation matrix:

The remaining parameters for the simulation are
shown in table 1. The parameters were also obtained
from accident analysis which based on GDV data. In
total the combination of all chosen parameters lead to
96 different possible impact constellations.

Input parame-
ter

Co-domain and step
size

Factor Additional
References

Vehicle impact
velocity

20-50 km/h
Step size: 10 km/h

4 [8], [6], [9]

Pedestrian size 4 Dummy sizes, ac-
cording to TNO-
Human-Models
(6yo-child, 5 % female
adult, 50 % male
adult, 95 % male
adult)

4

Walking velo-
city

0 km/h and 10 km/h 2 [10], [4]

Initial impact
location of the
pedestrian

3 positions along the
vehicle front, glancing
impact included,
0.0 m; 0.4 m; 0.60 m

3 [8], [11], [9]

Simulationen per vehicle: 4*4*2*3=96

Figure 7 shows the distribution of the vehicle impact
velocity for all pedestrian accidents of the data base.
Based on these data an initial impact

Pelvis

Head impact
location
40, 50 km/h
30 km/h

Femur

Tibia

Figure 6. Only minor influence of the position of
arms and legs to the head impact location.

Table 1.
Initial input parameters for the simulation and its co-
domains

Figure 5. Moving direction of the pedestrians
determined from GDV data.
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Figure 7. Vehicle impact velocity in pedestrian
accidents determined from GDV data.
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velocity between 20 km/h and 50 km/h was chosen.

The accident data show also that 89.6 % of all pedes-
trians are moving when get hit by a vehicle. Out of
them 56.1 % of the pedestrians are walking and
15.6 % are running (See Figure 8).

Numerical simulation

In our hybrid-test procedure, we intend to stay inde-
pendent of a special numerical method and of special
representations of car and pedestrian. In this way, the
method stays open for future refinements of analysis
tools. The function of the chosen simulation model
has to be guaranteed by an appropriate validation.
Validation criteria can be a kinematic comparison
with PMHS-tests, a comparison of calculated loads
with calculated loads of already validated simulation
environments or a comparison with analyzed acci-
dents concerning throwing distance and impact loca-

tion at the vehicle front.

In this paper the multi body system based simulation
software MADYMO was used to perform the analy-
sis. It is a qualified tool for the numerical analysis of
systems with few degrees of freedom. The human
being with his stiff bones and movable joints can in a
first approximation be represented by such a multi
body system. The local stiffness of the vehicle struc-
ture has only a secondary influence on the impact
kinematics of the pedestrian [3], [4]. That is the rea-
son for not using a finite element (FE) analysis for
this purpose.

Pedestrian model

The human models developed by TNO were used to
represent the pedestrian in the simulation model [12].
They have been developed especially for pedestrian
investigations and were validated extensively by
TNO using PMHS data. This model is used in many
other papers and is known to give good results. The
TNO model represents the best choice for these pur-
poses because of the lack of other comparable pedes-
trian models.

But there is still room for improvement concerning
the biofidelity of certain body regions of the TNO
human model. It seems that the lateral stiffness of the
shoulder is too high so that the kinematic behaviour
is different in comparison to reality. Furthermore the
child model results from scaling the adult model
without any adjustments.

With this model it is not possible - and not intended
in our study - to predict injuries.

Vehicle model

Both analyzed vehicles were numerically represented
as body models using rigid-FE-sets. So the models
include just geometry information without any stiff-
ness data. There is no deformation possible. In case

Figure 9. Influence of vehicle pitch (left side) and walking position of the pedestrian
model in front of the vehicle (right side).
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Figure 8. Movement type of the pedestrian de-
termined from GDV data.
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of contact interactions ellipsoid-node contacts were
used to reproduce the stiffness characteristics. The
knowledge of the global stiffness characteristics of
the vehicle front is sufficient for these purposes. For
defining the global stiffness of the vehicle front,
EURO-NCAP-component tests were used. From the
acceleration curves for the different vehicle front
areas the global stiffness data was determined.

The fronts of the vehicles were divided into the fol-
lowing segments with the correspondent stiffness
data according to test areas of EEVC WG17 (See
Figure 10):

Validation of the simulation model

For a first validation of the simulation model (vehicle
and pedestrian) the horizontal throwing distance is
used. The throwing distance is an accepted measure
in the field of accident reconstruction. In addition a
real accident was analyzed and simulated to deter-
mine the quality of the model.

The calculated results were compared to throwing
distances derived from carefully analyzed real acci-
dents [13]. In Figure 11 it is clearly shown that all
calculated values of the throwing distance are within
both curves. In order to determine the throwing dis-
tance all four human model sizes were used at vehicle
impact velocities of 30 km/h and 40 km/h. The 50 %
male human model was also tested at 20 km/h and 50
km/h. Obviously the dissipation of energy resulting
from injuries of the human model (e.g. fracture of
bones) and from inelastic contact between dummy
and vehicle is sufficiently correct.

Additionally, a real accident was analyzed and simu-
lated which has been documented in great detail. The
pedestrian model was scaled and the correspondent
vehicle model was numerically represented. The

results of the simulation correspond very well to the
observed accident data. This confirms the quality of
the simulation model. The results of the simulated
accident will be published in detail later.

Component test

The legislation is asking for feasible, reproducible
and significant test methods. The test tools should be
robust and the results of measurements should have
minimal tolerances. Within the work of EEVC work-
ing groups 10 and 17 a component test with simple
but robust test forms for lower leg, upper leg and
head was developed [14]. The headform and lower
legform seem to be able to test the mechanical behav-
iour of the hit vehicle parts properly. So these test-
forms according to EEVC WG17 are proposed to be
used also for the component test within the hybrid
test. The biomechanical limits are still under discus-
sion even for the EEVC WG17 procedure. Neverthe-
less, we are using these limits for our approach keep-
ing in mind that they probably have to be revised.

COMPARISON OF THE RESULTS WITH
EEVC WG17 REQUIREMENTS

In order to directly compare the results of the kine-
matic simulations with the EEVC WG17 conditions
only the results with an impact velocity of 40 km/h
were used. The other conducted simulations serve to
classify EEVC WG17 conditions or other test
methods and to get a broader picture of the primary
impact.

A-pillar

Windshield

Hood area

Front area

Figure 10. Segments of the vehicle front shown for
vehicle B.

Figure 11. Calculated throwing distances and com-
parison with values of accident reconstruction based
on [13].
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Lower leg

The impact velocity against the lower leg is not sig-
nificantly modified by car geometry. The impact
locations of the lower leg depend directly on the
posture of the pedestrian. So changes in terms of
lower leg impact conditions have to be derived from
results of accident analysis. Inclusion of subtle design
features of the vehicle front which modify the first
contact between pedestrian leg and bumper would
have to be analyzed by FEA. (See Figure 12)

Upper leg

The impact of the upper leg and the pelvis can kine-
matically not be described as exactly as the head or
the lower leg impact. The impact velocities can not
directly be converted into test conditions, because of
effects due to adjacent body parts. At the time of
highest loads in the femur the relative speed between
car and femur is almost zero. At this time the pedes-
trian is sliding up onto the hood and rolls around the
bonnet leading edge. Test conditions for a modified
test procedure can only insufficiently be derived for
the upper leg/pelvis using this simulation model. So
at this point no vehicle shape dependent test condi-
tion could be created. The question occurs whether
the upper legform test really represents real life. (See
Figure 12)

Head impact

Head impact location

The simulations show that EEVC WG17 in many
cases does not properly represent the wrap around
distance of pedestrians hitting the front of a vehicle.
This results in large differences between the calcu-
lated head impact location and the head impact areas
according to EEVC WG17 (fig. 13). Already a 50 %
human model can encounter head impact at WAD >
2.1 m at 40 km/h. The WAD is vehicle specific. For
vehicle B the WAD for adults (5 %, 50 %, 95 %) is in
the range of 1.57 m < WAD < 2.37 m. For vehicle A
the WAD for adults is in the range of 1.63 m < WAD
< 2.41 m.

The WAD for children differs even more between
both vehicles than those for adults. For vehicle A the
WAD is in the range of 1.27 m < WAD < 1.39 m. For
vehicle B the WAD is just in a range of
1.16 m < WAD < 1.29 m. These results can be ex-
plained by different vehicle front geometries. The
more curved front shape of vehicle A permits an
easier slide up onto the hood. That leads to larger
WAD values for vehicle A.

The impact location area for the child headform ac-
cording to EEVC WG17 meets the calculated results
for both analyzed vehicles.

In contrast to the child impact zone the impact zone
for the adults can clearly exceed a WAD of 2.1 m.
There is a high probability for head impact in the
windshield area for smaller vehicles. Even if a 5 %
female pedestrian is hit by a car at 40 km/h, the im-
pact location of the head can already be in the wind-
shield area. The upper windshield frame can also be
touched by a pedestrian’s head if it is located within
the WAD of 2.4 m. (See Figure 12)

Head impact angle

The head impact angle is described by a weighted
average ϕHead

3 of all calculated head impact angles
at a vehicle impact speed of 40 km/h.

3 The exact weighting procedure will be discussed in
a separate paper.

Figure 12. Human model in walking
position. The analyzed body regions
are marked with a dot.
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The head impact angle for the 6 year old child model
is little vehicle specific. In relation to the children
size different vehicle front shapes appear very simi-
lar.

The head impact angle for the adults differ more in
the range of analyzed vehicles. This can be explained
by the different body heights of the adults. The height
varies from 1.52 m for the 5 % female to 1.91 m for
the 95 % male. The length of the front hood is the
key factor for the head impact angle. If the pedes-
trian’s head hits a small vehicle the head impact an-
gle will be relatively small in comparison to vehicles
with longer front hoods or less inclined windshields.

Head impact velocity

The parameter (vk/v0)90% indicates the value which is
not exceeded in 90 % of the analyzed cases. If the
number of analyzed cases is sufficient, there will be
only 10 % of accident constellations which exceed
the parameter vk/v0.

The head impact velocities of vehicle A and B differ
only for the adults. The value for the children is vir-
tually the same for both vehicles. Differences in im-
pact kinematic appear only on taller pedestrians. The
head impact velocity is smaller for vehicle A.

In general the calculated values of head impact veloc-
ity are significantly smaller than the values according
to EEVC WG17. The range of impact velocities var-
ies from (vk/v0)90% = 0.77 for vehicle A up to
(vk/v0)90% = 0.88 for vehicle B. Both values are sig-
nificantly lower than the EEVC WG17 test condition
of (vk/v0)90% = 1.0 applied to all tested cars.

Vehicle A Vehicle B

H [m] WAD [m] fk = WAD/H WAD [m] fk = WAD/H

6 yo-model 1.16 1.27 .. 1.39 1.09 .. 1.20 1.16 .. 1.29 1.0 .. 1.11

5 %-model 1.52 1.63 .. 1.90 1.07 .. 1.25 1.57 .. 1.80 1.03 .. 1.18

50 %-model 1.74 1.94 .. 2.13 1.15 .. 1.22 1.95 .. 2.07 1.12 .. 1.19

95 %-model 1.91 2.19 .. 2.41 1.15 .. 1.26 2.20 .. 2.37 1.15 .. 1.24

Figure 13. Impact test zones according to EEVC WG17 (excluding the
windshield area) for vehicle A and vehicle B in comparison to calculated
head impact locations at a vehicle impact speed of 40 km/h.

Table 2.
Calculated kinematic factors (fk) and wrap around distances (WAD)
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Suggestions for an advanced testing procedure

The aim of the proposed modification of the testing
procedure according to EEVC WG17 is to create
realistic test conditions for all relevant forms of vehi-
cles. The testforms and the testing procedure should
be maintained. The measured answers of the head
and lower leg testforms are compared to the EEVC-
limits. The relevance of an upper leg test still has to
be evaluated in more detail. Our preliminary results
indicate, that it has to be changed considerably [15].
In this paper no verification of the limits was con-
ducted. In general there is still the need for clarifica-
tion since the limits for biomechanical loads are dif-
ferent from each other in various proposals for com-
ponent tests [16], [17].

The calculated values of (vk/v0)90% for the head im-
pact velocity are vehicle specific. So a head impact
test should be performed with this vehicle specific
value in order to properly represent reality. The
choice of a higher head impact test velocity does not
lead to a larger number of protected pedestrians.

At this point we are not proposing modifications of
the EEVC testforms although the need might arise.
The modifications of the testing procedure refer to an
adjustment of testing locations. The number of modi-
fications increases from alternative 1 to alternative 2
and finally to alternative 3.

The question occurs whether the upper legform test is
statistically relevant. This has to be resolved before
the test is to be implemented into a legal procedure.
At the moment, we do propose, not to include the
upper legform testing procedure.

Alternative 1

The first proposed alternative is very close to the
EEVC WG17 test method. Alternative 1 only consid-
ers that pedestrians are hit by the vehicle front.

This alternative deals only with adjustments of the
head impact requirements. The fixed test impact
zones (1.0 m, 1.5 m, 2.10 m) are maintained. The
windshield area and the A-pillars are not to be tested.
The values for the head impact angle and the head
impact velocity are to be defined by simulations sepa-
rately for child head and adult head. The initial vehi-
cle impact velocity for the simulation is 40 km/h
according to EEVC WG17.

Alternative 2

A vehicle speed of 40 km/h is defined. The head
impact conditions regarding impact angle, impact
velocity and impact location are calculated for adult
and child. Test points should also be placed on the
windshield, their exact position still has to be defined.
It is not useful to test the A-pillar or the upper and
lower windshield cross-members. They have to be
stiff for structural reasons and are obviously danger-
ous for impacting pedestrians. But the probability to
hit these areas is different for various car geometries,
so relative judgements are possible without a test.
This situation has to be reconsidered, if methods
become practical to “soften” the windshield pillars
and cross-members.

Alternative 3

Head impact conditions are defined separately for the
child, the 5 %, the 50 %, and the 95 % adult. The
vehicle impact speed and the impact orientation are
chosen according to accident analysis. About ten
representative impact points (excluding windshield
frame) will be selected. In order to weight these test
points the conditions are defined according to the
representation of percentiles in European population
and according to impact velocity distribution derived
from accident analysis.

At present a reasonable choice between the alterna-
tives is difficult. Practical tests will have to show how
a discriminative test alternative should look like.

ϕHead (vk/v0 )90%

Child head 43.3° 0.57Vehicle A
Adult head 40.3° 0.77
Child head 48.6° 0.57Vehicle B
Adult head 51.6° 0.88

Table 3.
Calculated values for head impact angle and
head impact velocity at 40 km/h
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NEXT STEPS

In the presented paper the basic methodology of the
hybrid test has been shown. Its advantages and disad-
vantages have been discussed and assessed. For two
vehicles the procedure was exemplary described. The
obtained results show the suitability of numerical
simulations to produce the necessary kinematic data
for a component test. The differences between the
calculated results and the test requirements according
to EEVC WG17 show the necessity to define vehicle
specific testing conditions. This seems to be the only
practical way to get closer to reality with a compo-
nent test.

The results of the simulation also show the need for
improved pedestrian models. Especially the shoulder,
which is to stiff in lateral impact, and the scaled child
model show room for improvement.

For the upper leg impact no satisfactory test condi-
tions could be defined. Additional analysis has to be
conducted in order to define a suitable test procedure.
The need for a test can not clearly be based by resent
accident analysis.

In a next step the calculated test conditions and the
developed test alternatives will be used to conduct a
component test applied to real vehicles. This work
will show the effect of the test alternatives to pedes-
trian friendliness.
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ABSTRACT 

Frontal crashes cause the majority of serious injury 
and fatalities on the roads. It is now accepted that one 
of the main goals in improving vehicle compatibility 
is to design vehicles to maximise structural 
interaction of vehicles with different geometry, mass 
and stiffness.  A compatibility test procedure must be 
able to assess the shear connections of the vehicle 
front structure as well as provide for correct energy 
management between dissimilar crash partners so as 
to guarantee passenger compartment integrity, which 
is particularly important in the smaller vehicle.  This 
paper details the research conducted by the 
Australian Department of Transport and Regional 
Services to examine the feasibility of a constant 
energy compatibility test using the Renault 
Progressive Deformable Barrier (PDB) [1]. This 
work has been provided to the IHRA Vehicle 
Compatibility Working Group to consider in its 
deliberations to develop a vehicle compatibility test. 

INTRODUCTION 

Vehicle compatibility is about minimising the injury 
outcomes for all occupants when vehicles of different 
mass, stiffness and geometry crash into each other. 

In general, the bigger the vehicle, the heavier and 
stiffer it is.  In the case of light trucks, vans and 
4WDs, they also tend to be higher off the ground. 
The design features of the striking vehicle that 
influence the injury outcome in the struck vehicle 
vary depending on the type of impact.  In frontal 
impacts, mass, stiffness and geometry of both 
vehicles have an effect.  For example, the crush 
structures of 4WDs tend to be high off the ground 
and will miss the lower crush structures of passenger 
cars.  This overloads the upper crush structure of the 
passenger car and causes intrusion at dashboard level 
exposing the head and thorax to injury. 

Current regulatory and consumer crash tests only 
ensure that the vehicle being tested is capable of 
absorbing its own kinetic energy – self-protection.  

These tests do not predict how vehicles of different 
mass, stiffness and geometry will interact when they 
crash into each other in the real world – vehicle 
compatibility. 

The Australian Department of Transport and 
Regional Services (DOTARS) has done considerable 
testing to support international research to develop a 
vehicle compatibility test procedure. A range of 
research projects have been conducted to improve the 
understanding of vehicle compatibility with results 
being shared through the International Harmonised 
Research Activities (IHRA) Compatibility Working 
Group.   

This paper details the compatibility research program 
being undertaken by DOTARS with assistance from 
Fuji Heavy Industries (Subaru), Ford Motor 
Company, Renault and the US National Highway 
Traffic Safety Administration. 

CURRENT FRONTAL CRASH REGULATIONS 

Frontal crashes cause the majority of serious injury 
and fatalities on the roads.  These frontal crashes 
consist of a mixture of those that involve most of the 
front structure (high deceleration) and those that only 
involve part of the front structure (high intrusion). 

Two Australian Design Rules (ADRs) have been 
introduced to improve occupant protection in these 2 
types of frontal crashes.  These were ADR 69/00 – 
Full Frontal Impact Occupant Protection introduced 
in July 1995 for high deceleration type crashes and 
ADR 73/00 – Offset Frontal Impact Occupant 
Protection introduced in January 2000 for high 
intrusion type crashes.  Major developed countries 
around the world have adopted at least one of the test 
procedures specified in these ADRs. 

Both these ADRs require testing the subject vehicle 
into a fixed barrier.  In the case of ADR 73/00, there 
is a piece of aluminium honeycomb in front of the 
rigid barrier block.  In addition, consumer crash 
testing (New Car Assessment Program – NCAP) is 
conducted in Australia and elsewhere utilising either 
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Figure 1.  New Vehicle Sales to July 2002. 

or both the test procedures defined in ADRs 69/00 
and 73/00 but using a higher test speed – at 56 km/h 
for ADR 69 and 64 km/h for ADR 73/00. 

In an ideal world, the full frontal rigid barrier test in 
ADR 69/00 would represent two identical vehicles 
each travelling at 50 km/h crashing into each other 
with full engagement of their front structures. 

In developing ADR 73/00, researchers used a 
baseline test of 2 identical vehicles crashing into each 
other with 50% overlap while both travelling at 50 
km/h.  The offset deformable barrier test was chosen 
at 40% overlap because the outermost 10% or so of a 
modern passenger car is not load-bearing, other than 
perhaps the wheel/tyre assembly.  The test speed was 
increased to 56 km/h to account for the energy 
absorption of the aluminium honeycomb although 
Australia believed it should have been 60 km/h to 
better match the intrusions seen in car to car tests.  
There is now a move internationally to increase the 
regulatory test speed to 60 km/h. 

The use of an aluminium honeycomb barrier for the 
offset frontal test was to reduce the high initial 
decelerations seen in the full overlap test into a rigid 
barrier which were used to initiate crush of the stiff 
front longitudinals.  Tests of good performing cars in 
full frontal rigid wall tests indicated that when they 
crashed into each other at reduced overlaps, there was 
seldom perfect interaction of the stiff crush zones.  In 
extreme cases, the longitudinals did not crush but 
transferred the crash energy to cause collapse of the 
vehicle’s own relatively weak passenger 
compartment. 

It was hoped that the Offset Deformable Barrier 
(ODB) test would drive manufacturers to design 
more homogeneous front structures, improved load 
spreading and stiffer passenger compartments to 
reduce intrusion. 

The impact speeds of both the ODB and full overlap 
rigid barrier tests are fixed irrespective of the 
vehicle’s mass.  Therefore, heavier vehicles have to 
dissipate more kinetic energy.  While both light and 
heavier vehicles appear to have become stiffer and 
heavier, it is unclear whether their relative stiffnesses 
have changed.  Moreover, it is unknown whether 
newer structural designs have been driven in a 
direction that improves their performance in real 
world crashes. 

The NCAP ODB test at 64 km/h sees most vehicles 
bottoming out the ODB thus allowing the front 
structures to contact the rigid block behind – there is 

evidence that some vehicle designs are using this 
resulting high deceleration to initiate crush of the 
front structure (the very thing the ODB test was 
designed to avoid).  

All these tests focus on “self-protection” – that is 
how the vehicle model being tested performs when it 
has to manage its own crash energy.  Unfortunately, 
identical vehicles seldom crash into each other in real 
life, therefore the challenge is to provide improved 
occupant protection to occupants of vehicles when 
colliding with vehicles that are of different size, 
geometry and mass – so called “Vehicle 
Compatibility”.  There are no regulations covering 
vehicle compatibility currently. 

AUSTRALIAN NEW VEHICLE SALES 
TRENDS 

The last 10 years in Australia has seen a polarisation 
of new passenger car sales where people are buying 
small (<1150 kg kerb mass) and large (>1300 kg kerb 
mass) cars with the medium car market shrinking 
significantly.  Figure 1 shows the new vehicle sales 
figures for Australia from January to July 2002. 

Large 4WDs (Toyota Landcruiser, Nissan Patrol, 
Mitsubishi Pajero etc) sales have been strong but 
relatively stagnant.  MPV and van sales also appear 
to be fairly stagnant.  However, sales of small 4WDs 
(Subaru Forester, Toyota RAV4, Honda CRV, 
LandRover Freelander, etc) have begun to increase 
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significantly, particularly in recent years.  While they 
are not as stiff as the large, body-on-frame 4WDs, 
their front structures are at similar heights and 
become incompatible with passenger car crash 
partners in both side and frontal impacts. 

Assuming the average fleet age of around 11 years, 
the above new vehicle sales trend paints a worrying 
picture of the Australian fleet composition for crash 
compatibility around 2010. 

COMPATIBILITY REQUIREMENTS 

Introduction 

The specifications for a compatibility test procedure 
are not yet defined.  However, the guiding principles 
being aimed for are: 

• Improve structural interaction of vehicles of 
different geometry. 

• Control stiffness by limiting force transfer 
• Set a minimum passenger compartment 

stiffness. 

Some manufacturers have already taken upon 
themselves to increase passenger compartment 
stiffness particularly in their small cars.  They are 
assuming that controlling the front stiffness of 
different sized vehicles and improving structural 
interaction may be difficult to achieve in the short 
term.  Therefore increasing the passenger 
compartment stiffness may lead to the best short-term 
solution in improving small car safety. 

There are 3 main compatibility issues that need to be 
addressed in developing a compatibility test: 

• Mass incompatibility 
• Stiffness incompatibility – both front crush 

structures and passenger compartment 
• Geometric incompatibility 

These 3 issues will be discussed under the topics of 
structural interaction and energy management. 

Structural Interaction 

One of the main goals in improving vehicle 
compatibility is to design vehicle front structures to 
maximise the interaction of vehicles with different 
architecture/geometry.  Only by guaranteeing good 
structural interaction can the crush structures of 
different opposing vehicles be used up efficiently. As 
more research is being carried out, it is becoming 

clear that whatever test is developed must introduce 
vertical and lateral shear into the vehicle front 
structure.   

The Renault Progressive Deformable Barrier (PDB) 
[1] has upper and lower load paths of different 
stiffnesses.  These load paths also become 
progressively stiffer (by chemically etching the 
honeycomb) as the PDB is crushed.  This appears to 
offer some form of test of the vertical connections 
between the upper and lower load paths of a vehicle. 

However, the lateral stiffness of each load path in the 
PDB is constant, therefore an offset test is proposed 
to induce lateral shear into the test vehicle. 

Energy Management 

After ensuring good structural interaction, the 
question of managing the different kinetic energies of 
vehicles of various masses when they collide in the 
real world must be considered. 

Renault suggests that it is the different stiffnesses of 
vehicle front structures that is the problem, saying 
that heavier vehicles have stiffer front ends because 
they have to absorb more energy in a self protection 
test. 

For compatibility the basic requirement is that lighter 
vehicles need to be capable of managing the kinetic 
energy of the heaviest crash partner that a 
compatibility test aims to provide protection against. 

COMPATIBILITY TEST PROPOSAL 

In addition to a compatibility test, a separate 
assessment of self protection needs to be retained to 
ensure that heavy vehicles are not made too soft and 
light vehicles are not made too stiff.  This will 
prevent the trade off of intrusion injuries for 
deceleration injuries and vice versa in vehicles of 
different sizes.  It is proposed that this be the full 
frontal rigid barrier test specified in ADR 69, and the 
offset deformable barrier test in ADR 73 but at 60 
km/h.  Therefore three tests are proposed: 

1. The first test deals with the issues of 
structural interaction and energy 
management by using the Renault PDB as 
the basis for a constant kinetic energy test 
method. The lighter the vehicle, the higher 
the test speed and vice versa. 

− Assume that a test into the PDB at 60 km/h at 
40% overlap is representative of a car to car 
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test at 100 km/h closing speed at 50% 
overlap. 

− Choose the average passenger car fleet mass 
appropriate for the region, say 1600 kg for 
Australia. 

− The above defines the baseline kinetic energy 
that vehicles of different masses need to 
dissipate and therefore defines the mass 
dependent test speed. 

− Define a corridor for the force imparted on 
the barrier by the vehicle during the crash test 
as measured by the load cell wall. 

− There may be another assessment method (eg 
homogeneity) using the deformed PDB’s 
profile. 

2. A full frontal rigid barrier self-protection 
test as specified in ADR 69 at 50 km/h. 

3. An offset deformable barrier self-protection 
test as specified in ADR 73 but at 60 km/h. 

All crash tests to be conducted with restrained Hybrid 
III dummies in the front outboard seating positions 
measuring current injury criteria in ADR 73. 

The rationale for this proposal is: 

• The energy equivalent test using instrumented 
dummies and specifying injury criteria should 
increase the passenger compartment stiffnesses 
of small vehicles and reduce their susceptibility 
to intrusion based injuries when colliding with 
larger, heavier vehicles. 

• Specifying a force corridor, measured by the 
load cells behind the PDB, should force vehicle 
designs towards having similar front-end 
stiffnesses – “softening” the front-ends of larger 
vehicles. 

• These factors should improve homogeneity and 
drive designs to have good vertical and lateral 
connections and improve structural interaction. 

• The two separate self protection tests are needed 
to ensure that heavy vehicles are not made too 
soft and light vehicles are not made too stiff.  
This will prevent the trade off of intrusion 
injuries for deceleration injuries and vice versa 
in vehicles of different sizes. 

TEST PROGRAM 

The test program was developed with the following 
objectives: 

• Evaluate use of the Renault PDB test method as 
a compatibility test. 

• Evaluate the use of the PDB in a constant 
energy compatibility test procedure as detailed 
above in comparison to car-to-car test outcomes. 

• Evaluate the use of a mobile PDB compatibility 
test procedure in comparison to a fixed PDB 
test. 

• Provide input to IHRA for development of 
Compatibility test procedures. 

The Progressive Deformable Barrier (PDB) (see 
Figure 2), designed by Renault [1] has been proposed 
for the assessment of vehicle aggressivity through 
assessment of the homogeneity or “flatness” of the 
crush profile of the PDB after a 60 km/h offset crash 
test.  The PDB contains upper and lower load paths, 
which have different stiffness profiles in order to 
induce vertical shear in a vehicle.  The element also 
has progressively increasing stiffness as it is 
deformed (achieved by chemical etching of the 
honeycomb).  Use of this element in offset 
configuration induces lateral shear in the vehicle.  
The PDB is significantly deeper than the Offset 
Deformable Barrier (ODB) element that is currently 
used in regulatory and consumer offset test 
procedures [2].  This is intended to prevent 
“bottoming out” of the element, where the vehicle 
structure imparts force upon the structure supporting 
the element, achieving forces that would not 
realistically be produced by a real collision partner.  

 
Figure 2.  Layout of the Progressive Deformable 
Barrier (PDB) 

The PDB was considered as a suitable means of 
evaluating the major criteria for a compatibility test 
proposal and was selected for both fixed and mobile 
barrier tests in this series.  The original PDB proposal 
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suggests a fixed element overlap of 750mm.  This 
provides an overlap of between 41% and 45% for the 
selected subject cars.  This is very close to the 40% 
measurement currently used in regulatory tests.  For 
this reason an overlap of 40% was used for the fixed 
barrier tests in this test series. 

A load cell array was used behind the PDB to 
measure longitudinal forces between the honeycomb 
and the supporting structure.  From this it was hoped 
to obtain a relative picture of the stiffness profile of 
each vehicle (while recognising that the behaviour of 
the element has some effect on the measurements) 
and the crush behaviour of the PDB. 

Phase 1 

The two vehicles selected for the first phase of this 
program were: 

Subaru Liberty RX – Passenger sedan (4 door), 4 
cylinder horizontally opposed longitudinal engine 
and all wheel drive.  Test mass was 1600kg (with 2 
Hybrid III dummies). 

Toyota Echo – 3 door hatchback (sold as “Yaris” in 
European markets), 4-cylinder inline transverse 
engine, offset to RHS, front wheel drive.  Test mass 
was 1060kg. 

These vehicles were both fairly new models and both 
had achieved a good (4 star) NCAP rating.  The 
Liberty is not a particularly ‘conventional’ car in 
terms of drivetrain layout, with a very wide engine, 
however it was considered that since any test 
proposal would be applicable to all possible vehicle 
designs it was appropriate to use the Liberty. 

A car-to-car test was conducted, followed by tests of 
both subject vehicles separately into mobile and fixed 
deformable barriers. All vehicles were right hand 
drive and impacted on the driver’s side. 

The Car-to-Car test was conducted as follows: 
 
• Both vehicles moving at 50 km/h 
• Overlap: 50% of width of narrower vehicle 
• Instrumented Hybrid III dummies in driver and 

front passenger seats 

The Car-to-MDB test was conducted as follows: 
 
• Car and trolley moving at 50 km/h 
• Overlap: 50% of width of vehicle 

• Instrumented Hybrid III dummies in driver and 
front passenger seats 

• PDB Element with load cell array fitted to 
trolley 

• Trolley mass: 1620kg 

The Car-to-fixed Barrier test was conducted as 
follows: 

• Car moving at 60 km/h 
• Overlap: 40% of width of vehicle 
• Instrumented dummies 
• PDB Element with load cell array, using typical 

ODB fixture 

Phase 1 Results 

Vehicle Deformations     In the car-to-car test, 
the Echo was significantly deformed with notable 
collapse of the upper A-pillar and driver’s side 
floorpan.  While there was also significant 
deformation of the Echo in the car-to-mobile PDB 
test, this mode of deformation was very different, 
with the engine having been pushed rearward and 
intruding into the occupant cell, deforming the 
instrument panel beam and causing substantial 
movement of the centre console.  On review of high-
speed films it was found that due to tracking 
problems the mobile element had engaged more than 
50% (about 54%) of the front of the Echo.  
Deformation to the Echo in the fixed PDB test was 
significantly less than previous tests, with little 
distortion of the right hand door aperture, A-pillar or 
floorpan. 

Deformations for the Subaru Liberty showed much 
greater similarity between the car-to-car and car-to-
fixed PDB tests.  Alignment of the mobile PDB was 
again greater than 50% (about 56%) and the 
deformation mode of the vehicle was dissimilar to 
both car-to-car and car-to-fixed PDB, with substantial 
upward bending of the upper longitudinal.  For this 
reason it is difficult to draw any further correlation 
between the MPDB test and other results in the 
series.   

Any further tests using a mobile PDB should be 
conducted with 40% overlap since the outboard 10% 
of vehicles do not contain significant structural 
elements. 

Dummy Results     The dummy injury results 
for the Liberty and Echo show the mobile PDB test 
as being significantly more severe than either car-to-
car or car-to-fixed barrier test.  The fixed PDB test at 
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60 km/h has no injury values that are marginal or in 
excess of Injury Assessment Reference Values 
(IARVs). Contrasting that was the Echo’s result in 
the car-to-car test against the Liberty where IARVs 
for head and chest were exceeded, with a marginal 
neck tension.  The dummy results are summarised in 
Appendix 1. 

Phase 2 

Following the test of the Toyota Echo into a fixed 
PDB at 60 km/h in Phase 1, which showed little 
correlation to the car-to-car result in either injury 
measures or vehicle deformation, it was decided to 
investigate the concept of a constant energy test.  It 
was decided to conduct each fixed PDB test at a 
speed that provided a test energy equivalent to the 
medium sized (1600 kg) Liberty at 60 km/h.  
Therefore the 1060 kg Echo was re-tested at an 
increased speed of 74 km/h.   

As a result of the extensive occupant compartment 
deformation observed in the Echo in the car-to-car 
test in Phase 1, it was decided to include another 
vehicle of similar size that was designed with a more 
homogeneous front structure, with greater connection 
between front structural members.  The new model 
Holden Barina (Opel Corsa in Europe) was chosen as 
it has extensive connection across the front of the 
vehicle and three load paths (subframe, lower 
longitudinal and upper longitudinal (shotgun)).  The 
Barina (1220 kg test mass) was tested at 69 km/h. 

The Ford Falcon AU II was included to examine the 
applicability of the PDB assessment method to a 
larger passenger vehicle, with longitudinal engine 
and rear wheel drive, which remains a very common 
configuration in the Australian vehicle fleet. The 
Ford Falcon, being slightly heavier than the Liberty, 
was therefore tested at a reduced speed of 57.7km/h.   

The details of the two vehicles added to Phase 2 of 
this program are: 

Holden Barina – 3 door hatchback, 4-cylinder inline 
transverse engine, offset to RHS and front wheel 
drive.  Test mass was 1220 kg (with 2 Hybrid III 
dummies). 

Ford Falcon AU II – 4 door sedan, 6-cylinder inline 
engine mounted north-south and rear wheel drive.  
Test mass was 1730 kg (with 2 Hybrid III dummies). 

The Barina and the Falcon were each subjected to a 
car-to-car test against the medium sized Liberty (both 
vehicles travelling at 50 km/h; 50% overlap of the 
narrower vehicle).  This was then supplemented with 
a car-to-fixed PDB test as described above. 

Phase 2 Results 

Vehicle Deformations     Deformation 
measurements of the Barina to Liberty test and 
Barina to fixed PDB test were very similar and there 
appeared to be a good match in the deformation 
modes of the two tests (Figure 3). 

In the Liberty to Falcon test, the Liberty overrode the 
Falcon’s longitudinal (see highlighted area in Figure 
4) and overwhelmed its upper load path causing the 
instrument panel and wheel/tyre assembly to intrude 
into the passenger compartment.  This effect was not 
seen in the Falcon to PDB test, where the 
longitudinal has been bent upwards and the upper 
longitudinal remaining essentially intact.  There was 
less passenger compartment intrusion in the PDB test 
than the car-to-car test. 

As shown in Figure 5, the 74 km/h PDB test of the 
Toyota Echo produced a gross vehicle deformation  

 
 

Figure 3 - Comparison of vehicle deformation - Barina v Liberty (left); v PDB (right). 
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that was much closer to that observed in the Echo v 
Liberty car-to-car test.  There were some differences, 
however, in the mode of deformation of the vehicle 
front structure (the car-to-car test exercised the 
Echo’s upper load path more). 

Dummy Results     The car-to-car test of the 
Barina against the Liberty resulted in higher head 
injury measures in the Barina than the 69 km/h PDB 
test.  This may be a result of differences in the airbag 
firing time which was observed from high-speed 
films. 

The Liberty to Falcon car-to-car test recorded some 
lower leg loads that were close to (but not exceeding) 
the IARV.  These were not duplicated in the PDB 
test, where lower leg loads were low, however, loads 
to the head and chest were somewhat increased, 
though still below the IARV. 

The injury results in the 74 km/h PDB test of the 
Toyota Echo were reasonably close to the car-to-car 
test against the Liberty, although there was an 
increased HIC in the 74 km/h PDB test, as well as a 
significant increase in femur forces and knee 
displacements. The dummy results are summarised in 
Appendix 1. 

Phase 3 

The constant energy PDB tests of the Barina (69 
km/h) and Echo (74 km/h) in Phase 2 indicated that 
the Barina would overwhelm the Echo in a car-to-car 
test.  Phase 3 consisted of a car-to-car test between 
the Toyota Echo and Holden Barina to investigate the 
ability of the constant energy PDB test to predict this. 

Phase 3 Results 

Vehicle Deformation     The Echo exhibited 
similar deformation to the Liberty car-to-car test and 
the 74 km/h PDB test, except to a lesser extent – A-
pillar, sill rupture, floorpan distortion, toepan 
intrusion. The Barina had a small amount of A-pillar 
deformation but the front door could be opened 
without the aid of tools. There was minimal toepan 
intrusion and sill distortion.  

Dummy Results     All dummy injury 
measurements for the Barina were significantly 
below the IARV limits.  The Echo driver was loaded 
in the head, neck and chest regions with IARVs 
exceeded for head acceleration and neck flexion, and 
marginal for chest acceleration and HIC. 

Figure 4.  Comparison of vehicle deformation - Falcon v Liberty (left); v PDB (right). 

Figure 5.  Comparison of vehicle deformation - Echo v Liberty (left); v PDB 60km/h (centre); v PDB 
74km/h (right). 
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Phase 4 

The program was then extended to include a large 
4WD, to further assess the applicability of this test 
procedure to vehicles of a wide range of size and 
mass. The increasing popularity of 4WDs in 
Australia also prompted evaluation of the PDB using 
one of these vehicles. The 4WD chosen was the Ford 
Explorer II Mk2.  This version was a revision to the 
original Explorer II which was modified to improve 
its performance in the 64 km/h NCAP offset frontal 
test. The following tests were conducted: 
• Ford Explorer vs Subaru Liberty 
• Ford Explorer vs fixed PDB 

The details of the Ford Explorer II Mk2 are: 

Body-on-frame 4-door, V6 longitudinal mounted 
constant all wheel drive. Test mass 2174 kg (with 2 
Hybrid III dummies).  Test speed into the PDB 51.6 
km/h. 

Phase 4 Results 

Vehicle Deformations     Pre-test static 
alignment of the vehicles indicated that the front 
longitudinals should have engaged.  In the test, the 
Liberty’s longitudinal started to crush to about 150-
200 mm from the front of the vehicle. It then appears 
that the Explorer’s longitudinal started over-riding at 
this point and peeled back the inner guard of the 
Liberty until the strut tower was engaged. The strut 
tower and upper shotgun were pushed backwards 
deforming the A-pillar, IP area and B-pillar roof rail 
joint. There was no noticeable deformation of the 
Explorer’s longitudinal although the frame rail 
kinked and bent downwards near the firewall area. 

In the PDB test, the PDB was fully crushed by the 
Explorer’s longitudinal without initiating crush of the 
longitudinal. Again the frame rail kinked and bent 
downwards but further rearwards, near the driver’s 
seat. 

Dummy Results     In the car-to-car test, injury 
risk measures were significantly higher in the Liberty 
than in the Explorer, though no IARVs were 
exceeded.  Chest acceleration was within 20% of the 
reference value and head acceleration was close to 
20% of the IARV.  All injury measures for the 
Liberty were well above those recorded in the PDB 
test.  Injury measures for the Explorer were also 
generally low in the PDB test, however the chest 
deflection was within 20% of the IARV. 

Load Cell Results 

The tests using a deformable element (both fixed and 
mobile) used a load cell array.  For the first five of 
these used load cells provided by NHTSA [3].  The 
load cells covered the entire rear face of the 
honeycomb element in a 7x6 array, with normal and 
shear forces being recorded.  The dimension of each 
load cell was 146.1mm x133.4mm.  The flanges of 
the honeycomb were bolted directly to corresponding 
load cell faces (top and bottom).   

The remaining barrier tests (Falcon and Explorer) 
used a different array, purchased by DOTARS.  The 
array contained 48 load cells, each of 125x125mm 
nominal size.  The cells were mounted in an 8x6 
array to cover the complete PDB element. 

For the passenger cars maximum loads on any load 
cell are in the order of 40-45kN.  By comparison 
similar load cells behind the thinner ODB element in 
a fairly typical NCAP test have recorded loads above 
130kN.  This suggests that the PDB is sufficiently 
deep and stiff that the vehicle structure does not load 
the mounting face directly.  However the body-on-
frame Explorer did ‘bottom-out’ the PDB element 
and recorded significantly higher loads 
(approximately 100kN peak force on an individual 
cell). 

Shear loads are transmitted from the element to the 
load cells through friction with the element backing 
plate and through the mounting bolts.  It was found 
that for load cells where there is no bolt, the transfer 
of shear was not reliable and that the shear 
measurements did not provide useful information. 

Use of the load cells also allows the calculation of an 
axial force/deflection curve for each vehicle/element 
system.  The honeycomb and its deflection 
characteristic form part of this system.  As deflection 
is calculated from acceleration of the vehicle it is 
difficult to differentiate between crush of the vehicle 
and crush of the honeycomb.  However the element is 
the same in each test, and therefore some comparison 
can be made between the behaviour of each vehicle. 
Figure 6 shows the Force v Deflection curves for all 
of the fixed barrier tests.   
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Figure 6.  Force deflection plots 

The area under the force / deflection curve is 
equivalent to work (or energy) – it can be seen in 
Figure 6 that the curve of the Echo test at 60 km/h 
(black) is of smaller area and that the remaining 
curves are of approximately equivalent area, as all 
but the 60 km/h Echo test were conducted with the 
same initial energy. 

One of the suggested factors for improved vehicle 
compatibility is that the front structure of a vehicle 
should “offer increasing stiffness as penetration 
increases” [1].  It is notable in the overall 
force/deflection plots above that for the Barina and 
Liberty, which produced reasonable structural 
interaction, there is no significant drop in force 
through the crash sequence.  By contrast the Echo 
shows a drop in force at approximately 250mm 
displacement (combined displacement of vehicle and 
element) and a further drop at approximately 750mm 
displacement which may be symptomatic of the less 
homogeneous front structure of the vehicle and/or 
insufficient passenger compartment stiffness. 

DISCUSSION 

Many observations in this program have related to 
deformation behaviour of the subject vehicle.  In a 
feasible test for vehicle compatibility it is not 
necessary that the barrier element exactly replicate 
deformations of a subject vehicle when compared to 
car-to-car tests as this would lead to excessive 
“tuning” of the element to one particular crash 
configuration.  However, it is important that the 
element presents a stiffness profile that is reasonably 
similar to other cars such that any changes to vehicle 
designs are applicable to real crashes. 

The original Renault proposal suggests using the 
PDB to assess the aggressivity of a vehicle by 

evaluating the homogeneity or “flatness” of the crush 
profile of the PDB after a vehicle runs into it at 60 
km/h and an overlap of 750mm (this presents a 
constant volume of the barrier to all impacting 
vehicles).  However, this means that the percentage 
overlap will vary with the overall width of the each 
vehicle. It also means that vehicles of differing 
masses will impact the PDB with different energies 
so that heavier vehicles will crush the PDB to a 
greater depth. The assessment method needs to take 
these issues into account. Another assessment 
criterion might be to measure the load behind the 
PDB during the test to: 

• Calculate the average height of force and using 
it as an indicator of the likelihood of overriding. 

• Use the force/time history to assess 
homogeneity. 

Use of an energy equivalent test speed appeared to 
improve the correlation between vehicle 
deformations of the fixed barrier and car-to-car tests.  
The PDB test appears to produce fairly similar 
vehicle deformations to the baseline car-to-car test in 
vehicles with a more homogeneous front structure, 
where there is greater connection between frontal 
structures. 

The Toyota Echo was chosen for Phase 1 because it 
had been shown to perform well in the ECE R94/01 
ODB test and the NCAP ODB test at the higher 
speed of 64 km/h.  However, the results of the car-to-
car tests in Phases 1 and 3 indicated that this 
performance was not necessarily repeated when the 
Echo crashed into other vehicles, even though one of 
the tests was into a vehicle in the same size class 
(Holden Barina).  Testing in Europe of the Echo into 
the Renault Clio II further supported this. 

It is possible that a car to car test of the Echo and 
Barina at a higher speed may have produced 
deformations of both vehicles that were a closer 
match to those seen in the constant energy fixed PDB 
tests.  

Average Height Of Force 

The US NHTSA has proposed a compatibility metric 
denoted as the Average Height of Force (AHOF) [4].  
This proposed metric is derived from load cell 
measurements during full frontal vehicle tests against 
a rigid barrier fitted with load cells. 

For vehicle to barrier tests conducted as part of the 
present study, this metric has been calculated from 
the data obtained from the load cells mounted behind 
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the PDB.  It should be borne in mind that the PDB 
has a stiffer lower zone and a softer upper zone, 
which preclude a direct comparison of AHOF 
measurements with those obtained on a rigid wall, 
because the upper zone can transmit less force than 
the lower zone and hence introduces a bias into the 
calculated AHOF result.  The stiff lower zone has a 
ground clearance of 150 mm and a height of 467 mm 
(i.e. 617 mm from the ground); the upper zone 
commences at 617 mm from the ground and is 233 
mm high.  The AHOF results calculated from the 
PDB tests are shown in Table 1. 

Table 1.  Average Height of Force 

Vehicle Test 
Speed 
[km/h] 

Test 
Mass 
[kg] 

AHOF 
[mm] 

Height of 
Centre of 
Pressure 
[mm] 

Echo 60 1060 430.2 467 

Barina 69 1220 421.6 512 

Liberty 60 1600 458.6 512 

Echo 74 1060 457.1 477 

Falcon 57.7 1730 435.4 491 

Explorer 51.6 2174 480.3 559 

The results show that the Ford Explorer has the 
highest AHOF (480mm) whilst the other vehicles 
have AHOF results ranging from 421mm to 458mm.  
This is not unexpected, since the Explorer has a 
body-on-frame design with a relatively high ground 
clearance of the frame, whereas the other vehicles are 
all unibody-structure passenger cars. 

Notably, the results for the Echo vary by almost 
20mm with an increase in test speed.  This may be 
due to the crushing of some structures and a 
consequent engagement of some higher structures in 
the 74 km/h test that did not occur in the 60 km/h test 
due to the lower energy.  This demonstrates that the 
AHOF parameter is sensitive to the test speed and 
casts some doubt on the ability to characterise vehicle 
structures with a single parameter and predict 
compatibility of vehicle structures across a wide 
range of real-world crash conditions. 

The NHTSA have proposed that the AHOF be 
limited to a maximum value.  This would promote 
the design of vehicle structures at heights below the 

threshold and may initially improve the marked 
disparity between LTVs and passenger cars.  
However, it will not necessarily improve the 
interaction of all vehicles that meet this requirement.  
For example, in Table 1, if the AHOF were to be 
limited to 460mm, the Explorer would require 
modification to provide load bearing structures with a 
reduced ground clearance, however, the other 
vehicles in this study would not require changes and 
the existing incompatibility between these vehicles 
would remain.  Hence, the AHOF only partially 
addresses compatibility, with the effectiveness 
dependent upon the structural height disparity in the 
fleet and the threshold value chosen. 

This AHOF calculation has been applied to a similar 
set of offset crash test data which used the 
conventional EEVC deformable element, without the 
stratification of stiffness present in the PDB.  Again 
the method appeared to be able to differentiate an 
SUV as having a higher AHOF than passenger cars 
that were tested, but this difference was quite small 
and it would be difficult to propose a limit based on 
this type of test. 

Table 1 also reports the height of centre of pressure 
as determined by Renault using the deformed volume 
of the PDB.  The Explorer has the highest centre of 
pressure, consistent with the AHOF metric, however, 
the other vehicles are ranked differently by the centre 
of pressure and AHOF metrics.  This may be due to 
the fact that the AHOF is weighted by the time-
dependent force function, whereas the centre of 
pressure is a function of the final deformation of the 
PDB. 

TRL Homogeneity Analysis 

The UK Transport Research Laboratory (TRL) has 
proposed a compatibility assessment based on a 
vehicle crash test into a full width rigid barrier, fitted 
with load cells and an aluminium honeycomb face 
[5].  The forces recorded on the load cells are 
smoothed and summed and then divided equally 
across an area denoted as a “standard footprint” to 
determine the desirable force (‘target load’) on each 
load cell within this footprint.  The smoothed peak 
values recorded on the load-cell wall are compared to 
the desired (target) value and a variance of these 
values is calculated.  This variance is calculated 
across all cells as well as for rows and columns to 
provide three homogeneity metrics for overall, row 
and columnar force distribution. 

This homogeneity analysis method has been applied 
to the load cell measurements recorded behind the 
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PDB in the DOTARS test series.  The vehicle 
footprint applied was necessarily different for the 
NHTSA and DOTARS load cell arrays.  The (pre-
smoothed) footprints were as follows: 

• NHTSA – 5x4 cells 296mm (above ground) to 
789mm x 756mm wide 

• DOTARS – 6x4 cells 225mm (above ground) to 
725mm x 750 wide 

The different load cell arrays used during this test 
series make it difficult to directly compare tests with 
different load cells, however they should be broadly 
comparable, bearing in mind that the target zone for 
the NHTSA array was approximately 60mm higher 
off the ground.  The results of the TRL homogeneity 
analysis are shown in Table 2.  A lower value 
indicates greater homogeneity. 

Table 2.  TRL Homogeneity Analysis. 

Homogeneity 

Vehicle Array Cell Row Column 

Echo 60 
km/h NHTSA 37.8 28.1 26.1 

Barina NHTSA 74.5 50.5 50.6 

Liberty NHTSA 57.7 44.0 45.2 

Echo 74 
km/h NHTSA 82.3 64.5 74.3 

Falcon DOTARS 28.4 20.7 24.8 

Explorer DOTARS 298 30.5 248 

The results of the TRL homogeneity analysis show 
that the Explorer is the most inhomogeneous of the 
tested vehicles in terms of overall and columnar 
behaviour.  However it was surprisingly 
homogeneous with respect to rows.  This suggests 
that the vertical stiffness variation across the front 
structure of the Explorer is much less than the 
horizontal variation. 

Notably the TRL analysis ranks the Echo at 60 km/h 
and 74 km/h quite differently.  This may be 
indicative of a sensitivity to test speed (impact 
energy) for a given vehicle.   

It is possible that this preliminary analysis is affected 
by load smearing or bridging of load cells.  The stiff 

lower and less-stiff upper load paths of the PDB may 
also influence the results. 

Deformation of PDB 

The Ford Explorer ‘bottomed out’ the PDB element, 
with consequent concentration of load-cell forces.  
While this may be contrary to the design intent of the 
PDB, this should be taken in context of the 
assessment methods outlined below which would 
identify this vehicle as not having the required 
characteristics for vehicle compatibility. 

Renault analysis     Renault has proposed a 
technique to assess the behaviour of the front 
structure of a vehicle by conducting a dynamic crash 
test into a PDB and examining the deformation 
profile of the PDB.  It should be noted that this 
analysis technique is still under development and is 
not yet a fully defined and firm proposal, but has 
been applied to this test series to investigate the 
validity of the current algorithm. 

The assessment technique involves digitising the 
deformed surface of the PDB and analysing this data 
with a numerical algorithm.  The deformation of the 
barrier in the direction of travel of the impacting 
vehicle is divided into 50 mm contour intervals (as 
shown in Appendix 2).  For each contour region, the 
area, average depth of deformation and the height of 
the centre of pressure above the ground are 
calculated.  These three measurements are used to 
characterise the vehicle front structure. 

The depth of deformation provides an indication of 
the force imparted by the vehicle structure onto the 
PDB.  This depth is compared against a reference 
depth of 300 mm. 

The height of the centre of pressure has some 
similarity to the AHOF metric as proposed by the 
NHTSA.  The values of the height of centre of 
pressure shown in Table 1 are single characteristic 
values for the total deformed volume.  The height of 
the centre of pressure can also be calculated for each 
contour region.  These heights are compared against a 
reference value of 420 mm (determined by EEVC 
WG 15 as the average ground clearance of the 
longitudinal structural members of European 
vehicles). 

The area of each contour region is considered 
significant as it quantifies the size of the region 
deformed within a particular contour value.  A large 
area of deep intrusion is considered to be worse than 
a small area of deep intrusion.  However, if a vehicle 
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is able to spread a given load over a larger area, this 
should result in reduced intrusion into the barrier and 
therefore a more favourable rating. 

The Renault algorithm combines the measurements 
of depth, height and area of each contour region to 
calculate a single characteristic value for each 
contour region.  These characteristic values for each 
contour region are then combined to provide an 
overall vehicle assessment. 

The results from the Renault algorithm are as shown 
in Table 3: 

Table 3.  Results from Renault Algorithm 

Vehicle Test 
Speed 
[km/h] 

Test Mass 
[kg] 

Vehicle 
Results 
(Renault 
algorithm)] 

Echo 60 1060 3.1 

Barina 69 1220 4.8 

Liberty 60 1600 7.4 

Echo 74 1060 3.4 

Falcon 57.7 1730 5.1 

Explorer 51.6 2174 10.4 

The similarity of results for the Echo at 60 km/h and 
74 km/h suggest that test speed has a minor influence 
on the calculated metric.  However, with the 
exception of the Subaru Liberty, increased mass 
seems to be correlated with an increased value of the 
metric, despite the fact that the tests were conducted 
with equivalent initial kinetic energy.  This apparent 
dependence of the results on test mass may be a 
reflection of the fact that the stiffness of the front 
structures of these vehicles has been indirectly 
controlled by existing regulatory and/or consumer 
crash testing.  Therefore the correlation with mass 
may be indicative of a correlation with stiffness 
which may explain the high result for the Liberty.   

Comparison of deformation contours with 
peak force contours     A number of organisations 
that have conducted tests using a load cell barrier 
face behind a deformable honeycomb element have 
suggested that it is not possible to measure an 
accurate force distribution [5].  The suggested likely 
causes of this are load concentration due to 

irregularity of the load cell face as well as ‘smearing’ 
resulting from the shear strength of the honeycomb.  
This has been demonstrated on load cell arrays in 
both full width and offset configuration using 
impactors of a simple known structure. 

Compatibility assessments have been proposed [1, 4], 
which utilise forces measured on the barrier and/or 
deformation of the deformable element as an input.  
Hence, an attempt has been made to qualitatively 
assess the correlation between forces measured on the 
load cells behind the PDB and deformation of the 
PDB in this test series. 

It is assumed that the maximum deformation of any 
point on the PDB is a result of the peak force at that 
point at any time during the crash test.  Therefore, a 
comparison was made of the deformation profile of 
the PDB and the peak force recorded at each load 
cell. 

Appendix 3 shows a series of contour plots for each 
of the PDB tests.  Each plot shows the peak load cell 
forces represented by a series of magnitude-
dependent coloured contour lines.  Superimposed on 
each contour plot is the corresponding PDB 
deformation, represented by a series of points with 
deformation magnitude denoted by colour. 

In general, regions of high force coincide with 
regions of high deformation, however, there are some 
anomalies.  For example, the contour plot for the 
Falcon shows areas of high deformation that do not 
have corresponding high forces measured on the load 
cells.  This may be due to the action of PDB 
deformation mechanisms other than crushing.  
Cutting, bending or lateral shearing of the 
honeycomb could result in deformation in the 
absence of a corresponding axial force measured on 
the load cells. 

This suggests that in some cases deformations may 
yield similar information to load cell measurements, 
however, deformations may contain extraneous data. 

The contour plot for the 60 km/h Echo shows an area 
of comparatively high force without corresponding 
high deformation.  Examination of the vehicle and 
barrier suggest that this is due to the wheel assembly, 
which may initially contact only a small area of the 
barrier, but would progressively spread load across a 
larger area.  The deformation of the PDB shows a 
broad shallow indentation consistent with this 
concept. 
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A consequent spreading of load measured on the load 
cells would be expected, however this is not evident 
in the peak values.  It would appear that the 
distributed load on the PDB has been recorded as a 
concentrated load on a single load cell.  One possible 
explanation for this would be if one load cell was 
slightly proud of its neighbours, such that the 
distributed load on the honeycomb is supported 
primarily on a single load cell. 

Comparison of Compatibility Assessment 
Methods 

Average Height of Force, Height of Centre of 
Pressure, TRL Homogeneity Analysis and the 
Renault analysis all identify the Explorer as having 
design characteristics that are undesirable for vehicle 
compatibility.  However, the various analyses are not 
in agreement with regard to the compatibility aspects 
of the other (passenger) vehicles tested.  Some 
techniques indicate that the Barina is ‘more 
compatible’ than the Echo and the relative rankings 
of the Falcon and Liberty also vary considerably. 

This may be a reflection of slight variation in the test 
results due to a change in load cell arrays, or may 
also be due to the inappropriate use of some analysis 
techniques with load cell data collected behind the 
PDB. 

Application of Proposed Test Methods 

The Australian research recommends a suite of 3 tests 
for improving compatibility without sacrificing self-
protection: 

1. A constant energy compatibility test using the 
PDB and setting injury criteria (222 kJ baseline 
energy) 

2. An ODB self-protection test at 60 km/h 

3. A full width self-protection test at 56 km/h 

It is expected that not all 3 tests may be needed for all 
vehicle classes.  

Further work needs to be done to develop an agreed 
method of using the deformation profile and load cell 
data to improve the structural interaction (geometric 
and stiffness matching) by: 

• Maximising homogeneity of the front end. 
• Limiting the force transferred to the impact 

partner. 

It is expected that compatibility countermeasures will 
differ depending upon vehicle class.  Therefore it is 
necessary to define small, medium and large vehicles 
in terms of mass breakpoints. The masses in square 
brackets are a first proposal for these and are test 
masses including two Hybrid III dummies, test 
equipment and fluids to current regulatory 
requirements. 

Small Vehicles [< 1300 kg]     The use of a 
constant energy PDB test with injury criteria appears 
to be able to improve the compatibility of smaller 
vehicles in terms of structural interaction, passenger 
compartment stiffness and restraint system design. 
The main priority here is probably to increase 
passenger compartment stiffness. A full width barrier 
test is still required to ensure the vehicle is not too 
stiff and is capable of protecting the occupants in a 
high deceleration crash. It is questionable whether an 
ODB test would add any value because the PDB test 
should have covered intrusion-based injuries due to 
comparatively high test speed of these vehicles into 
the PDB. 

Medium Vehicles [1300 – 1600 kg]     The use 
of a constant energy PDB test with injury criteria 
appears to be able to improve the compatibility of 
medium vehicles in terms of structural interaction 
and probably passenger compartment stiffness. There 
is a need to maximise homogeneity for efficient use 
of limited crush space as well as minimising the 
transfer force to the crash partner. The challenge for 
designers of this vehicle class appears to be 
improving the compatibility of medium sized 
vehicles with smaller ones without sacrificing the 
medium vehicle’s ability to cope with crashes against 
larger vehicles. Probably both an ODB and a full 
width barrier test are still required to ensure the 
vehicle and restraint system design has achieved a 
balance between protection against intrusion and 
deceleration-based injuries.   

Large Vehicles [> 1600 kg]     The use of a 
constant energy PDB test with injury criteria appears 
to be able to improve the compatibility of larger 
vehicles in terms of maximising structural interaction 
and reducing front end stiffness to accommodate 
smaller crash partners. There is a need to maximise 
homogeneity for efficient use of the foremost part of 
the crush structure to minimise the transfer force to 
the crash partner. The challenge for designers of this 
vehicle class appears to be improving the 
compatibility with small and medium-sized vehicles 
without sacrificing the large vehicle’s ability to cope 
with crashes against similar sized vehicles. Probably 
both an ODB and a full width barrier test are still 
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required to ensure the vehicle and restraint system 
design has achieved a balance between protection 
against intrusion and deceleration-based injuries after 
having been redesigned for improved compatibility.   

CONCLUSIONS/FURTHER WORK 

It is believed that the suite of 3 tests proposed in this 
paper has the potential to improve compatibility 
without sacrificing self-protection, viz: 

1. A constant energy compatibility test using the 
PDB and setting injury criteria (222 kJ baseline 
energy). The deformation/load cell data 
recorded would be used to provide a 
homogeneity rating and to limit the load transfer 
to the crash partner. 

2. An ODB self-protection test at 60 km/h. 

3. A full width self-protection test at 56 km/h. 

However, further research is required to: 

• Establish how a homogeneity rating will drive 
vehicle design to improve compatibility and 
how best to measure this. 

• Establish an agreed load transfer limit to the 
other impact partner which is achievable for 
vehicles of different classes. 

• Examine how the compatibility of dissimilar 
vehicles would be affected if they were 
designed to the suite of tests suggested. This 
could be done using finite element modelling in 
a series of parametric studies changing vehicle 
design characteristics. 
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APPENDIX 1.  DUMMY MEASUREMENTS 
 

 Subaru Liberty 
 v Echo v MPDB v Barina v PDB v Falcon v Explorer 
 B01019 B01020 B01022 B01026 B01039 B02036 
Driver       
HIC36  167.3 444.26 223.34 261.91 264.86 706.72 
HIC15  95.43 273.15 154.77 132.69 159.85 410.02 
Head Accel 3ms clip [g] 34.3 53.62 42.18 39.31 57.84 63.32 
Peak Neck Fx [kN] -0.58 0.72 -0.46 -0.63 -0.64 -0.89 
Peak Neck Fy [kN] -0.19 -0.32 -0.34 -0.35 -0.25 -0.53 
Peak Neck Fz [kN] 0.86 1.98 1.04 1.2 1.07 2.06 
Peak Neck Mx [Nm] -14.97 -24.12 -28.81 -29.06 -19.25 26.13 
Peak Neck My Extension* [Nm] -11.88 -24.12 -13.18 -17.5 -30.8 -24.18 
Peak Neck Mz [Nm] -13.72 -18.92 23.93 -25.67 -13.19 -10.88 
Chest Resultant Accel 3ms [g] 33.38 47.27 39.94 30.75 33.77 52.6 
Peak Chest Deflection [mm] -29.8 -33.8 -28.4 -31.1 -23.3 -35.9 
V*C [m/s]  0.15 0.24 0.17 0.14 0.1 0.39 
Peak Left Femur Force [kN]  -0.69 -4.67 -0.68 -0.36 -0.55 -6.08 
Peak Right Femur Force [kN]  -0.11 -1.73 -0.3 -0.37 -0.18 -1.34 
Peak Left Knee Slider Disp [mm]   -7  -0.14  -1.76 
Peak Right Knee Slider Disp [mm]   -2.23  -0.02  -6.29 
Peak Left Upper TI   0.32  0.19  0.37 
Peak Left Lower TI   0.58  0.33  0.4 
Peak Right Upper TI   0.47  0.34  0.54 
Peak Right Lower TI   0.58  0.2  0.55 
Peak Lap Belt Load [kN]   9.02  5.52   
Peak Sash Belt Load [kN]   4.94  5.15  9.35 
        
Passenger       
HIC36  106.52 357.11 141.98 178.05 178.12 257.02 
HIC15  60.58 189.34 94.94 93.73 102.41 148.79 
Head Accel 3ms clip [g] 28.34 44.97 35.11 33.84 34.49 41.39 
Chest Resultant Accel 3ms [g] 27.65 41.88 32.1 25.08 29.97 30.34 
Peak Chest Deflection [mm] -25 -29.4 -22.6 -28.8 -19.1 -26.4 
V*C [m/s]  0.13 0.16 0.1 0.11 0.06 0.1 
Peak Left Femur Force [kN]   -0.45  -0.26  -0.22 
Peak Right Femur Force [kN]   -1.52  -0.15  -1.06 

 
* includes values recorded during rebound 
 
Key 

<80% of IARV Within ± 20% IARV >120% of IARV 
 



Seyer, 16 

 
 Toyota Echo 

 
v 
Liberty 

v 
MPDB 

v PDB 
(60) 

v PDB 
(74) 

v 
Barina 

 B01019 B01021 B01023 B01029 B02007 
Driver      
HIC36  945.03 1621.31 513.49 1303.75 914.24 
HIC15  833.34 1615.75 320.38 1078.6 735.19 
Head Accel 3ms clip [g] 93.28 132.21 55.91 91.07 84.36 
Peak Neck Fx [kN] -0.72 -1.54 0.14 -0.72 -0.61 
Peak Neck Fy [kN] 0.47 0.44 0.07 0.6 0.53 
Peak Neck Fz [kN] 3.18 5.19 1.78 5.09 2.59 
Peak Neck Mx [Nm] -58.75 18.98 -23.14 -36.93 23.96 
Peak Neck My Extension* [Nm] -79.64 -108.16 -30.39 -65.86 -59.25 
Peak Neck Mz [Nm] 54.4 33.43 -12.31 44.21 15.71 
Chest Resultant Accel 3ms [g] 64.58 63.69  60.09 48.39 
Peak Chest Deflection [mm] -21.7 -39.8 -30.9 -33 -31.8 
V*C [m/s]  0.15 0.72 0.13 0.28 0.29 
Peak Left Femur Force [kN]  -1.98 -12.96 -1.25 -4.95 -0.78 
Peak Right Femur Force [kN]  -2.09 -9.82 -1.37 -6.31 -0.61 
Peak Left Knee Slider Disp [mm]  -4.82 -17.93 -2.01 -19.91 -2.38 
Peak Right Knee Slider Disp [mm]  -4.29 -22.64 -5.52 -8.19 -1.3 
Peak Left Upper TI  0.88 1.6 0.35 1.48 0.4 
Peak Left Lower TI  0.35 0.61 0.17 0.32 0.38 
Peak Right Upper TI  0.5 1.69 0.42 1.02 0.41 
Peak Right Lower TI  0.46 0.9 0.88 0.84 0.56 
Peak Lap Belt Load [kN]  9.33 10.07 6.82 9.82 10.49 
Peak Sash Belt Load [kN]  5.69 5.61 5.31 5.78 5.63 
       
Passenger      
HIC36  409.04 1133.77 257.19 553.67 323.8 
HIC15  195.91 815.1 134.9 276.35 180.08 
Head Accel 3ms clip [g] 45.96 97.55 37.64 53.76 45.77 
Chest Resultant Accel 3ms [g] 36.93 48.42 27.41 34.1 36.37 
Peak Chest Deflection [mm] -35.8 -41.3 -38.4 -39.1 -39.6 
V*C [m/s]  0.19 0.25 0.15 0.18 0.29 
Peak Left Femur Force [kN]  -1.08 -1.96 -0.74 -1.75 -1.41 
Peak Right Femur Force [kN]  -1.6 -2.88 -2.11 -2.59 -1.57 

 
* includes values recorded during rebound 
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 Holden Barina Ford Falcon AUII 
Ford Explorer II 
Mk2 

 v Liberty v PDB v Echo v Liberty v PDB v Liberty v PDB 
 B01022 B01024 B02007 B01039 B01061 B02036 B02037 
Driver        
HIC36  844.19 409.71 359.01 293.94 539.72 370.96 186.26 
HIC15  679.08 241.31 235.96 213.35 415.59 248.96 104.49 
Head Accel 3ms clip [g] 75.65 49.97 48.35 47.96 65.74 50.76 36.28 
Peak Neck Fx [kN] -0.57 -0.28 -0.28 -0.45 -0.51 -0.35 -0.48 
Peak Neck Fy [kN] 0.16 -0.98 -0.35 -0.29 -0.22 -0.42 -0.33 
Peak Neck Fz [kN] 2.95 2.05 1.98 1.52 1.85 1.35 1.1 
Peak Neck Mx [Nm] -59.09 -81.6 -33.5 30.21 30.62 39.9 -29.35 
Peak Neck My Extension* [Nm] -56.81 -36.31 -29.86 -21.52 -11.82 -14.9 -33.37 
Peak Neck Mz [Nm] 18.45 30.83 18.2 -17.88 -23.23 -14.05 -24.14 
Chest Resultant Accel 3ms [g] 62.41 47.71 44.95 36.88 37.67 34.21 32.35 
Peak Chest Deflection [mm] -30.4 -25.8 -28.3 -27 -40.1 -32.6 -42.2 
V*C [m/s]  0.18 0.15 0.22 0.17 0.31 0.23 0.34 
Peak Left Femur Force [kN]  -6.79 -3.62 -5.76 -4.34 -0.66 -2.2 -1.6 
Peak Right Femur Force [kN]  -2.87 -3.85 -1.57 -1.92 -0.54 -1.94 -1.72 
Peak Left Knee Slider Disp [mm]  -5.86 -6.01 -1.43 -7.11 -0.17 0 -0.39 
Peak Right Knee Slider Disp [mm]  -3.59 -4.63 -0.61 -1.91 -0.47 -0.02 -0.16 
Peak Left Upper TI  0.61 0.55 0.43 0.86 0.36 0.56 0.2 
Peak Left Lower TI  0.44 0.23 0.39 1.05 0.13 0.69 0.2 
Peak Right Upper TI  0.63 0.38 0.61 0.74 0.43 0.66 0.38 
Peak Right Lower TI  0.35 0.21 0.54 1.19 0.28 0.11 0.36 
Peak Lap Belt Load [kN]  7.39 6.63 7.55 14.16 16.52 5.6 5.52 
Peak Sash Belt Load [kN]  6.74 6 7.08 16.07 5.53 5.73 6.01 
         
Passenger        
HIC36  545.57 469.39 262.63 123.56 267.68 255.78 218.64 
HIC15  394.97 310.88 147.18 55.36 179.9 149.08 120.5 
Head Accel 3ms clip [g] 63.04 55.19 39.99 27.05 45.15 41.98 37.3 
Chest Resultant Accel 3ms [g] 40.73 39.47 46.54 22.85 23.89 26.95 27.36 
Peak Chest Deflection [mm] -30.4 -34.9 -33.2 -31.6 -34.3 0 -31 
V*C [m/s]  0.2 0.17 0.25 0.15 0.54 0.1 0.11 
Peak Left Femur Force [kN]  -1.4 -0.27 -0.19 -0.16 -0.14 -0.14 -0.19 
Peak Right Femur Force [kN]  -2.53 -2.24 -2.89 -1.79 -0.08 -0.26 -0.09 

 
* includes values recorded during rebound 
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APPENDIX 2.   PDB DEFORMATION PROFILES 

B01023 – Echo 60 km/h B01024 – Barina 69 km/h 

B01026 – Liberty 60 km/h B01029 – Echo 74 km/h 

B01061 – Falcon 57.7 km/h B02037 – Explorer 51.6 km/h 
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APPENDIX 3.   COMPARISON OF DEFORMATION CONTOURS WITH PEAK FORCE CONTOURS  
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ABSTRACT

Today’s approval of Child Restraint Systems
(CRS) according to ECE Regulation 44-03
does not take into account the latest state-of-
the-art knowledge concerning child vehicle
occupant safety. For instance, while the
present fleet of passenger cars has an average
deceleration pulse of 35g in a frontal impact,
the peak deceleration achieved in the dynamic
sled test for a CRS approval is considerably
less severe at approximately 20g. New
product innovations like ISOFix have taken
too much time to get an industry-wide
agreement and new assessment methods and
tools such as the ‘side impact procedure with
Q-dummies’ are after 8 years of research still
not implemented.

The protection offered to child occupants in a
passenger car accident could greatly benefit
from a better co-operation between child
restraint and car manufacturers and quicker
implementation of new knowledge.
Recognising this potential, the European
consumer and government organisations wish
for car manufacturers to be more responsible
for the safely transport of children. These
organisations are developing alternative test
procedures that may overrule ECE R.44 in
practise.

This overview paper presents the European
trends on child safety today and aims to give
more background to the forces that are into
play. In particular, it will focus on the
following aspects with regard to the child
vehicle occupant safety:

• Influence of consumer (EuroNCAP) and
government (EEVC) organisations;

• New research projects (CHILD),
assessment methods and proposed rating
techniques (NCAPS);

• CRS safety regulations and standards
(harmonisation).

Reviewing the facts about child safety today, it
is no longer justifiable to approve an
interchangeable CRS, based on a single pulse
sled test, as an universal safety product for all
type of passenger cars, because the loading of
child restraint systems is completely different
in a passenger car test (Euro NCAP) than in a
standard sled test (ECE Regulation 44).

INTRODUCTION

The last decades the protection of child car
occupants in crashes has improved slowly.
New test methods, including crash child
dummies and injury criteria, have been
proposed for frontal and side collisions only,
however till today these proposals have never
reached a legal status. Especially the ISO
Working Group I and the EC project CREST
contributed substantially to a better protection
of children in cars. Today the following
working groups are continuously improving
the knowledge, methods and tools in these
areas:
• GRSP/ECE R.44.03 [1]
• EEVC WG 18 [2]
• ISO/TC 22/SC 12/WG 1 Child Restraints

(ISOFix/LATCH, Side Impact Studies) [2]
• CREST & CHILD (Accident

reconstruction's, development of child
dummies/Q-series) [3]

• Consumer testing (NPACS, EuroNCAP)
[4]

However, it seems that the protection of
children in cars is a decade or more behind
compared to adults. Test methods for the
evaluation of Child Restraint Systems (CRS)
and child dummies were developed in the mid
seventies. There is a lack of knowledge with
respect to child injury biomechanics. The
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existing CRS Regulation 44 is based on sled
tests where the horizontal head displacement is
a criterion, rather than for instance HIC and
neck loads.

European accident investigations and
experiences [1] show that in Europe 2 children
are killed each day in a passenger car accident.
In 1998, the total number of child car
passengers killed in 19 European countries
was 722. France was represented nearly 30%
of the total, followed by Germany (18%) and
Spain (13%). Also in some countries more
than 50% of children are not correctly
restrained. Unfortunately, these figures did not
change over the last five years (1998-2003).

The work involved in the development of this
paper is essentially archival research and
information retrieval. As such it can be used
by governments and industry for strategy
decisions in the near future.

Regulation and Directives

In Europe, standards for restraining systems
for children are controlled principally by ECE
Regulation 44 [1]. This regulation has been
subject to important amendments and
Regulation 44.03 brings improvements and
innovations in a number of areas and is
therefore the latest standard.

ECE Regulation 44.03 applies to child
restraint systems which are suitable for
installation in power-driven vehicles having
three or more wheels, and which are not
intended for use with folding (tip-up) or with
side-facing seats.

This ECE Regulation 44.03 describes the
requirements for child restraint devices and
how to perform the various tests to verify
correct function and performance. A child
restraint device must be approved according to
ECE Regulation 44.03 in order to be allowed
to be used in automobiles in Europe.

Directive 2000/3/EEC [1] mandates
Regulation 44.03 standards, but only for
‘integrated’ child restraints, i.e. where the
child restraint is built into and converts from
the car’s seat. This Proposed Directive would
require the use of child restraints approved to

at least the standard of ECE Regulation 44.03
(or its equivalent).

Rearward facing child restraints are by far the
safest form of restraint for younger children
and they are most appropriately affixed to the
front passenger seat where the driver can
safely keep the child in vision. However, the
child is vulnerable to serious injury if the front
seat, passenger air bag inflates. Directive
2000/3/EEC requires that new cars be fitted
with a label warning drivers of this risk.
Similarly, rearward facing child restraints
carry a warning but in both cases these may be
ignored or not noticed by those that fix the
child restraint to the front passenger seat. This
proposal would prohibit the use of a rearward
facing child restraint on a front passenger seat
unless the relevant air bag has been de-
activated (either disconnected or switched off).

Directive 91/671/EEC [1] requires the
compulsory use of restraint systems by adults
and children in all seating positions of cars and
light vans where restraints are fitted. Children
under 12 years of age and less than 150 cm tall
must be restrained by an approved system that
is suitable for the child's height and weight.

In national legislation, however, EEC Member
States may allow children of 3 years and older
to be restrained by a system that is approved
for adult use. Also, Member States may
exempt children younger than 3 years of age
from wearing special restraint systems in rear
seats if such systems are not available in the
car.

Safety Rating Programs

Child protection has been part of the
EuroNCAP [4] assessment from the start.
Two child dummies are placed in child
restraints in the rear seat. The dummies
represents a 1.5 and a 3 year old child. For
these age groups the child restraint plays an
important role. From its inception
EuroNCAP’s underlying principle with regard
to child safety has been to place the
responsibility for child safety with the vehicle
manufacturer. A modern car has properties
that makes child safety an important and
challenging part of the vehicle safety.
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The objective of the NPACS [4] project is to
provide the consumer with information about
the relative dynamic performances and
usability of universally approved child
restraints in front, rear and side impacts, with
the goal of improving the safety afforded to
children in vehicles. The intention is to
develop a test programme that generates
independent consumer information. The
assessment programme will begin by the
purchase of child restraint systems across the
current available range, which will be
subjected to a number of tests. The restraints
will be assessed against given criteria in order
to award them a star rating and the results will
be published in the consumer domain. Then
child restraint manufacturers can be invited to
have their seats assessed and promoted
periodically, and the consumer information
can be updated accordingly.

Safety Research Programs

The objectives of the European ‘CHild Injury
Led Design’ (CHILD) research project [3] are
the determination of child injury tolerance and
a proposal for a validated procedure for Child
Restraint Evaluation. It is based on the study
of around 300 road accidents involving
restrained children, improvement of dummies,
performing 35 full scale tests and 50 additional
parametric tests , improvement of numerical
child dummy models and development of new
ones, modelling of human body segment and
virtual accident development using hybrid
models. These results will consolidate the ones
of the ‘Child Restraint System Standard’
(CREST) program (1996-2000) where some
injury risk curves have been determined for
frontal impacts and will permit the
construction of such curves for side impacts.
This will lead to validated procedures both for
frontal and side impacts with improved
dummies and injury criteria corresponding to
the body segments on which children are
injured according to their age and the type of
restraint systems used.

Seven European countries are involved in the
CHILD project. All partners have a substantial
interest in child protection and a long
experience in the field of passive safety.
Moreover, the partners have complementary
profiles: car and child restraint manufacturers,
research organisations and universities.

An important reason for extending this project
at the European level is that child safety
legislation is established at the EU level
(Communication on Road Safety). In addition,
CHILD seeks to complement the activities of
EuroNCAP and NPACS with regard to child
occupant protection assessment.

STANDARD OR REALITY?

Children are smaller, lighter and (in some
body areas) more vulnerable than adults.
Young children need ‘extra devices’ to sit in
or to be restraint to the car using adult belts.
This introduces extra slack between child and
car and therefore reduces the protection. In the
last 25 years several recommendations of
second importance were adopted in ECE
Regulation 44.03 to improve the passive safety
of children in passenger cars. However, crash
pulse, child dummies and for example also the
injury criteria which are of main importance to
improve the protection offered to children
travelling in passenger cars are not reviewed
and still exist today. With respect to the high
protection standards for the protection offered
to adults, this is really confusing. For a
number of reasons, new child restraint product
innovations like ISOFix have taken too much
time to get an industry-wide agreement.

Regulation and Directives

Today’s approval of Child Restraint Systems
(CRS) according to ECE Regulation 44-03
does not take into account the latest state-of-
the-art knowledge concerning child vehicle
occupant safety. For instance, while the
present fleet of passenger cars has an average
deceleration pulse of 36g (Table 1) in a frontal
impact, the peak deceleration achieved in the
dynamic sled test for a CRS approval is
between 20 and 28g, but the considerably less
severe pulse at approximately 20g has become
the standard in Regulation 44.03.

Table 1 [EuroNCAP results]

Average 36 g
Median 34 g
Maximum 63 g
Minimum 23 g
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However, not only the crash pulse of the
impact sled should be changed to improve the
level of protection offered to children
travelling in cars, but also the geometry of
seatbelt, the stiffness of seat cushions, the
buckle strength and release system, the
labelling to encourage appropriate restraint
use, the procedures for integrated child
restraints, the seats for disabled children and
the provision of a short crotch strap have to be
redesigned to the present state. Summing up
the test sled does not really represent the
actual situation in current production cars. The
only compatibility check in ECE 44 is the so
called consolidated resolution 3 that checks
the belt length and buckle position, on a
voluntary basis. Theoretically CRS can be
developed without any try out in real cars.

The P-series of child dummies was developed
in the 1970’s. The first versions became
available around 1974, and a complete series,
consisting of a new-born, a 9 month old
(P3/4), a three year old (P3), 6 year old (P6)
and a 10 year old (P10) was available around
1976-1977. The dummies became official in
1981, when the European ECE/R.44 [1]
regulation came into force. The last 25 years
the protection offered to children travelling in
cars has increased dramatically due to a better
understanding of the dynamical behaviour of
children and the resulting improvements to
CRS. To further improve child safety it is
absolutely confusing that the European P-
series are not yet replaced with the more
biofidelic European Q-series, which are not
only developed for use in frontal impacts, but
can also evaluate the protection offered to
children in lateral impacts.

And a main confusion today is also the lack of
biomechanical knowledge regarding the
injured children in passenger car accidents.
The existing injury criteria, for example the
30g vertical chest acceleration, are from the
time when ECE/R.44 came into force
(February 1, 1981).

Additionally, it is confusing that after 8 years
of research the approval of CRS do not
consider a dynamic sled test in order to be able
to determine the protection of a system in a
side impact configuration. Side impacts are the
second most frequent type of accident, causing
relatively many injuries. It has appeared to be

a big lack in term of children protection, the
ISO/WG 1 has then decided to have an ad-hoc
group working specifically on the definition of
a procedure for testing CRS in side impacts,
however there are still too much uncertainties
concerning the best parameters to simulate in a
single sled impact test.

Safety Rating Programs

In 1997 the EuroNCAP program started,
where two child seats with child dummies are
placed in the rear of each car tested. Also the
user instructions of the CRS are taken into
account. The CRS in test were those
recommended by the car manufacturer. Some
responsible manufacturers have developed a
range of dedicated child restraints for their car
models. But most of them use existing seats on
the market, re-labelled or not. The results were
interesting. Surprisingly the same seat delivers
different performances in different cars. And
the results were not as good as in ECE 44
tests.

The main outcomes of these tests performed
within EuroNCAP till today are that:
• main CRS are designed for frontal impact

only;
• main part of misuse is coming from the

incompatibility between the car rear bench
and the CRS;

• simple pictograms and self explaning
designs are more efficient for the
reduction of misuse than too complex
notices.

One of the effects of EuroNCAP is that car
manufacturers make their passengers
compartments stronger to avoid front
occupants being directly injured by the
intruding dashboard. This tends to lead to
increasing forces on those car occupants who
are seated away from the part of the passenger
compartment that would have previously
folded up. For adults there are sophisticated
mechanisms that control these forces well:
airbags, pre-tensioners and load limiters in the
belt system. CRS in the back of the car in
general don’t benefit from these high tech
solutions and bigger forces will have to
absorbed. Despite the testing many car
manufacturers show a low degree of focus on
child safety.
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DILEMMA

In Europe, the following organisations are
taking there own responsibility for protecting
children in cars:
• National Ministry of Transport with

Directive 91/671/EC
• National Approval Authorities

(Testhouses) and Industry (CLEPA) with
Regulation 44.03

• Consumer Testing performed by
EuroNCAP, NPACS, consumer magazines
(AIT&FIA and ICRT) and car magazines
(AutoBild, What Car, and Auto Motor und
Sport)

• Research Studies: EC CHILD, ISO/WG 1
and European Vehicle Passive Safety
Network (PSN)

These four different groups, including the
different ISO Working Groups, work rather
autonomously. They take there own
responsibilities, which results in different
levels ( and lacks) of knowledge.

The "Research Groups" focus on the
technicalities of child safety, the "Consumer
Groups" also look at usability and practical
performances. "Governments together with the
National Testhouses" mainly take care of the
formal sides, thus lacking behind the actual
state of the art. The industry (CLEPA), seeks
the lowest comment denominator in
standardisation, determined by their weakest
member.

The lack of communication between
Government (Directives/Regulations) and
Research Groups/Industry contributes to lack
of improvement of vehicle child safety in the
near future. The NPACS initiative could solve
this problem, as all disciplines mentioned
above (governments, research institutes and
consumer organisations) are part of this
consortium.

Further more, improvements in child safety
can be achieved by a stronger contact between
child restraint manufacturers and car
manufacturers. This is necessary in order to
have a better compatibility of both products
when used together. The development of
ISOfix should re-enforce that co-operation in

order to reach the normal objective common to
consumers, car manufacturers and CRS
manufacturers, have a simple and
interchangeable system to protect young
occupants.

Safety Rating Programs

Unfortunately, EuroNCAP has until now not
given much focus on the child rating. The CRS
rating is not integrated into the over all score
of EuroNCAP tested vehicles and no actual
rating has been presented for the child safety
and the test results have in principle only been
communicated in the brochure. As an effect of
this the practical influence on child safety is
limited at this stage. However, a separate
rating for the child restraint performances in
EuroNCAP tests is foreseen in the near future.

Not being encouraged by a rating several car
manufacturers are not likely to pay a lot of
attention to their CRS systems. They develop
family cars, but seem to take less
responsibilities for the safe transport of
children. From that point of view, today’s cars
are only developed for transporting adults and
unfortunately not for children.

Concluding we see that there is a mismatch
between cars and CRS. The current situation
that it is possible to develop CRS in isolation
(ECE/R.44 only) is undesirable.

DISCUSSION AND CONCLUSIONS

European research and experience has shown
that the use of child restraints is a highly
effective way of reducing serious and fatal
injuries to car child occupants. The effect of
child restraints in reducing serious injuries is
around 90% for rearward facing systems and
around 60% for forward facing systems.

ECE Regulation 44.03 has brought
improvements and innovations in a number of
areas of approving child restraints, however
the present test procedures are not according to
the state-of-the-art technologies regarding
vehicle occupant safety.

The revised Directive 91/671/EEC requires the
use of child restraints approved to at least the
standard of ECE Regulation 44.03 (or its
equivalent). The Directive 91/671/EEC
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prohibits also the use of rearward facing child
restraints in a place fitted with fronal airbags
unless the relevant airbag has been de-
activated. It is hoped that these changes will
one day become mandatory.

The majority of child restraint devices are
manufactured by companies other than car
manufacturers, so child restraints are normally
added by the car owner, rather than integrated
into the original design of the car. Incorrect
installation may result and this can reduce the
effectiveness of the child restraint system.

The protection offered to child occupants in a
passenger car accident could greatly benefit
from a better co-operation between child
restraint and car manufacturers and quicker
implementation of new knowledge.

EuroNCAP wants car manufacturers to be
more responsible for child protection than they
are now and will deliver a seprate rating for
the protection of children in the cars tested
before long.

Unfortunately, solutions to protect adult car
occupants (like airbags) are not necessarily
improving the protection of child occupants.
Moreover, it seems that the protection of
children in cars is a decade or more behind
compared to adults. Test methods for the
evaluation of child restraint systems (CRS)
and child dummies were developed in the mid
seventies. There is a lack of knowledge with
respect to child injury biomechanics.
However, the level of knowledge about good
child restraint protection is now so advanced
that poor design becomes increasingly difficult
to accept.

Therefore: “The optimal safety performance
for children can be achieved when all child
restraints have to fulfil state of the art
requirements, and that vehicle manufacturers
take full responsibility for the development of
such designs. The consequences could be that
universal CRS have to perform well in a range
of dynamic tests reflecting the actual car fleet
as opposed to the current single pulse sled test
(NPACS). Another market development could
be that more vehicle-specific systems (that
cannot be moved between different car
models) will appear on the market
(EURONCAP). ”
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ABSTRACT 
 
This paper follows the process of development of a 
front frame rail sub-assembly design structure to 
improve energy absorption in a front offset impact. 
Static crush analysis using LS-DYNA was conducted 
for this evaluation. The front section of the white 
body was crushed to determine the initial 
performance of the frame rail in the area located near 
the lower dashboard and front floor. The mode of the 
frame rail deformation in an impact was determined 
to be the cause of the weak performance of the initial 
structure. The critical parts of the frame rail were 
studied and several design ideas were proposed. A 
final structure evolved after evaluating multiple 
designs using CAE analyses. The new design 
structure improved the mode of deformation of the 
frame rail reducing the lower dashboard intrusion 
while absorbing more energy and was considered to 
be acceptable for improved offset performance of the 
vehicle. 
 
INTRODUCTION 
 
The structure of a vehicle is designed to absorb 
energy and protect its occupants in various types of 
crashes that occur on the road each year. Most of 
these are frontal crashes. In the 40 mph offset test, 40 
percent of the total width of the vehicle strikes a 
deformable barrier on the driver side. The results of 
the crash test are based on structural performance, 
restraints/dummy kinematics and injury 
measurements. The front offset crash has therefore 
been an important factor for people in the purchase 
of a vehicle.  
 
This simulation study was performed to improve the 
front frame rail structure so that it met the 
requirements set for an offset crash. CAE was 
considered to be an essential tool in this process of 
identifying the critical areas in the frame rail and 
improving the frame rail structure for better offset 
performance. The finite element models were made 
up of parts from the full vehicle and statically 
crushed to determine their energy absorbing and 
deformation characteristics. The criterion for 
evaluation for the frame rail area was to improve the 
level of energy absorption and reduce deformation. 

This paper will follow through the various design 
ideas considered, discussed, analysed and evaluated 
until the structure of the front frame rail was finalised 
for better energy absorption and consequently better 
offset performance. 
 
BASE MODEL – BACKGROUND OF THE 
FRONT FRAME RAIL STRUCTURE 
 
The front left side frame rail of the model was 
extracted from the full car model and crushed 
statically using LS-DYNA to determine how much 
force was being transmitted through the side frame 
rail cross-section and to study its mode of 
deformation.  
 
This model comprised of all the parts needed to 
improve offset performance including stiffeners in 
the frame rail, the lower dashboard and all bolt on 
parts in the selected area. It was used to analyze the 
proposed counter measure ideas and provide design 
direction to reduce lower dashboard intrusion. The 
smaller model took less time to run than a full offset 
crash model thereby helping to evaluate several 
design ideas at a faster rate. 
 
In the x direction, the model included part of the 
front side frame rail and its connecting parts to the 
lower dashboard and the front floor (-40 mm to 1050 
mm with reference to the front shock tower). In the y 
direction, the model was cut off from the side sill to 
just beyond the front floor frame (-660 mm to –300 
mm if the center line is taken as y=0). Parts of the 
lower dashboard, lower dashboard stiffener, 
outrigger front side and the front floor were included 
in the model. A bolt-on stiffener had already been 
added to the bottom of the front frame rail to prevent 
large deformations under the front floor structure as 
shown in Figure 1. Increase in thickness of various 
parts was also an option for improved performance of 
the general area under investigation but that would 
have resulted in an increase in mass which was not 
very desirable as a counter measure.  
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Figure 1.  Base model:  Bolt-on stiffener shown  

    in yellow rail (left side view)  
 
Boundary Conditions 
 
The front floor was constrained in all directions (see 
Figure 2). The front side frame cross section was 
rigidly attached to a steel plate which was used to 
crush the side frame at a velocity of 1000 mm/sec. 
The model was run for 250 ms (milliseconds) since 
the maximum intrusion in the lower dashboard was 
not expected to exceed 250 mm. Force through the 
back plate used to crush the strcuture was used to 
calculate the energy absorbed by the side frame. 
 

Figure 2.  Boundary conditions of the static 
    crush model used for frame rail  
    analysis. 

 
Result of the Base Model 
 
The static crush model behaved in a satisfactory 
manner and met the expectation of providing 
adequate design direction for the development. The 
final shape of the structure (shown in Figure 3) 
showed deformation in the concerned area under the 
dashboard lower and the connection to the floor. 

 
Figure 3.  Final shape of the static crush model 

    used for frame rail analysis showing 
    concerned areas of deformation. 

 
Multiple Designs 
 
Several design ideas were put forth to increase 
energy absorption by the frame rail. Among them 
were: 
• Reducing thickness of bolt-on stiffener; 
• Increasing thickness of bolt-on stiffener; 
• Increasing welds between the lower dashboard 

and the front floor; 
• Increasing the thickness of a frame rail stiffener 

under the front floor that was welded to the 
inside of the frame rail; 

• Increasing thickness of stiffeners under the lower 
dashboard. 

 
All of these ideas were analyzed to determine the 
trends and understand the structure. Results of all of 
these are not discussed here since most of the ideas 
mentioned above were used as a stepping stone to the 
final design. However, four proposals emerged as 
possible solutions as a result of these analyses.  
 
THE FIRST FOUR IDEAS 
 
To reduce deformation in the areas indicated in 
Figure 3, three parts at certain locations (see Figure 4 
and 5) were suggested. Each part was added 
separately to the base model and compared for its 
effectiveness. Finally, all three parts were added for 
the fourth iteration (see Table 1). 
 

Table 1. 
Parts added to the base model 

 
No. Part Name Thickness (mm) 

1. End Stiffener 2.0 
2. Rear Support Stiffener 2.0 
3. Floor Bulkheads 2.0 
4. All 3 stiffeners  
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Figure 4.  Areas to be reinforced 
 

 
Figure 5.  The three counter measure parts to  
      be evaluated individually 
 
Results of the Four Proposed Ideas 
 
To evaluated the effectiveness of these parts, the 
force vs displacement curve was a good indicator of 
how much energy was being absorbed. The cross-
section X1 (shown in Figure 4) was chosen so that 
the resistance offered by the new parts was 
adequately measured. A graph of the force vs 
displacement curve is shown in Figure 6. 
 

 
Figure 6.  Force vs Displacement curves for all 4 

    design ideas. 

 
Analysis of Results  
 
The mode of deformation of the side frame rail at the 
end stiffener location matched the already tested 
crashed car. From the graphs and the deformation of 
the side frame rail it was concluded that among all of 
the counter measures applied, most of the increase in 
energy absorption was due to the end stiffener. The 
rear support stiffener had negligible effect while the 
floor bulkheads had a smaller effect in energy 
absorption. The floor bulkheads however did prevent 
"pinching" of the front floor frame stiffener thereby 
maintaining the cross section at the base of the rear 
end front side frame in the front floor at the base of 
the lower dashboard. Maintaining that cross section 
helped in reducing the chance of triggering 
deformations. 
 
The energy absorbed at the cross section X1 was 
compared by calculating the area under the Force vs 
Displacement curves shown in the graphs above. The 
percentage improvement due to each of the 
individual counter measure ideas is shown in a Table 
2. The model with all the three stiffeners absorbed 
the most energy when compared to the base model. 
The model with just the rear support stiffener was the 
least effective of the ideas proposed.  
 

Table 2. 
Percentage comparison of the energy absorbed 

 

No. Model 
Energy 
Absorbed  
x106 Nmm 

% difference 
with baseline

0 Baseline Model 5.868  

1 Base + End 
Stiffener 6.24 6.48% 

2 Base + Rear 
Support Stiffener 5.97 1.79% 

3 Base + Floor  
Bulkheads 5.99 2.04% 

4 Base + all 3 
stiffeners 6.27 6.83% 

 
Action on Results – L-Shaped Bulkhead 
 
Using the data obtained from the energy absorbtion 
graphs and by the animation of the model, the rear 
support stiffener was deemed ineffective and was 
removed from the counter measure package. 
Similarly the front floor bulkheads also did not 
contribute much to the structure but since they kept 
the front floor frame stiffener from collapsing 
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inwards, they were kept. The end stiffener seemed to 
have had the most effect out of the 3 parts added to 
the model. To prevent the torsional deformation of 
the rear end front side frame and the rear support 
stiffener, a L shaped bulkhead (thickness 2.0 mm) 
was proposed on top of the end front frame stiffener 
to maintain its cross section in that area (shown in 
Figure 7). 
 

 
Figure 7.  Proposed L-shaped bulkhead 
 
The model was re-analyzed with the L-shaped 
bulkhead and the results indicated a significant 
improvement over the previous counter measure 
package. The results of this particular analysis are not 
discussed here because [1] they were preliminary and 
[2] the design was replaced by a similar part that was 
more convenient to manufacture and is discussed 
later  in this paper. 
 
TWO NEW DESIGNS 
 
The two front floor bulkheads were re-designed 
slightly to increase their stiffness and included in two 
new designs that resulted from the preliminary 
analysis and are discussed below.  
 
1. Two part design: This was essentially a refined L-
shaped bulkhead shown above. The initial 
construction of the parts was crude and was used to 
determine the trend. They were modified to 
incorporate manufacturability concerns.  Figures 8 
and 9 show the difference in the old and the new 
design. 
 

 
Figure 8.  End stiffener and L-shaped bulkhead. 
     (old design). 

 
Figure 9.  End stiffener and bulkhead re-designed 

     after considering manufacturability. 
 
2. Single part design: The end stiffener and the L-
shaped bulkhead were combined into a single 
stiffener (Figure 10) to bring down the cost by 
reducing the number of parts to be manufactured and 
assembled.  
 

 
Figure 10.  Two parts combined into one. 
 
Results of the Two New Designs 
 
These two new designs along with the front floor 
bulkheads were replaced in the original model and 
re-analyzed using the same boundary conditions as 
shown in Figure 2 to determine which design would 
be more likely to reduce lower dashboard intrusion. 
 
The Force vs Displacement curves at the cross 
section for the two new designs are compared in 
Figure 11. The graph shows that the single part 
design was marginally better up to 110 ms and 
significantly better after that.  
 

 
Figure 11.  Force vs Displacement curves for the 

     Two parts and one part designs. 
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In addition to the graphical data shown above, the 
deformation of the side frame rail and the area near 
the end stiffener was similar to the observed 
deformation of the actual test vehicle. In the side 
view (left view), the side frame rail was bending in 
the area of the end stiffener just in front of the joint 
with the rear end front side frame (see Figure 12). 
That reduced the intrusion into the dashboard lower 
since energy was being absorbed in the side frame 
rail. It also reduced the deformation of the side frame 
rail into the end stiffener area as seen in Figure 12. 
 

 
Figure 12.  Side (left) view of the area of  

     application of the end stiffener.  
     Comparing the two designs. 

 

 
Figure 13.  Rear view of the area of application  

     of the end stiffener.  
 
In the rear view, the deformation of the two part 
design on the right side of Figure 13 shows more 
deformation than the one part design on the left. The 
one part design preserves the cross section of the 
front frame rail in front of the dashboard lower 
allowing that to deform and absorb energy earlier in a 
crash. If energy is absorbed later in the crash, it 
results in a higher deformation of the lower dash 
board. Therefore, the single part design was 
considered to be better of the two. The energy 
absorbed at the first cross section of the frame rail for 
both designs is compared in Table 3. The animation 
of the models and the data above showed that the one 
part design was expected to further reduce lower 

dashboard intrusion when compared to the two part 
design by absorbing more energy. 
 

Table 3. 
Percentage comparison of the energy 
absorbed by the two new designs 
 

 
No. 

 
Model 

Energy 
Absorbed  
x106 Nmm 

% difference 
with Baseline

0 Baseline Model 5.868  

1 Two part design 
+ floor bulkheads 6.456 10.0% 

2 Single part design 
+ floor bulkheads 7.190 22.5% 

 
The mass associated with the additional part and the 
bulkheads to the vehicle is shown in Table 4. 
 

Table 4. 
Mass added to the vehicle 

 
Part Name Mass (kg) 

End stiffener 0.41 
Bulkheads (2) 0.15 
Total 0.56 
 
CAE Correlation with Test 
 
Based on energy absorption, the static crush analysis 
of the two part design showed an improvement of 
10.0 % over the baseline. After implementing the two 
part design and the front floor bulkheads in the actual 
test car, the lower dashboard intrusion after the offset 
test was reduced by 11.1%. The one part design was 
not tested due to schedule constraints. 
 
CONCLUSION 
 
The analysis showed that the one part design had an 
overall improvement of 22.5% in terms of energy 
absorption over the baseline model. The analysis of 
the frame rail resulted in a new design structure that 
could be implemented as a possible solution. 
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ABSTRACT

In the EU each year approximately 20000
coaches of over 5000 kg are involved in
accidents that result in personal injuries. Each
year more than 30000 persons are seriously
injured in these accidents, and over 150
occupants of buses and coaches suffer fatal
injuries. In contrast to other accident data, no
tendency for a significant reduction can be
found.

Only three EC Regulations (Appendix A)
currently influence the structural and seat design
for buses and coaches. The general objective of
the EC RTD project “Enhanced Coach and Bus
Occupant Safety” is to generate new knowledge
that will allow further minimization of the
incidence and cost of injuries caused by bus and
coach accidents.

One of the main tasks in this project is to make a
detailed study of the occupant behavior by
performing MADYMO simulations, so that the
injury causes in frontal impact can be
determined. A detailed bus and occupant model
are used to investigate the following items:
• The effect of different type of restraint

systems, 2-point and 3-point seat belts.
• The interaction between several restraint

systems and different sizes of adult
occupants, and, as a special case, of children
in (school) buses.

• Recommendations for improving ECE/R.80.

These investigations have led to a virtual interior
assessment with multiple coach occupants,
including optimization of seat design parameters.
Simulation models like this can play an
important role in identifying the benefit of new
designs by application of new test methods and
regulations.

INTRODUCTION

Initiated within the European Vehicle Passive
Safety Network a consortium of 7 European
Research Institutes and Universities was formed
to investigate current bus and coach accidents as

well as to propose regulations and new or
improved cost effective crash test methods to
decrease the injury risk for the bus occupants [1].
This project was initiated because approximately
30000 bus and coach occupants are injured every
year within Europe. Some 150 of these
occupants suffer fatal injuries.

The task of TNO Automotive in the “Enhanced
Coach and Bus Occupant Safety” project
(ECBOS) is to suggest improvements to bus
restraint systems and methods to evaluate safety
of the bus passengers (M3 type). The work
reported here is concentrated on the effect of
impact crashes of a type where the bus remains
in the upright position. This means that cases
were the bus is overturned, either directly, or
because it drives off the road and then overturns,
is not taken into consideration. This choice was
made because overturning accidents lead to
deformation of the passenger compartment and
to specific types of injury. Secondly, passengers
impacting each other or passengers being trapped
between the bus and the ground may cause
injuries. This paper focuses on frontal impacts
where the main interaction is between the
passenger and the restraint system, the forward
seat, a bulkhead or other solid object. Although
this is a very limited subset of all injury causing
loading conditions, it seems to be the only one
for which the suitability and optimisation of
restraints systems makes sense.

METHOD

The main task of TNO Automotive in the
ECBOS project is to investigate how the
implementation of restraint devices in M3 buses
can reduce serious injury in frontal impacts.

A number of sub-tasks have been identified:

1. Develop a model of a typical ECE-R.80
passenger seat as a basis for the optimisation
process.
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2. Develop a mathematical occupant model,
using the standard seat, a variety of dummy
sizes, and various restraint systems.

3. Optimise the protection offered to the
occupant through study of key seat and
restraint design parameters. This was done
for various dummy sizes.

4. Develop a generic model of a bus, which is
able to reproduce the kinematics of selected
cases present in the ECBOS accident
database.

5. Combine bus structure model and occupant
model to ‘reconstruct’ a selected number of
cases from the ECBOS database. Verify that
the combined model is able to predict the
observed injuries.

6. Using the verified models, investigate how
improvements determined in sub-task 3
could be used to improve occupant safety in
real-world accident scenarios.

The occupant model is needed to obtain the
estimates of the injuries due to the loading of the
vehicle from change of velocities. The models
must be capable of describing the behaviour of
different dummy sizes and different restraint
systems like 2-point belt and 3 point belts.

The bus structural model is used to predict the
global kinematics of the bus in different impact
configurations, like full front wall impact, trailer
back barrier impact or offset impact. The model
consists of a multibody MADYMO model with
tire characteristics, wheel suspension
characteristics and global crash parameters of the
vehicle front

Finally, a first draft of new numerical test
methods as well as component- and full-scale
test methods is developed to improve the
existing ECE Regulation 80 and additionally to
propose new (simplified) test procedures for
frontal impacts.

SIMULATION MODELS-M3 VEHICLES

A series of baseline sled tests was performed
according to the requirements of ECE-R.80
(Table 1) in order to be able to evaluate the
dynamic performances of bus seat frames with
both belted and unbelted occupants (Figure 1).

Table 1.
ECE-R.80 requirements

Chest/Head
displacement

< 1.6 m from SRP

HIC < 500
ThAC < 30g
FAC < 10 kN (all time)

Also a series of component tests was carried out
for measuring the stiffness and strength
characteristics of the main seat elements such as
the seatback, seatbase and seatpan/belt
anchorage’s as required input variables for
modelling (Figure 2).

Figure 1 ECE-R.80 test

Figure 2 Component test

Vehicle (Figure 3) and occupant (Figure 4)
models have been created and validated for M3
buses in frontal impacts. The results of
simulations performed in these tasks are used
here to illustrate possible contacts.
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The injury parameters of the dummy models
indicate where injury criteria limits are being
exceeded.

Parametric studies have been carried out to
investigate the influence on injury risk when
certain key parameters, such as vehicle structure,
seat characteristics and stiffness are changed.
These results indicate areas of the vehicles that
could be improved.

Figure 3 Vehicle model

Figure 4 Dummy model

ACCIDENT DATABASE-M3 VEHICLES

The ECBOS database describes a number of
serious accidents that have occurred on the roads
in Europe. These accidents have taken place in
various European countries.

The data from each selected case was entered
into a record of the ECBOS database:

1. vehicles involved.
2. make and type of bus, mass, weight, etc.
3. crash scenario, impact locations, and

deformations of vehicle.
4. passenger data, including sitting position,

age, and sustained injuries.

In the development of the ECBOS database, each
selected case is investigated using the PC-
CRASH program. The program allows a
reconstruction of the accident and determines the
most likely initial velocities of the vehicle,
describes gross vehicle motion, orientation and
accelerations during the impact. In this way, the
dynamics and kinematics of the passenger
compartments of the vehicles involved were
determined.

These in-depth accident studies have generated
very valuable data. The data has been used to
improve and validate the simulation models.
However, the occupant injury data was limited.
Therefore it is not fully safe to summarise the
most important injury causing mechanisms
found within the studied accidents. Taking this
into account, a ‘sensitivity analysis’ was
performed to provide the most important
parameters for the head, neck, thorax and upper
leg injuries.

In-depth database analysis shows that single
accidents and overturning, which are combined
in the majority of the cases, cause the highest
risk for severe injuries. Frontal and rollover
accidents cause a similar proportion of fatalities
but rollover has a much higher risk (+ 42%) of
MAIS 3+ injury severity.

INJURY MECHANISM-M3 VEHICLES

Frontal accident

A sensitivity analysis was performed to
determine the influence of a number of
parameters on the injury values.
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It is concluded that for the upper part of the
human body, the recliner stiffness has the biggest
influence on the injury values. When the
occupant is unbelted, the head-ashtray contact
also has a large influence on the injury values
(Figure 5)

Unbelted - Influence of variable on injury.
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Figure 5 Influence on the injury values-unbelted

For the lower part of the body, the seat back to
knee contact stiffness is the most critical
parameter.

The kinematics of one occupant during the crash
can be affected by the presence of another
occupant. This was found to be especially
relevant when occupants are wearing a two-point
belt, as the occupants can introduce an additional
loading to the recliner in front of them and
thereby influence the kinematics of the occupant
in front of them.

From different research studies [4, 5, 6] it is
known that the most common mechanism of
fatal or serious injury in frontal accidents for M3
vehicles has been found to be direct intrusion.
Many of the investigated cases feature large
amounts of intrusion and structure deformation,
with impacts with trucks being a particular
problem. In these cases, it is very difficult to
suggest simple prevention, due to the collapse of
the bus structure in the area of the impact caused
by the high energy involved.

Rollover accident

In order to be able to generate preliminary
recommendations for wearing 2 points or 3
points seat belts in buses and coaches, it is
important to understand the difference in
occupant injury mechanism during frontal and
rollover accidents. Therefore the results of the
analysis of rollovers accidents are also presented
in this chapter to prevent possible conflicting
consequences in the next chapters.

Simulations performed by the ECBOS partner
‘POLITO’ [1] showed that for head injury
neither 2 point nor 3 point seatbelts prevent a
HIC value over 1000 for the occupant seated by
the impacted side, the head always strikes the
side window. If any seatbelt is used the injury
levels for occupants in the seats on the other,
non-impacted side of the bus, are always below
the HIC limit. The real advantage of restraint use
here is the prevention of occupant movement and
the loading of other occupants.

For the occupant in the inboard seat, near the
impacted side, a 2 point belt does not prevent the
head injury mechanism of striking the side, but a
three point prevents this contact.

In simulations an interesting injury mechanism
of high load to the pelvis is indicated caused by
impact and contact with the armrest.

Intrusion of the roof and therefore direct contact
gives very serious and fatal injuries. There is no
doubt that if the roof structure does collapse
crush injuries will occur to those occupants in
the area of intrusion.

Hand luggage causing injury is also a possibility
during rollover accidents, although the falling of
luggage from overhead racks will also be likely
in frontal accidents.

It is observed that the use of restraints would
prevent many serious injuries by preventing the
high degree of occupant interaction, interaction
with the interior and ejection that occurs in
rollovers. The use of laminated glass may also
help to prevent contact with the ground and the
ejection of occupants.

THE EFFECT AND CONSEQUENCES OF

USING 2-POINT OR 3-POINT BELTS

General

It is observed that wearing a safety belt, 2 point
or 3 point is safer than wearing no belt. The main
advantage of wearing a belt in a bus or coach is
preventing ejection during a rollover accident as
well as during a frontal accident.

Wearing a 2 point or 3 point seat belt in a bus or
coach during a frontal impact poses a number of
risks for the head and neck. A 95th percentile
dummy wearing 3 point belts was positioned in
the third seat row (Figure 4). Wearing a 2 point
seat belt show a higher risk of neck loading and
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head contacts during frontal impacts compared to
a 3 point seat belt (Figure 6).
Additionally, wearing a 3 point seat belt reduces
the head injury of the behind-row passenger and
the energy absorption capabilities of the seat
backrests in front of the occupant are not always
enough to avoid injuries.
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Figure 6 Front and rear seat occupant influence

Integration of 3 point belt systems requires a
strong reinforcement of the seat backrest. The
consequence of the impact between an unbelted
occupant, and a seat backrest optimised for 3
point belts (more rigid) has also been evaluated.
It appears that a seat backrest optimised for 3
point belts will contribute to high injury levels in
the thorax, but lower on the head. Seats that are
not optimised for 3 point belts will do the
opposite. Therefore it is difficult to define any
advantage of low stiffness recliners against
more rigid ones, in the case of unbelted
occupant.

An extreme scenario will occur when an
unbelted 95th percentile occupant is seated at the
auxiliary seat, and a belted 50th percentile
occupant at the front seat. Under such loading
conditions, the seat anchorage of the front seat
will experience extreme forces and may rupture
under high severity crash. The rupture of just one
seat is likely to produce the rupture of the seats

in front of it. It is therefore absolutely necessary
to prevent it.

With all tested belt configurations, it is also
observed, especially in the performed full scale
sled tests, that the load path (belt-seat-floor)
allows too much deflection, which may result in
extensive head excursions. In the 3 point belt
configurations little differences in the results are
found when changing the seat pitch. Femur loads
are reduced as the pitch increases. This is due to
the decreased interaction of the dummy with the
forward seat.

When the 3 point belt optimised parameters are
applied to 2 point belt configurations the benefits
are no longer apparent. This is because increased
seat back recliner stiffness needed for best
results with the 3 point belt configurations.

Bulkhead

To evaluate the effect of a bulkhead in front of
the dummy, a bulkhead model was used to
replace one row of seats in the occupant model.
The bulkhead structure was placed in front of the
occupant, 72-cm forward of the rearmost point of
the seat base structure. The geometry of the seat
model is shown in Figure 7. The model was
evaluated with the 5th-percentile, 50th-percentile,
and 95th-percentile dummy models in the three
point belt configuration.

Figure 7 Bulkhead model

Compared to a configuration with a row of seats
it appears that the risk of injury to the femur is
decreased when the bulkhead configuration is
with integrated three point belts.
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Children

Using a 3 point belt in combination with a child
below the age of 12 years requires specific
adaptations. An adult 3 point belt system may
not be able to protect child, and can even be
more harmful than protective when no specific
adaptation is defined. It is therefore essential to
evaluate the risk caused by not adapted three
point belt systems, and the benefits of adaptable
systems. Simulations have been carried out in
order to evaluate the benefit of three point belt
systems for children.

In case no adaptation is made to the adult seat
belt, the child occupant will have no choice but
to wear a seat belt with a very high shoulder
attachment point. The main risk is that the child
occupant will experience major neck loads, due
to direct contact between neck and belt. Also
severe throat injuries, which cannot be predicted
by simulation models, may result from such
loading conditions. In any case a 3 point belt
must offer the possibility to lower the shoulder
attachment point. This adaptation is of interest
not only for children, but also for small adults.

Simulations with 3 and 6 years old dummies
wearing an adapted 3 point belt system (Figure
8) have shown that good kinematics could be
obtained. However, the load on the thorax and
resulting injury criterions are high due to the fact
that the seat backrest and seat belt stiffness were
optimised for an adult 50th percentile occupant.

Figure 8 Proposal for shoulder point
adaptation

In fact, 3 point seat belts adapted for children
require specific solutions to be designed for
(school) buses and coaches.

RECOMMENDATIONS FOR IMPROVING

ECE-R.80

It is clear that passive safety of bus and coach
occupants will be improved if the following
recommendations could be implemented in ECE-
R.80:

• Combined dynamic test configuration;
• Worst-case seat/floor/sled combination;
• Requirements for child and small occupant

restraint systems.

A sled test configuration could be two rows of
seats, the front with restrained passengers (50th
percentile dummies) and the rear with
unrestrained passengers (50th percentile
dummies).

Both the vehicle floor and the seat structure
affect the crash behaviour of the combination to
be tested. To avoid having to tailor the bus seat
of a certain seat manufacturer to the various bus
and coach structures, the bus seats should be
designed for a rigid floor structure that does not
absorb energy during impact. Tests performed on
a combination of a rigid vehicle floor structure
and seats specifically tailored to this structure are
applicable to all kind of different floor structures.
A special rigid floor structure and wall rail
system should be defined for performing sled
tests according to ECE-R.80 [7].

From the summary of ECE-R80, it is clear that
no interest is given to the necessary adaptation of
3 point belt systems to children or small
occupants. This probably is the main concern
related to this regulation, because wearing not
adapted 3 point belt systems can not be
considered as a solution for children. It seems
therefore necessary to update the ECE-R.80 with
respect to 3 point belt systems and the necessity
to either check the suitability of the belt system
for children or to limit the access to 3 point belts
for children.

The feasibility of implementing these
recommendations should be analysed.

CONCLUSIONS

Direct intrusion, seat ruptures due to the impact
of other passengers and ejection of the
passengers are the three main causes of injuries
during a bus or coach accident. Ejection out of
the bus or coach through side window or
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windscreen is not only found in rollover
accidents, but also in frontal accidents and
causes fatal injuries to the passengers. That’s
why the use of seat belts, 2 points or 3 points, is
strongly recommended for adult as well as for
child passengers.

Additionally, it would be better to have all
children restrained during an accident, even with
a 2 point belt, than having them unrestrained, as
the biggest risk to be injured is by ejection.

Making 2 point or 3 point belt systems
obligatory in buses and coaches requires
sufficient strength of the bus structure regarding
the seat belt load path. The seat to floor
attachments should be sled tested on a rigid floor
at 50 km/h and 20g as this represents the worst
case.

Finally, based on the best compromises between
wearing a 2 point or a 3 point belt system, the
use of 3 point belt systems is recommended for
adult and child occupant passengers in buses and
coaches.
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APPENDIX A
RELATED REGULATIONS AND DIRECTIVES

Based on a resolution of the European Conference of Transport Ministers the co-ordination of technical
specifications for coaches was taken up by the ECE Working Party 29 in 1967 as their terms of reference.
In the process, a high level of safety was supposed to be obtained. Nine ECE Regulations dealing with
occupant safety requirements for buses and coaches resulted from these negotiations (Table 2).

ECE EC EC EC Scope Remarks
Regulation Directive Last

Revision
New

14R05 76/115 96/38 M1-3, N1-3 Safety-belt anchorage’s
16R04 77/541 96/36 2000/3 M1-3, N1-3 Safety-belts and restraint systems
36R03 2001/85 M2, M3

(> 22+1)
Uniform provisions concerning the
approval of large passenger vehicles
w.r.t. their general construction

43 92/22 M1-3, N1-3 Safety glazing materials
52R01 2001/85 M2, M3

Single-deck
(< 22+1)

Uniform provisions concerning the
construction of small-capacity Public
Service Vehicles

66R - - 2001/85 M2, M3
(> 22+1)

Uniform provisions concerning the
approval of large passenger vehicles
w.r.t. the strength of their
superstructure

80/R01 74/408 96/37 M2, M3 Seats of large passenger vehicles,
their anchorage’s and installation of
seats

107R 2001/85 M2, M3
Double-deck
(> 22+1)

Uniform Provisions concerning the
approval of double-deck large
passenger vehicles w.r.t. their general
construction

Table 2 Overview of existing Regulations and comparable Directives.

These ECE Regulations came into force between 1976 and 1989. The application of some of these ECE
Regulations is still not obligatory in all countries within the EC. For the passive safety of single decked
touring cars (M2, M3) there are only three ECE Regulations today which are of importance: Regulation
No. 80 (Seats of large passenger vehicles, their anchorage’s and installation), Regulation 14 (Safety-belt
anchorage’s) and Regulation 16 (Safety-belts and restraint systems). Although, these Regulations (and
comparable EC Directives) are not compulsory in all European countries, but they are taken into account
by most bus manufacturers in the development of new bus and coach model types and by most authorities
for approval.
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ABSTRACT 

 
Impact severity in collisions that can cause soft 
tissue neck injuries are most commonly specified in 
terms of change of velocity. However, it has been 
shown from real-world collisions that mean 
acceleration influences the risk of these injuries. For 
a given change of velocity this means an increased 
risk for shorter duration of the crash pulse. 
Furthermore, dummy response in crash tests has 
shown to vary depending on the duration of the 
crash pulse for a given change of velocity. The 
range of duration for change of velocities suggested 
for sled tests that evaluate the protection of the seat 
from soft tissue neck injuries are still to be 
established. The aim of this study was to quantify 
the variation of duration of the crash pulse for 
vehicles impacted from the rear at change of 
velocities suggested in test methods that evaluate 
the protection from soft tissue neck injuries. Crash 
pulses from the same vehicle models from different 
generations in real-world collisions producing a 
similar change of velocity were also analysed. 

 
The results from the crash tests show that similar 
changes of velocity can be generated with various 
durations of crash pulses for a given change of 
velocity in rear impacts. The results from real-world 
collisions showed that a similar change of velocity 
was generated with various durations and shapes of 
crash pulses for the same vehicle model. 
 
INTRODUCTION 
 
Rear impacts causing AIS 1 (AAAM 1990) neck 
injuries most frequently occur at delta-Vs (changes 
of velocity) below 30 km/h in the struck vehicle 
(Parkin et al., 1995, Hell et al., 1999, Temming and 
Zobel, 2000). Furthermore, it has been shown that 
mean acceleration (i.e. the duration of the crash 
pulse for a given delta-V) influences the risk of AIS 
1 neck injuries (Krafft et al., 2002). It has also been 
shown that the shape of the crash pulse influences. 

risk of AIS 1 neck injuries in frontal impacts 
(Kullgren et al., 1999). Acceleration pulses from 
rear impacts shows that the same delta-V can cause 
a large variation in acceleration pulse shapes in the 
struck vehicle (Krafft, 1998, Zuby et al., 1999, 
Heitplatz et al., 2002). From real-world collisions it 
has been shown that the acceleration pulse also can 
vary in shape (i.e. duration of crash pulse, maximum 
magnitude of acceleration, onset rate etc) in impacts 
of similar delta-Vs (Krafft, 1998). 
 
Dummy response in crash tests has been shown to 
vary depending not only on the delta-V but also on 
the duration of the crash pulse for a given delta-V 
(Linder et al., 2001a). The range of the duration of 
the crash pulse that corresponds to a specific delta-
V in rear impacts has been shown to cover a wide 
range for vehicles impacted at the rear at a delta-V 
of up to 11 km/h (Linder et al., 2001b). The range of 
the duration of the crash pulse that corresponds to a 
specific delta-V in rear impacts that can cause AIS 1 
neck injuries remains to be established. The range of 
the duration of the crash pulse for a specific delta-V 
is necessary to establish when designing impact 
severities for sled test methods that evaluate the 
safety performance of a seat in rear impacts, 
particularly in respect of AIS 1 neck injuries. Such 
test methods are at the moment under development 
Cappon et al. (2001), Muser et al. (2001), 
Langwieder and Hell (2002) and Linder (2002) and 
under discussion in groups like IIWPG 
(International Insurance Whiplash Prevention 
Group), EuroNCAP (European New Car 
Assessment Program), EEVC (European Enhanced 
Vehicle Safety Committee) Working group 12 and 
ISO (International Organization for Standardization) 
TC22/SC10/WG1. The delta-V suggested in sled 
test in these methods that represent the delta-V 
where the majority of rear impacts are reported is 15 
or 16 km/h (Cappon et al., 2001, Muser et al., 2001 
and Langwieder and Hell, 2002). 
 
 



 

 Linder 2

 
 
The first aim of this study was from laboratory crash 
tests to quantify the variety of mean acceleration 
monitored in different vehicles impacted in the same 
way. The second aim was to demonstrate the variety 
of the duration and shape of the crash pulse in the 
same vehicle model from real-world crashes 
producing similar delta-V. 
 
MATERIALS AND METHODS 
 
Laboratory Crash Tests 

 
Sixteen vehicles (Table 1) were impacted at the rear 
either with a barrier or with a vehicle of the same 
make and model as the impacted vehicle. The 
barrier used in the OW test had a weight of 1000 kg 
(Figure 1). The barrier used in the CR tests had a 
weight of 1800 kg. The vehicles were impacted at 
the rear with 100 % overlap. The test where a 
vehicle was impacted by another vehicle (test 
OW3739, CR01001 and CR01002), the same make 
and model of vehicle was used as the bullet vehicle. 
The mass of the cars used were from 1010 kg - 1966 
kg. The OW9999 vehicle was from 1983 series car 
(the actual vehicle was a used vehicle new in 1993 
and with no structural corrosion) and the other 
vehicles were from the mid 1999. 

 
 
 

Table 1. 
The weight of the impacted vehicles and the 

impact velocity of the barrier or the impacting 
vehicle in the rear impacts. 

 
Impact No. Vehicle mass 

(kg) 
Impact velocity 

(km/h) 
OW9999 1190 18.3 
OW3660 1450 30.0 
OW3737 1965 52.4 
OW3749 1445 36.9 
OW3763 1347 35.7 
OW3759 1493 32.1 
OW3760 1493 43.8 
OW3718 1010 40.0 
OW3539 1384 24.9 
OW3594 1405 35.2 
OW3500 1339 18.5 
CR98001 1450 24.0 
CR98002 1800 24.0 
CR98006 1750 24.0 

 CR01001 1439 32.0 
 CR01002 1461 32.0 

 
 
 

 
Figure 1. 
 
 
A rigid barrier impacting the rear of the vehicle. 

 
 

One vehicle model was impacted both with a barrier 
and with another vehicle in order to compare the 
crash pulse from a rigid barrier to that generated by 
an impacting vehicle. The crash pulses from the 
laboratory tests were from previously performed 
tests at the Motor Insurance Repair Research Centre 
in the UK and at the Insurance Institute for Highway 
Safety in the US. The accelerometer was mounted at 
the base of the B-pillar on the left hand side in the 
vehicles in the OW tests. The vehicles in the OW 
tests were right-hand drive vehicles for the UK 
market. The vehicles in the CR tests were left-hand 
drive vehicles. The accelerometer was mounted on a 
steel bar pinned between the front door hinge-pillar 
and the b-pillar on the left hand side in the vehicles 
in the CR98001 and CR98002 tests. The 
accelerometer was mounted to the floor in the 
vehicle centreline just behind the front row of the 
seats in the vehicles in the CR98006 and the CR01 
tests. The CR01 tests were performed with vehicles 
of the same make and model for the US and 
European market. These vehicles were structurally 
identical except from the bumper system. All 
vehicles were a conventional monocoque 
construction. 

 
Real-World Rear Impacts 

 
Since 1995, Folksam in Sweden have been 
equipping various new car models with one-
dimensional crash-pulse recorders, mounted under 
the driver or passenger seat to record the crash pulse 
obtained during real-world impacts. The crash-pulse 
recorder is based on a spring mass system where the 
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movement of the mass is registered on photographic 
film. When a vehicle equipped with a crash recorder 
has been involved in a collision the crash pulse is 
analysed by Folksam and the outcome for the 
occupants in terms of injuries is analysed by 
Folksam. In this study, crash pulse from rear 
impacts with two generation of the same vehicle 
model, T1 and T2 from 1993 and 1998, were 
presented. 
 
Data Acquisition and Analysis 

 
The crash pulse measured as the acceleration signals 
of the vehicle were filtered in accordance with SAE 
CFC 60 and the velocity was calculated by 
integrating the acceleration. The duration of the 
crash pulse (Tp) and the delta-V were identified 
from the filtered acceleration curves and the 
velocity curves. 
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Figure 2. 
 
 
Schematic drawing showing how the duration of 
the crash pulse Tp were identified from the 
graphs. 
 
 
The Tp was defined as the time when the 
acceleration changed from positive to negative after 
90 % of delta-V had occurred. Mean acceleration 
was calculated, defined as delta-V(at Tp)/Tp. For a 
given change of velocity a higher mean acceleration 
thus correspond to this a shorter duration of the 
crash pulse. For the graphic presentation of the 
crash pulses in this study the pulses were all 
adjusted so that the acceleration of 1 g occurred at 
time zero. Furthermore the crash pulses were 
filtered with CFC 36 (corresponding to a cut of 
frequency of 60 Hz) since oscillations in the crash 
pulses were found (Figure 3). 
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Figure 3. 
 
 
Example of the oscillations filtered out by the 
CFC 36 filtering compared to the SAE standard 
filtering (CFC 60). 
 
RESULTS 
 
The results showed a considerable variation of the 
duration of the crash pulse for a similar delta-V both 
for different vehicles impacted the same way and for 
the same vehicle model impacted in various ways in 
real-world collisions. Furthermore, various pulse 
shapes were registered in the same vehicle from 
impacts which generated a similar delta-V. 
 
Laboratory Crash Tests 
 
The crash pulses from sixteen vehicles rear 
impacted with delta-Vs from 10.2 km/h to 19.4 km/h 
were examined. The duration of the crash pulse 
were between 65 ms and 130 ms. This resulted in 
mean accelerations between 3 g and 7.9 g (Figure 4 
and 5 and Table 2). 
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Figure 4. 
 
 
The duration of the crash pulse versus delta-V 
from vehicles impacted at the rear with a rigid 
barrier or with another vehicle. 
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Table 2. 

The delta-V, mean acceleration and duration of 
the crash pulse, Tp, from the vehicles impacted at 
the rear with a rigid barrier or another vehicle. 

 
Impact No. Delta-V 

(km/h) 
Tp 

(ms) 
amean 
(g) 

OW9999 10.2   92   3.0 
OW3660 17.1   69   7.0 
OW3737 17.1 103   4.7 
OW3749 18.4   82   6.4 
OW3763 17.2   89   5.5 
OW3759 18.4   93   5.6 
OW3760 17.2   74   6.6 
OW3718 18.1   65   7.9 
OW3539 13.3   80   4.9 
OW3594 13.0   84   4.4 
OW3500 11.0   68   4.4 
CR98001 16.6 130   3.6 
CR98002 14.4   72   5.7 
CR98006 14.9 129   3.3 
CR01001 19.4   93   5.6 
CR01002 17.2 116   4.1 
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Figure 5. 
 
 
The mean acceleration versus delta-V from 
vehicles impacted at the rear with a rigid barrier 
or with another vehicle. 
 
The crash pulses from thirteen vehicles impacted 
with a rigid barrier (all OW tests except OW3759 
and the CR98 tests) showed a range of mean 
acceleration from 3 g to 7.9 g. The crash pulses 
from the three vehicles impacted with another 
vehicle (OW3759 and CR01 tests) showed a range 
of mean acceleration from 4.1 g to 5.6 g. 

The crash pulses recorded in the laboratorial tests 
are displayed in Figures 6-12. 
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Figure 6. 
 
 
The crash pulses from the OW3660 and 
OW3737, in tests at 100 % overlap with an 
impacting barrier generating a delta-V of 17.1 
km/h. 
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Figure 7. 
 
 
The crash pulses from the OW3749, OW3763 
and OW3718, in tests at 100 % overlap with an 
impacting barrier generating a delta-V of 17.2 
km/h to 18.4 km/h. 
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Figure 8. 
 
 
The crash pulses from the OW3759 (car-to-car), 
and OW3760 (barrier to car), in tests at 100 % 
overlap with a delta-V of 17.2 km/h and 18.4 
km/h. 
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Figure 9. 
 
 
The crash pulses from the car-to-car test with 
the same vehicle model for the US and European 
market, in tests at 100 % overlap with a delta-V 
of 17.2 km/h and 19.4 km/h. 
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Figure 10. 
 
 
The crash pulses from the OW3500 and 
OW9999, in tests at 100 % overlap with an 
impacting barrier generating a delta-V of 10.2 
km/h to 11 km/h. 
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Figure 11. 

 
 
The crash pulses from the OW3539 and 
OW3594, in tests at 100 % overlap with an 
impacting barrier generating a delta-V of 13 
km/h to 13.3 km/h. 
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Figure 12. 
 
 
The crash pulses from theCR98001, CR98002, 
and CR98006, in tests at 100 % overlap with an 
impacting rigid barrier generating a delta-V of 
14.4 km/h to 16.9 km/h. 
 
Real-World Rear Impacts 

 
A large range of durations of crash pulses were 
found in the same type of vehicle where a similar 
delta-V was generated. Figure 13 and 14 and Table 
3 shows the duration of the crash pulse, the mean 
acceleration and the delta-V from the real-world 
impacts from the vehicles T1 and T2. Furthermore, 
a considerable difference in shape of the crash pulse 
was registered in these cases (Figure 15 and 16). 
The duration of the pulses ranged from 77 ms - 134 
ms. For vehicle T1, a change of velocity between 
12.0 - 14.7 km/h and duration of the crash pulse 
from 77 ms to 109 ms was registered. For vehicle 
T2, a change of velocity between 17.1 - 20.4 km/h 
and duration of the crash pulse from 100 ms to 134 
ms was registered. 
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Figure 13. 
 
 
The duration of the crash pulse and the delta-V 
from the crash recorder data from two different 
vehicle models of the same make. 
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Figure 14. 
 
 
The mean acceleration and the delta-V from the 
crash recorder data from two different year 
models of the same make and model of vehicle. 
 
 

Table 3. 
The duration of the crash pulse and the delta-V 
from the crash recorder data from two different 

year models of the same make and model of 
vehicle. 

 
Car CPR 

Number 
Delta-V 
(km/h) 

Tp (ms) amean 
(g) 

T1 C29521 14.7 77 5.5 
T1 C30044 13.0 88 4.2 
T1 C29614 12.0 109 3.2 
T2 C30032 20.4 111 5.2 
T2 C29732 19.5 134 4.0 
T2 C29876 17.6 100 5.0 
T2 C29739 17.1 102 4.6 

 
Figures 15 and 16 shows the acceleration pulses 
from the real-world impacts from the vehicles T1 
and T2. 
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Figure 15. 
 
 
The crash pulse measured in vehicle T1 in 
collisions with a change of velocity between 12.0 - 
14.7 km/h. 
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Figure 16. 
 
 
The crash pulse measured in vehicle T2 in 
collisions with a change of velocity between 17.1 - 
20.4 km/h. 

 
DISCUSSION 
 
A large variation in duration of crash pulse for a 
given delta-V and pulse shape can be produced in 
vehicles manufactured in the mid 1990s in rear 
impacts (Figure 6-12). Both delta-V and mean 
acceleration (i.e. duration of the crash pulse for a 
given delta-V) have been shown to influence the risk 
of AIS 1 neck injuries (Krafft et al., 2002). For a 
given delta-V a longer pulse will result in a lower 
mean acceleration and a lower risk of neck injuries 
(Krafft et al., 2002). The variation in durations of 
crash pulse for a given delta-V revealed in this study 
implies that vehicle seats aimed at reducing the risk 
of an AIS 1 neck injury should be designed in such a 
way that they provide the optimum protection in 
rear impacts in crashes where a great variation in 
duration of the crash pulse for a given delta-V might 
occur. These findings emphasise the importance of 
mean acceleration or the duration of crash pulse for 
a specific delta-V to be specified, in addition to 
delta-V, for sled tests that evaluate the protection 
from AIS 1 neck injuries of the seat, as suggested by 
Linder (2002). 
 
A large variety of durations of crash pulse for a 
specific delta-V will be produced in the same car 
model, as exemplified by the real-world crash pulses 
collected from two year models of the same vehicle 
make and model (Figure 15 and 16). Therefore it 
can be expected that any vehicle will in real-world 
collisions be exposed for a large variety of durations 
of crash pulses for a specific delta-V. This might 
indicate that the design of the seat would have the 
largest potential to reduce the risk of AIS 1 neck 
injury in a rear impact since a huge variety of pulse 
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shapes will be generated in the same vehicle model 
due to the various configurations of the collisions. 
 
In this study the duration of the crash pulse (Tp) was 
defined as the time when the acceleration changed 
from positive to negative after 90 % of delta-V had 
occurred. This definition was used to ensure that the 
main part of the energy was transferred into the 
impacted vehicle at Tp. From the crash pulses 
analysed for this study it was found to be a robust 
definition of the duration of the crash pulse. 
 
The crash pulses were filtered with CFC 36 due to 
oscillations found in the crash pulses. It has been 
surmised that these oscillations may be due to the 
mounting methods used to attach the accelerometers 
to the vehicles. For the real-world data the 
oscillations could be due to the design of the crash 
recorder. The filtering of CFC 36 was chosen 
instead of the CFC 60 and did not influence the 
delta-V from any of the pulses (as exemplified in 
Figure 3). The benefit of the CFC 36 filtering was 
that it highlighted the main characteristics of the 
crash pulses and was thus the rational of the choice. 
 
The two vehicles of the same make and model for 
the US and European market which were tested in 
this study had different bumper systems. The 
European bumper system (crush cans, bottom, 
Figure 17) was designed for the NCAR 
damageability test and required replacement after a 
test. The US bumper system (hydraulic shock 
absorbers, top Figure 17) resulted in no damages in 
both rear-into-flat barrier and rear-into-pole impact 
test at five mile per hour. 

 
Figure 17. 
 
 
The US bumper (upper) and the European 
bumper (lower) from the vehicle tested in test 
SL01001 and SL01002. 
 
The US and European bumper systems resulted in 
similar shape of the crash pulse for the first 10 ms 
(Figure 9). After that the first peak acceleration was 
reach the shape of the two pulses developed 

somewhat differently in terms of when maximum 
and minimum magnitude of the pulses was reached. 
 
The range of delta-V explored in this study cover 
the range where rear impacts causing AIS 1 neck 
injuries most frequently occur (Parkin et al., 1995, 
Hell et al., 1999, Temming and Zobel, 2000). The 
main part of the crash tests and real-world data were 
from delta-Vs at or close to those suggested as 
delta-Vs for sled tests that evaluate the protection 
from neck injuries in rear impacts. The delta-V for 
these sled tests has been proposed to 15 km/h or 16 
km/h (Cappon et al., 2001, Muser et al., 2001 and 
Langwieder and Hell, 2002). For each vehicle in the 
crash tests a range of durations of the crash pulse 
for a specific delta-V according to various crash 
configurations as for the real-world data can be 
expected. The range of durations of crash pulses for 
delta-Vs at 14.9 km/h or 17.1 km/h would, 
according to the results shown in Figure 4 and 13, 
be at least 69 ms to 130 ms which correspond to a 
range of mean acceleration of 3.3 g to 7 g. The 
range of duration of the crash pulses published by 
Heitplatz et al. (2002) were for the delta-V of 15.7 
km/h to 16.9 reported to be approximately 90 ms to 
110 ms. These findings are within the range of what 
has been found in this study. And not surprisingly, 
with a larger number of vehicle tested the range of 
duration for a specific delta-V widens, as show in 
this study. 

 
Mean acceleration has for frontal collisions been 
shown to influence the risk of injuries (Ydenius, 
2002). In that study it was shown that increased 
mean acceleration increased the risk of MAIS 1 
injuries. Of the MAIS 1 injuries in Ydenius (2002) 
neck injuries are approximately 30 % of these. As a 
consequence, Ydenius findings emphasises the 
findings in this study of the importance of mean 
acceleration with respect to neck injuries. 
 
Recently, attention has been focused on the need to 
define an acceleration pulse for standardised rear 
impact testing to evaluate the risk of AIS 1 neck 
injuries. In sled test proposals (Cappon et al., 2001, 
Muser et al., 2001 and Langwieder and Hell, 2002) 
corridors for the crash pulses with a wide range of 
durations of the crash pulse for a specific delta-V 
has been suggested to be used. From the results of 
this study it is not possible to identify a typical mean 
acceleration (which correspond to a duration of the 
crash pulse) for a specific delta-V either in the 
laboratory crash tests or from the real-world data. It 
might be the case that in rear impacts with a risk of 
AIS 1 neck injuries there is not one typical pulse or 
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impact severity to be found. Rather a range of 
duration of crash pulses and delta-Vs that influence 
the risk of injury. Therefore it is suggested that 
duration of the crash pulse or mean acceleration, in 
addition to delta-V, should be specified for impact 
severity of sled test that evaluate the protection from 
the seat in rear impacts. This should be taken into 
consideration in such tests to minimizing the risk of 
sub optimization of seat protective performances. 

 
CONCLUSIONS 
 
From laboratorial tests with various vehicles 
impacted at the rear, a range of crash pulse 
durations between 65 ms to 130 ms was found for 
delta-Vs from 10.2 km/h to 19.4 km/h. Furthermore, 
from real-world rear collisions of the same vehicle 
make, a range of duration of crash pulse between 77 
ms to 134 ms was found for delta-Vs from 12 km/h 
to 20.4 km/h. 
 
This study shows that a similar delta-V can be 
generated by a variety of mean accelerations. Since 
mean acceleration have been found to be the main 
factor influencing the risk of AIS1 neck injuries, 
both delta-V and the duration of the crash pulse for 
a specific delta-V (i.e. mean acceleration) should be 
taken into consideration when defining impact 
severities in sled test procedure for vehicle seat 
safety performance assessment. In a sled test 
procedure a specification of a delta-V is therefore 
suggested to be accompanied with a specification of 
the mean acceleration or the duration of the crash 
pulse and the range of duration for a given delta-V 
of crash pulses that the seat could be exposed to, be 
taken into consideration in such tests. 
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GOAL

Compatibility has been a research issue for more than
three decades now. To improve vehicle safety two view-
points have to be considered:

- Self-protection, the ability of a vehicle to protect its
own occupants, both in vehicle-to-vehicle accidents
and against other objects in the traffic environment.

- Partner-protection, the ability of a vehicle to pro-
tect the occupants of the opponent vehicle in vehi-
cle-to-vehicle crashes.

Compatibility aims to ensure a compromise between
self-protection and partner-protection. Partner-protection
is often referred to as low aggressiveness towards other
traffic participants. It has gained more importance re-
cently due to significant improvements in primary and
secondary safety.

The first goal remains to prevent accidents by measures
of primary safety. Significant improvements have al-
ready been achieved in the last few years. Electronic
Stability Program (ESP), for example, has a significant
influence, particularly in the reduction of single vehicle
accidents. It will be much more difficult to prevent vehi-
cle-to-vehicle collisions by primary safety measures.

The Compatibility of a vehicle is understood as a com-
bination of self- and partner protection in such a way that
optimum overall safety is achieved. This means: Com-
patibility tries to minimize the number of fatalities and /
or injuries, regardless of the vehicle in which the injuries
or fatalities occur. Additionally, customers expect further
improvements in the self-protection level. It will not be
acceptable to compromise today's self-protection level.

To investigate compatibility in a single case, it is possi-
ble to crash two vehicles against each other and evaluate
the injury values and deformations in both vehicles. In
the real accident world, infinite vehicle combinations are
possible. It is not possible to test all these combinations.
This shows that it is difficult to gain compatibility
evaluations by vehicle-to-vehicle crashes. Rather it is
necessary to define a meaningful vehicle-to-barrier test.

PASSENGER COMPARTMENT

As already shown in previous publications, the first pri-
ority is to ensure sufficient survival space for the occu-
pants.[1] There has been a big improvement in the past
due to test procedures for regulation and consumer rat-

ing. Newer cars have a much higher compartment resis-
tance (often referred to as compartment stiffness).[2]

In a car-to-car crash the deformation resistance of each
car determines the deformation of both cars and therefore
also the energy absorption. In a real world crash, VW
New Beetle (Figure 1) vs. old car (Figure 2), the com-
partment of the old car showed significant deformation.
The New Beetle, which performed well in offset crash
tests, absorbed a significant proportion of the total en-
ergy in the front-end. The high compartment resistance,
that is proof of a high self-protection level, lead to only
minor intrusions into the passenger compartment of the
newer vehicle. The higher deformation of the older car
due to its softer front-end was to be expected. The deep
intrusion into the compartment of the older vehicle was
the main risk for the occupant.

Figure 1: Real world accident new car vs. old car,
compartment of new car intact

Figure 2: Real world accident new car vs. old car,
high intrusions into compartment of old car
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The current frontal offset test requirements use a de-
formable barrier face. The energy absorption capability
of such a face is limited. The deformation travel of cars
is limited, too. That means that heavier vehicles have to
react by higher front-end deformation forces. The force
level depends on the barrier impact speed. If the re-
quirements are increased even further by a raise of the
test speed, then these vehicles will have to absorb more
energy within their front-end. Due to the limited energy
absorption capability of the barrier face, this increase is
higher for heavier vehicles than for lighter vehicles. As
the deformation travel remains the same due to design
restrictions, the front-end must deform at higher force
levels, which will result in a higher deceleration of the
opponent vehicle (Figure 3). This would be an additional
disadvantage for the partner protection toward lighter
opponents.

Conflict of goals between Self- and partnerprotection

or

between deformation travel of large vehicle and

mean acceleration of small vehicle

asmall = 1/2 *ρ * vW² / slarge

asmall = mean acceleration small vehicle

ρ = mass ratio of vehicles

vW² = rigid wall test speed

slarge = deformation travel large vehicle

Figure 3: Conflict of goals in compatibility

COMPATIBILITY LIMITATIONS

As described in previous publications, the bulkhead
principle shows the principle possibilities for compatible
car-to-car collisions (Figure 4).

Front-end Front-end compartmentcompartment

Compartment
force level
small car

Front-end force
level large car

∆F

Energy sufficiant for double
fixed barrier test speed

force

Compartment force level of small car
has to be sufficiently higher than front-
end force level of large car (∆F)

Front-end force level of large car has to
be restricted to sustainable acceleration
of small car

Figure 4: Bulkhead concept

It is a fundamental relationship between the design speed
of two vehicles and the deformation energy that is
needed when two vehicles collide:

When two vehicles collide and if their closing velocity
is less than their doubled design speed, then there is

sufficient deformation energy available for this par-
ticular crash. This holds regardless of the mass ratio
of the two vehicles.

Under the prerequisite that both vehicles use the same
amount of deformation energy as in the fixed barrier
crash, both vehicles will experience the same or less
deformation. This connection is obviously influenced by
the deformation resistance of both vehicles. Usually the
softer vehicle will deform first. At lower closing speeds
the amount of deformation can be different. It is not
necessary to have the same EES for both vehicles at all
collision speeds. It is not a problem as long as the com-
partments of both vehicles remain intact. To avoid higher
intrusions than in the barrier crash, it is necessary to have
a compartment force sufficiently higher than the front-
end force level of the opponent car. Usually this is more
challenging for the lighter car than for the heavier car.

The maximum front-end resistance of the large car de-
termines the maximum deceleration of the small car. The
higher the mass ratio between the colliding vehicles, the
higher the deceleration in the lighter vehicle will be. As
described in [3], a mass-ratio of 1.6 seems to be a rea-
sonable limit for compatible car-to-car collisions. Such a
mass-ratio covers about 85% of the frontal car-to-car
collisions in Europe.
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Figure 5: Mass ration in frontal car-to-car collisions
for different severities (source VW/GIDAS accident
data base)

As a first step it seems reasonable to address the most
likely car-to-car collisions. Therefore a lower and upper
mass limit can be defined which includes volume models
and excludes niche vehicles. As an example these mass
limits can be set to 800 kg and 2000 kg (Figure 6). If we
now follow the basic rules of the bulkhead principle it is
possible to calculate the necessary front-end forces and
compartment forces for such vehicles.

To keep the maximum deceleration in the opponent
vehicle below 40g, the 1.6 times heavier vehicle than the
lightest one has to address that vehicle weight. Therefore
the maximum front-end force from 800kg to 1280kg can
be 320 kN (40g times 800kg). From there the force in-
creases with the vehicle mass to 2000kg. At this point the
computation results in a maximum force of approxi-
mately 500 kN (2000kg/1.6*40g). This means the actual
deceleration in the small vehicle will be always below or
equal 40 g. As shown in [1], this still leads to acceptable
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occupant loads, if modern restraint systems are used.
Softer front-end designs are not prohibited, because these
limits are upper limits: softer front-ends could also be
acceptable.

While the front-end force of the heavy opponent must
consider the deceleration of the lighter vehicle, the com-
partment resistance of the lighter opponent has to deal
with the forces of the front-end of the heavier vehicle.
This means the same principal calculations apply for the
minimum compartment force. For the heaviest vehicle it
is the same as the maximum front-end force plus a safety
level. It remains the same till the 1.6 lighter vehicle.
From there the necessary minimum compartment force
decreases to the lightest vehicle.
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Figure 6: Calculated forces for maximum deceleration
of 40 g in small vehicle (theoretical calculations)

Assuming a rectangular force deflection characteristic,
the minimum deformation travel of the front-end is cal-
culated and shown in Figure 6. It should be noted that
these values are highly theoretical. Real world vehicles
have an increasing force-deflection characteristic, which
would result in much longer deformation travels. Due to
this, the maximum deceleration of the small vehicle will
be 40g for a very limited time. The mean deceleration
will be much lower and lower levels can be accepted.

STRUCTURAL INTERACTION

Structural interaction is a prerequisite for compatible
collisions and therefore also for all the above-mentioned
theoretical calculations. Structural interaction means, that
the structural components of the front-end deform on the
same force level as in the barrier crash. That means that a
similar amount of energy is absorbed without higher
intrusions than in a barrier crash.

This is only necessary for crashes with high severity. In
low severity crashes it might be even of advantage if
there is poor structural interaction because this will result
in a softer deceleration pulse. That is the reason why the
influence of structural interaction is very difficult to
detect in real world accident data. Unfortunately it is not
known when designing a car which type of accident
severity it will experience in its lifetime.

Structural heights today

The main load path of today’s vehicles is carried by the
longitudinals, which support the crossbeam. Because of

the existing bumper tests these structures lie at similar
heights above the ground. Figure 7 shows the projection
of crossbeam of several vehicles from different sizes on a
load cell wall.

Figure 7: Projection of crossbeams of several vehicle
classes on load cell wall

It is a challenge for the future to find a design of a vehi-
cle front-end that enforces the coherence of main struc-
tures to enable deformation similar to that in a barrier
crash.

Opportunities for Structural interaction

If the heights of structural parts of colliding vehicles do
not match, over-/under-riding may result. During defor-
mation, the height difference would increase. The over-
riding car would mainly deform in the lower load paths;
the under-riding car would deform in the upper load
paths. This may lead to higher intrusions in some regions
of deformation whereas other energy absorption capabili-
ties remain unused. It might be desirable to create a
front-end structure that locks with an opponent vehicle
and prevents slipping movement in the vertical direction.
If that is the case, a possible compatibility evaluation test
procedure should be able to detect this.

Figure 8: Theoretical construction of a modified
crossbeam to improve longitudinal deformation in a
vehicle-to-vehicle crash with height difference
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Figure 9: Deformed longitudinals after vehicle-to-
vehicle crash simulation with modified crossbeam to
improve structural interaction

It is very unlikely that the longitudinals of two colliding
vehicles match in the horizontal direction. Therefore a
strong connection between these (crossbeam) is desirable
to improve compatibility. It could transfer loads from the
higher loaded side to the other and would help to prevent
local intrusions into the front-end between the longitudi-
nals. In case of collisions with a very small overlap it
might be of advantage to induce glancing-off of the vehi-
cles before the compartment of either one of the vehicles
starts to deform. This is also a consideration when intro-
ducing a compatibility evaluation test procedure.

A very crucial point for test procedures proposed for
vehicle compatibility evaluation is whether they detect
and evaluate the crossbeam in an adequate manner. A
crossbeam is a non-aggressive, self- and partner-
protection tool that has to be rated positively, irrespective
of the test procedure applied.

Relevance of longitudinal load paths

Although the longitudinal load path is very important for
the total energy absorption in the vehicle front-end, it
should not be overestimated. In vehicle crash simulations
it is possible to distinguish the energy absorption of
every part of the car during the crash. Figure 10 shows
the distribution of energy absorption in the longitudinal,
including the crash box and the crossbeam of the vehicle,
in relation to the total deformation energy of the vehicle,
in such a crash.

The total share of these parts is between 25% and 40%.

50 km/h

50 km/h64 km/h64 km/h56

Full frontal-test

longitudinals: ~22%

crossbeam : ~19%
(including crash box)

ODB-test

longitudinals: ~13%

crossbeam : ~12%
(including crash box)

Vehicle-to- Vehicle test

longitudinals: ~9%

crossbeam : ~8%
(including crash box)

Figure 10: longitudinal load path deformation energy
share

POSSIBLE TEST PROCEDURES

There are several test procedures with potential to further
investigate the compatibility issue, each having advan-
tages and disadvantages:

Full width rigid wall test including load cell wall
(US NCAP)

The possibility of an additional assessment of load cell
wall forces is currently being investigated by NHTSA.
Since this test is a full overlap test, it is of lower severity
for the front-end structure than an offset test, and results
in less front-end deformation. The main disadvantage
seems to be the unrealistically high loading of single load
cells by impacting mechanical parts (e.g. engine, trans-
mission). These parts create very high peaks when im-
pacting the infinitely stiff wall that would not occur in
vehicle-to-vehicle crashes [2, 4].

The currently used resolution of the NHTSA load cell
wall (246*234 mm²) seems to be too coarse to be able to
distinguish different vehicle types. It is likely that a
crossbeam will not be detected by a stiff rigid barrier,
only its supporting longitudinals will provide significant
load at the load cells.

Full width deformable wall test including load cell
wall (suggested by TRL with double honeycomb
layer)

The full width test suggested by TRL adds a deformable
layer in front of the load cell wall, to filter the peak
forces created by mechanical parts when impacting the
wall, without changing the deceleration pulse signifi-
cantly. Whether this test is able to detect a crossbeam
and evaluate its stiffness adequately has to be further
investigated. Due to the low deformation of the front-
end, it is questionable if such a test is able to detect sup-
porting load paths behind the cross member plane. Al-
though it uses a deformable face, it still provides suffici-
ant deceleration of the compartment to evaluate the re-
straint system performance.

Offset deformable barrier test including load cell
wall

The additional load cell wall in the current offset de-
formable barrier test is of low benefit. There is a strong
bridging effect, due to the deep deformable face, with the
same stiffness over the full deformation depth. Most
current cars fully deform the barrier and produce unreal-
istic force peaks due to impacting mechanical parts. It
appears very difficult to gain additional information for a
compatibility evaluation with this test. As it uses only the
impact side longitudinal it does provide higher loading of
the impacted side and detects soft compartments. It has
to be studied, whether the compartment resistance de-
rived from this test can be used for compatibility evalua-
tion.[4]

Progressive deformable barrier (PDB) including
load cell wall

This type of barrier, incorporating increasing force de-
flection characteristic, better reflects a real world oppo-
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nent than the currently used barrier. Any barrier type
with an increasing force-deflection characteristic pro-
duces higher sheer forces than the currently used barrier.

The deep barrier leads also to bridging effects; therefore
a load cell force resolution is of lower relevance. One
major problem seems to be the vehicle rotation after the
crash due to the offset test configuration. If a vehicle has
a desirably stiff cross member, the vehicle rotation re-
sults in a lateral loading of the honeycomb with a much
lower resistance than in longitudinal direction. The cur-
rently proposed test procedure tries to address this prob-
lem by evaluating only a certain area of the deformable
face, which cannot solve this problem completely. An
impacting vehicle will intrude into the barrier and create
a footprint of the vehicle front-end structure. Unfortu-
nately the footprint is being changed during the rebound
phase and also due to the rotation of the vehicle.

The problem of mass dependent force limits is so far
neglected by this test proposal.

Progressive deformable barrier with a mass
dependant impact speed

One-way of addressing this problem could be a mass
dependent impact speed. Lower impact speeds for heav-
ier vehicles would leave the possibility to develop a
softer front-end without compromising the self-
protection level. For lighter vehicles the increased test
severity would enforce high compartment forces that are
beneficial in car-to-car collisions. Although, from a sci-
entific point of view, this approach might be reasonable,
it seems to be not communicable to the customers. It will
be very difficult to explain, especially to customers of
larger and often more expensive vehicles, why their
vehicles are tested with a lower impact speed.

The problem of the changing barrier deformation due to
the vehicle rotation and rebound also remains for this test
configuration.

Offset progressive deformable moving barrier

Another way to address the above mentioned problems
might be a Moving Deformable Barrier (MDB) with a
deformable barrier face incorporating an increasing force
deflection characteristic.

That way the impact speed could be kept the same for all
vehicle masses. The heavier vehicles are tested with
lower severity and this allows them to remain a reason-
able soft front-end. The lighter vehicles are tested with a
higher severity, which will enforce these vehicles to
create a sufficient compartment resistance. That is espe-
cially important for lighter vehicles in vehicle-to-vehicle
collisions.

The vehicle rotation during the rebound might be of less
relevance because the MDB also starts to rotate.

Although it has to be noted that such a test configuration
creates much higher requirements toward repeatability
and reproducibility than fixed barrier tests. Before mov-
ing in such research directions, it has to be further inves-
tigated how fixed barrier tests address these questions. In

test series with this test configuration practically no
vehicle was hit with the exact planned overlap.[5]

NEXT FEASIBLE STEPS

Since there is no full width test up to date in Europe,
consumer or regulatory, it seems to be more useful to
move in such a direction rather than adding another off-
set test. It has to be investigated if such a test will be able
to ensure sufficient structural interaction and can detect
design measures that prevent over-/underriding due to
catching of the opponent front-end structure.

Any test with a mass dependent test speed seems to be
incommunicable to the customers. For non-experts it will
not be acceptable that a larger and in most cases more
expensive car, has at least at a first glance, a lower self-
protection level than a small car.

For the offset test using the ECE-barrier, the main disad-
vantage seems to be the early bottoming out of the bar-
rier. There is a possibility that a deeper barrier with an
increasing force deflection characteristic could have an
advantage for prediction of the behavior in vehicle-to-
vehicle collisions, because its behavior is closer to an
opponent vehicle. This item has to be discussed as an
optimization of frontal impact test procedure and is a
long-term question with a couple of imponderables at
this stage.

The remaining possibility of a Moving Deformable Bar-
rier needs to be further investigated. Although such a test
requires higher efforts towards reproducibility it might
have significant advantages compared with fixed barrier
tests. With such a test, the rotation of the tested vehicle
in offset collision configuration, which blurs the defor-
mation picture of any deformable barrier, might be at
least partially compensated. This might be of further
interest as a long-term research approach. For this test
configuration a lot of open questions make an option
only feasible in long-term and not available for mid term
application.

Taking all these pros and cons into account, it is not
surprising that there is no “industry”-position on com-
patibility available at this phase of research. There is a
relevant part of industry that supports the attempt to
enhance the full frontal impact by using layers that pro-
vide information about the front-end force distribution
during a crash. Worldwide operating manufacturers, of
course, appreciate the harmonization potential this test
provides because it is close to FMVSS 208. NHTSA
expressed its goal to implement a first step of compatibil-
ity via an average height of force or a similar approach
within the short term. A full width barrier with a small
layer could support this goal because this barrier has the
potential also to be used for future compatibility evalua-
tions. On the other hand it seems to be rather clear for all
manufacturers that a rigid barrier, even with load cells, is
not able to measure, for example, the capabilities of the
cross beam. A rigid barrier already provides an infinitely
stiff crossbeam, even if the car only has two longitudi-
nals without any connection.
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A harmonization under the umbrella of compatibility
seems to be possible, as shown in the official IHRA
report. But it needs a motion of all sides, including the
U.S., at least to accept a full width frontal impact with a
small layer as equivalent to the rigid barrier. With regard
to self-protection, the two tests are so similar that it
makes no sense, to conduct them both.

Although there is no common industry position for a test
procedure, there are general guidelines, which at least the
ACEA members share as a basis for their next steps.
These guidelines are provided in the summary of the
paper.

SUMMARY
• Longitudinals and cross member contribution to

deformation energy in a crash should not be overes-
timated. Due to measures to improve structural in-
teraction, this share may decrease in the future.

• Longitudinal and cross member height is already, in
the current fleet, in a range which is derived from
the pendulum test.

• This offers an opportunity to encourage a conver-
gence of longitudinal heights of passenger vehicles.
Larger vehicles might respond by supporting this
range by cross members that prevent opposing cars
from under-riding.

• Supporting load paths behind the cross member
plane should be credited as well.

• Test procedures have to take into account the geo-
metrical measurers that provide load paths between
cars.

• Structural interaction should be encouraged by
matching the (heights of) structures regardless of
vehicle mass/size. Force homogeneity is not neces-
sary to ensure it. Positive engagement of structure
has to be also taken into account.

• As compatibility is not achievable for all mass ra-
tios, a mass ratio of 1.6 and a curb weight of max.
2000 kg, which covers 80%..90% of all car-to-car-
accidents, should be taken into account. It should be
used to allow mass dependent front-end forces. This
should also be reflected by compatibility evalua-
tion.
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ABSTRACT

In this work the multibody (MB) approach has been
used to study the structural behaviour of a M3 bus
in a rollover accident, to evaluate the structure
resistance and passenger injury risks. This research
is part of the ECBOS project (Enhanced Coach and
Bus Occupant Safety), granted by the European
Union.
The interest was focused on the effect of a rollover
accident over the structure and the passengers.
For what concerns the rollover of a bus, in Europe
the regulation for safety approval is the ECE
Regulation 66 [1]. This regulation prescribes a test
to be chosen between four of different kind: a
complete bus rollover test, a bay section rollover
test, a pendulum test and a numerical simulation of
a rollover. The choice between these tests is
completely up to the coach manufacturer. It is
important to underline that in all these tests the
presence of passengers is not considered.
The effect of the mass of the occupants over the
superstructure and the injury risk for passengers in
a rollover accident was evaluated considering
different configurations. Only a bay section has
been modelled: in a rollover event, with rotation
axis parallel to the longitudinal bus axis, the
behaviour of the bay section is well representative
of the whole structure. To generate the virtual
model of the bay section, the plastic hinge concept
has been adopted by using generalized spring
elements to represent the constitutive
characteristics of localized plastic deformations.
The program chosen to carry out the simulations is
MADYMO, a MB-FE software developed by TNO,
which has a complete library of virtual dummies.
The numerical analysis has given prominence to the
inadequacy of the actual European regulation
(ECE66), concerning passive safety. The mass
increment due to presence of the passengers affects
significantly the deformation of the superstructure
and the absence of any prescription of restrain
systems does not permit to protect the passengers
against very serious or fatal injuries.

INTRODUCTION

In the last years the interest in the study of the
plastic collapse behaviour of mechanical structures
has constantly increased. The continuous
development of innovative structures and materials,
particularly in the automotive field, brought many
new design problems concerning the reliability and
safety. The large diffusion of individual and
collective transport means increased the accident
risks in automotive, aeronautical and railway fields.
The manufacturers are investing a lot of energy in
researches to reduce the number of accidents and to
limit their consequences. Nowadays the designers
must respect strict safety regulations, which impose
a hard verification of design and technological
choices. All new car models must pass certain
safety tests before they can be sold.
Buses are transport means for which in Europe the
regulation is not at the moment so hard as for cars.
The high cost of the single vehicle makes the
manufacturers unwilling to perform full vehicle
tests like car crash-tests.
Every year in the EC approximately 20.000 buses
are involved in accidents. The statistics report
about 300.000 injured and 150 fatalities per year
due to these accidents [2].
These data show that the bus is one of the safest
vehicles, safer than the aeroplane, safer than the
train and the car. Nevertheless the few accidents are
often so disastrous to capture the attention of the
public opinion. In particular in a rollover event
serious consequences for the occupants are nearly
inevitable.

THE MULTIBODY APPROACH IN CRASH
ANALYSIS

The use of a prototype to verify the various design
steps is often unsuitable because of the high costs
and execution time. As a consequence, the
numerical simulation is taking an ever-growing
importance, even though this technique is
complementary and not alternative to the prototype.
The modelling of mechanical structure behaviour is
usually performed by means of finite elements (FE)
codes. This kind of approach allows an accurate
description of the stress and strain field, even in
highly non linear situation, like the ones which
occur in impact analysis.
However in an early stage of the design process,
the FE method has some undeniable drawbacks,
like the laborious building of the mathematical
model and the remarkable computation time
required for the analysis, while some details of the
structure are not yet fixed.
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For these reasons, in a preliminary phase, it is
advisable to employ some numerical techniques
that, starting from a simplified analysis of the
phenomenon allows the designer to obtain some
useful indications in a reasonable amount of time
and with good accuracy. These indications can be
used for a first choice among different alternative
solutions [3,4].

Figure 1. Example of MB approach.

The multi-body approach (figure 1 shows, as an
example, the model of the front structure of a rail
vehicle and figure 2 shows a curved box beam
columns model) to crash analysis is based on a
discretisation of continuous structures by means of
an assembly of rigid parts joined by non-linear
cinematic joints that are intended to model parts of
the structure in which local plastic collapse takes
place. This simplification is justified by the
experimental evidence: deformations experienced
by a structure as a consequence of an impact are
localised in several narrow zones of each
component, leaving the other zones relatively
unaffected by the impulsive load.

Figure 2. Example of a MB problem.

Obviously coarser discretisation of the structure
leads to less accurate results with respect to those
obtained by a full FE analysis. Moreover the

mechanical joints that model plastic hinges [5] of
the real structure are positioned by the analyst at his
choice, although with some criteria, and this has the
effect of restricting the cinematic degrees of
freedom of the whole system. Therefore in the
design phase it is important to evaluate the correct
position of the plastic hinges.
Finally multi-body modelling requires the
knowledge of the non-linear joint behaviour,
usually expressed by non-linear generalised force
vs. displacement laws. This information, which
depends on the section geometry and material
properties, can be obtained either by experimental
tests, by FE simulations or by use of cinematic
theoretical models.

STRUCTURAL BEHAVIOUR ANALYSIS

Numerical model

The fist purpose of this work is to build a
simplified MB model for the numerical analysis of
the rollover of a M3 class bus employed in
suburban and tourism services. The applicability,
the result approximation level and the advantages
of the MB approach to a complex problem have
been evaluated. The kind of problem that is now
dealt with is certainly more complex than the ones
analysed up to now [6,9].
The numerical model was developed starting from
the bay section structure (figure 3) built and used
by the Cranfield Impact Centre (CIC) for some
experimental tests within the ECBOS project [10].
This structure was obtained following what is
stated in the ECE66 regulation. Therefore, for what
concerns this regulation, this structure is fully
representative of the rollover behaviour of the
complete bus from which it was obtained.

Figure 3. Bay section (courtesy of CIC).
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Examining the structure, it is clear that the lower
part is much more rigid than the upper one because
of the presence of crossbars and stiffening
elements. As shown in figure 4, in a rollover test
performed on this structure, almost only the upper
part undergoes large deformations, while the lower
part is not submitted to significant deformations.
Therefore, in the numerical model development, it
is possible to assume that the lower part of the bay
section behaves as infinitely rigid.

Figure 4. Deformed bay section (courtesy of
CIC).

The bay section numerical model (figure 5) was
built using MADYMO, software developed by
TNO specifically for the crash simulations. In this
model both rigid bodies and finite elements were
employed [11]. The windows and the roof pillars
were modelled using rigid bodies connected each
other by revolute joints. The characteristics of these
joints (figure 6) were obtained by the FE analysis
of the bending collapse of the thin walled beams
that constitute the pillars.

Figure 5. Bay section numerical model.

The lower part of the bay section was modelled
using one rigid body. The model include also some
parts modelled by FE, they were employed with the

aim to avoid the problem of building closed chain
structures, that are very difficult to be treated in
MB software. The use of both FE and MB in the
same model allowed a remarkable simplification in
the assembly phase of the structure. Furthermore
the introduction of finite elements made it possible
to describe parts of the structure whose behaviour
was not easily foreseeable.
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Figure 6. Window pillar strength
characteristics.

Model validation

In order to validate the numerical model the
simulations of two experimental tests performed by
CIC were performed. The first experimental test
was a standard ECE66 rollover test, while the
second one was a rollover test but with four Hybrid
III dummies onboard restrained with two-point
belts. Four relative distances (figure 7 and figure 8)
between a point of the window pillar and a point of
the floor were measured both during the
experimental tests and in the numerical simulations

Figure 7. Front pillar: measurement points
(courtesy of CIC).
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Figure 8. Rear pillar: measurement points
(courtesy of CIC).

The results are compared in figure 9 and in figure
10, where the time histories of the above mentioned
relative distances are shown. As it is possible to
see, the numerical results are in very good
accordance with the experimental tests. Also the
deformed shapes, experimental (figure 4) and
numerical (figure 11), are very similar.
Therefore it is possible to say that the bay section
numerical model simulates in a good way the
behaviour of the bay section during a rollover.
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Figure 10. Results comparison second test.

Figure 11. Deformed bay section.

Effect of the passengers onboard

In order to obtain the approval the superstructure of
a vehicle must be of sufficient strength to ensure
that during and after the test no displaced part of
the vehicle intrudes into the residual space (figure
12) and no part of the residual space projects
outside the deformed structure.

Figure 12. Residual space.

As already put in evidence in the previous
paragraphs, the presence of the passengers is not
considered for tests performed according to the
ECE66 regulation. However it was considered of
relevance to compare (figure 13) the results of the
two tests in order to understand how the presence
of passengers affects the structural behaviour of the
bay section. As mentioned above the first test was a
standard ECE66 rollover test while the second one
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was a rollover test but with four Hybrid III
dummies onboard restrained with two-point belts.
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Figure 13. Comparison of the two tests.

The mass increment due to the presence of the
passengers is in this case about the 16% of the
empty bay section mass. Furthermore the presence
of the dummies, in addition to a mass increment,
moves to a higher position the structure centre of
gravity changing the crash dynamics. It is therefore
obvious to expect a different behaviour of the
structure between the two tests. As shown in figure
13, the increment of deformation due to the
presence of the passengers onboard is not
negligible.

PASSENGER INJURY RISK ANALYSIS

Numerical model

In order to evaluate the injury risk for passengers,
the numerical model of a EuroSID dummy was
positioned inside the bay section numerical model.
The EuroSID dummy was employed as it is has
been designed to represent a 50th percentile adult
male subject during lateral impact conditions, that
is the crashing condition most similar, although not
fully consistent, to the rollover event to be studied.
The numerical model of the EuroSID dummy
consists of 80 bodies linked by joints or restraints.
Ellipsoids are assigned to the bodies to provide the
interaction with the environment. The virtual
instrumentation assigned to the dummy permits to
extract all the necessary information to evaluate the
injury risk for passengers according to the existing
regulations. Six different accelerometers give the
measure of the head, clavicle, thorax, rib and pubic
symphysis acceleration histories. Furthermore it is
possible to extract the time histories of the forces
acting on abdomen, lumbar spine, neck, femurs,
shoulders and pubic symphysis.

Injury parameters

In order to evaluate the injury risk for passengers
the following injury parameters were calculated:

• Head injury Criterion (HIC)
• Thoracic Trauma Index (TTI)
• Viscous Injury Response (VC)
• Rib Deflection
• Pubic Symphysis Peak Force

As there isn’t a regulation that fixes limit values of
the previous injury parameters for a bus or a bus
rollover accident, the limit values established by
the directive 96/27/EC for a motorcar side impact
were considered [12]. Therefore the following limit
values were taken into account

• Head injury Criterion (HIC): 1000
• Thoracic Trauma Index (TTI): 90 g
• Viscous Injury Response (VC): 1 m/s
• Rib Deflection: 42 mm
• Pubic Symphysis Peak Force: 6000 N

It is important to underline that these limit values
have to be intended as the values at which 80% of
the corresponding human being does not suffer
fatal injuries. If the index value results to be larger
than this limit value the fatality or injury risk
groves dramatically.

Base configuration results

For each sitting position inside the bay section
(figure 14), a simulation of a rollover test with one
EuroSID dummy onboard, restrained with two-
point belts, was performed.

Figure 14. Position inside the bay section.

In all the simulations the maximum rib deflection
(upper, middle and lower), the TTI(d) and the VC
(upper, middle and lower) values are below the
limits stated by the directive 96/27/EC.
For what concerns the HIC values, the results for
the dummies seated in position one and two are
well below the limit, while for the dummies seated
in position three and four they are over the limit.
Finally, the load on the pubic symphysis is over the
limit for the dummies seated in position one, two
and four.
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Parametric study

Starting from the base configuration some
important parameters were submitted to quite large
modifications of their value, one by one, in order to
evaluate their influence on the injury risk for
passengers [13]. The considered parameters are the
following:

Structure strength: five different strength
characteristics of the joints of the window pillars
were considered (figure 15). These characteristics
are obtained by changing the thickness and/or the
material properties of the thin walled beam that
constitute the pillar.

Characteristic n° 1: Base resistant moment –
rotation angle curve (unmodified)
Characteristic n° 2: 20% decrease of the thickness
of the thin walled beam
Characteristic n° 3: 20% increase of the thickness
of the thin walled beam
Characteristic n° 4: 20% decrease of the thickness
and 20% decrease of the stress in the stress-strain
curve of the material of the thin walled beam
Characteristic n° 5: 20% increase of the thickness
and 20% increase of the stress in the stress-strain
curve of the material of the thin walled beam
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Figure 15. Window pillar strength
characteristics.

Occupant size: three different occupant sizes were
examined:

1. 5th Female occupant
2. 50th Male occupant
3. 95th Male occupant

Restrain system: three different configurations were
examined:

1. Unbelted
2. Two-point belt
3. Three-point belt

Therefore for each sitting position inside the bay
section, ten different configurations were analysed:

BASCON – 50th male EuroSID dummy restrained
to the seat by a two-point belt and strength
characteristic n° 1 of the joints of the window pillar

LESTF_1 – 50th male EuroSID dummy restrained
to the seat by a two-point belt and strength
characteristic n° 2 of the joints of the window pillar

LESTF_2 – 50th male EuroSID dummy restrained
to the seat by a two-point belt and strength
characteristic n° 4 of the joints of the window pillar

MOSTF_1 – 50th male EuroSID dummy restrained
to the seat by a two-point belt and strength
characteristic n° 3 of the joints of the window pillar

MOSTF_2 – 50th male EuroSID dummy restrained
to the seat by a two-point belt and strength
characteristic n° 5 of the joints of the window pillar

UNBELT – 50th male EuroSID dummy unbelted
and strength characteristic n° 1 of the joints of the
window pillar

RGT3PB – 50th male EuroSID dummy restrained
to the seat by a three-point belt with the third point
over the right shoulder of the dummy and strength
characteristic n° 1 of the joints of the window pillar

LFT3PB – 50th male EuroSID dummy restrained
to the seat by a three-point belt with the third point
over the left shoulder of the dummy and strength
characteristic n° 1 of the joints of the window pillar

5THFDU – 5th female EuroSID dummy restrained
to the seat by a two-point belt and strength
characteristic n° 1 of the joints of the window pillar

95THMDU – 95th male EuroSID dummy
restrained to the seat by a two-point belt and
strength characteristic n° 1 of the joints of the
window pillar

In all the simulations three ballast masses
corresponding each to the weight of a 50th male
EuroSID (about 72 kilos) were added to the mass
of each seat in order to consider a full occupied bay
section.
In order to represent the interaction between the
passenger and the internal parts of the bus (seats,
side windows, pillars, etc.) some contact
characteristics obtained from experimental tests
performed by TNO and CIC within the ECBOS
project were included in the models [14,15].
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Results comparison

The results of the simulations are shown in the
following figures and tables. In the figures the
reference limit value is also shown to make easy
the diagram interpretation. To better evaluate the
effect of each parameter on the injury risk for
passengers the results were grouped in three
sections:

• Structure strength effects
• Restrain system effects
• Occupant size effect

Structure stiffness effects
In all the examined configurations, differing each
other for the structure stiffness, the maximum rib
deflection (upper, middle and lower), the TTI(d)
and the VC (upper, middle and lower) values are
below the limits stated by the directive 96/27/EC.
For what concerns the HIC values, in every case
the results about the dummies seated in position
three and four are over the limit value (1000), while
the HIC values for dummies seated in position one
and two are always below the limit. Furthermore it
is possible to notice that the HIC values for
dummies in position three and four increase as the
structure strength is increased.
Finally it is possible to see that the maximum load
on the pubic symphysis is always below the limit
for the dummy seated in position three, while it is
always over the limit for the dummies in all the
other positions. This is due to the impact of the
lower part of the torso with the armrest. For
position number one and two it is possible to notice
a slight decrement of the maximum value of the
pubic symphysis
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Figure 16. Upper rib deflection.
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Figure 17. Middle rib deflection.
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Figure 18. Lower rib deflection.
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Figure 19. Head Injury Criterion (HIC).
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Figure 20. Thorax Trauma Index (TTI).
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Figure 21. Upper rib Viscous Criterion (VC).
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Figure 22. Middle rib Viscous Criterion (VC).
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Figure 23. Lower rib Viscous Criterion (VC).
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Figure 24. Pubic symphysis load.

Restrain system effects
In all the examined configurations, differing each
other for the restrain system, the maximum rib
deflection (upper, middle and lower), the TTI(d)
and the VC (upper, middle and lower) values are
below the limits stated by the directive 96/27/EC.
Furthermore it is possible to notice that the
maximum deflection (middle and lower ribs), the
VC (middle and lower ribs) and the TTI(d) values
increase changing from two-point belts to three-
point belts because with this kind of belt the upper
torso of the dummy is more constrained to the seat
and, as a consequence, during the impact the forces
applied from the structure to the ribs and the
lumbar spine are greater, and so, obviously, the
accelerations.
For what concerns the HIC values, the results about
the dummy seated in position three are very
interesting. As it is possible to see, the HIC values
for this position are still over the limit (1000) even
with two-point belts. Actually this kind of belt, in
the considered event, is completely ineffective
because it can’t prevent the impact between the
head of the dummy and the side window. Instead
three-point belt prevents the impact and, as a
consequence, in the considered event, the HIC
values drop below the limit. The dummy seated in
position four doesn’t benefit from the use of any
kind of belts (two or three point belts) as they can’t
prevent the impact of the head with the side
window. For the dummies seated in position one
and two, the HIC values are always below the limit.
But for these passengers the most important
advantage of the use of belts (two or three point
belts) is that they prevent the dummies from flying
into the structure or against the other passengers.
Finally it is possible to see that the maximum load
on the pubic symphysis is almost always over the
limit. This is due to the impact of the lower part of
the torso with the armrest.
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Figure 25. Upper rib deflection.



Martella 9

0,000

0,005

0,010

0,015

0,020

0,025

UNBELT BASCON RGT3PB LFT3PB

M
ax

im
u

m
d

ef
le

ct
io

n
(m

)

Pos 1
Pos 2
Pos 3
Pos 4

Figure 26. Middle rib deflection.
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Figure 27. Lower rib deflection.
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Figure 28. Head Injury Criterion (HIC).
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Figure 29. Thorax Trauma Index (TTI).
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Figure 30. Upper rib Viscous Criterion (VC).
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Figure 31. Middle rib Viscous Criterion (VC).
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Figure 32. Lower rib Viscous Criterion (VC).
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Figure 33. Pubic symphysis load.



Martella 10

Occupant size effect
In all the examined configurations, differing each
other for the occupant size, the maximum rib
deflection (upper, middle and lower) values are
higher for the 05th female dummies. This
behaviour is caused by the impact of the ribs into
the armrest due to the small size of the dummy. The
TTI(d) and the VC (upper, middle and lower)
values are always below the limits stated by the
directive 96/27/EC. For the VC it is possible to
notice that the maximum values for the dummy
seated in position four (upper, middle and lower
ribs), increase as the occupant size is increased.
For what concerns the HIC values, in every case
the results about the dummies seated in position
three and four are over the limit value (1000), while
the HIC values for dummies seated in position one
and two are always below the limit. Furthermore it
is possible to notice that the HIC values for
dummies in position three and four decrease as the
occupant size is increased.
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Figure 34. Upper rib deflection.
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Figure 35. Middle rib deflection.
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Figure 36. Lower rib deflection.
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Figure 37. Head Injury Criterion (HIC).
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Figure 38. Thorax Trauma Index (TTI).
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Figure 39. Upper rib Viscous Criterion (VC).
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Figure 40. Middle rib Viscous Criterion (VC).
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Figure 41. Lower rib Viscous Criterion (VC).

CONCLUSIONS
The numerical simulation of the bus rollover
accident has been performed based on the current
provisions about bus homologation (ECE66). This
regulation is based on the definition of a bus
internal volume, called residual space, which must
not be penetrated by the structure during the
homologation tests. Such volume was determined
according to measures and references imposed by
the regulation itself. It is possible to notice (figure
14) that the head and a portion of the torax of the
passengers near the side walls are already outside
the residual space before starting the test.
The numerical model has been built using a mixed
MB and FE approach. The CIC bay section was
chosen as reference and its numerical model has
been validated against the CIC experimental test
results.
For what concerns the structural behaviour the
performed simulations show the influence of the
passengers mass on the energy amount the structure
must absorb during the rollover. As consequence a
structure that had successfully passed the ECE66
test (no residual space intrusion) could not pass a
similar test in which the presence of the passengers
on board was considered (survival space intrusion).
Then the study has been developed with the aim of
evaluating the effect of some design parameters on
the passenger injury risk. In all the examined
configurations the VC (upper, middle and lower)

values are below the limits stated by the directive
96/27/EC. The maximum value of lower rib
deflection is over the limit only for the 5th female
dummy in position four. For all the other
configurations the maximum values of the rib
deflection (upper, middle and lower rib) are below
the limit. The results of the HIC for the dummy
seated in position three are very interesting. The
HIC values for this position are still over the limit
(1000) even with two-point belts. Actually this kind
of belt, in the considered event, is completely
ineffective because it can’t prevent the impact
between the head of the dummy and the side
window. Instead three-point belt prevents the
impact and, as a consequence, in the considered
event, the HIC values drop below the limit. The
dummy seated in position four doesn’t benefit from
the use of any kind of belts (two or three point
belts) as they can’t prevent the impact of the head
with the side window. For the dummies seated in
position one and two, the HIC values are always
below the limit. But for these passengers the most
important advantage of the use of belts (two or
three point belts) is that they prevent the dummies
from flying into the structure or against the other
passengers. Looking to the risk of injury for the
thorax, in all the cases the TTI(d) values are below
the limit. Nevertheless with three-point belts the
TTI(d) values are higher because with this kind of
belt the upper torso of the dummy is more
constrained to the seat and, as a consequence,
during the impact the forces from the structure to
the ribs and the lumbar spine are greater, and so,
obviously, the accelerations. Finally it is possible to
say that the maximum load on the pubic symphysis
is almost always over the limit. This is due to the
impact of the lower part of the torso with the
armrest.
Final conclusions of the research work are the
following recommendations for ECE regulation
modification:
• include the presence of passengers mass

during the rollover test
• prescribe the use of safety belts for all the

passengers
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ABSTRACT

The objective of the present work is to determine the
effect of the vehicle front design on pedestrian head
impact responses and injury related parameters based on
accident reconstructions and simulation analyses of car-
pedestrian impacts.

The accident reconstructions were carried out using
selected accident data from an in-depth study with head-
brain injuries documented in accident and medical report.
The correlations of the output parameters from
reconstructions with the injuries described in medical and
accident report were analyzed.

The influences of vehicle front structures to
pedestrian head-brain injuries were investigated by using
computer simulations at varying impact speeds up to 60
km/h. The different sizes of models were used to
represent the adult and child pedestrians, including 6, 9
years old children and 5th, 50th, 95th adults. The shapes
of the vehicles were investigated and categorized by
compact and large passenger cars, mini-van.

The safer vehicle front design for pedestrian
protection was analyzed and discussed with focus on the
head impact velocity, head impact angle, location and
timing of head impact for both adult and child
pedestrians.

INTRODUCTION

Pedestrians were primarily impacted by the vehicle
front with a high frequency in vehicle-pedestrian
accidents. The head brain injuries were over-represented
with about 31% of total injuries and often result in fatal
consequences[1]. A Prevention Priority Index (PPI) for
pedestrian brain injuries was then proposed as 0.336 that
is second to car occupants[2]. Since the early 1990s the
European Experimental Vehicle Committee (EEVC) has
proposed the headform test procedures[3] to evaluate the
fronts of passenger cars for pedestrian head protection.
The subsystem test procedures can be implemented to
detect the vehicle front stiffness and impact energy that
are main factors to cause head brain injuries.

In order to develop a new vehicle with pedestrian
friendly front that can meet the requirements of the

subsystem tests it is necessary to have an effective
approach for improvement of a new vehicle front design.
In-depth accident analyses and PMHS tests provided
valuable information about injury patterns, causation and
distribution of the injuries, and injury mechanisms. For
further study on improvement of car front design, it
requires detail information about the dynamic responses
of pedestrians, the loads to body segments from impact
with different vehicle types. It also needs some injury
related parameters that are usually difficult to measure in
either PMHS or dummy tests, and missing even in an in-
depth field investigation. Mathematical modeling is one
of effective approach to get good understanding of
pedestrian impact dynamics and injury biomechanics
which forms a basis to improve car front design.

This study aimed at investigating the influences of
vehicle front structures on pedestrian head injuries by
using mathematical models, and furthermore determining
the key injury related parameters and variables to
improve car front design for pedestrian head impact
protection.

METHOD AND MATERIAL

The pedestrian accident case study was carry out
with collected data from both accident site and hospital
clinic report. The detail information about both vehicle
and injuries as well injury severities. was collected and
used for reconstructions of the accidents.

One adult accident and two child accidents were
reconstructed by using MADYMO program. The adult
pedestrian accident was reconstructed using the validated
pedestrian model developed at Chalmers University of
Technology in Sweden. The child accidents were
simulated using child pedestrian models scaled from the
adult model. The correlations of the kinematics and
output parameters from simulations with the injuries
described in medical and accident report were analyzed.

The influences of vehicle front structures to
pedestrian head-brain injuries were investigated by using
computer simulations of vehicle-pedestrian impact at
varying impact speeds up to 60 km/h. The different sizes
of models were used to represent the adult and child
pedestrians, including 6, 9 years old children and 5th,
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50th, 95th adults. The shapes of the vehicles were
investigated and categorized by compact and large
passenger cars, mini-van.

PEDESTRIAN ACCIDENTS

An in-depth study [4] on head-brain injuries in crash
accidents was conducted from 1998 to 1999 in Sweden,
including one adult pedestrian accident and two child
pedestrian accidents. The accident cases are summarized
as follows.

Accident Case 1

A car-to-child pedestrian collision occurred on a
secondary rural road in Sweden. The accident car is
OPEL Combi 1985 model. The driver was approaching a
group of children playing on the right side of the road at
speed about 70 km/h. The driver lifted his foot from the
accelerator as he noticed the potential risk. One boy, 7
years old, began running across the road as the car
without noticing the car. The driver braked hardly and
manipulated the car to avoid an impact. The car,
however, still hit the child by the right front corner at an
estimated speed about 40 – 45 km/h. The contact dents
were visible on the leading edge of the hood and the hood
top. The dent on the hood top was identified as the result
of the head impact. The measured wrap around distance
(WAD) was 1350mm. The throw distance was about 14m
from initial impact.

The child sustained unconsciousness due to the head-
brain injuries: fracture left orbit, subdural hematomae left
frontal lobe. The child recovered the health after 5 days
medical treatment. Except some slight outer skin injuries
in the lower extremities, no other injuries were reported.

Figure 1. The head impact location on the hood top of

the accident car struck a 7 years old child..

Accident Case 2

A 9 year old child was hit by a Volvo car on a
crosswalk of street in a residence area. The driver was
approaching the crosswalk at speed about 40 km/h. A
child was suddenly running through the crossing path to
meet his parents standing on the opposite side of the
street. The driver braked the car, but he could not avoid a

struck to the child. The brake distance after initial impact
was about 7–7.5 m. The throw-out distance was about
8.5-9.5m. On the hood top, a very slight dent was found
at 630 mm away from the front edge. The measured
WAD was 1390mm.

The child pedestrian was injured on the head, and
was bruising on the leg. No bone fracture was found. The
child sustained slight head injuries (AIS=2) and
recovered in 2 weeks.

Accident Case 3

A 52 years old male adult was hit by a VOLVO car.
The victim in a running posture was hit at a high speed
about 85 km/h even though the driver braked the car. The
throw distance of the man was around 42 m. The
windscreen was damaged due to the head and upper torso
impact (Figure 2). The measured WAD was 2385mm.

The person was seriously injured on the head/brain,
including temporal contusion, extra-cranic, facial fracture
right side (behind right eye), intraventricular blooding.
No severe injury on the lower extremity.

Figure 2. The head impact location on the windscreen of
the car in adult pedestrian accident.

RECONSTRUCTION OF PEDESTRIAN
ACCIDENTS

The accidents were reconstructed with the data
collected from the study. The adult pedestrian accident
was reconstructed using the validated pedestrian model
[5, 6]. The child accidents were simulated using child
pedestrian models scaled from the adult model [7]. The
impact speeds of the cars and the pedestrian speed were
estimated based on the accident data, considering the car
braking skid marks on the road surface and the pedestrian
moving postures before the impact. The mathematical
models of cars were created based on the drawings of the
production cars in the same type involved in the accident.
The force-deformation properties of the car models were
defined in terms of stiffness properties acquired from
Euro NCAP sub-system tests (Figure 4). The injury
parameters in head, chest, pelvis and lower extremities
were calculated to evaluate the injury severities from the
accidents. The correlations of the output parameters from
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simulations with the injuries described in medical and
accident report were analyzed. The threshold of brain
injury parameters, such as HIC and angular acceleration,
was discussed based on reconstruction results.

The anthropometric data of the pedestrian models
used in the reconstructions was summarized in Table 1,
which was based on the data from the accident analysis.

Table 1: Anthropometric data

Pedestrian 7YOC 9YOC Adult

Height (mm) 1227 1301 1820
Weight (kg) 25 30.7 90

Reconstruction of Case 1

The car speed at the moment of impact was defined
as 40 km/h according to the brake mark left on the road.
The friction coefficient between the wheels and road
surface was chosen as 0.7. The diving angle was
estimated as 3 degree. Steering effect was also simulated
by define an angular velocity of 1 rad/s.

A 7-year-old child was developed by using the
scaling method from a validated adult model [7]. The
initial posture was adjusted to be running in the direction
perpendicular to the car moving direction. The running
speed was estimated about 10 km/h.

Reconstruction of Case 2

The car impact speed was defined as 36 km/h. The
braking deceleration was chosen as 0.7g, while the diving
angle was assumed as 2 degree without steering
movement.

The 9-year-old child model was developed with the
scaling method mentioned above. The initial posture was
adjusted as walking cross the street.

Reconstruction of Case 3

The accident case 3 was reconstructed even though it
occurred in a high impact speed that is seldom in
pedestrian accidents. It is meaningful to investigate the
surviving reason of the person. The car impact speed was
defined as 85 km/h according to the brake mark left on
the road. The friction coefficient between the wheels and
road surface was chosen as 0.7. The diving angle was
estemated as 3 degree. Steering effect was also simulated
by define an angular velocity of 2 rad/s.

An adult pedestrian model was used to simulate the
accident. The initial posture was adjusted to be running in
the direction perpendicular to the car moving direction.
The running speed was defined about 20 km/h.

STUDY ON HEAD IMPACT RESPONSES

There is a need of the information about injury
related parameters for pedestrian protection by improving

vehicle front design. A study is therefore carried out on
pedestrian dynamic responses at different impact speeds
with different types of vehicles. In this paper, the analysis
is focused on the head impact responses, including timing
of head impact to hood top, location of head impact, head
velocity during impact to hood top, and head impact
angle. These are main parameters to be considered in new
car design for head impact protection.

The Vehicle Geometry and Mechanical Properties

The geometry of the vehicle models was based on the
drawings of the production cars and the chosen variables
of the vehicle front structure (Table 2). The following
dimensions on the vehicles are measured in Y0 axis. The
examples of the base models of car-to-pedestrian impact
are shown in Figure 3a the Sedan 1, in Figure 3b the
Sedan 2, and in Figure 3c the SUV.

(a)

(b)

(c)
Figure 3. Example of the baseline models for parameter
study on head responses in car-pedestrian impacts.

Table 2: Passenger car shape for simulation

Sedan1 Sedan2 SUV Box

BL mm 60 40 127 180
BCH mm 498 420 516 600
LEH mm 725 580 839 900

Hood length mm 1175 1400 635 360
Hood angle deg 12 15 18 40
Windscreen

angle deg 29 27 38 42

The mechanical properties of the car front was
partly calculated from EuroNCAP subsystem impact
tests. The stiffness data from EuroNCAP tests were used
to define the characteristics of car front in MADYMO
models.
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Figure 4. Mechanical properties of car front at varying
location based on subsystem impact tests of Euro NCAP.

A parameter study with the representative
configurations was carried out with adult and child
pedestrian models at impact speeds of 15 up to 60 km/h.

The Pedestrian Models

The available pedestrian models and anthropometric
data used in the parameter study are shown in Figure A1
and Table A1 in Appendix.

RESULTS AND DISCUSSION
Accident Reconstruction

The kinematics of the pedestrian models in
simulations are comparable with that in corresponding
accident in terms of the head impact location and throw
distance.

7 years old child - Figure 5 showed the kinematics of
the 7 years old child. Head impact occurred at around 60
ms after the initial contact. The head impact location was
580 mm away from hood leading edge and 150 mm away
from right fender. The throw distance was calculated as
13.5m.

Figure 5. Kinematics of 7 years old child and the head
impact location on hop top at 60 ms after initial contact.

9 year old child - The throw distance of the child was
properly simulated as 8.9m (Figure A2 in Appendix). It
was close to the results found at accident scenes. The
head impact location was about 640 mm from the hood
leading edge, and 420 mm from the right fender, which
matched well with the inspection result of the accident
car.

Adult Pedestrian - The impact speed was determined
as 83 km/h. The calculated throw distance of the adult
was 41m in simulation. The head impact location was up
middle of the windscreen (Figure 6) which matched well
with the inspection result of the accident car.

Figure 6. kinematics during of adult and the head impact
location on the windscreen at 75 ms from initial impact.

Calculated WADs are comparable with that
measured from accident cars (Table 3). It is also noticed
that the WADs measured in accident are general a little
higher than that calculated from simulations. The ratio of
the WAD to the pedestrian height was calculated in the
simulations.
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Table 3. Comparison of WAD

Injury Parameters
Case 1
7YOC

Case 2
9YOC

Case 3
Adult

WADA (mm) 1350 1390 2385
WADR (mm) 1306 1364 2300
Height of head CG (mm) 1113 1184 1680

WADA/Hhead CG 1.21 1.17 1.42

WADR/Hhead CG 1.17 1.15 1.37

The head injury parameters calculated from accident
reconstructions are presented in Table 4. The
corresponding head-brain injuries from accidents are
summarized in Table 5.

Table 4. Results from accident reconstructions

Injury Parameters
Case 1
7YOC

Case 2
9YOC

Case 3
Adult

HIC 1200 760 12669
HLAC (g) 110 87 281
HAV (rad/s) 72 42 99
HAA (rad/s2) 8000 5200 20400
HV (km/h) 39 32 101
HIA (degree) 55 65 39
Head contact time (ms) 60 90 78

Table 5. Summary of head-brain injuries

Case 1
7YOC

Case 2
9YOC

Case 3
Adult

Skull facture at
left orbit and
subdural
hematoma at left
frontal lobe

Bleeding in left
thalamus and
diffuse axonal
injury in brain
stem

Temporal
contusion, extra-
cranic, facial
fracture right side
(behind right eye),
intraventricular
blooding

The head injury severity was evaluated with HIC
value and angular acceleration. The calculated HIC
values are 1,200 and 760 for the 7- and 9-year old child,
respectively. In accidents, skull fracture occurred at the
left orbit of the 7-year-old child, but no fracture was
observed in the 9-year-old child. It seems that the HIC
value of 1000 appears to be a good indicator for skull
fracture of children.

The head-brain injuries of the adult victim are
obviously due to the high impact speed with very high
injury parameters.

The brain injuries were observed for both 7- and 9-
year-old child. The predicted head angular acceleration of
the 7-year-old child is 8,000 rad/s2 with a change of
angular velocity of 72 rad/s. The 9-year-old child
experienced a head angular acceleration of 5,200 rad/s2

with a change of angular velocity of 42 rad/s. The
calculated HAA in combination with a change of HAV

are within the proposed brain injury corridor as shown in
Figure 7 [8, 9].

Acceptable corrections were achieved between
calculated injury parameters and actual injuries in
accidents.

Figure 7. Comparison of the calculated HAA/HAV with
proposed tolerance level of brain injuries [8, 9].

Head Responses in Parameter study on Car-to-
Pedestrian Impacts

The results from parameter study in simulations of
vehicle-pedestrian impacts are partly presented Tables 6a
through 6d in terms of the following parameters: the
timing of the head impact, the head contact location, the
head impact velocity with respect to the car, the head
impact angle with respect to horizontal line. In the tables
the head contact with windscreen were distinguished with
star marks.

Table 6a: The calculated parameters of head impact
to the Sedan 1 at 40 km/h

WAD
(mm)

Time
(ms)

Vel
(km/h)

Angle
(deg)

*95th male 2163 136 52 59
*50th male 2132 137 42 67
5th female 1560 98 42 71

9YOC 1294 66 45 56
6YOC 1064 49 39 54

* Indicated a head-windscreen contact in table 5.

Table 6b: The calculated parameters of head impact
to the Sedan 2 at 40 km/h

WAD
(mm)

Time
(ms)

Vel
(km/h)

Angle
(deg)

*95th male 2090 157 44 67
50th male 1901 148 34 87
5th female 1575 114 37 70

9YOC 1236 65 44 62
6YOC 931 42 43 49



J. Yang, 6

Table 6c: The calculated parameters of head impact
to the SUV at 40 km/h

WAD
(mm)

Time
(ms)

Vel
(km/h)

Angle
(deg)

*95th male 1863 102 51 53
*50th male 1730 98 44 57
5th female 1402 70 47 59

9YOC 1167 51 35 58
6YOC 961 22 40 17

Table 6d: The calculated parameters of head impact
to the Box at 40 km/h

WAD
(mm)

Time
(ms)

Vel
(km/h)

Angle
(deg)

*95th male 1841 82 48 37
*50th male 1752 78 45 39
*5th female 1430 58 45 29

9YOC 1197 40 27 22
6YOC 1006 24 32 19

The timing of the head contact - Analysis of the
head contact to the corresponding car front part indicated
that the contact timing on the car front varied in a wide
range due to car impact speeds, pedestrian sizes, and car
front shape, especially for the height of the hood leading
edge. For instance the head contact timing is 22 ms in
case of6 years old child to a SUV, and 157 ms for 95th

male adult to Sedan 2.

The head contact location – The head contact to the
car front was measured with WAD from the ground to the
contact point of the head CG along the Y0-axis of the car
front.

The head contacts with windscreen area represent a
large proportion of head impact to car front, especially
for adults and old children.

The head velocity and impact angle - Figure 8
illustrates the time history plots of the head resultant
velocity relative to the car with Sedan 1 at different
impact speeds of 15 to 60 km/h.

Figure 8. The time history plots of the head resultant
velocity for 50th adult and 6 years old child with respect
to the car-front

GENERAL REMARKS

In depth analysis and reconstructions of real-world
accidents are important means pedestrian safety research.
A better understanding of injury mechanisms and
tolerances of the living human body can be achieved via
the correlations of the calculated parameters with actual
injuries. These valuable information are generally
difficult to acquire from other sources.

The both linear and angular accelerations were
calculated in accident reconstructions. It seems that the
HIC was not sufficient for assessment of brain injuries in
Case 2 with relative low value. It is necessary to use
rotational acceleration as complement injury criterion to
evaluate the brain injuries.

The conditions of the head impact to the vehicle front
were investigated in the present study for both adult and
child pedestrians, including the head impact velocity
relative to the vehicle, head impact angle with reference
to the horizontal line, location and timing of head contact
to the front part.

The results from present work indicated that the head
impact conditions in vehicle pedestrian collisions are
dependent on the vehicle travel speed, the front shape, the
size of pedestrians, the initial posture of pedestrian at the
moment of impact.

The main variables of front shape affected the head
impact conditions are:

• bumper lead and height
• hood leading edge height
• hood length
• hood angle (one box passenger car)
• windscreen angle.
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A rather big amount of head impacts to the
windscreen area which could include the windscreen
frame and A-pillar. No test procedure was proposed to
solve this problem which was raised for years. It is
necessary to consider a new test procedure or a extend
test method based on the headform test against the hood
top.

The EEVC headform test procedure specified impact
conditions at 40 km/h and an angle of 65 degrees. It is
necessary to point out that the head impact velocity and
impact angle could be varied due to car front geometry
parameters. For instance, the presented results in this
study indicated that at car speed 40 km/h the 50th

percentile adult head impact velocity is 34 km/h for
Sedan 2, and 45 km/h for 1BOX. The impact angle is 87
degrees for Sedan 2, and 39 degrees for 1BOX. The
similar effects due to the car front structures could be
found for other configurations.
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APPENDIX

Table A-1: Anthropometric data of the pedestrian models

Pedestrian Model A95 A50 A05 Y09 Y06
Height (mm) 1850 1750 1522 1310 1150
Weight (kg) 87 78 50 32.1 21.3

Figure A-1. The pedestrian models developed and validated at Chalmers were used in the parameter study with
different production vehicles

Figure A-2. Overall trajectory of 9-year-old child in accident case 2, the calculated throw distance is 8.9m.
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ABSTRACT

During the development of vehicles for pedestrian
protection, plastic components are often regarded as
minor contributors to the impact stiffness.
Laboratory testing with and without these plastic
components led to the hypothesis that they
significantly increase this stiffness and subsequently
the injury risk measured by the pedestrian headform
impactor. This paper will focus on the contribution
of the plastic cowl top to impact stiffness.
Preliminary testing for specific impact locations
found that more than 50% of the Head Injury Criteria
(HIC) and 35% of the average stiffness was attributed
to the cowl top. Based on these findings, Finite
Element Analysis (FEA) was used to assess the
potential effects cowl top stiffness reductions may
have in terms of injury risk assessment. Further FEA
was performed to assess various design changes,
including thickness and shape, on the injury risk
assessment. The analysis of cowl top changes led to
a HIC reduction of 45% for the case focused on in
this paper. The results of this study support the
hypothesis that plastic components add significant
stiffness to the impact, however with FEA supported
design efforts, these components may be modified to
minimize their influence.

INTRODUCTION

Every year road crashes around the world claim the
lives of over 1.17 million people. Of these fatalities,
65 percent involve pedestrians [1]. While the
majority of pedestrian fatalities occur in developing
countries, the United States’ losses are nearly 5000
people annually [2].

To assess the risk various vehicles pose to
pedestrians, test procedures have been developed by
the European Enhanced Vehicle-Safety Committee
(EEVC) [3,4]. These procedures have been adopted
into the EuroNCAP protocol to assess the injury risk
newly developed vehicles pose to pedestrians [5].

The current test methods and acceptance levels were
developed for “assessing the protection afforded to

pedestrians by the front of cars in an accident”. The
test method is based on sub-system tests and focuses
on “each part of the vehicle structure with respect to
both child and adult pedestrians, at car to pedestrian
impact speeds of 40 km/h” [4].

Disagreement remains about the validity of the
kinematics involved in the EEVC Working Group 10
and 17 (WG10 and WG17) procedures [6,7,8]. For
the purposes of this study, a combination of the
EEVC WG10 and WG17 test methods was
incorporated because no alternative procedure is
developed and agreed upon at the time of this
publication. The current assessment for head impacts
involves the headform impacting the vehicle at a
velocity of 40 km/h. The headforms are dimensioned
as either adult or child in size, and the zone over
which they are tested is based on the areas the head
might potentially contact, given the persons stature.

Regardless of the specific stature and impact
kinematics, it is considered desirable to have
sufficient clearance below the hood to reduce head
injuries. However, due to limited packaging space,
hood-underlying components must be developed “to
absorb energy efficiently with minimum crush stroke
to reduce head injuries” [7].

Protective systems for pedestrian safety are primarily
passive systems that typically focus on the vehicle’s
metal skin and substructure. However, underlying
plastic components of the vehicle (e.g. cowl top) can
also add significant stiffness to the overall structure
governing the head impact deceleration. This paper
focuses on the effects that these underlying plastic
components, specifically the cowl top, potentially
contribute toward the severity of the head impact
deceleration pulse.

METHODS

Head Injury Risk Assessment

HIC was adopted as the Injury Assessment Reference
Value (IARV) for this study as the primary tool for
assessing injury risk. HIC, eq. (1)., is an injury risk
formulation based upon the resultant head
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deceleration taken from the center-of-gravity and its
profile as a function of time.

(1).

Other IARVs considered in the analysis process
include the resultant head deceleration taken as a 3
ms continuous clip, and the average stiffness over the
critical time clip—the time over which the HIC
calculation is measured.

Preliminary Vehicle Testing

Preliminary testing focused on points of maximum
IARVs which were considered to be impacts directly
through the metal fender mount and hood hinge
(Figure 1). However, the protection package
afforded by this construction already included
significant modifications to these structures. First, a
large clearance is designed between the hood and
main body structure (e.g. upper member) of the
vehicle. Second, the intermediary supporting
structure for the hood and fenders (e.g. hood hinges
and fender mounts) has been purposely designed to
efficiently deform under pedestrian headform impact.

Fender
Mount

Hood Hinge

Hood

Cowl Top

Upper
Member

Fender
Mount

Hood Hinge

Hood

Cowl Top

Upper
Member

Figure 1. Vehicle construction for preliminary
testing.

Assessment of preliminary testing showed that a
significant stiffness factor remaining for impacts in
this area of the vehicle was the cowl top. In order to
understand the effects the cowl top can contribute
toward the impact stiffness, matched laboratory tests
were conducted with and without the cowl top to
isolate its contribution. The testing was performed
according to the EEVC WG17 test procedures [4]
with a complete vehicle (Figure 2).

65o

Figure 2. Typical configuration for an EEVC
WG17 style adult headform impact test.

For the cowl top tests involved in this study, the
impact locations were within the adult zone based on
the vehicle wrap-around-distance (WAD). For the
adult head impacts, the headform is 165 mm in
diameter and is impacted at a velocity of 40 km/h
with an impact angle of 65o measured down from
horizontal and inline with the vehicle.

Preliminary tests indicated that the cowl top stiffness
contribution accounted for over 50% of the HIC and
35% of the overall average stiffness. The case
presented in Figure 3 depicts the deceleration change
due to removal of the cowl top, which subsequently
accounted for the reduced HIC. The deceleration
data still maintains a high, short-duration peak early
in the event as the headform initially engages the
hood and underlying components.

Figure 3. The preliminary data for head impact
tests with and without the cowl top showed a
reduction of HIC by 50% and overall average
stiffness by 35%.
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Cowl Top Variables

The cowl top serves many functions for the vehicle
including air handling, water management from
windshield runoff, and styling between the hood and
windshield. The primary functionality for the cowl
top is to prevent engine room air from entering the
HVAC system as well as minimizing water
penetration.

While elimination of the cowl top is not feasible
because of these necessary functions, attention to key
variables in its design can reduce its contribution
toward the impact stiffness. Shape, thickness, and
material properties can be modified to optimize the
design with little or no effect on the functional
performance. This study focused on the shape and
thickness, while leaving the material constant. The
case investigated was for a polypropylene based cowl
top.

FEA Model Setup

FEA was used to understand the effect of
construction changes of the cowl top on headform
impact stiffness and HIC. The vehicle model was
only constructed in detail forward of the B-pillar and
was constrained at the cut plane. The initial velocity
of 40 km/h was applied to the headform in the 65o

specified angle of incidence. The headform and
vehicle models were constructed and then solved
using the software package LS-DYNA©.

Prior to FEA investigations of design changes to the
cowl top, the model was validated against laboratory
testing. Two steps were taken in order to correlate
the model. First, the headform model was correlated
using a virtual representation of the certification
procedures specified by the EEVC WG10 [3].
Second, the correlated head model was used in
conjunction with the vehicle model to calibrate
various locations via correlation with laboratory tests.

Headform Correlation – The headform model
was developed for this study and therefore required
calibration. A virtual calibration test, as performed
for the actual headform, was modeled to verify its
performance. In accordance with the EEVC WG10
calibration procedures, drop tests from 376 mm [3]
are performed with the adult headform (Figure 4).
For the purpose of FEA, the headform was impacted
into a rigid plane with a velocity of 2.72 m/s. This
velocity is equivalent to the velocity of a mass falling
from 376 mm.

Figure 4. Calibration test configuration: The
headform is simulated as being dropped from 376
mm (Not to scale).

The resultant deceleration versus time curve is
required to be uni-modal and fall within the range of
225-275 g’s. Figure 5 illustrates that the FEA
headform’s performance meets the requirements.

Figure 5. FEA data of a virtual certification test.

Vehicle Correlation - After establishing a
correlated headform model, several impact locations
were selected across the vehicle surface by which to
correlate the vehicle model. Figure 6 depicts the
result of a selected test showing good correlation
between laboratory testing and the FEA model.
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Figure 6. For the impact shown, the data
indicated a strong positive correlation between
test and FEA.

For the case illustrated in Figure 6, the average error
was 4.2 ± 22.5 g’s, while the absolute average error
was 14.8 g’s for the critical time clip, as defined
previously. Considering data within the critical time
clip, the root-mean-squared (RMS) error was 19.4 g’s
indicating well-correlated data. Further, the
correlation coefficient (R=0.863) implies a strong
positive correlation. The correlation coefficient
further suggests that 74.4% (R2 = 0.744) of the
variation of the laboratory test is captured by the FEA
model.

A range of correlation values was seen for the various
locations on the FEA model. The case presented is a
typical representation of the correlation levels
achieved. Using similar modeling techniques in
other cases, some impact locations have evinced
correlation as high as R2 = 0.971, while some cases
were as low as R2 = 0.550 (Figure 7). However, this
lower correlation value still corresponds to a
moderate positive correlation level.

Figure 7. For the impact shown, the data
indicated a moderate positive correlation between
test and FEA.

The worst-case correlation involved complicated
underlying structures and was impacted significantly
far away from the location presented in this study.
The underlying structures that were the hardest to
simulate with FEA were parts that were intricate in
design and typically involved materials that fractured
with little or no deformation first. The FEA was
limited in its capability to fully characterize material
properties.

Overall the correlation showed that the FEA model
was well correlated to actual vehicle testing. With
this correlation, confidence exists such that various
cowl top designs, at least qualitatively, can be
assessed in terms of injury risk assessment.

RESULTS / DISCUSSION

FEA Investigations

With confidence in the FE model, the analysis
proceeded to consider various cowl top constructions.
The FEA focuses on a single impact location
determined to have significant effect on the hinge and
fender mount impacts, but also maximize the cowl
top contribution. The impact location is therefore
different than that indicated in the preliminary testing
and correlation analyses.

Cowl Top

Fender Mount

Hood Hinge

Hood

Windshield

Adult
Headform

Cowl Top

Fender Mount

Hood Hinge

Hood

Windshield

Adult
Headform

Figure 8. Adult headform impacting the hood
over the fender seam.

Assessment of preliminary testing and FEA showed
that a significant factor remaining for impacts in this
area of the vehicle was the cowl top (Figure 8).
Therefore, the case selected and presented is an
impact delivered near the front corner of the cowl top
through the fender seam. This portion of the fender
seam is typically a very stiff area of the bonnet
because of the support mounts for both the fender and
the hood. The required application of the cowl top in
this area further increases the potential stiffness.
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No Cowl Top – Assessing Potential Effects - For
the chosen location, the potential effects of cowl top
modifications were investigated by solving the FEA
model with and without the cowl top. The IARVs
showed nearly a 50% reduction in HIC and a 35%
reduction in the resultant head deceleration compared
to the with cowl top condition (Figure 9). The
IARVs were significantly reduced despite late
bottoming out against the substructure, which shows
that improvements potentially exist by altering the
cowl top construction.

Figure 9. Comparison of the FEA baseline model
versus the no cowl top model. The highlighted
region indicates the cowl top contribution.

Examination of the data curves shows two things.
First the deceleration data maintains high, early,
short-duration peaks as the head initially engages the
hood and fender, and will remain inherent to the
system. Second, the absence of the cowl top allows
the headform to bottom out on the substructure,
which limits the extent by which the HIC and the
resultant head deceleration are reduced.

To characterize the full extent to which the cowl top
can affect the impact stiffness, the deceleration-
displacement curve was adjusted to eliminate the
bottoming contribution. The additional stiffness from
bottoming is a separate issue from this study of the
cowl top and therefore is temporarily neglected.

For this investigation, the work done on the system
by the head during the bottoming event was replaced
by an alternate profile of equal work (Figure 10).
The alternate profile maintains a constant level of
deceleration starting from the time at which
bottoming begins. The deceleration continues until
the amount of work encompassed by the new profile
equals the amount of work it is replacing in the actual
curve.

Figure 10. Deceleration versus displacement
traces of the FEA baseline versus no cowl top
condition. The bottoming event is replaced for
analysis purposes with an alternate, but
equivalent work, function.

Reassessing the injury assessment values for the
alternate profile evinced a 77% reduction of HIC and
a 66% reduction in resultant head deceleration.
Overall, the average stiffness of the system was
reduced by 60% for the time interval of the hood’s
engagement with the cowl top. This data served as a
lower bound for the potential improvement due to
cowl top modifications.

Thickness Reduction - The first variable of the
cowl top considered was thickness reduction. Limits
exist to the level of thickness reduction feasible due
to both formability and the intended performance of
the cowl top. However, it was concluded a part
might be manufactured and maintain its performance
level with a 20% reduction in thickness local to the
fender seam area.

At this impact location, the 20% reduction in
thickness of the cowl top reduced the HIC by 28%
and the resultant head deceleration by 21% (Figure
11).

Figure 11. A 20% reduction in thickness of the
cowl top in the impact zone reduced HIC 28% and
resultant head deceleration 21%.
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Shape Change - Further investigation for
reducing head injury risk was performed by
reshaping the cowl top while maintaining the
thickness reduction (Figure 12). The abrupt corner
was removed and stress fracture points were added to
reduce breaking force. The differences seen in the
data show that the thickness and shape are significant
in terms of the stiffness and subsequent injury risk
(Figure 13).

Figure 12. Reshaping of the cowl top.

Figure 13. Reshaping the cowl top, as illustrated
in Figure 12, accounted for an additional 17%
reduction in the HIC and 18% in the resultant
head deceleration.

Reshaping the cowl top resulted in an additional 17%
reduction in the HIC (45% net). Further, the resultant
head deceleration was reduced an additional 18%
(39% net) over the thickness reduction alone. The

overall average stiffness reduction for the reduced
thickness and reshaped cowl top compared to the
baseline part was 32% (Figure 14).

Figure 14. The bar graph indicates the percentage
contribution of the cowl top to and the final
results of the HIC, resultant head deceleration,
and average stiffness.

Examining the cowl top contribution only, the
modifications made to the cowl top had significant
improvements. The HIC and resultant head
deceleration were both reduced 59% and the average
stiffness was reduced 53% (Figure 15).

Figure 15. The independent improvements in the
IARVs as a function of the cowl top only.

Follow-up Testing

After the FEA investigations, follow-up testing was
performed again for the locations for which the
IARVs were the highest. For a matched follow-up
test to the FEA model, it is expected that the data
would have a similarly high percentage improvement
in the IARVs as seen in FEA. However, follow-up
testing focused on other locations that had the highest
overall IARVs.
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An example of such a stiff location that benefited
from the cowl top modifications is an impact through
the fender seam, forward of the fender mount. For
this location the cowl top modifications reduced the
overall HIC by 14% (Figure 16). The relative
improvement for this location cannot be deduced as
no without cowl top tests were performed.

Figure 16. Follow-up testing showed significant
IARV improvement.

CONCLUSIONS

Previous research has identified the risk of pedestrian
injury from vehicles. This same research has helped
to develop means by which to assess the protection
afforded to pedestrians by the fronts of vehicles in a
collision [3]. Protective systems for pedestrian safety
are primarily passive systems that typically focus on
the vehicle’s metal skin and substructure. However,
underlying plastic components of the vehicle (e.g.
cowl top) can also add significant stiffness to the
overall structure governing the head impact
deceleration.

Preliminary testing was performed with and without
the cowl top on the vehicle. This initial testing
showed that the cowl top stiffness accounted for over
50% of the HIC and 35% of the overall average
stiffness, which supports the hypothesis of this study.

Testing without the cowl top showed that it is a
significant factor in the impact stiffness. As the cowl
top is a required component for vehicle functionality,
FEA was incorporated to understand the effects of
various design changes of the cowl top. After careful
correlation of the headform and vehicle models,
modifications to the cowl top were analyzed.

FEA allowed for several iterations of design change
investigations in terms of modifications to the cowl
top. The case studied showed that the potential
effects of cowl top modifications are more than 75%

reduction in HIC and 65% reduction in resultant head
deceleration.

Removal of the cowl top in the FEA showed
bottoming of the headform on the underlying
substructure. While the IARVs were reduced, cases
may exist that the bottoming is significant enough
that the IARVs might increase. Therefore, cowl top
modifications should not be reduced to the point that
significant bottoming occurs and IARVs are
subsequently increased.

Developing the cowl top and other plastic
components is important in all of the hood areas.
However it is most important where their stiffness is
added in conjunction with other stiff components (e.g.
hood hinge, fender mount brackets, or wiper
assemblies) and the IARVs are near the injury
threshold.
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ABSTRACT 
 
Of all the killed or seriously injured (KSI) 
passengers on buses or coaches in Great Britain, a 
surprisingly high proportion, 64.3%, are injured in 
non-collision incidents.  A KSI casualty distribution 
of this sub-sample identifies that 74.2% of the 
casualties are female and a large proportion, 58.0%, 
are elderly casualties 60 years of age or over. 
 
INTRODUCTION 
 
Two major bus safety reports have recently been 
completed at Loughborough.  Firstly the 
'Assessment of Passenger Safety in Local Service 
PSVs', for the Department for Transport (DfT), 
assesses the impact of the PSV Accessibility 
Regulations made under the Disability 
Discrimination Act (DDA) (1995) and the Disabled 
Persons Transport Advisory Committee (DPTAC) 
(established under section 125 of the 1985 
Transport Act) recommended specifications on bus 
travel.  Secondly 'Real World Bus and Coach 
Accident Data from Eight European Countries', for 
Task 1.1 of the Enhanced Bus and Coach Occupant 
Safety project (European Commission 5th 
Framework Project no. 1999-RD.11130), is a 
collation of European data that identifies the 
important issues in bus and coach occupant safety.  
It has become evident during these projects that 
non-collision incidents are an important part in the 
injury experience of bus casualties, especially for 
elderly occupants. 
 
By consideration of both national statistics and in-
depth cases a picture has been formed of the bus 
and coach casualty population and the types of 
incidents in which these people are injured.  These 
statistics are presented, along with possible reasons 
for such a high proportion of casualties occurring in 
non-collision incidents and recommendations have 
been made that would lessen the risk of these 
injuries occurring, through better design and 
operational changes. 
 
These injuries occur due to a combination of 
factors.  Occupants can fall due to slipping or 
tripping on poorly designed floor surfaces or in wet 
weather conditions, or falls can occur due to 
acceleration forces as the bus brakes or pulls away.   

 
When these falls occur the design of the interior can 
present an injury risk. 
 
In recent years bus design has changed as a result 
of new regulations to allow a wider population to 
use buses, especially with the introduction of low 
floor access. These features promote easier 
boarding and alighting and allow less mobile 
members of the population to make use of bus 
travel.  Unfortunately this accessibility to travel 
may also increase the likelihood of these more 
vulnerable people receiving injuries on buses. 
 
Many of the issues addressed are particularly 
relevant to elderly people, small children and the 
people who accompany them. 
 
Keywords:  Non-collision, DDA, DPTAC, PSV, 
Bus, Coach. 
 
METHODOLOGY 
 
This study uses British national road accident data, 
commonly called 'STATS 19', to investigate bus 
and coach accidents. The overall criteria for an 
accident to be included in the records are that a 
person must have been injured in an accident on a 
public highway.  These accident forms are 
submitted to the Department for Transport (DfT) by 
each of the 50 police forces in Great Britain. 
 
The definitions of injury severity used in the 
database are: 

Fatal Injury:  Includes only those cases where 
death occurs in less than 30 days as a result of the 
accident. 

Serious Injury:  Hospital in-patient, e.g. fracture, 
internal injury, severe cuts and lacerations, 
crushing, concussion or severe general shock.  
Injuries to casualties who die 30 or more days after 
the accident from injuries sustained in that accident. 

Slight Injury:  Receive or appear to need medical 
treatment, e.g. sprains, bruising, cuts judged not to 
be severe and slight shock requiring roadside 
attention. 
 
The authors feel that the level of reporting of 
injuries to bus and coach occupants in Great Britain 
is high at all injury levels, due to the responsibility 
of the driver to report incidents to the operator.  
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There is also a legal obligation to report incidents to 
the Vehicle Inspectorate, an agency of DfT.  This 
high level has been evident in the monitoring of 
police accident reports (received as part of an 
ongoing injury study) in the Nottinghamshire and 
Leicestershire counties of Great Britain, from 
February 2000 to February 2001. 
 
Data are available for Great Britain, which includes 
England, Scotland and Wales. Whilst a separate 
vehicle type code is given to buses and coaches 
unfortunately there is no way to distinguish 
between a local service bus or coach and a coach.  
The analysis therefore covers all buses and coaches 
that have 17 or more passenger seats (regardless of 
whether or not they are being used in local service 
operation). 
 
As part of the study undertaken for the DfT, 
physical designs of the current bus fleet were 
examined.  This provided information on the types 
of designs currently in use within the UK and the 
hazards associated with these designs.  A task 
analysis was undertaken of the actual bus journey 
from the passengers’ point of view.  This identified 
the extent of which passengers would be exposed to 
any hazards during the journey including such 
things as boarding and alighting.  As well as 
investigating the bus design, passenger issues were 
considered.  These included the effects of sensory 
disabilities, slips, trips and falls and the 
characteristics of the bus user population.  This 
work has been used in this paper to identify how 
and why injuries occur. 
 
RESULTS 
 
Overall Picture 
 
This study uses data from 1999 to 2001.  The 
distribution of injury severity, compared to car and 
taxi, and all road users is given in Table 1, averaged 
over these three years. 
 

Table 1.  Casualty Figures (ref. 1) 

 Number of Casualties  
(Average per year 1999 to 2001) 

 Fatal Serious Slight Total 

Buses and 
Coaches 

(Passengers) 

12 
0.1% 

511 
5.6% 

8,577 
94.3% 

9,100 
100% 

Cars 
(Occupants) 

1,683 
0.8% 

17,986 
8.8% 

184,053 
90.3% 

203,722 
100% 

All Road 
Users 

3,427 
1.1% 

38,129 
12.0% 

276,411 
86.9% 

317,967 
100% 

 
These figures show that when a passenger is injured 
in a bus or coach they are less likely to receive a 

fatal or serious injury than overall road users (5.7% 
against 13.1%). 
 
Figure 1 gives the overall picture of killed or 
seriously injured (KSI) road user casualties in Great 
Britain.  Casualties on buses and coaches represent 
1.4% of all KSI casualties (1.26% passengers). 

(average 1999 to 2001)

Cyclists
6.9% Motorcyclists

17.3%

Buses/Coaches
1.4%

Cars/Minibuses
47.7%

Pedestrians
22.8%

Vans/Trucks
3.3%

Others
0.6%

 
Figure 1.  Proportion of KSI Casualties by Road 

User Type 

Whilst this percentage is low, and analyses of 
exposure indicate that bus travel is one of the safest 
modes of transport, this study identifies issues that 
should make local bus transport even safer.  Recent 
experience in the UK concerning rail crashes 
indicates that the public has a keen awareness of the 
safety of public transport and an expectation of 
very high levels of safety if they are to use public 
transport. 
 
Also, as new low floor buses make travel more 
viable for less physically mobile passengers it is 
important to make sure that these people are not 
suffering injuries inside the vehicle, which will 
make the overall proportion of bus casualties 
higher.  It is also important to look to the future 
with most governments encouraging the greater use 
of public transport, especially in congested cities. 
 
Accident Circumstances 
 

Point of First Impact65.1%
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Figure 2.  Location of First Impact when 

Passengers (KSI) are Injured 

Figure 2 shows the location on the vehicle of the 
first point of impact (left and right are for an 
occupant sitting in a vehicle facing forward).  
While this is not necessarily impact direction, over 
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the whole national database it is a good estimation 
of the type of accident.  It can be seen that 65.1% of 
all KSI passenger injuries are in non-impact 
incidents. 
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Figure 3.  Position / Action of KSI Casualties* 

*If a passenger is struck by a vehicle after safely alighting from 
a bus or coach they are counted as a pedestrian.  If an injury 
occurs due to a fall onto or off the vehicle they are recorded as 
boarding or alighting as appropriate. 
 
Figure 3 shows that 56.4% of all KSI passenger 
casualties are not seated when they are injured.  
Overall 49.0% of KSI casualties are both not seated 
and the vehicle does not have an impact.  These are 
large proportions of the bus casualty population. 
 
Non-collision incidents typically have a much 
lower number of casualties per vehicle, 1.14, when 
at least one injury takes place (the criteria for an 
accident to be recorded).  For frontal damage 
accidents this figure is 2.05. 
 
KSI Rate 
 
'KSI rate' is used to describe the proportion of all 
casualties in a certain group which receive a serious 
or fatal injury.  It is found that when a casualty is 
not seated there is an 8.3% likelihood of sustaining 
a KSI injury, compared to figures of 4.1% for 
seated passengers and 5.8% overall.  More detail is 
given in figure 4. 
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Figure 4.  Percentage of KSI Casualties 

(n=all severities per year) 

Interestingly there are more casualties when 
alighting the vehicle than when boarding, with a 
shift towards a higher proportion of serious injuries.  
This could be due to drivers being less aware of 
these passengers or just the likelihood of falling 
down being greater.  Also slight loss of balance can 
develop when standing quickly after a period of 
sitting on the vehicle and bifocal glasses, that do 
not give good distance vision when looking down, 
may also be a problem. 
 
During the 3 years of data, 24 out of the 35 fatal 
casualties (69%) occurred when the passenger was 
standing, boarding or alighting the bus or coach.  
After studying some in-depth cases it is apparent 
that many of these fatal casualties in fact suffered 
from some kind of fall, trip or slip, whilst standing, 
alighting or boarding. 
 
Of all casualties that are standing, alighting or 
boarding, 83.7% are injured in non-collision 
accidents and it is important to note that 40.4% of 
seated casualties are also injured in such accidents.  
For KSI casualties these figures are 87.0% and 
36.9%. 
 
Road Classification 

50-70 mph
2.4%

0-20 mph
0.4%

40 mph
3.9%

30 mph
93.3%

0-20 mph

30 mph

40 mph
50-70 mph

 
Figure 5.  Casualty Distribution by Road Speed 

Limit 

Looking at just the non-collision population it is 
found that 93.9% of all casualties occur on roads 
with a 30 mph (48 kph) speed limit and 3.9% on 40 
mph (64 kph) roads, 94.1% and 3.4% for KSI 
casualties. This compares to figures of 83.6% and 
4.6% for all casualties injured on buses and 
coaches. 
 
Roads up to and including 40 mph speed limit are 
defined as built up areas by the UK government.  In 
the data it is not possible to separate local buses and 
coaches but this high figure in built up / urban areas 
indicates that the majority of non-collision 
incidents are likely to occur on local service buses. 
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Who Is Getting Injured? The Non-Collision 
Casualty Population 
 
Gender and Age 
 
 

Male
25.8%

Female
74.2%

 
 

Figure 6.  Gender Distribution (KSI) 

Figure 6 gives the gender distribution for KSI 
casualties, injured when no collision takes place, 
with the split of 74.2% women and 25.8% men.  
Seated casualties have been included as the design 
of the interior can be just as important for them as it 
is for occupants trying to keep their balance when 
standing. 
 
The data shows that there are almost three times as 
many female as male KSI casualties.  This is likely 
to be both a function of greater bus use by females 
and a lower tolerance to injury. 
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Figure 7.  KSI Casualties by Age and Gender 

(per year) 
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Figure 8.  KSI Rate Across Age Bands 

Figures 7 and 8 give age and gender distributions 
for KSI non-collision casualties. 
 
In figure 7 a small peak is seen for school age 
children and there is a very obvious increase in 
numbers amongst elderly females.  The mean age 
for female casualties is 12 years higher than that for 
males. 
 
From figure 8, overall there is an increase in the 
likelihood of a serious or fatal injury to both males 
and females as their age increases.  The increase is 
most prevalent after the age of 70.  An increase is 
also evident for male teenagers.  The risk of a KSI 
injury, when an injury has taken place, is lower for 
young children. 
 
Exposure 
 
Governmental surveys (ref. 2) show that generally 
women travel more on local buses than men for 
most types of area and age.  This goes some way to 
explaining why women have a much greater 
representation as bus or coach casualties than men 
on the database.  Overall it is estimated that in the 
16 to 59 years old age group women travel 47% 
further on local buses than men. 
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Figure 9.  Share Of Bus Journeys By Age Group 
NTS 1996-98  (ref. 3) 

This figure from the National Travel Survey shows 
that women of all ages also make more local bus 
journeys than men, whilst travelling further.  This 
will give women higher exposure to injuries that 
occur whilst standing, boarding or alighting the 
vehicle, as they get on and off more often. 
 
HOW AND WHY DO THESE INJURIES 
OCCUR? 
 
This work has shown that 64.3% of all KSI bus 
passenger casualties are in non-collision incidents 
with a shift towards elderly female passengers.  
This section will discuss problems on buses that 
cause these injuries.  Generally it is felt that most of 
these types of non-collision injury are taking place 
on local service buses, borne out by 94% of these 
injuries occurring on 30 mph roads.  The rest of this 
paper will therefore concentrate on these vehicles. 

3 year (1999 to 2001) totals: 
Male - 9 Fatalities 
 251 Serious 
Female -  11 Fatalities 
 738 Serious 
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Slips, Trips and Falls on the Vehicle 
 
Caused by: 

Slippery floors, 
Weather conditions, 
Uneven floors, 
Unexpected or high steps, 
Steep slopes, 
Lack of visual cues, 
Physiology in older people.  

 

        
Figure 10.      Figure 11. 

 
There are a number of design issues on buses that 
can cause slips, trips and falls.  Floors can also be 
slippery due to inappropriate or worn surfaces.  
More modern buses have textured floor surfaces 
which give a good grip but on older buses and 
especially those which have seen a lot of service, 
the flooring gets very worn and therefore smoother, 
which could present a potential slipping hazard. 
 
Weather conditions present many variables that are 
impossible to remove whilst the vehicle is in 
operation.  Rain, leaves, snow or even wet paper 
significantly increase the likelihood of an 
individual slipping on a floor.  It is generally 
recommended that floors should be kept as clean as 
possible and non-slip surfaces should be used 
throughout. 
 
Uneven floors, especially unpredictable or varying 
slopes on aisles can present tripping hazards, as 
they are not expected.  New guidelines suggest that 
floors should not have a greater slope than 3 
degrees inside the vehicle (figure 10) and 5 degrees 
around the door area.  Buses with internal steps half 
way down the aisle can cause falls as passengers 
are busy trying to find an empty seat rather than 
looking at the floor (figure 11).  The height of any 
steps within the bus should also be consistent. 
 
It is important to mark any steps or floor 
obstructions on the vehicle to act as visual cues.  
There should be good marking of steps, good even 
lighting levels, and appropriate use of colour so 

passengers can quickly identify grab handles, steps, 
seats and exits.  Steps also wear quickly and 
become slippery so good maintenance is required. 
 
Generally older people are more susceptible to falls 
and the environment described above will increase 
the risk of falling.  Older persons have stiffer, less 
co-ordinated and more limited gaits than younger 
persons.  Posture control, body-oriented reflexes, 
muscle strength and tone, and height of step all 
decrease with age thus limiting the individual’s 
ability to negotiate steps and obstacles whilst also 
impairing the ability to avoid a fall after an 
unexpected trip or when reaching or bending.  Age-
associated impairment of vision, hearing, and 
memory also tend to increase the number of trips 
and stumbles. 
 
Slips, Trips and Falls whilst Boarding or 
Alighting 
 
Caused by: 

Step to the kerb can 
be too high, 
Riser steps of 
different heights, 
Passengers can be 
encumbered. 

 
 
 
 
    Figure 12. 
 
Boarding and alighting includes passengers being 
injured while stepping on or off the bus as well as 
falling over whilst standing as they make their way 
from or to a seat.  This can be seen in the split 
between casualties when the bus is moving and 
when it is stationary.  National Accident data is 
collected by individual police officers at the scene 
of accidents.  Therefore there may be some overlap 
in the understanding of the definitions relating to 
standing as a passenger and those boarding or 
alighting. 
 
Of all KSI non-collision passenger casualties, 
35.3% are injured whilst boarding or alighting 
(Boarding 12.8%, Alighting 22.5%).  Of these 
casualties 42.4% occur when the vehicle is 
stationary, 11.0% whilst the vehicle is stopping and 
25.8% when the vehicle is starting off. 
 
If there is a large initial step when alighting or 
boarding, or the step risers are different in height, 
passengers can lose their balance or misjudge the 
distance (figure 12).  This is especially relevant to 
the elderly or the encumbered passenger, for 
example when carrying bags, children or 
pushchairs. 
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Differences in kerb heights at different bus stops is 
a difficult variable to control but this can 
exacerbate the problem.  All subsequent steps on 
board the bus should be the same height to avoid 
loss of balance.  A number of alighting cases have 
resulted in serious injury or even death as people 
have stumbled and fallen under the bus.  
 
Operational Issues and Heavy Braking 
 
Falls can occur from the mechanisms mentioned 
above but the operation of the vehicle can also 
initiate a fall on a bus. 
 
Caused by: 

Acceleration, vehicle pulls away before 
passenger reaches seat, 
Deceleration, passenger stands to get off bus 
before bus has come to a halt, 
Vehicles sometimes need to turn sharply into 
and out of bus stops, 
Emergency manoeuvres. 

 
Due to timetable constraints the bus can often start 
to accelerate away before passengers, especially the 
less mobile, have the time to reach a seat or find a 
place to stand safely and hold on.  Passengers can 
also feel under pressure to stand up before the bus 
has halted at a bus stop as they fear that they will 
not be able to get off in time, or the driver may not 
stop at all. 
 
Bus stops tend to be recessed which is good for 
traffic flow but if they are too small the sharp 
steering motion of entering and exiting bus stops 
can unbalance passengers. 
 
These factors can cause boarding and alighting 
passengers to lose balance and fall against rigid 
parts of the bus interior. 
 
The scenarios above are also relevant to standing 
passengers who haven't got a seat and 92.3% of 
standing passenger casualties are injured when the 
vehicle is moving.  Standing passengers account for 
39.0% of all KSI non-collision casualties. 
 
The performance of buses in terms of engine power 
and braking is also improving which can increase 
the likelihood of injuries occurring due to the 
operation of vehicles, as they can accelerate and 
brake more quickly. 
 
The obvious solution to this would be to avoid all 
standing passengers and ensure that all passengers 
are seated before the bus moves off from a stop.  
Likewise, alighting passengers should remain 
seated until the bus stops.  It would be difficult 
though to not allow standing passengers when the 
use of public transport and buses is being promoted 

and operators want to use their vehicles at full 
capacity when needed. 
 
Another solution would be for the driver to 
endeavour to avoid sudden manoeuvres and 
accelerate and brake more smoothly. 
 
Passengers on vehicles also have a duty to reach 
seats as quickly as possible.  Drivers can't be 
expected to wait if passengers are unnecessarily 
fussy about where they are sitting! 
 
Driver Issues 
 
In work carried out at Loughborough University 
one operator said 90% of complaints from injured 
passengers put the blame on the driver.  But it is 
important to recognise workload is high due to: 
• high levels of traffic congestion, 
• pressure to keep to timetables, 
• driver operated buses. 
 
Since deregulation in Great Britain there is 
considerable commercial pressure to keep to 
timetables due to fierce competition.  Also in 
Britain we are starting to see traffic commissioners 
banning operators from registering any more 
services and imposing fines if operators are not 
running to time (ref. 4a).  Traffic congestion is 
much higher so to keep to timetables drivers must 
not spend too long at bus stops.  Also to keep up 
with modern traffic, bus performance has improved 
in terms of acceleration and braking, which puts 
higher forces on any unbalanced passenger. 
 
In addition it is now uncommon to find a conductor 
on a bus in addition to the driver.  This means that 
the driver has to issue tickets, handle money and 
deal with any unruly behaviour on the vehicle.  
This adds to the driver's already stressful working 
conditions.  Recently though, London Buses have 
carried out trials with conductors on a low floor 
route, with the Mayor of London committing to a 
significant increase in the number of conductors 
operating in Central London by 2004 (ref. 5). 
 
The authors would like to see research into the 
workload of drivers and detailed analysis of the 
flexibility in bus timetables to examine whether 
longer stops are in fact an issue in the profitability 
of the bus service. 
 
New provisions referred to under the ‘Conduct of 
Drivers, Inspectors, Conductors and Passenger 
Regulations 1990’ came into effect on October 1 
2002 and refer to extra duties in providing that 
disabled passengers can travel safely on local buses 
(in addition to other points such that route numbers 
are always correct and illuminated appropriately) 
(ref. 4b). 
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INJURY CAUSATION 
 
Poor Interior Design 
 
What are the dangers when a passenger does slip, 
trip or fall?  Why are injuries caused? 
 
These pictures give examples of interior design that 
can lead to injuries when passengers make contact 
with internal parts of the bus.  These are typical of 
the bus fleet. 
 

 
Figure 13. 

 

 
Figure 14. 

 
There are unprotected metal grab rails in the areas 
where seated passengers’ heads will naturally fall 
forward and passengers’ upper extremities may hit 
if they fall over (figures 13 and 14). 
 

  
Figure 15.  Figure 16. 

 
Ticket machines tend to have hard metal edges that 
a standing passenger could easily fall forwards and 
hit, for example, during hard braking (figures 15 

and 16).  Likewise a boarding passenger could trip 
and strike the machine.  Generally ticket machines, 
card readers, and bins are not integrated into the 
design of the bus, they appear to be bolted on 
afterwards depending upon the requirements of the 
operator.  This inevitably causes them to encroach 
on the standing area. 

 

 
Figure 17. 

 
Also shown is an example of the hard metal joints 
used for the interior grab bars (figure 17). 
 
The continuing problem of vandalism must also be 
kept in mind though.  It is a challenge for designers 
to make parts compliant enough to lessen injury but 
also durable and not attractive to easy vandalism. 
 
Example of a Non-Collision Casualty Case 
 
The following example demonstrates the potential 
consequences that can result from some of the 
factors previously discussed, including standing 
passengers, operational issues and poor interior 
design. 
 
A 52 year old female passenger stood up on the bus 
intending to alight at the bus stop shown here 
(figure 18).  She had shopping bags in both hands.  
 

 
Figure 18.  Scene of Accident 
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Figure 19.  Area of Head Impact 

Before reaching the stop a dog ran across the road 
causing the driver to brake heavily to a halt.  Figure 
18 shows the bus in the position at which it came to 
a stop, so it can be seen that the passenger stood up 
whilst the bus was a good distance from the bus 
stop.  During the braking action of the bus, the 
passenger fell forwards and received a fatal head 
injury from the interior contact shown in figure 19. 
 
The shape of the head impact can clearly be seen in 
the grill with the main injury caused by an impact 
with the rigid metal surround. 
 
DISCUSSION 
 
Other European Countries 
 
Internationally accident data is collected in slightly 
different ways but it has been found that the non-
collision casualty situations in Austria and 
Germany broadly mirror Great Britain. 
 
In Austria 32% of all KSI casualties are injured 
during an emergency braking manoeuvre (ref. 6). 
 
A German in-depth study of city bus accidents, in 
Bavaria (Munich and Nürnberg), carried out as part 
of a thesis (ref. 7), revealed that 50% of the 
casualties in buses are due to non-collision bus 
incidents.  In over 70% of the cases emergency 
braking was the main cause of the incident in the 
bus, 72% of these casualties were older than 55 
years. 
 
New Legislation 
 
The Public Service Vehicles Accessibility 
Regulations SI 2000 No. 1970, which have been in 
force in the UK since August 2000, replaced the 
recommended specifications of the Disabled 
Persons Transport Advisory Committee (DPTAC).  
These are in line with the European directive on bus 
construction 2001/85/EC.  Generally these 

regulations make access on and off vehicles easier 
and vehicle interiors safer. 
 
Any new local or scheduled service bus first used 
on or after 31st December must be compliant with 
these new disability and access regulations, with all 
buses compliant by 2017. 
 
These new buses have significant advantages on the 
ease of access for all passengers but especially the 
less mobile, allowing a wider population to access 
and use buses, thereby changing the bus user 
population characteristics.  New buses will have 
low floor access, priority seats and crucially space 
for wheelchairs and push chairs (figure 20). 
 

 
Figure 20. 

 
It is perceived that the introduction of these 
vehicles will be accompanied by an increase in the 
safety of the passengers.  Low floor access avoids, 
or goes some way to improving, the high step onto 
the vehicle, which can cause stumbles and falls 
both onto, and off, the vehicle.  Other 
improvements include access lighting for 
wheelchair users, improved and more consistent 
step dimensions, bellpushes within easy reach of 
passengers and more frequent handrails.  These 
features should lessen the likelihood of falls inside 
the vehicle. 
 

     
Figure 21.  Figure 22. 
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New Vehicles 
 
At the start of 1998 there where no low floor buses 
in London.  As of Sept 2002, 4,486 of the peak 
vehicle requirement in London was covered by low 
floor buses making 75% of the fleet wheelchair 
accessible (ref. 8).  Investment in new buses has 
increased year on year since the early 90’s. 
 
The BusPlus scheme in London is pushing for the 
introduction of low floor vehicles on all non-
Routemaster services by the end of 2005 and the 
government has generally encouraged the average 
age of vehicles in the PSV fleet to decrease, at the 
moment it stands at just over 8 years, from a peak 
of 10 years in the mid nineties. 
 
The Continuing Relevance of Non-Collision 
Injuries 
 
Even though new legislation has been introduced 
recently, Great Britain will still have older buses for 
some time to come and all local buses in service 
will not have to comply until 2017 (single deck 
local buses in 2016).  In 2001 the average age of 
the public service vehicle fleet in Great Britain was 
8.4 years old (ref. 9) 
 
Therefore the authors believe it is very important to 
still consider the issues raised in this paper as they 
will affect bus users for many years to come, 
especially outside London.  Also whilst access 
regulations generally improve the interior design of 
the bus, interior contacts must be kept in mind 
during the vehicle design and operational issues 
throughout the life of the vehicle. 
 
In fact an unfortunate by-product of some of these 
regulations is that the number of seats are reduced 
on the lower deck of double decker buses, (there 
can be as few as 20 seats in the lower saloon) which 
means that more people may be forced to stand or 
move upstairs, it is therefore just as relevant to 
consider falls, especially from bus operation, on 
these new buses as on older buses. 
 
The 10 Year Transport Plan set a target in 2000 of a 
10 percentage increase in bus patronage in England 
by 2010, although this has now been combined with 
light rail.  There was a 1 per cent increase overall 
from 2000/01 to 2001/02, a 5.5% increase in 
London but a 1.6% fall outside London.  This could 
be an indication of the improvement in vehicles in 
London and reflect increases that may occur 
elsewhere with new low floor vehicle introduction 
(ref. 10). 
 
Generally bus patronage looks likely to increase 
and if the same types of injuries occur the absolute 
numbers of casualties will also increase. 

Future Work 
 
These studies have already identified the problems 
of non-collision passenger casualties.  Further work 
should answer the questions of whether: 
• newer local bus designs solve the non-collision 

injury problems that have been evident in the 
past, 

• the operation of local buses can still be 
detrimental to the safety of passengers.  Have 
these problems changed, become better or 
worse on newer, higher performance buses? 

• has greater accessibility allowed more 
vulnerable people to travel on local buses, and 
if so will we in fact see an increase in casualty 
numbers? 

 
Any future studies may also be able to take 
advantage of on board CCTV coverage that is 
becoming more and more common on new (and in 
fact some older) vehicles to combat vandalism, 
attacks on drivers and general anti-social behaviour. 
 
CONCLUSIONS 
 
• The majority of killed and seriously injured 

bus passenger casualties in Great Britain 
(64.3%) occur when the vehicle is not involved 
in a collision. 

• It has been found that there is a high proportion 
of elderly female passengers in this casualty 
population and when they are injured they have 
an increased risk of a serious injury. 

• Legislation is changing the design of buses and 
the authors obviously support those changes 
which make public transport more widely 
available.  However legislation is improving 
access for all, enabling more vulnerable 
people, especially the less mobile, to travel on 
buses.  These people will be both more 
susceptible to falls, and to injuries if they fall, 
whilst on the vehicle. 

• New regulations are in force but they do not 
place requirements on good operating practice, 
also the vehicle fleet includes a large 
proportion of older vehicles and these new bus 
designs will not be commonplace for many 
years to come (especially outside London). 

 
RECOMMENDATIONS 
 
Regulations have improved access but better 
interior design is needed, especially around the 
ticket/driver area and near to the doors, to minimise 
contact injuries.  Maintenance procedures should 
also ensure there is no compromise on safety. 
 
The issue of pressure on operators, and therefore 
drivers, to achieve strict timetables in mounting 
congestion should be considered.  A compromise 
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between economic whilst passenger friendly 
timetabling should be reached, against which 
operators can be judged. 
 
During busy times and on busy routes it would be 
beneficial to have a conductor accompanying the 
driver, collecting fares, helping passengers 
(especially wheelchair users) and dealing with 
unruly passengers, leaving the driver to concentrate 
on driving. 
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ABSTRACT

The performance of occupant protection systems,
especially air bags, is of high interest to the National
Highway Traffic Safety Administration (NHTSA).
Since 1972, the NHTSA has operated a Special Crash
Investigations (SCI) program, which provides the
agency with the flexibility to acquire detailed
engineering information quickly on high visibility
traffic crashes of special interest. The SCI collects
in-depth crash data on new and rapidly changing
technologies in real world crashes. NHTSA uses the
data collected in this program and others to evaluate
rulemaking actions. The data are also used by the
automotive industry and other organizations to
evaluate the performance of motor vehicle occupant
protection systems such as air bags.

This paper presents information from NHTSA's SCI
program concerning crash investigations on air bag
equipped vehicles. The paper provides information
on data collection and findings in the NHTSA
sponsored air bag crash investigations, updating and
expanding findings from the 17th Enhanced Safety of
Vehicles (ESV) paper “Air Bag Crash Investigations”
by Chidester and Roston [Ref. 3]. Topics include air
bag-related fatalities as a whole and by certification
status; physical characteristics of occupants fatally
injured by a deploying air bag; and an overview of
special case studies available on NHTSA’s world
wide web site.

BACKGROUND

NHTSA performs research and develops safety
programs and standards in an effort to reduce the toll
of deaths, injuries, and property damage from traffic
crashes. In-depth field investigations on crashes with
an air bag deployment are conducted in the SCI
program under the auspices of the National Center
for Statistics and Analysis (NCSA). SCI cases are an
anecdotal data set used to examine and evaluate the
latest safety systems. These investigations play a vital
role by providing data relative to real world events.
Added details on SCI investigations can be found in
17th ESV, Chidester and Roston [Ref. 3].

From 1972 to 1990, the SCI program investigated all
crashes reported to NHTSA that involved an air bag-
equipped vehicle. However, due to the rapid growth
in the marketplace after 1990, the SCI program
shifted to investigating only air bag-related special
interest cases, involving such issues as air bag related
serious and fatal injuries, driver and passenger air bag
performance, interaction between air bags and child
safety seats, air bag non-deployment crashes,
inadvertent air bag deployments, side air bags,
“redesigned” air bags, and advanced occupant
protection systems. These cases have been utilized by
the agency and the automotive safety community to
acquire knowledge in real world performance of new
and emerging air bag systems and have been
instrumental in influencing improvements to new
generations in air bag technologies.

HISTORY OF AIR BAG FATALITIES

In 1991, the SCI program investigated and confirmed
the first allegation of a driver air bag related fatality.
At that time, the SCI was tasked with locating,
investigating, confirming and reporting air bag
related life threatening and fatal injury cases. In
1993, the first air bag deployment related child
fatality was confirmed. The National Automotive
Sampling System (NASS) Crashworthiness Data
System (CDS), a probability-based sample of
crashes, did not sample an air bag-related fatality
case until 1997.

In 1996, the SCI program was significantly expanded
in order to perform investigations of all air bag
related life threatening or fatal injuries. In October
1996, NHTSA began publishing summary tables for
each confirmed air bag related fatality and seriously
injured occupant. The tables contain basic
information about serious injuries and fatalities
related to air bag deployments in crashes of minor to
moderate severity to infants in rear facing child
safety seats (RFCSS), children not in RFCSS,
drivers, and adult passengers.
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For the purposes of these air bag investigations,
NHTSA has defined children as occupants 12 years
of age and under. Serious injury has been defined as
a level sufficient to be a threat to life. Crashes of
minor severity have been defined as those with a
speed change less than 19 miles per hour, and crashes
of moderate severity have been defined as those with
a speed change between 19 and 24 mph.

To be fatally injured by an air bag, the deployment
energy of the air bag must be imparted to the
occupant, who must be in the path of the deploying
air bag or air bag cover flap. In crashes of minor to
moderate severity, the occupant is most typically out-
of-position (OOP) and in the path of a deploying air
bag in one of the following two scenarios:

1. The occupant's initial seating position will place
them in the air bag deployment path. Initial
positioning may include: small or short-stature
occupants seated in close proximity to the air
bag, as well as occupants that fall asleep, have
passed out or are leaning into the air bag
deployment path. This scenario includes both
belted and unbelted occupants.

2. The occupant is repositioned to a location within
the air bag deployment path just prior to
deployment by a pre-impact or at-impact event.
The event that repositions the occupant into the
deployment path includes a number of factors
such as: pre-impact braking, multiple closely
spaced near deployment events, running off the
road or long crash pulses which also result in late
deployments. Unbelted or improperly belted
occupants are more likely to become out-of-
position in these scenarios.

In an effort to cover as many existing air bag-related
fatalities as possible in the SCI, the Fatality Analysis
Reporting System (FARS) is queried for possible
cases. This process is performed annually and has
been ongoing since 1992. In 2000, this process was
significantly improved. The FARS coding of
confirmed air bag related fatality cases was reviewed
in an effort to upgrade the criteria used to locate
potential cases. A number of additional cases were
identified and investigated. As a result, the SCI files
are believed to contain a near census of air bag-
related fatalities in crashes of minor to moderate
severity.

SCI air bag cases are categorized as “confirmed” or
“unconfirmed." Unconfirmed cases are crashes under
active investigation where the air bag is suspected of

being the injury mechanism. It is always possible
that the investigation, when completed, will not
support a conclusion of an air bag-related injury or
fatality. Since 1997, the SCI headquarters team has
pre-screened the notifications submitted.

Beginning in May 1998, NHTSA began reporting
unconfirmed air bag related fatal injury counts in
their monthly reports. This was done to avoid any
distortions that might result from including only
confirmed case counts, which typically lag
approximately six months from initiation to
confirmation. The primary reason for the lag time is
medical record acquisition for injured occupants.

As of January 1, 2003, NHTSA's SCI program had a
total of 242 cases (227 confirmed and 15
unconfirmed) where the deployment of the driver or
passenger air bag resulted in a fatal injury to an
occupant in a minor-to-moderate severity crash. One
hundred and forty-one of the confirmed cases were
children, of which 119 were children not in a RFCSS,
and 22 were infants in rear facing child safety seats.
There have been 76 adult driver and 10 adult front
right passenger confirmed fatalities (Table 1).

Table 1.
Air bag-related fatality counts by occupant type

and confirmation status.
Fatality CountOccupant Type

Conf. Unconf. Total
RFCSS 22 1 23
Children not in a RFCSS 119 6 125
Adult Drivers 76 7 83
Adult Passengers 10 1 11
Total 227 15 242

Source: NCSA, NHTSA (SCI Databases)

CHILD AIR BAG-RELATED FATALITIES

In Table 1, 148 of 242 fatalities, or 61 percent, were
children. These incidents were a cause of justified
concern in the mid-1990s. Since then, the numbers
relative to fleet size have decreased. Figure 1
presents the number of passenger air bag child
fatalities normalized by the number of passenger air
bags in the fleet over 12-month release periods. Each
bar represents the number of children fatally injured
by a deploying air bag during the given 12-month
period divided by the number of passenger air bag-
equipped vehicles in the fleet during that same
interval. The denominator, denoted as million
registered vehicle years (MRVY), is derived from
R.L. Polk data on new registrations carried forward
from each production year. It incorporates NHTSA
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estimated vehicle attrition rates [Ref. 4] and assumes
new vehicle release to be evenly spread through the
introductory year. The fatalities are grouped into 12-
month periods aligned with the vehicle production
year - September 1 through August 31 - to facilitate
the comparison with vehicle years. The denominator
is not meant to represent exposure to deploying
passenger air bags or even seating in front of
passenger air bags (since such a denominator would
not demonstrate the effect of moving children to the
back seat); it is simply meant to descriptively
compare fatalities to the number of air bags in the
fleet, which has increased by about 15 million
annually in recent production years.
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Figure 1. Children fatally injured by a passenger air
bag, normalized by MRVY; confirmed and
unconfirmed as of September 1, 2002.

Since incomplete years can be difficult to interpret,
Figure 1 does not include the unfinished 12-month
period beginning in September 2002. Four
unconfirmed child fatalities added to the SCI’s active
investigations between September 1, 2002 and
January 1, 2003 are not a component of Figure 2 or 3
although they are included in Table 1.

NHTSA and its partners (manufacturers, insurance
companies and other organizations) have committed
a high volume of public education resources in an
effort to prevent air bag related injuries and fatalities,
especially to children. One of the main messages put
forth during the 1996 implementation of the
educational campaigns has been that children are
safer in the back seat. Figure 1 seems to indicate that
the campaigns, likely bolstered by media attention,
warning labels and word-of-mouth, have had a
positive effect. However, in March of 1997 NHTSA
issued a rulemaking action that allowed automobile
manufacturers to expediently reduce the force at
which their air bags deployed. A number of
manufacturers began installing these air bags
(referred to by NHTSA as “redesigned”) in their
1998 model year vehicles. “Redesigned” air bags are
those used in vehicles that have been certified to the
unbelted 25 mph sled test option instead of the

unbelted 30 mph crash test option in Federal Motor
Vehicle Safety Standard (FMVSS) No. 208. In crash
tests, instrumented test dummies are placed in a
production vehicle that is then crashed into a barrier.
In sled tests, no crash takes place; the vehicle is
placed on a sled-on-rails, and instrumented test
dummies are placed in the vehicle. The sled and
vehicle are accelerated very rapidly backward. As the
vehicle moves backward, the dummies move forward
inside the vehicle in much the same way that people
would in a frontal crash. The air bags certified under
the sled test, denoted here as “sled-certified” air bags,
could be another factor in child fatality reduction.
Figure 2, which charts the fatalities by vehicle model
year (again normalized by MRVY), shows that child
airbag fatalities have been less frequent in recent
model year vehicles.
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Figure 2. Children fatally injured by a passenger air
bag by vehicle model year, normalized by MRVY;
confirmed & unconfirmed as of September 1, 2002.

To separate the effect of public education from that
of the rule change, the fatalities from Sept 1997 (the
introduction of sled-certified air bags) onward are
categorized by air bag type and charted separately
over time in Figure 3. Vehicles with systems
certified to the older barrier test are denoted as
“barrier-certified.” MRVY figures apply to vehicles
by certification status.
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Figure 3. Children (0-12 yrs) fatally injured by a
barrier-certified vs. a sled-certified passenger air bag,
normalized by MRVY; confirmed and unconfirmed as
of September 1, 2002.
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Figure 3 suggests that the effect of public education
is positive, as seen in both barrier-certified and sled-
certified vehicles as each category goes downward
with time; and that the increased safety of sled-
certified air bags to children in crashes of minor to
moderate severity is also positive, in that the
normalized count for the sled-certified bags is lower
than that for barrier-certified bags within each 12-
month period.

Concern has been expressed in the safety community
and NHTSA that as used cars change hands, drivers
who had been accustomed to vehicles without air
bags – and therefore paid little attention to the safety
campaigns - may be acquiring barrier-certified air
bag vehicles. These drivers may also be tend to be in
lower income brackets than their new-car driving
counterparts; if so, they may or may not differ in
education, access to media, and/or skills with
languages in which the safety messages are
disseminated. Such factors could be confounding the
apparent education and rule effects in Figure 3, and
could also become an increasing problem in future
years. SCI does not collect socio-economic
information, but NHTSA will continue to monitor air
bag fatalities for any upswing that could signal such
trends.

It should be noted that NHTSA does not view sled-
certified air bags as a permanent solution, since the
sled test does not assure that the air bags are less
injurious to the out-of-position (OOP) occupant, as
there are no OOP tests in this rule. The Advanced
Air Bag upgrade to FMVSS No. 208, which includes
OOP tests, is discussed later in this paper.

In all child cases included in the SCI summaries,
crash investigators have identified the passenger air
bag and/or air bag cover flap as the source of the
critical-to-fatal injuries. Little or no intrusion of the
occupant compartment was reported, and the cases
have speed changes less than 25 miles per hour.
Given the crash severity levels involved in most of
the cases investigated, one would not expect that
these children would have sustained life threatening
or fatal injuries in the absence of an air bag.

Infant Injuries

Of the 26 infant (0-1 year) fatalities, 10 were
restrained in an appropriate infant seat, and the seat
was secured by the safety belt in the front right
seating position of a passenger air bag equipped
vehicle. However, this is not considered properly
restrained, since a RFCSS should never be placed in

the front seat of a vehicle equipped with a passenger
air bag. (The only exception is for vehicles with no
back seat and an air bag on/off switch in the off
position.) In the remaining 16 cases, three were in or
standing on the lap of the driver, four were in a
RFCSS being held on the lap of the front right
occupant and nine were either not properly secured in
the RFCSS or the RFCSS was not secured with the
vehicle’s safety belt.

Injuries to Children NOT in a RFCSS

Table 2 shows the restraint usage for the 114
confirmed children not in a RFCSS fatally injured by
a deploying passenger air bag (it excludes the five
children fatally injured by a deploying driver air bag).
With the exception of six (including one unknown),
the children were either unrestrained or improperly
restrained by the available safety belt system, in or
out of a forward facing child safety seat (FFCSS).

Table 2.
Restraint Usage for Confirmed Forward

Facing Children Fatally Injured by a
Passenger Air Bag

On Lap of Passenger 21
FFCSS, Belts Not Used Properly 2
FFCSS, Belts Not Used 3
Unknown if Secured in FFCSS 1
Lap and Shoulder, no FFCSS 5
Shared Lap Belt 1
Used Lap Belt Only 13
No Restraint Used 64
Misused Belts (lap only or shoulder
belt behind back)

4

Total 114

Source: NCSA, NHTSA (SCI Databases)

Table 2 shows five children restrained by lap and
shoulder belts in the front seat. NHTSA recommends
that all children 12 years of age and under be
properly restrained in a rear seating position. For four
of the five belted children the proper restraint for
their physical dimensions would have been a child
safety seat or a booster seat. The fifth child, who was
over eighty pounds and thus not in the range
recommended for safety seat, was leaning forward
into the path of the deploying air bag after
rebounding off of the seat due to a rear collision
(there was no pre-impact braking).

Ninety-five of the 114 fatalities involved pre-impact
braking causing the child to move forward into close
proximity of the stored air bag. Occupant contact
with the instrument panel prior to deployment has
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been confirmed for some cases by the identification
of tissue, fluid, and/or clothing transfers on the air
bag cover flap and/or instrument panel. Air bag
injury general kinematics (for all age groups) are
discussed in Chidester and Roston, 17th ESV [Ref. 3].

AIR BAG-RELATED ADULT FATALITIES

As of January 1, 2003, SCI teams had investigated a
total of 94 cases (86 confirmed and 8 unconfirmed) in
which the deployment of a driver or passenger air bag
resulted in a fatal injury to an adult occupant in a
crash of minor to moderate severity (Table 3).

Table 3.
Adults Fatally Injured by an Air Bag
By Crash Year and Occupant Type

Confirmed (C) and Unconfirmed (U)
As of January 1, 2003

Adult
Drivers

Adult
Passengers

Totals
Year

C U C U C U

1990 1 1
1991 4 4
1992 3 3
1993 4 4
1994 8 8
1995 5 1 5 1
1996 7 2 9
1997 18 4 22
1998 14 2 16
1999 3 3
2000 7 1 2 9 1
2001 2 2
2002 0 5 1 6
Total 76 7 10 1 86 8

Source: NCSA, NHTSA (SCI Databases)

Figure 4 displays the data over 12-month production
periods for adults fatally injured by a deploying
driver air bag. As with the child data shown
previously, the counts have been normalized by
dividing the fatality count by the number of driver air
bag-equipped vehicle-years in the fleet during that
12-month period. As before, the normalizing does
not represent exposure to a deploying air bag, but
simply compares fatality counts to numbers of air
bags. Also as before, the incomplete year consisting
of September through December 2002 is not
included; thus two unconfirmed adult driver cases
that were added to SCI’s active investigations during
those months are not depicted in Figures 4 or 5.
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Figure 4. Adults fatally injured by a driver air bag,
normalized by MRVY; confirmed and unconfirmed
as of September 1, 2002.

Another principle imparted by the safety campaigns
implemented in 1996 has been that drivers should
keep at least 10 inches between their breastbone and
the steering column. This message has been
particularly stressed for women of small stature, who
have been among those most at risk for air bag
injuries. These efforts and the introduction of sled-
certified air bags (as covered earlier) may have had
positive effects on fatalities, which can be seen
declining in Figure 4. To separate the effects, Figure
5 shows the normalized driver fatalities categorized
by type of air bag certification over the years 1997 to
2002, where the MRVY includes only vehicles with
the air bag type denoted.

In Figure 5, the education effect appears to be
stronger than the redesign effect; fatalities in both
categories decline over time but within several 12-
month periods, sled-certified bags are close to pre-
1998 bags in their normalized counts. Recall that in
the similar chart for child fatalities presented earlier,
the sled-test rule effect was noticeable within each
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Figure 5. Adults fatally injured by barrier-certified vs.
sled-certified driver air bags, normalized by MRVY;
confirmed and unconfirmed as of September 1, 2002.
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year. This may suggest that the benefits of the sled
test are greater for child front seat passengers than for
adult drivers.

It is worth noting again that the sled test does not test
for OOP occupants. Prasad, et al, found several post-
sled vehicles not passing OOP tests [Ref. 5].

Adult Passengers

Adult passenger air bag-related fatalities have been
comparatively rare; there are ten confirmed and one
unconfirmed instances in SCI’s air bag cases. The
counts, normalized by MRVY, are displayed in
Figure 6.
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Figure 6. Adults fatally injured by a passenger air
bag, normalized by MRVY; confirmed and
unconfirmed as of September 1, 2002.

Figure 7 separates the counts into barrier-certified
and sled-certified, normalizing for the appropriate
type of bag. The comparatively high rate 1997-1998
year is pushed upward by the small denominator for
sled-certified bags during their introductory year.
Beyond that year, the normalized figure, while very
small, has been largely unchanged, but has involved
only pre-1998 air bags. The incomplete year starting
in September 2002 is again omitted from Figures 6
and 7, but no adult passenger cases have been added
during that time.

DRIVERS AND ADULT PASSENGERS

The air bag injury patterns for drivers and adult
passengers differ due to the location, size and shape
of the air bags. The driver's air bag, because of its
location in the steering wheel hub, is situated in close
proximity to the occupant seating position. The front
right passenger air bag is typically mounted in the
instrument panel and is much larger in size to fill the
space between the instrument panel and the right
front passenger and, if present, a front center
passenger.
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Figure 7. Adults fatally injured by a barrier-certified
vs. a sled-certified passenger air bag, normalized by
MRVY; confirmed and unconfirmed as of September 1,
2002.

In all cases, the crash investigators have identified
either the driver or passenger air bag and/or air bag
cover flap as the source of the fatal injuries. Little to
no intrusion of the occupant compartment was
reported. Given the level of the crash severities
involved, fatal injuries would not be expected
without air bag deployment.

Adult Driver Injuries

Table 4 shows adult drivers by height and restraint
usage. Twenty-five of the drivers were restrained,
properly or improperly, by the available safety belt
system. In all but six of these cases the driver was
64" or less in height.

Driver air bag injury patterns are directly affected by
the occupant’s at-deployment positioning relative to
the body region exposed to the deploying air bag.
Fifty percent of the confirmed drivers suffered chest
injuries while 43 percent sustained some combination
of head, neck and spine injury. The remainder (seven
percent) sustained a combination of head, neck, spine
and chest injuries.

Adult Passenger Injuries

The injury patterns for adult passengers are similar to
those seen in the forward facing children. Passenger
air bags are typically much larger than driver air bags
to afford crash protection to the front right occupant.
Some of these air bags inflate over an extremely large
area in an effort to protect the front middle occupied
positions.

Typically the front right passenger air bag requires
more inflation volume, thereby creating a high
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potential for injury when an occupant is in close
proximity to the air bag deployment path.

Six out of the ten confirmed adult passenger air bag
fatalities were unbelted, and one of the belted
passengers was misusing the belt with the shoulder
belt under the arm. All ten sustained injuries to the
head, neck and/or spine. Most were placed out-of-
position into the deployment path by a number of
factors including pre-impact braking, multiple closely
spaced near deployment events, running off the road
or long crash pulses which also result in late
deployments. The three belted passengers were all
women less than 64 inches in height and over sixty
years of age (two were over 90).

PHYSICAL CHARACTERISTICS OF
OCCUPANTS FATALLY INJURED BY A
DEPLOYING AIR BAG

Cumulative percentages - proportions of observations
less than or equal to a given value - can provide
descriptive summary information on quantitative
characteristics. This section displays cumulative
percentages of certain physical characteristics of

confirmed occupants fatally injured by a deploying
air bag, in order to help describe occupants who may
be at highest risk of such injury. Since likelihood of
injury can depend on restraint usage in combination
with other factors, most of the charts presented
differentiate between belted and unbelted occupants.
Infants in a RFCSS are not included.

Percentages are based only on cases where the
characteristic in question was recorded. The numbers
of belted and unbelted occupants, as well as totals,
may not match across charts because not all
characteristics were known or recorded for all
occupants.

Right Front Passengers

Figure 8 shows the weights of occupants, child and
adult, fatally injured by a deploying air bag, by
restraint usage. About 90 percent of the unbelted
occupants weighed 90 pounds or less. .
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Figure 8. Cumulative percentage, occupant weight in
confirmed passenger air bag-related fatalities.

Figure 9 shows right front passenger weights for any
belt usage by sled-certified vs. barrier-certified air
bags. The patterns for each style are quite similar,
and both show about 80 percent weighing 80 pounds
or less. Figure 10 displays right front passenger
heights by belted status; about 90 percent of unbelted
passengers were 54 inches in height or less. In Figure
11, which shows age by belted status, 92 percent of
fatally injured unbelted passengers were 10 years of
age or less. (Figure 11 includes all right front
passengers, whether child or adult)

Table 4.
Adults Fatally Injured by a Driver Air Bag

By Height and Restraint Usage
As of January 1, 2003

Restraint Usage
Height

(Inches) Any
Usage

None or
Unknown

Totals

47 1 1
56 2 2
58 2 2
59 1 2 3
60 1 2 3
61 1 3 4
62 5 8 13
63 3 3 6
64 5 9 14
65 2 3 5
66 1 6 7
67 4 4
68 2 2
69 1 1 2
70 1 1
71 2 2
72 2 2 3

Unk 2 2 3
Total 25 51 76

Source: NCSA, NHTSA (SCI Databases)
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Figure 9. Cumulative percentage, occupant weight in
passenger air bag-related fatalities by test status.
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Figure 10. Cumulative percentage, occupant height in
confirmed passenger air bag-related fatalities.
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Figure 11. Cumulative percentage, occupant age in
confirmed passenger air bag-related fatalities.

Drivers

Figure 12 shows fatally injured driver weights by
belted status. About 60 percent, whether belted or
not, were 150 pounds or less. The weight patterns for
unbelted drivers and belted drivers are quite similar.
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Figure 12. Cumulative percentages of driver weights
in confirmed driver air bag-related fatalities.

Figure 13 displays the heights of fatally injured
drivers by belted status. It indicates that about 80
percent of belted drivers and 60 percent of unbelted
drivers were no more than 64 inches in height.
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Figure 13. Cumulative percentages of driver heights
in confirmed driver air bag-related fatalities.

Figure 14 displays ages of fatally injured drivers by
belted status. Only about 10 to 15 percent of belted
or unbelted drivers were under 30 years of age,
whereas about 55 percent to 60 percent were over 50
years old.
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Figure 14. Cumulative percentages of driver ages
in confirmed driver air bag-related fatalities.

The SCI program will continue to track these
characteristics and update the findings if more cases
are confirmed.

SCI SPECIAL AIR BAG INVESTIGATIONS

Certain categories of air bag cases are of particular
interest to the engineering and safety communities,
and the SCI program has initiated special studies to
investigate such cases. These categories include
sled-certified or “redesigned” air bags, systems with
advanced features that have not been certified to the
advanced standard, and systems that have been
certified to the advanced standard. In addition, SCI
collects data on cases involving air bag on-off
switches when a switch-equipped vehicle is involved
in a crash of minor to moderate severity where an air
bag-related fatality or life threatening injury has been
confirmed. Since published cases in these various
studies are available to the public, this section
outlines the criteria for these studies and briefly
discusses the numbers of cases in each category.

Redesigned Air Bags

As mentioned previously, NHTSA in March of 1997
issued a rulemaking action that allowed automobile
manufacturers to reduce the force at which their air
bags deployed. As explained earlier, these
“redesigned” bags are certified to a sled test and are
thus more accurately referred to as “sled-certified” air
bags. Most of the manufacturers began introducing
sled-certified air bags into their fleets beginning with
1998 model year vehicles. In order to determine how
changes in the air bag affected occupants in real
world crashes the NCSA initiated the Redesigned Air
Bag Special Study (RABSS) in October 1997 to

collect data on crashes involving these sled-certified
air bags.

The criteria have been refined through the years [Ref.
3], but the objective of this study has been and still is
to collect data on crashes of high interest (children,
out of position occupants, high damage severity, and
multiple injured occupants) involving vehicles
equipped with a sled-certified air bag system in
which the air bag has deployed.

As of January 1, 2003, the RABSS had a total of 683
cases. Of these, 49 were still under active
investigation, 38 were undergoing an agency review
process and 271 are available to the public on the SCI
web site. Also included in the reporting system for
sled-certified air bags are 325 cases listed as
PARTNERS cases. The manufacturers, insurance
companies and other organizations provide these
cases, which are also made available at the SCI web
site.

Systems with Advanced Occupant Protection
Features

As mentioned earlier, NHTSA in May 2000 issued an
interim final rule for FMVSS No. 208. It amends the
occupant crash protection standard to require that
future air bags be designed to create less risk of
serious air bag-induced injuries than current air bags,
particularly for small women and young children; and
provide improved frontal crash protection for all
occupants, by means that include advanced air bag
technology. It adds a wide variety of new
requirements, test procedures, and injury criteria,
using an assortment of new dummies. It replaces the
sled test with a rigid barrier crash test for assessing
the protection of unbelted occupants.

The phase-in of the new FMVSS 208 certification
starts with the 2004 model year, but a few
manufacturers began introducing systems with
advanced features into their fleets during the 2000
model year. The NCSA initiated the Advanced
Occupant Protection Special Study (AOPSS) in
September 1999 to collect data on crashes involving
model year 2000 or later vehicles equipped with
advanced occupant protection features. For this
study, advanced occupant protection may include one
or more of the following: safety belt sensors, weight
sensors, seat position sensors, multi-stage inflators,
systems that may provide automatic air bag
suppression, rollover sensors and event data
recorders.
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Due to the small number of vehicles currently
available with an advanced occupant protection
system the case selection criteria has been very
general; cases are accepted with or without air bag
deployment. The minimum criteria for AOPSS case
selection are:

� ≥ 2000 model year vehicle equipped with an
advanced occupant protection system;

� The crash configuration must be an impact where
the advanced restraint system is designed to
protect the occupants and the vehicle is towed
due to damage;

� Back plane impacts and rollovers are excluded.

As of January 1, 2003 the AOPSS program has a total
of 78 cases: 23 active, 34 available to the public, and
23 under agency review. Most are frontal impact
cases (Table 9). The Agency is sharing the AOPSS
field data with the automobile manufacturers; this
collaborative effort combines the talents of crash
investigators, engineers, and designers, which enable
all interested parties to perform case-by-case
evaluation of the real world performance of these
advanced technologies.

Table 9.
Number of AOPS Cases by Impact Plane

As of January 1, 2003
Impact Plane Number of Cases
Front 64
Right 5
Left 4
Side and Front 1
Undercarriage 1
To Be Determined 3
Total 78

Source: NCSA, NHTSA (SCI Databases)

Vehicles Certified to the Advanced Standard

In the 2003 model year, a small number of vehicle
models became the first to be certified by the crash
tests of the FMVSS Standard No. 208 Advanced Air
Bag Final Rule. By doing this, manufacturers
received credit towards required phase-in percentages
in advance of the standard’s effective date. In
September 2002, the NCSA initiated an effort to
collect data on crashes involving these “Advanced
208 Compliant” vehicles. At the outset of this new
data collection effort the number of eligible vehicles
on the roads was comparatively quite small, so any
crash where an involved vehicle was certified to the
new standard was considered for the study. As of
January 17, 2003, SCI had four Advanced 208
Compliant cases. SCI expects to refine the selection

criteria for Advanced 208 Compliant cases as the
phase-in of the advanced 208 standard progresses
through future model years and the number of
eligible cases grows.

SCI also collects data on side air bag and rollover
curtain cases. As of January 1, 2003, the SCI teams
had researched 83 such cases. Neither side air bags
nor rollover curtains are required by the FMVSS No.
208.

Air Bag On-Off Switches

In January 1998, NHTSA allowed vehicle dealers
and repair shops to install on-off switches that allow
driver and passenger air bags in passenger cars and
light trucks to be activated and deactivated. Many
vehicles, such as sports cars and pickup trucks that
either have no rear seating space or a small rear
seating space are equipped with passenger on-off
switches as a standard feature. SCI does not have a
special study for vehicles with on-off switches, but
the program does collect data on such cases when a
qualifying vehicle is involved in a crash of minor to
moderate severity where an air bag related fatality or
life-threatening injury has been confirmed.

Vehicle owners without switches can receive
authorization from NHTSA to have their vehicles
equipped with switches if they fall into any of the
following groups:

� People who must transport infants riding in rear-
facing infant seats in the front passenger seat.

� People who must transport children ages 1 to 12
in the front passenger seat.

� Drivers who cannot change their customary
driving position and keep 10 inches between the
center of the steering wheel and the center of the
breastbone.

� People whose doctors say that, due to a medical
condition, the air bag poses a special risk that
outweighs the risk of hitting their head, neck, or
chest in a crash if the air bag is turned off.

Recommendations from a 1997 national conference
of physicians that considered all medical conditions
commonly cited as possible justification for turning
off air bags can be obtained at:

http://www.nhtsa.dot.gov/airbags/air%20bag%20conf
%20rpt.html.

SCI has six confirmed cases in which the case
vehicle’s passenger air bag was equipped with an on-
off switch when there was an air bag-related fatality
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or life-threatening injury. Figure 15 presents data for
occupants injured in crashes with a passenger air bag
on-off switch where the case occupant sustained
either an air bag-related fatality or serious injury. As
of January 1, 2003, none of these cases are available
on the SCI Website, as they are either still being
investigated or are under agency review. In each of
the cases a pickup truck was the case vehicle. With
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Figure 15. Injury severity by total delta V for air bag-
related fatalities and serious injuries in SCI crashes
involving on-off switches.

the exception of one case in which a 10-month-old
child was seated on the lap of the driver and fatally
injured by the driver air bag, the cases involved
children in the right front passenger seat who were
either fatally or seriously injured by the passenger air
bag. The case occupant was fatally injured in all but
one of these cases. An original equipment
manufacturer on-off switch that was in the “on”
position (air bag activated) was present in five of the
six cases. The type of switch that was used and the
switch position, for the case vehicle in the other case
is unknown because the case vehicle was not
available for inspection.

A query of the NASS Crashworthiness Data System
found no suitable comparison cases where a switch
was in the “off” position in a frontal crash. SCI will
continue to pursue NASS cases for the purpose of
comparison.

CONCLUSIONS

NHTSA and its partners, (manufacturers, insurance
companies and other organizations) have committed
a high volume of public education resources in an
effort to prevent air bag related injuries and fatalities,
especially to children. This effort appears to be
having a positive effect on reducing air bag related
fatality cases, particularly in children.

NHTSA’s rulemaking changes beginning in March of
1997 also appear to have had a positive effect on
reducing air bag-related fatalities, particularly in
children.

NHTSA’s SCI data collection efforts will target
FMVSS No. 208 Advanced Air Bag compliant
vehicles as they become part of the fleet. The first
FMVSS No. 208 Advanced Air Bag compliant
models became available in model year 2003.

DATA AVAILABILITY

Since 2001, summary tables have been published
quarterly on the NHTSA’s Internet web site at the
following web address:
http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa/SCI.html

The SCI online data access page is located at:
http://www-
nass.nhtsa.dot.gov/BIN/logon.exe/airmislogon

within the NCSA website
http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa/.

The interface (Figure 16) is a data filter that offers
users a wide array of choices when querying the SCI

Figure 16. NHTSA World Wide Web Query Interface
for SCI cases.

database. For specific case access, the most efficient
method of retrieval is to use the SINGLE CASE
SELECTION by entering the Case Number (upper-
case may be required) and clicking Get Case. For a
wider selection of cases, the user can use the pull
down filters under the MULTIPLE CASE
SELECTION BASED ON FILTER CRITERIA
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section. Users can choose to see cases by entering
parameters from one or more selection criteria areas:

CASE TYPE – This selection is based on the type of
case such as: Child Safety Seat, School Bus, Side Air
Bag, etc. Using this selection criteria and no other
will return the most cases for the selected type.

VEHICLE - Provides a selection method for limiting
the output case list based on vehicle model and year
make. Year make can either be a range or a single
year. The parameters in the section can be used
independently of the other selection criteria areas.

CRASH – A multi-filter selection area that allows
the output case list to be more specific based on year,
state, month and/or mortality. The parameters in the
section can be used independently of the other
selection criteria areas.

OCCUPANT - A multi-filter selection area that
allows the output case list to be more specific based
on where the occupant was located in the vehicle
(role) and some physical characteristics (sex, age, and
height). These parameters can be used independently
of the other selection criteria areas.

As a general rule for using data filters, the fewer
parameters used will mean a greater return of
qualifying data, in this instance more cases.
Additionally, the use of more than a few parameters
can mean that the query becomes too granular and the
results could be less data (cases) than expected. The
best practice is to perform several practice retrievals
using a variety of parameters until the right blend of
parameters provides the desired results.

Complete reports can also be obtained at the address
below. The reports contain images and accordingly
there is a cost associated with reproduction of the
crash report.

Marjorie Saccoccio, DTS-44
DOT/Volpe National Trans. Systems Center
Kendall Square
Cambridge, MA 02142
USA

Acknowledgments of thanks are due to the Special
Crash Investigators at Veridian Corporation, Indiana
University, and Dynamic Science, Inc., and to Tim
Fahey of NHTSA for supplying the SCI web query
instructions.
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ABSTRACT

This paper presents preliminary anecdotal
crash information specific to child occupants
involved in 27 on-going Special Crash Investigations
cases in various stages of analysis, compiled to date.
These investigations encompass collecting,
documenting and analyzing all evidence necessary to
reconstruct the events before, during and after the
crash. None of the Restrained Child Occupant cases
are in final form; therefore only limited information
is available at this time. However, initial data
collection involving a sampling of these 27 cases
includes comparison examples of the following: both
specific and general findings linking injury levels to
crash severity, configuration of restrained and
unrestrained child passengers, type of child restraint
used, how the restraint was used and installed in the
vehicle, and resultant injuries to the child occupants.

BACKGROUND

The National Highway Traffic Safety
Administration’s (NHTSA) National Center for
Statistics and Analysis (NCSA) has conducted in-
depth field crash investigations through its Special
Crash Investigations (SCI) Office since 1972. The
purpose of SCI is to examine the safety impact of
new, emerging, and rapidly changing technologies as
well as investigating potential or alleged vehicle
defects. In addition, since late 2000, SCI has been
actively pursuing special interest crashes involving
restrained child occupants, which will enable the
agency to assess injury outcomes to children in
certain real-world crash environments.

NHTSA headquarters SCI staff receive
notification of crashes involving restrained children
under the age of 13. Crashes that meet SCI criteria
are then assigned to one of three field teams for in-
depth investigation. Details involving the crash and
child occupants are then examined and documented
in a case report. The criteria for case selection
include: a child 0-12 years of age occupying a child
restraint system attached to the vehicle, a child in a
child restraint using both the vehicle and child seat
Lower Anchors and Tethers for Children (LATCH)
system, a child 0-12 years of age using the vehicles

belt system only, or a child seated in a child safety
seat with non-fatal air bag interaction.

Motor vehicle crashes remain a leading
cause of death for children of all ages, and according
to the Agency’s Fatality Analysis Reporting System
(FARS), there have been 1,580 passenger vehicle
occupant fatalities among children under 5 years of
age since 1999. Of these 1,580 fatalities, an
estimated 793 (50 percent) were restrained by either a
child seat or a vehicle safety belt system. The FARS
data file contains limited information on all fatal
traffic crashes within the 50 states, District of
Columbia and Puerto Rico, and it is in part, due to
this lack of detailed information, that the Agency is
using its resources within other program areas to
acquire and document restraint use data by children
in all types of crashes.

NHTSA performs research, develops safety
programs, and establishes safety performance
standards in an effort to reduce the toll of deaths and
injuries from motor vehicle crashes. The SCI
program utilizes highly trained and skilled motor
vehicle crash reconstructionists to perform detailed,
in-depth investigations on a limited number of
crashes involving new and rapidly changing occupant
protection technologies.

The Agency is committed to understanding
how child restraint systems perform in real-world
crashes. This, coupled with the requirements initiated
in the recent implementation of the Transportation
Recall Enhancement, Accountability, and
Documentation (TREAD) Act, has created the need
for improved and updated real-world crash data and
collection methods related to child occupants. The
study of restrained child occupants detailed in this
paper is a result of that effort.

INTRODUCTION

In late 2000, NHTSA’s SCI teams initiated a
study of special interest crashes involving restrained
child occupants. This is an ongoing study, which will
be continued over the next several years. This paper
will report on the preliminary data gathered to date
from a small number of crashes involving children in
child restraints. Topics covered in this paper will
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range from the types of restraints used by child
occupants of varying ages and sizes to how the
respective restraint was used and installed in the
vehicle.

These comprehensive investigations of real-
world crashes involving child occupants will provide
a unique, anecdotal data set useful to the agency as
well as the whole automotive safety community for
examining crash outcomes to children.

The SCI teams consist of three professional
crash reconstruction teams representing the east,
central, and western portions of the United States.
These SCI teams perform extensive examinations of
the vehicles, occupant kinematics, and crash scenes.
Each team has staff who attended NHTSA’s 32-hour
Standardized Child Passenger Safety Training
Program, and became certified Child Passenger
Safety Technicians.

METHODOLOGY

Improved Data Collection Methodologies

New and updated data collection
methodologies have been incorporated into the
Agency’s National Automotive Sampling System
(NASS), Electronic Data Collection System (EDCS)
beginning with the 2002 data collection year. The
EDCS has been restructured with new and updated
child seat and safety belt data collection variables and
attributes along with the new Child Restraint
Supplemental Interview Form for additional data
collection which was pilot-tested by the SCI teams
during late 2000. The new Child Restraint Interview
consists of over 40 questions regarding how the child
restraint was used and method of installation, history
of the child restraint’s use and what source of
knowledge/instruction the parent/care giver relied
upon for use and installation of the child restraint.

Specific information on the child restraint’s
design, installation features, (e.g., LATCH equipped,
lock-offs, etc.), how the child restraint was used,
harness strap(s) location, and LATCH features, are
collected and documented, when used, for each child
occupant. There are also questions aimed at
determining the type of vehicle safety belt system
used with the child restraint and/or the child; for
example lap/shoulder combination, lap belt only,
retractor/lock feature type, and how the vehicle safety
belt was locked to secure the child restraint.

The Agency is attempting to create a
depository of child occupant restraint information by

combining comprehensive interview data with
thorough crash scene data collection. This will
provide the Agency and engineering community
unique opportunities to better evaluate injury
outcomes to restrained children involved in crashes.

SCI staff receive notifications of crashes
involving vehicles that have an occupied child
restraint in use. Screening of the crash is then
conducted to determine if the crash meets the
established selection criteria. Once selected,
preliminary information is obtained to determine
what type of investigation will be initiated, e.g., on-
site or remote.

On-site child restraint investigations
normally entail inspection of the case vehicle(s) and
child restraints along with comprehensive interviews
with crash victims and other involved parties. The
crash scene is inspected and all related physical
evidence is documented. The other (non-case)
vehicle(s) are inspected and, when possible, medical
records are reviewed during on-site investigations.
Remote investigations typically only require that the
crash meet the selection criteria with limited
available information, e.g., police crash report only.
Interviews may also be conducted with crash
involved parties over-the-phone during a remote
investigation, and photos from the vehicle owner,
police and/or insurance company are obtained if
possible.

PROCEDURES

In late 2000, SCI began collecting information
relating to crashes involving restrained child
occupants. Motor vehicle crashes involving vehicles
having an occupied child safety seat installed are
screened by the SCI staff to determine if the crash
generally meets one or more of the following
criterion:

(1) The vehicle and child restraint is equipped with a
LATCH system which was in use;

(2) The child is restrained in a child safety seat;

(3) The child restraint is fastened in the vehicle; and

(4) The vehicle is towed due to disabling damage.

The variables to be examined in this study upon
completion of each of the 27 cases will include: delta
V and Collision Deformation Classification (CDC);
vehicle make, model and year; vehicle safety belt
system types (retractor and latch plate); vehicle
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LATCH systems used; child’s seating position;
child’s age, weight and height; child seat make,
model, type, and harness design; child seat LATCH
features; child’s injury and injury severity.

In-depth information relating to the case child
occupant’s environment, (e.g., restraint use and
installation, child restraint type used, orientation,
harness strap positioning, seating location, vehicle
safety belt type utilized to anchor the child restraint,
top tether and lower anchorage systems utilized, etc.),
is gathered by a thorough, hands-on examination of
the child restraint and vehicle during on-site
investigations. This data coupled with a newly
developed, comprehensive Child Restraint Use
Interview Form enables the highly skilled crash
reconstructionists of the SCI teams to describe in
detail how the respective child restraint was used and
installed in the case vehicle in most instances.

The Child Restraint Use Interview Form consists
of numerous questions pertaining to various child
restraint types, (e.g., infant only, convertible, forward
facing only, and belt-positioning booster seat) the
parent/caregiver’s knowledge of and familiarity with
the child restraint, and its use and installation. There
are also questions regarding information sources the
parent/caregiver has used, (e.g., child seat
checkpoints/clinics attended, vehicle and child
restraint owner’s manuals) which aided them in the
child restraint’s use and installation.

Table 1 provides a sample of questions asked of
respondents along with possible response selections
contained within the Child Restraint Use Interview
Form when a child is using a belt-positioning booster
and the vehicle lap and shoulder belt.

Table 1.
Sample of Child Restraint Use Interview Questions

Where was the shoulder belt
positioned on the child?

__Over Shoulder Crossing Chest
__Across face
__Across the Neck

__Under the Arm
__Off the Shoulder
__Behind the Back

__Unknown
__Other
(specify)

Was the shoulder belt routed
through a positioner clip/fabric
on the booster seat?

__Yes
__No
__Unknown

Describe the position of the lap
belt

Low, across the child’s lap/upper
thighs

High, up across the
waist/ stomach

__Other
(specify)
__Unknown

There are also questions pertaining to the
use/installation of vehicle safety belt adaptations/add-
ons as well as use of aftermarket belt-positioning
devices. There are over 40 questions on the
Interview Form. The responses to these questions are
combined with crash scene documentation, vehicle
documentation, and photos, enabling the investigators
from the SCI Teams to reconstruct the pre and post
crash child occupant scenario. This information is
also automated into the Agency’s NASS, EDCS. The
EDCS was updated in 2002 with new child occupant
restraint data collection variables along with the new
Child Restraint Use Interview Form.

As mentioned earlier, information and
photographs from 27 ongoing special crash
investigations representing the first 18 months of this
special data collection program were analyzed for
this paper. All of the crashes involve at least one
child occupant, who occupied a child restraint system

at the time of the crash. Of these 27 on-going
investigations, 19 are being conducted as on-site with
the remaining 8 being conducted as remote.

None of the 27 cases are final, and the
information discussed herein is in various stages of
investigation and completion. No cases, from which
portions of this paper have been developed, are
specifically identified; and none are currently
available for public distribution.

Case Study Child Occupants

There were 44 children between the ages of
2 months and 10 years, who were occupants in the 27
cases. All child occupants involved in a special
interest crash up to and including the age of 12 will
be documented, not just the children selected for case
study.
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Child Occupant Specifics

Height and weight ranges are known for 19
of the 44 children involved in these cases. Specifics
regarding the remaining 25 children are unknown at
this time pending receipt of medical reports.

The breakdown of the 19 children for whom
weight and height are known is shown in Table 2.

Table 2.
Age, Height and Weight for 19 Child Occupants

Age Height (cm) Weight (kg)
2mo. 58 2.8

4mo. 64 4.8

1 81 11

17mo. 62 11

2 80 13

2 80 16

2 90 18

2 92 14

2 95 15

3 92 17.5

3 95 17.5

3 100 17

3 105 18

4 97.5 15.7

4 100 13.5

5 102.5 18

5 120 21

5 120 20

9 120 30

Case Study Child Restraints

The child restraints discussed in this study
are defined as follows:

Infant Only Restraint – Designed for use by infants
from birth to about 9 kg, and intended to be used rear
facing only with an integrated harness system. Some
are manufactured with a separate base.

Convertible Seat – Designed for use rear facing by
infants from birth to about 9 to 13.6 kg, depending
upon the manufacturers recommendations. Designed
to be used forward facing by children at least 9 kg up
to about 18 kg, depending upon the manufacturers
recommendation.

Shield Booster – Designed for forward facing use
only, typically recommended for use by children
weighing between 13.6 kg to 18 kg.

Booster Seat/Forward Facing Only with Harness –
Designed for forward facing use only with an
integrated harness. Typically recommended for use
by children who weigh at least 13.6 kg up to about 18
kg.

Belt Positioning Booster – Designed to be used with
the vehicle’s lap and shoulder safety belt combination
by children weighing 13.6 kg up to approximately 27
kg.

Integrated Seat – Built into the vehicle seat,
designed to be used forward facing only. Some have
a full harness and accommodate children over 9 kg
up to about 18 kg.

Lap and shoulder belt – Recommended for use by
children who are at least 8 years of age with a height
of at least 120 cm.

Child Occupants

Forty-four children were occupants of the 27
cases included within this study. Children from birth
up to 16 months are included in the age 1 category,
and children 17 months up to 24 months are included
in the 2-year-old category. Breakdowns of the child
occupants by age are shown in Figure 1.
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Figure 1. Age Distribution of the 44 Children.

Child Restraint Type Used

Of the 44 children, two were unrestrained,
one 5-year-old and one 3-year-old. Five of the
children were restrained using the vehicle’s lap and
shoulder safety belt only. One child was seated in an
integrated seat, and one child was seated in a
convertible seat used rear facing. Ten children were
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seated in convertible seats facing forward. Four
infants were seated in infant only restraints, rear
facing. Seven children were seated in booster
seat/forward facing only seats with a harness. Two
children were seated in a shield booster and five
children were seated in high-back, belt-positioning
boosters using the vehicle’s lap and shoulder belt for
restraint. The remaining seven children were
restrained forward facing in unknown types of child
restraints at this time. Figure 2 provides a breakdown
of the child restraint types used by the children
included in this paper.

Figure 2. Types of Restraints Used by Child
Occupants.

Child Restraint Placement

Forty of the 44 children included in this
paper were seated in the rear rows of the vehicle.
The four who were seated in the front seat were a 9-
year-old and three, 3-year-olds. The 9-year-old was
using the vehicle lap and shoulder safety belt, and
one of the 3-year-olds was seated in a belt-
positioning booster using the vehicle’s automatic
shoulder belt and manual lap belt. The other two 3-
year-olds were seated in booster/forward facing only
with harness seats. Only one front-seated child was
riding in a pickup with no rear seat, the others were
riding in vehicles with rear seating available. Figure
3 shows a comparison of front vs. rear seating
positions.

Front vs. Rear Seating Positions

91%

9%

Rear Seat

Front Seat

Figure 3. Percentage of the 44 Children
Positioned in the Front Seat vs. the Rear Seat.

Child Restraint Installation

Vehicle Belt/LATCH Systems

Of the 42 restrained child occupants (44
total child occupants, two were unrestrained), 32
were restrained in a child restraint system with a
harness or shield, which required use of the vehicle’s
safety belt system for installation. One child was
using an integrated child restraint with a harness
system. Of the 32 child restraints installed using
vehicle’s safety belt systems, three were installed
using a lap belt only; the remaining 29 seats were
installed using a lap and shoulder safety belt
combination. None of the three center lap belts used
for installation appeared to restrain the child restraint
according to each respective manufacturer’s
recommendations. All three child restraints
experienced some level of movement on the vehicle
seat (i.e. child seat base was scuffed, child seat
twisted/turned at final rest, etc.). Of the 29 lap and
shoulder safety belt combinations, only six belts
showed any signs of retaining the child restraint
according to the vehicle and child restraint
manufacturer’s instructions. Indications of this were
observations of child restraint indentations in the
vehicle seat, signs of loading/stress on the belt
webbing, parent/caregiver indicating that the child
restraint did not move from its original position, post
crash condition at inspection, etc. Hence, about 20
percent of the 29 lap and shoulder safety belt
combinations appeared to be used according to
manufacturer’s recommendations when installing a
child restraint within the vehicle.

Child Restraint Types Used
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LATCH Systems

Vehicle and Child Restraint Lower Anchors

Some of the vehicles included in these 27
cases were equipped with lower LATCH anchorages.
However, none of the lower anchors were utilized for
child restraint attachment. None of the child
restraints included in this paper were lower LATCH
compatible.

Tether Anchors and Attachments

Of the 32 known child restraint types
requiring installation using the vehicle’s safety belt
system, eight were equipped with a top tether
attachment. Of the eight top tether equipped seats,
one top tether was used forward facing and one tether
was used in the rear facing mode (as recommended
by the manufacturer). For the remaining six seats
where the top tether was available it was not used.

Child Restraint Use

As described previously, the majority of the
27 on-site and remote cases are in various stages of
completion. Because of this it is not possible at this
time to provide ample details regarding specific child
restraint use and installation in each case. However,
two separate sample cases are presented which
provide some detail as to the data collected about the
child restraint in the case, its use and installation,
type of crash, and resultant child injuries.

Sample Case No. 1. Case Type – Remote.
The case vehicle impacted a tree head-on at
approximately 64 kmph. This case involves an 18-
month-old with a weight of 14 kg and height of 81
cm. The child was seated in a forward facing
convertible seat, which was installed in the back-
center seat of a 1994 Ford Tempo utilizing the
vehicle’s manual lap belt. The belt showed no visible
signs of stress/loading during vehicle inspection. The
convertible seat was equipped with a tray shield, used
with the harness straps routed through the
bottom/lowest positioning slots, shown in Figure 4.

The child restraint manufacturer’s
instructions stated that the harness straps must be
positioned in the top set of slots when the seat was
used forward facing.

Figure 4. Front of child safety seat. Harness
straps threaded through lowest slots.

At impact, both harness straps pulled
through the back of the plastic shell of the child
restraint as shown in Figure 5.

Figure 5. Harness straps tore through back of the
plastic shell of child restraint. Note: Circles
highlight damaged shell.

The child in this case endured an AIS-5 life-
altering flexion injury with a cervical spine (C2)
body fracture/dislocation with a cord contusion. The
child remained unconscious for a period of time post
resuscitation and also suffered from a subarachnoid
hemorrhage. These injuries were attributed to
forward movement, flexion, non-contact, head
motion. A perineal laceration was due to contact with
the crotch strap on the child safety seat.

The other occupant of this vehicle, the adult
driver, was using the automatic shoulder belt only,
not the available manual lap belt. The driver
sustained a critical (AIS-5) injury along with other
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multiple injuries. He too was found unconscious and
incurred injuries consisting of a liver laceration,
diaphragm rupture with herniation, a gallbladder and
kidney laceration along with rib fractures.

Sample Case No. 2. Case Type – On-site.
The case vehicle was involved in a sideswipe
collision which resulted in the vehicle leaving the left
side of the roadway, rolling over 2 ½ times, coming
to rest on its left side roof area after striking a utility
pole. The case involves a 4-month-old infant with a
weight of 4.8 kg and height of 64 cm. The infant was
seated rear facing in an infant only, rear facing seat
with its removable base attached. The seat had a 3-
point/V harness that could be adjusted in the back of
the seat by routing the free end of the harness strap
through a metal slide sewn to the other end of the
harness strap. The right side (free end) of the harness
strap was not threaded back through the adjustment
slide. Instead, the free end of the harness strap was
threaded through the adjustment slide only once, and
subsequently tied in a knot with the adjustment slide
piece of webbing.

The manufacturer’s instructions stated that
the free end of the harness strap was to be laced
through the adjustment slide until the correct harness
strap fit is obtained for the child occupant. The
harness straps should then be locked together by
threading the free end of the harness strap back
through the adjustment slide; doing so keeps the free
harness strap from separating from the slide and
pulling through the back of the shell if any force were
applied.

The infant seat was positioned in the back-
left seat of a 1989 GMC Jimmy, secured with a lap
and shoulder safety belt combination with a locking
latchplate. Creases were noted on the seat belt
webbing suggesting that the infant seat was secured.
The vehicle belt webbing was cut to remove the child
seat.

The infant seat’s carrying handle was left in
the “up position” when placed in the vehicle and the
harness straps were located in the lowest position.
See Figure 6.

Figure 6. Frontal view of infant seat with the
carrying handle “up” and the free end of the
harness strap placed across the top of the seat.

Figure 7 is a reenactment of how the harness
straps were tied in the back of the seat.

Figure 7. Harness straps tied in a knot pre-crash.

The infant seat and base remained in the
vehicle, but the infant was ejected from both the child
restraint and the vehicle during the rollover event.
The free end of the harness strap was not threaded
back through the adjustment slide, but was instead
tied/knotted to the adjustment slide end. The knot
released at some point during the crash allowing the
strap to pull through the back of the infant seat,
releasing the child. As a result of the ejection and
impact with the ground, this infant suffered fatal,
AIS-5 injuries, e.g., a transtentorial herniation
completely obliterating the basilar cistern, third and
fourth ventricles and sulci.

There were two other occupants of this
vehicle, the driver and the right-front seat passenger,
both restrained using the lap/shoulder belt
combination. The driver sustained multiple injuries;
the most severe was categorized as a complex
laceration of the right parietal area of the scalp
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moderate (AIS-2). The right-front seat passenger
also sustained multiple injuries; the most severe was
a fracture of the posterior aspect of the right, fifth rib,
categorized as serious (AIS 3).

DATA ANALYSIS

Crash Types

Of the 27 SCI Child Restraint cases
documented to date, 20, (74%) involved vehicle-to-
vehicle impacts. Seven, (26%) were single vehicle
crashes. The most common impact configuration
involved the front plane, followed by the right plane,
rollover configuration, left plane and back plane.
Figure 8 shows a breakdown of crash configuration
with respect to the highest severity impact.

Struck Plane
(Highest Severity Impact)

Front
45%

Right
22%

Back
7%

Left
7%

Rollover
19%

Figure 8. Case Vehicles Highest Severity Struck
Plane as a Percentage.

Vehicle Types

The SCI Child Restraint cases reflect the
overall popularity of minivans and sport utility
vehicles (SUV) with families transporting children,
making up nearly 45% of the total. Passenger cars
made up 51.9% of the case vehicles included in this
study. Minivans made up 25.9%. Sport utility
vehicles accounted for 18.5%, while pickup trucks
accounted for 3.7%. Figure 9 shows the breakdown
of vehicle types.
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Figure 9. Case Vehicle Body Type.

Crash Severity

SCI uses delta v as a measure of crash
severity. Delta v is derived from WinSMASH, a
Windows based collision reconstruction program.
WinSMASH makes use of detailed measurements of
structural deformation of each vehicle to arrive at an
estimate of the energy required to produce the
measured vehicle damage. Since WinSMASH is a
two dimensional program that simplifies the
characteristics of vehicle-to-object and vehicle-to-
vehicle interaction, many crash conditions fall out of
the range of the WinSMASH reconstruction program.
These conditions include rollovers, sideswipes,
severe override/underride crashes, non-horizontal
collisions, and collisions with large trucks,
pedestrians, bicyclists, motorcyclists, and yielding
objects such as guardrails and uprooted trees.

A delta v was calculated for the case vehicle
in 18 of the 27 SCI Child Restraint cases. A rollover
was defined as the most severe impact in five of the
18 cases. In three cases, the crash investigation is in
its very early stages and the delta v data are not yet
known. In one case, the case vehicle severely
impacted and underrode the side of a tractor-trailer,
primarily impacting the greenhouse area (upper
portion of the passenger compartment) of the case
vehicle. The crash configuration is not applicable to
WinSMASH. The severity was simply defined as
“severe.”

The range of recorded delta v’s in the 18
cases where it is known is reported in Figure 10.



Murianka, pg. 9

Crash Severity
(When known)
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Figure 10. Total Velocity Change When Known.

Injury Severity vs. Crash Severity

The Abbreviated Injury Scale (AIS) is an
anatomical scoring system first introduced in 1971.
AIS provides a reasonably accurate method for
ranking the severity of an injury. Injuries are ranked
on a scale of AIS-1 to AIS-6, with 1 being “minor”, 5
“critical”, and 6 a generally unsurvivable injury.
This represents the 'threat to life' associated with an
injury.

The SCI researcher acquires injury
information primarily by obtaining detailed medical
records from the hospital (provided the parent or
guardian signs a medical release form). Absent
medical records, injury information can be
documented during the interview process.

There were a total of 18 instances in the
study where both the case vehicle’s delta v and the
restrained child occupant’s highest reported AIS were
known. A distribution of the delta v vs. highest
severity AIS is shown in Figure 11.

Delta V vs AIS Distribution
(When both are known)
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Figure 11. AIS Severity Level by Delta V.

Two-thirds of the case occupants in the
distribution (12 of 18) sustained AIS-1 (minor) or no
injuries including one-half (4 of 8) of those in the
higher severity >40 kmph crashes. This would seem
to point to the effectiveness of child safety seats in
preventing serious injury.

Two children, both 3-years old, sustained
AIS-2 injuries while seated in the front-right seating
position of the vehicles – contrary to the rear seat
position recommended by the NHTSA. One of these
children, restrained in a booster/forward facing only
seat with a harness, interacted with the air bag and
instrument panel. The other child, seated in a high
back, belt-positioning booster seat using the vehicle’s
automatic shoulder belt and manual lap belt for
restraint, was involved in a severe offset head-on
collision with a heavy truck in which the driver was
fatally injured.

In both cases of AIS-3 injuries to the
restrained child occupant, the child was seated on the
same side of the vehicle as the primary impact (i.e.
left-rear seating position, left side impact). In one
case the child was seated in an integrated forward
facing child seat in the second-left position of a
minivan. The vehicle was struck on the left side, rear
of the B-pillar. The left interior surface intruded onto
the occupant’s lower extremities causing the AIS-3
injury. The other case involved an child seated in a
forward facing booster seat with shield in the back-
right seat. This vehicle was struck in the right doors
by the front of the other vehicle in an intersection
collision. The right-rear door intruded onto the
child’s upper torso causing the AIS-3 injury.

Two restrained child occupants sustained
AIS-5 injuries. In one case, the restrained child
occupant was seated in a booster/forward facing seat
with harness straps in the second-left seating position
of the vehicle. The vehicle was struck in the rear
plane and the driver’s seat back collapsed rearward
onto the child. The rear aspect of the driver’s head
contacted the front aspect of the child’s head causing
a critical brain injury to the child. The two other
children seated in the second-center and second-right
seats sustained only AIS-1 injuries.

In the other case, the restrained child
occupant was seated in a forward facing convertible
child seat in the back-center seating position. The
harness straps were incorrectly threaded through the
lower slots (straps should utilize the upper slots for
forward facing configuration), which led to the straps
tearing through the plastic shell during this high
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severity (59 kmph delta v) frontal impact. The
release of the harness tension allowed the child to
move violently forward in the child seat, leading to
the AIS-5 spinal injury. This case is described earlier
in this paper as Sample Case 1.

Injury Severity vs. Crash Configuration

There were 21 crashes included in the study where
both the highest severity impact plane and the
restrained child occupant’s highest reported AIS were
known. A distribution of the crash configuration vs.
the highest AIS severity average is reported in Figure
12.

Crash Configuration vs AIS
Distribution
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Figure 12. Average Highest AIS Injury by Impact
Plane.

The distribution included 22 restrained child
occupants in 20 impact crashes. There were a total of
10 frontal, six side, and four rollover configuration
crashes. Since only one rear-impact crash has been
documented to date, it was not included in this
distribution.

Based on the preliminary data collection,
child safety seats appear to be effective in preventing
serious injuries in frontal and rollover configuration
crashes. Twelve of 16, (75%) of the restrained child
occupants in frontal or rollover crashes in child safety
seats sustained AIS-1 or no injuries. In side impacts,
the injury outcome of the restrained child occupants
appears to be related to the seating position of the
child in relation to the impact plane of the vehicle
with both “seriously” injured child occupants seated
on the struck side of the vehicle. Rear-impact
configuration crashes are too rare in our current study
to reach any type of finding or conclusion.

The average highest AIS injury severity for
the restrained child occupants in frontal crashes was
1.5. Of the 12 restrained child occupants in frontal
collisions, nine, (75%) sustained AIS-1 or no injuries.
Only 1 child sustained an AIS-3 or higher injury in a
frontal crash. This crash is described in Sample Case
1 and involved incorrect routing of the child safety
seat’s harness straps.

The average highest AIS injury severity for
the restrained child occupants in side crashes was
1.66. Of the six restrained child occupants in side
collisions, four, (67%) sustained AIS-1 or no injuries.
However, two of the six, (33%) sustained AIS-3 or
“serious” level injuries. As mentioned previously,
these two children were seated on the struck side of
the vehicle and were contacted by intruding interior
surfaces.

The average highest AIS injury severity for
the restrained child occupants in rollover crashes was
1.75. Of the four restrained child occupants in
rollover crashes, one occupant sustained higher than
an AIS-1 injury. This crash is described in detail
earlier in this paper as Sample Case 2 and involved
incorrect fastening of the child safety seat’s harness
straps leading to the ejection of the child. It should
be noted that adult fatalities were present in two of
the three rollover crashes in which the child
occupants sustained AIS-1 or no injuries. The
disparity between the adult and child occupants in
these crashes seem due to the child restraint keeping
the child occupants inside the vehicle during the
rollover sequence while several of the unrestrained
adult occupants were ejected from the vehicle.

FINDINGS

The SCI Restrained Child Occupant study is
in its early stage, therefore conclusions cannot and
should not be drawn from this data. Nonetheless,
data derived to this point appear to have several
indications. Namely, child occupants restrained in
child safety seats as a whole sustained relatively low
levels of injury in the wide severity range of crashes
investigated to date. The majority of child restraints
identified in these cases appear not to have been
installed according to the vehicle or child restraint
manufacturer’s recommendations. The majority of
the children involved in these 27 cases were riding in
the rear seat as opposed to the front seat, and child
safety seats seem particularly effective in frontal and
rollover collisions. However, with only 27 cases
initiated to date, the pool of crashes at the present
time is not large enough to draw direct conclusions.
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Special Crash Investigations will continue to
collect and analyze data on crashes involving
children over the next several years in order to
provide the agency with a unique, anecdotal child
occupant data set. The information gathered will
provide the agency with scientific information of
various crash scenarios with resultant injury
outcomes to restrained child occupants, from which
limited clinical assessments can be made.

DATA AVAILABILITY

Completed SCI cases are available to view
on the National Highway Traffic Safety
Administration (NHTSA) Special Crash
Investigations Internet web site at the following web
address:

http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa/SCI.html

Copies of completed SCI cases are also
available to purchase on compact disc (CD) for a
nominal cost by sending a written request to the
following address:

Marjorie Saccoccio
DTS-23
Volpe National Transportation Systems Center
55 Broadway
Cambridge, MA 02142-1093
TEL: 617-494-2640
FAX: 617-494-2429

Acknowledgments of thanks are due to the Special
Crash Investigations Teams at Veridian Engineering,
Indiana University, and Dynamic Science, Inc.
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ABSTRACT

This paper describes a means of analyzing driver’s
performance with driving data taken from test tracks
and driving simulators for vehicles encountering rear-
end driving conflicts. Measures of time-to-collision
and estimated closest approach appear to allow better
comparison between driving conflicts and driver’s
responses to conflicts under different conditions.
Similar methods may be applied to field operational
test data for evaluation of driver characteristics and
safety measures.

INTRODUCTION

This paper consolidates three aspects of the art-and-
science of describing the crash avoidance
performance of motor vehicle drivers. The first
aspect is the recognition that drivers utilize a two-
stage process when responding to situations with the
potential of producing a crash – the threat
management stage followed by the maintenance
stage. The second aspect is the methodology for
creating parametric estimates of driver’s performance
during the first stage, described as the threat
management stage. The third aspect is an example of
the uses of the parametric description to assess
driver’s performance. The paper includes examples
that demonstrate the two-stage braking process. It
draws the conclusion that a segment of time that
extends two seconds beyond the time of maximum
braking by the following-vehicle captures driver’s
performance during the threat management stage.
Finally, the paper demonstrates that the distribution
of effective closest approach is a good measure of the
likelihood of a crash for a given situation.

Test-track data from the CAMP project [1] is chosen
to demonstrate an estimation method for all recorded
driving signals. This estimation of parameters is
based on a multivariate, non-linear regression
procedure generally outlined in the references [2, 3,
4]. Optimized, best-fit results are obtained on driving
data from a large portion of the sample database.

These results of driver’s reactions are subsequently
analyzed with the use of the concept of a crash
prevention boundary [5, 6] to provide an
improvement in understanding driver’s performance.

Characterizing Rear-End Driving Scenarios

A typical rear-end driving scenario is defined as one
where a lead-vehicle in the same lane brakes or is
moving so slowly that it presents a driving conflict
for the following-vehicle driver. Realizing the
conflict, the following-vehicle driver, after a short
time delay to decide, brakes and/or steers in order to
avoid a crash. Prior to the following-vehicle braking,
the range (distance between the two vehicles) is
decreasing as a function of time causing a negative
range rate, dR/dt, as the two vehicles are closing on
each other. Depending on the degree and timing of
the driver’s response there are two projected
outcomes of the driving conflict and the ensuing
response: either a) the following-vehicle stops first or
b) the lead-vehicle stops first.

Scenario I – Following-Vehicle Stops First

Consider an example of lead-vehicle braking where
the following-vehicle stops first. In Figure 1(a) a
driving conflict is presented by the lead-vehicle
deceleration at a constant level of 0.3 g starting at
time zero (point 1). Then at point 2 the following-
vehicle brakes at a sufficiently high level (0.6 g after
3.5 sec.) to avoid a crash. At 5.8 seconds into the
scenario (point 3) the range begins to increase
showing that the two vehicles have begun to separate.
Following this, it can be seen that the following-
vehicle comes to a stop (point 4) while the lead-
vehicle is still moving. At the point of closest
approach (point 3), range between the two vehicles
was equal to 30 feet as shown by the Range-Rate by
Range plot of Figure 1(b). Closest approach here is
used to refer to that point where the two vehicles are
at a minimum distance from each other for the
driving scenario. The relevant points in time from
the time plot of Figure 1(a) are also shown in the
Range Rate/Range trajectory. Had the following-
vehicle driver responded differently, e.g. applying
only 0.4g after 3.5 sec., there would have been a
collision resulting from the driving conflict. This
type of response is shown by the theoretical Range-
Rate/Range trajectory in Figure 2.
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Figure 1(a). Time Plot Where Following-Vehicle Stops First.

Figure 1(b). Phase Plot Where Following-Vehicle Stops First.

Figure 2. Phase Plot Where A Crash Results.
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Thus, the end result of the following-vehicle reaction
to a conflict as shown by the theoretical Range-
Rate/Range trajectory shows whether there was a
crash, a near miss, or a safely managed driving
situation; and this final result has also been used as a
method of classifying both the pre-crash conflict
conditions and the driver’s response to those
conditions.

Scenario II – Lead-Vehicle Stops First

Consider another scenario as shown in Figure 3,
where the lead-vehicle stops first. To begin the
scenario, the lead-vehicle brakes at a constant level of
0.4g. The following-vehicle responds by braking at
approximately 1.6 seconds (point 1). Later (point 2)
the braking response is reduced as shown by the non-
linearity in the VF(t) and the Range(t) curves as well
as the Range-Rate/Range trajectory. The following-
vehicle driver successfully managed the conflict
between points 1 and 2 but then reduced braking
between points 2 and 3 after the situation was
brought under control. At point 3 (4 seconds) into
the scenario, the driver resumed braking to further
manage the situation during which time the lead-
vehicle stopped at 5.8 seconds; and then the
following-vehicle stopped at 6.1 seconds (point 4).
In this driving scenario the following-vehicle stopped
at a closest approach of approximately 13 feet to the
lead-vehicle.

As demonstrated by the previous scenario, the
following-vehicle driver will often brake in an
uneven fashion in order to manage a conflict. This
uneven braking has heretofore been difficult to
describe in a general way. The approach in most
cases has been to assume a constant value for
following-vehicle braking that begins at a specific
time after the initiation of a driving conflict and ends
at the end of the scenario.

Characterizing Driving Scenarios Using
Optimization

From the two examples in the preceding section, it
can be seen that driver’s response follows broad
patterns associated with decelerating lead-vehicles,
but there is a wide range of variation in the details of
the braking response. One way of simplifying this
picture is to have a parametric characterization of the
motion of both vehicles. The means of
characterization used in this paper is to describe the
deceleration of each vehicle during the threat
management stage by two parameters: the time at
which effective deceleration begins and the level of

deceleration. The level of deceleration is considered
to be a constant-but only for a well-defined period of
time. It is important to note from the outset that such
characterization describes the threat management, or
crash prevention, performance but does not
necessarily describe the performance throughout the
entire event. Thus, extrapolations of vehicle motion
beyond the threat management stage may not match
actual vehicle motions. The process used to establish
the most appropriate value as a function of time for
each of four key driving parameters is described in
the following paragraphs.

An optimization process was chosen that uses a
parameterized model of driver’s performance and
determines the best values for the parameters. This
process is based on a non-linear regression approach
by Marquardt [2] and others [3,4]. For the purpose
here, the optimization process is adapted to a rear-end
driving scenario as a function of time from beginning
to end including kinematics and driver’s responses.
The initial, pre-crash conditions, the following-
vehicle driver’s response time and braking level, the
closest approach of the two vehicles, and the
definition of the beginning and the end of the
scenario must all be considered as part of the
optimization process.

The cornerstone of any parameter optimization
process is creation of a function that measures the
goodness of fit between the actual variables (such as
velocities and positions) of vehicle motion and the
estimates that result from the parametric
characterization of motion. In this paper, a function
that utilizes the difference between actual and
estimates of each velocity and the difference between
actual and estimate of distance between the two
vehicles (Range) is used. The sum of the squares of
the error function (SSE) for a scenario is given by the
following expression (for 0 < t < T, the integration
interval):

∫
−+

−+−=
T

0 2
optexp

2
FoptFexp

2
LoptLexp

dt)]R(R

)V(V)V[(VSSE

where:
T is the upper limit of integration,
VLexp is the experimental value of lead-vehicle
velocity,
VLopt is the optimized value of lead-vehicle velocity,
VFexp is the experimental value of following-vehicle
velocity,
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Figur 3(a). Time Plot Where Lead-Vehicle Stops First.

Figure 3(b). Phase Plot Where Lead-Vehicle Stops First.

VFopt is the optimal value of following-vehicle
velocity,
Rexp is the experimental value of distance between the
two vehicles, and
Ropt is the optimal value of distance between the two
vehicles,

The variables VLexp, VFexp, and Rexp are variables
derived from the experimental data. The variables
VLopt, VFopt, and Ropt are computed estimates based
on the optimizer’s trial values of driver’s braking
time and constant level of deceleration, which are
similarly based on experimental values. The form of
this function emphasizes the importance of accurately

matching the velocities of each vehicle as well as the
distance between the two vehicles throughout the
threat management stage.

As such, the parameter optimization process consists
of an iterative calculation to minimize the value of
SSE for different estimates of the four parameters.
The value of each parameter is adjusted between
iterations by an minimization algorithm that
methodically produces a lower value of SSE at each
iteration.

At the beginning of each iteration, the approximate
values of VLopt, VFopt, and Ropt are reset equal to the
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actual values of each variable at time zero. A typical
rear-end driving scenario was used to evaluate the
Excel minimization algorithm (Solver) to examine
the possibility of several local minima rather than one
global minimum for the four-dimensional function
(SSE, tFb, dF, and dL). Appendix A shows the result
of this analysis to reveal one global minimum for this
type of function.

Constraints forced on the optimizer solution are that
deceleration values, dF and dL, are constant for the
optimization period, T; and that T extends only a
fixed amount beyond the peak experimental value of
dF. The actual value of T will be determined by
iterative trials on large data sets. Assumed constant
values of deceleration for the period T allows a
straightforward description of the final driver’s
response as is described later.

Refinement of the Optimization Process Using
Experimental Data

The purpose of the parameter optimization process is
to establish a parametric description of the driver’s
performance during the threat management stage of
response. Thus, it is important, as part of the
optimization process, to establish the time segment of
driver’s response that corresponds to the threat
management stage. The integration interval, T, is the
mechanism for establishing this segment of the
response. At a minimum, T needs to be sufficiently
long to include the time at which maximum braking
of the following-vehicle occurs. However, if the
value of T is too large the integration interval will
extend into the second stage of driver’s performance
and resulting values of computed deceleration will be
lower. To determine if an integration period that
extends beyond this point of maximum braking is
needed, an exploratory study was conducted using a
variable optimization time for each driving scenario
as well as a fixed optimization time.

Optimization, Using a Varying Time Interval

In the first approach, the integration interval, T, was
varied beyond the peak braking response for a
increasing increments of time. This approach is
based on observation of the fact that the following-
vehicle braking response generally rises to a peak
value and then stays nearly flat or drops off rapidly as
shown in Figure 4(a). In this example the following-
vehicle braking profile (dF) starts at point 1 (2.5
sec.), reaches a peak at point 2 (3.8 sec.), then drops
to a minimum at point 3 (5.8 sec.), and reaches a
secondary peak at point 4 (9.03 sec.). These points
are reflected in the phase plot of 4(b) where Rdot

reaches a maximum of approximately –1.5 ft./sec
shortly after point 2. Between points 1 and 2 the
driver appears to brake enough to be able to manage
the situation. From points 2 to 3 braking is reduced
until point 3 where braking is reapplied. Point 3 is
the beginning of stage two of the driver’s response.
This follows the threat management stage and is the
stage where the driver modulates braking to achieve
the desired final position of the vehicle.

A scenario with a braking response that has a quick
rise time and drop off, such as shown in Figure 4,
looks as if it could be optimized easily within one
second after the point of maximum braking.

The test track data used for development of the
parameter optimization process was created during a
project that was performed by the Crash Avoidance
Metrics Partnership (CAMP)[1]. These data
consisted of a series of rear-end braking experiments
generated on a controlled environment test track.
The lead-vehicle was designed to brake at a three
different constant levels for different experiments.
Instrumentation for the lead-vehicle attempted to
keep the deceleration level constant for a particular
experiment. The following-vehicle drivers were
given two specific types of braking instructions in the
face of the braking lead-vehicle – hard braking and
normal braking (no warning equipment was used). In
the hard or “last-second” braking experiments, the
following-vehicle drivers were instructed to “wait to
brake until the last possible moment in order to avoid
colliding with the lead-vehicle which was slowing
[down].” In the normal braking experiments drivers
were instructed to brake as they normally would in
ordinary driving as necessary to avoid a crash with
the lead-vehicle. In both braking groups, no
instructions were given other than those related to
braking.

The database contains approximately 1900 scenarios.
In these scenarios the beginning time (lead-vehicle
brake initiation) and other features of driver’s
performance are well documented. Optimization was
performed on the entire CAMP database of normal
and hard braking experiments using a variable
optimization time, T, and the constraint that the
difference between the actual closest approach from
experimental data and the estimate of closest
approach from optimized values (the ECA error) was
no greater than 6.5 ft. The value of T was increased
in steps until the ECA error was less than 6.5 ft.
Estimated Closest Approach is defined as the
minimum value of Range between the two vehicles
for a given scenario.
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Figure 5 shows the result of ECA comparisons of
normal and hard braking data from CAMP data after

optimization using the 6.5 ft. constraint. The

Figure 4(a). Time Plot of Braking Profiles.

Figure 4(b). Phase Plot Reflecting Braking Profiles

Figure 5. Estimated Closest Approach for Variable Time Interval.
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histogram in Figures 6(a) also shows the cumulative
distribution of the ECA error for normal braking.
Note that the value of T for the first optimization
cycle is the time at maximum braking. From the
cumulative distribution of Figure 6 it can be seen that
about 80 percent of the events had ECA error less
than the 6.5 ft. condition. This means that for those
events, the value of the difference between actual
closest approach and approximated closest approach
was less that 6.5 ft for the initial value of integration
interval, i.e. T = tFb. For the other 20 percent of
events, additional time beyond T = tFb was needed to
satisfy the 6.5 ft condition. This means that an
integration interval of peak following-vehicle braking
will suffice for most optimization cases for these
data. In Figure 6(b) for hard braking, a similar
distribution of ECA error is shown. The distribution
comparison of normal and hard braking of the time
between the length of the integration interval and the
time at maximum braking is shown in Figure 7.

This analysis shows that there is benefit in using an
integration interval that extends beyond the point of
maximum braking by the following-vehicle.
However, in most cases drivers will not be trying to
avoid the second stage of normal driving as they were
in the CAMP experiment. Thus, a computational
procedure such as the one just described that
compares actual and approximate closest approach is
not applicable. For these reasons, a second analysis
was done in which two values of integration interval
were used: T = tFb + 1 and T = tFb +2.

Optimization Using A Fixed Time Interval.

In this analysis, estimated closest approach (ECA)
was again used as the metric for comparison of each
scenario of the CAMP data. Comparisons of the
optimized closest approach vs. the actual closest
approach for the two intervals are given in Figures
8(a) and 8(b) for normal and hard braking; and these
figures show a much wider variation in ECA error
due to the removed constraint. The cumulative
distributions of actual minus optimized ECA are
shown in Figures 9(a) and 9(b) for normal and hard
braking respectively. Based on the information in
Figure 9, it was decided that a value of T = tpb + 2
sec would be used for the analysis of data described
in the next section.

Example of Optimization

As an example of application of a parameter
optimization process using a fixed interval, Figure 10
below with five frames (10a thru 10e) shows the

experimental input functions and the optimized
results of a typical hard braking rear-end CAMP
experiment. The first frame of the figure, 10(a),
shows the input experimental data for velocities and
range over the full experiment period. The second
frame of the figure, 10(b), shows the optimized
results of the same data for comparison. Frame 10(c)
shows braking profiles for both experimental and
optimized data. A range/range rate plot in frame
10(d) replots both experimental and optimized data
with time as a parameter. Frame 10(e) is a crash
prevention boundary (CPB) [5] plot based on the
optimized parametric description of driver’s
response. In the above case the optimization period
used was from zero to 7.03 due to the fact that the
peak value of dF occurred at 5.03 seconds. This
example demonstrates the use of the optimizer to
obtain the driver’s performance metrics from
measured inputs in a typical CAMP driving
experiment.

Applications

In this section, the parameter optimization process
developed in the preceding sections is applied to two
sets of experimental data. The first set comes from
an experiment in which a driving simulator was used
to test driver’s response to impending rear-end
crashes [7]. In this experiment, the drivers were
provided with an imminent crash warning for a
subset of trials and did not have such a warning for a
second subset. A second set of data is from the
previously mentioned CAMP test track experiment in
which drivers were exposed to sudden deceleration
by a preceding vehicle. In one subset of the
experiment, drivers were instructed to brake normally
while in a second subset they were instructed to wait
until the “last second” before braking. The simulator
data also shares the common feature that it has two
subsets; one of which represents a more hazardous
driving situation than the other.

By way of background, the previously referenced
tool for analyzing driver’s performance in situations
such as those described above, called the crash
prevention boundary (CPB) was introduced in 2001
[5]. The concept behind the CPB is that there is an
analytically definable line that separates driver’s
performance that prevents a crash from driver’s
performance that does not prevent a crash. A sample
CPB is shown in Figure 11. In reference [5] each run
from the driving simulator experiment was analyzed
using a CPB framework without the optimization
process. Each CPB had a specific set of initial
conditions of deceleration, range, and velocity as
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Figure 6(a). ECA Error, Variable Time Interval for Normal Braking.

Figure 6(b). ECA Error, Variable Time Interval for Hard Braking.
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Figure 7. Optimization Time Comparisons.

Figure 8(a). ECA Comparison for Fixed Optimization Periods and Normal Braking.

Figure 8(b). Estimated Closest Approach for Fixed Optimization Periods and Hard Braking.
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Figure 9(a). ECA Error, Fixed Optimization Times and Normal Braking.

Figure 9(b). ECA Error, Fixed Optimization Times and Hard Braking.
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Figure 10(a). Time Plot of Experimental Velocity and Range Data.

Figure 10(b). Time Plot of Experimental and Optimized Velocity and Range Variables.
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Figure 10(c). Optimized vs. Experimental Values Braking Profiles.

Figure 10(d). Phase Plane Plot of Optimized vs. Experimental Data.

Figure 10(e). Crash Prevention Boundary with Driver’s Response.
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defined by the test conditions. It was seen that
driving responses leading to a crash fell on one side
of the CPB; and driving responses leading to a non-
crash fell on the other side of the CPB. An extension
of the CPB concept is observing the closeness of the
driver’s response to the CPB curve, i.e. the distance
between the driver’s performance in a situation and
the CPB for that situation would be a useful metric of
the level of threat for specific situations. The
estimate of closest approach (ECA) based on the
optimization process during the threat management
stage of driver’s response is such a metric and is used
for the remainder of this analysis. To illustrate this
extension, lines of constant values of ECA are shown
in Figure 11 along with the CPB.

Of the data to be analyzed from the driving simulator
experiment [5, 7], only a single set of test conditions
from that experiment is used here. The condition
compares a series of runs without a warning to a

series of tests with a short warning time. The best
values of the parametric description of driver’s
performance for each run were calculated using the
previously described parameter optimization process.
These values were then used to calculate the ECA for
each run in the data sets. The distribution of ECA for
the two subsets is shown in Figure 12. Negative
ECA values in Figure 11 correspond to crashes. The
description of a driver’s performance would appear
as a point above the CPB in a diagram like Figure 11.
Positive ECA values correspond to non-crashes and
would appear below the CPB. From Figure 12, it is
seen that the difference in the two distributions of
ECA does reflect the relative hazard of the two types
of driving, with an imminent crash warning and
without. In those cases where the drivers had a
warning, the distribution of ECA is further to the
right. This indicates that these drivers were
performing in a manner that produces fewer crashes.
This corresponds to the location of the description of
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Figure 11. Various ECA Positions from a CPB Curve

Figure 12. Simulator ECA Histogram.

the driver’s performance being at a greater ECA
value from the CPB.

The results of a similar analysis of the CAMP project
are shown in Figure 13. The data in this figure
includes the combined responses for all three levels
of lead-vehicle deceleration (dL=0.15g, 0.3g, and
0.4g). It can be seen that there is a small difference

in the distributions of ECA between normal braking
and hard braking. As expected, the hard braking
subset produces smaller values of ECA (median ECA
for hard braking equals 28 ft. and median ECA for
normal braking equals 33 ft.

However, as seen in Figure 14, the distribution of
ECA conditions are noticeably different. In this case
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Figure 13. CAMP ECA Comparisons.

Figure 14. CAMP ECA Statistics for dL = 0.15 g

(dL=0.15g) the median value for hard braking is 28
ft. and the median value for normal braking is 52 ft.
These results substantiate the conclusion from the
driving simulator experiment that more hazardous
conditions are reflected in ECA cumulative
distributions that are farther to the left.

The results from the parameter optimization process
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performance, for example, time-to-collision (TTC) at
the time of following-vehicle braking (TTCb). While
ECA estimates the effect of the driver’s response,
TTCb estimates the situation prior to the response.
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effective braking begins, as determined by the
parameter optimization process.

Figure 15 shows the distribution of TTC for the two
subsets of the driver simulator experiment (baseline
vs. warning). It can be seen that the values of TTCb
when the driver was given a warning are substantially
longer than when no warning was given. Similarly,
TTCb cumulative values more to the left represent a
higher degree of danger than cumulative values to the
right. The TTCb results for the CAMP experiment
are shown in Figure 16. As for the simulator data, it
is seen that the values of TTC for hard braking are
substantially shorter than when drivers braked in a
normal manner from cases where they waited to
brake per the hard braking instruction. These curves
indicate that cumulative distribution values on the

SUMMARY AND CONCLUSIONS

This paper consolidates three aspects of the art-and-
science of describing the crash avoidance
performance of motor vehicle drivers. The first
aspect is the recognition that drivers utilize a two-
stage process when responding to situations with the
potential of producing a crash. The second aspect is
the methodology for creating parametric estimates of
driver’s performance during the first stage, described
as the threat management stage. The third aspect is
an example of the uses of the parametric description
to assess driver’s performance.

Two examples of data presented herein support the
suggestion that drivers respond in a two stage manner
to situations with the potential of a rear-end conflict.
The first stage is threat management. This is the
stage that determines whether or not a crash will
occur. It is further shown that a parametric
description of driver’s performance during the threat
management stage provides a simple, but effective
foundation for analyzing driver’s performance in
these situations. The paper then develops a
consistent procedure for optimization of driving data
variables to determine the best description of the
driver’s performance during the threat management
stage of the following-vehicle driver’s response.
This procedure is used to analyze data sets from two
experiments, one that utilized a driving simulator and
a second that utilized a test track.

The major conclusion from this study is that
improved understanding of how drivers avoid rear-
end crashes can be obtained through the process
described and developed in this paper.
Quantitatively, this study shows that the distribution
of the time-to-collision at following-vehicle braking

is a good measure of the level of hazard of a driving
situation and that estimated closest approach (ECA)
is a good, single parameter measure of the driver’s
response to the hazardous situation.

As an example, in an experiment where some drivers
were provided with an imminent crash warning and
others were not, the median of the distribution of
Estimated Closest Approach was 40 ft. larger for
those drivers with the warning. This feature of the
process outlined in this paper offers the potential for
being a powerful tool for assessing the level of
hazard for various driving situations and the safety
impact of warnings and other crash prevention
measures.

NOMENCLATURE

Actual Data: Experimentally measured data.
Baseline: Driving data derived without giving a

driver a crash warning.
CPB: Crash Prevention Boundary. A hypothetical

boundary that separates driver responses
into crash and non-crash regions.

Cum: Abbreviation for cumulative values.
dF: Following-vehicle braking level in g’s.
dL: Lead-vehicle braking level in g’s.
dR/dt: The mathematical time derivative of Range.

ECA: Estimated Closest Approach.
ECA: Estimated Closest Approach. A computed

value of the minimum distance that two
vehicles would come from each other based
on known or computed values of velocity,
range, and deceleration in a rear-end driving
scenario.

ECA Error: Difference between optimized and
experimental ECA values.

Exp: Abbreviation for Experimental values.
IDS: Iowa Driving Simulator.
Opt: Abbreviation for Optimized values.
Opt End: Optimization end time.
R(t): Range as a function of time.
Range(t): Same as R(t).
Range-Rate/Range trajectory: Locus of all points in a

phase plot for a driving scenario.
Rdot: Range Rate, dR/dt.
Rexp: Experimental value of range.
Ropt: Optimized value of range.
Rear-end driving scenario: An event whereby two

vehicles approach each other in the same
driving lane due to the slower speed of the
lead-vehicle with respect to the following-
vehicle. The lead-vehicle may be traveling
at a constant speed or may be decelerating.

Smoothed Data: Experimental data that is smoothed
using an 11 point smoothing algorithm.
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.

Figure 15. Histogram of Simulator TTC Values at Braking.

Figure 16. Histogram of CAMP TTC Values at Braking.
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SSE: Sum of the squares of the errors between
experimental and optimized variables T: The
value of the integration interval for the SSE
function.

tFb: The time of following-vehicle brake initiation.
tpb: The time of peak braking for the following-

vehicle.
TTC: Time-to-collision based on no following-

vehicle response.
TTCb: Time-to-collision at following-vehicle

braking.
VF(t): Following-vehicle velocity as a function of

time.
VFexp: Following-vehicle velocity from experimental

measurements.
VFopt: Following-vehicle velocity from the

optimization process.
VL(t): Lead-vehicle velocity as a function of time.
VLexp: Lead-vehicle velocity from experimental

measurements.
VLopt: Lead-vehicle velocity from the optimization

process.
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Appendix A Solutions of the SSE Equation

In order to examine the SSE function:

∫
−+

−+−=
T

0 2
optexp

2
FoptFexp

2
LoptLexp

dt)]R(R

)V(V)V[(VSSE

for the location of global minima, the function was
computed for incremental values of dL, dF, and tFb
to determine values of VF, VL, and R to compare
with actual experimental values. It is necessary to
determine if the optimizer is most likely finding a
unique minimum for all available minimum
solutions. Solutions for SSE in one sample case as
given by the equation below were then plotted as
three-dimensional surfaces, one surface per constant
value of dL. The values of T is constant for all
solutions.
Several local minima were located for the surface
where dL=0.15. The actual solution obtained by the

algorithm was SSE = 16.9, for the values of dL =
0.15, tFb = 1.92, and dF= 0.21. Examination of all
the other surfaces plotted for 0<dL<1.0, showed no
lower minima other than that found by the optimizer.
Three views of the surface for dL=0.15 are shown in
Figures A-1, 2, and 3 to depict the presence of local
minima in this plane. Since the character of the
experimental data a reasonably uniform, it is
concluded that a unique minimum is found
consistently by the optimizer for these data.

Plots of the time-varying functions, both
experimental and optimized, are shown in Figure A-
4, 5, and 6 for the velocities, range, and
displacement; the braking functions; and the
Range/Range Rate plot. It should be noted that the
optimization process ended 2 seconds after the
experimental peak value of dF. It should also be
noted that the optimized values of dF and dL are
constant for the scenario.

dL=0.15

Figure A-1 Constant dL Surface.
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dL=0.15

Figure A-2. Constant dL Surface Rotated CCW.

dL=0.15

Figure A-3 Constant dL Surface Rotated CW

Figure A-4 Time-Varying Experimental and Optimized Functions
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Figure A-5 Time-Varying Experimental and Optimized Braking Functions

Figure A-6 Range vs. Range Rate for Experimental and Optimized Data
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INJURY SURVIVABILITY 

Peter G. Martin, Rolf H. Eppinger 
National Highway Traffic Safety Administration 
United States of America 
Paper Number 306 
 
ABSTRACT 
 
A procedure is presented to estimate the risk to life that 
multiple injuries pose to crash victims.  It continues 
Eppinger’s original work first presented at the 1981 
ESV conference.  At its core, the procedure uses only 
the two most serious injuries – denoted as the primary 
injury and the secondary injury – to characterize a 
victim’s entire injury record.  Nine years of data from 
the Crashworthiness Data System (CDS) containing 
injury records for over 50,000 crash victims – 
including over 3500 fatalities – are analyzed.   For 
each victim, the top two injuries are defined by using a 
data-driven approach based on actual CDS outcomes as 
opposed to relying solely on the Abbreviated Injury 
Scale, a heuristic ranking system developed by a panel 
of experts.  Results show that for a given primary 
injury, the risk to life varies profoundly depending 
upon the secondary injury.  Victim age has a 
substantial effect, too.  When deviance statistics are 
considered, the new procedure predicts fatalities better 
than other injury scales (including the Injury Severity 
Score).  Ultimately, this two-injury procedure 
promotes better estimates of safety benefits by directly 
quantifying and specifying fatality-related injuries in 
the CDS data.   
 
INTRODUCTION 
 
Research Philosophy at NHTSA.  The National 
Highway Traffic Safety Administration (NHTSA) is 
responsible for reducing deaths, injuries, and economic 
losses resulting from motor vehicle crashes. This is 
accomplished by setting and enforcing safety 
performance standards for motor vehicles and through 
grants to state and local governments to enable them to 
conduct effective local highway safety programs.  
Within NHTSA’s Advanced Safety Research division, 
these aims are achieved by taking a “data driven” 
approach in research activities that will lead to a 
reduction in crashes and their consequences.  As such, 
decisions are grounded in sound statistical and 
engineering methods.  Generally, there must be enough 
existing data to show that a proposed countermeasure 
will reduce the risk of injuries significantly before 
decisions are made and changes implemented.  To aid 
in such assessments, NHTSA maintains epidemio-
logical data on the nature, causes, and injury outcomes 
of crashes.   

The National Automotive Sampling System - Crash- 
worthiness Data System.  The Crashworthiness Data 
System (CDS) is one of the epidemiological databases 
maintained by NHTSA.  The CDS is a nationally 
representative probability sample of police-reported 
automobile crashes in the United States.  CDS cases 
are limited to crashes that involve at least one 
passenger car that was towed from the crash scene due 
to damage resulting from the crash.  Each year, the 
CDS collects data on about 5000 crashes from 24 
geographic sites across the United States.  CDS case 
files are assembled by crash investigators by referring 
to police reports and hospital records.  Each case is 
assigned a weighting factor that represents an estimate 
of the number of like-mannered cases that occurred 
during the sample year.   Investigators also conduct 
crash victim interviews, visit the crash site, and inspect 
the post-crash vehicles.  Over 300 coded CDS 
variables describe the occupants, injuries, and vehicles 
involved in the crash.   
 
Abbreviated Injury Scale.  The CDS is particularly 
useful to NHTSA researchers in establishing priorities 
for the development of crash test dummies.  Since 
1993, a six-digit code has been assigned to each 
occupant injury in accordance with the CDS Injury 
Coding Manual (Benton, 1993).  This code – which 
may be cross-referenced with detailed nomenclature in 
the coding manual – defines injury specifics such as 
the body region, organ, and type of lesion.  
Furthermore, each code is appended with an injury 
severity suffix in accordance with the 1990 revision of 
the Abbreviated Injury Scale (AIS-90) developed 
under the auspices of the Association for the 
Advancement of Automotive Medicine (AAAM, 
1990).  This suffix (commonly referred to as the AIS 
level) takes on a numerical value ranging from 1 to 6 
corresponding to the injury severity: 1=minor, 
2=moderate, 3=serious, 4=severe, 5=critical, 
6=maximum severity.  (If a motorist suffers an injury 
of an unknown type, a special code is assigned with a 
suffix of 7, which indicates an injury of unknown 
severity.)     
 
By examining the severity and frequency of various 
types of injuries, researchers may establish 
performance test and dummy instrumentation 
requirements.  CDS injury data are used, for example, 
to justify the enactment of the new performance 
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requirements for child restraint systems in frontal 
crashes (NHTSA, 2002).  The data are used to estimate 
how new dynamic performance requirements – based 
on a variety of new child dummy measurands – will 
prevent injuries and save lives.   
 
Injury Characterization Tactics.  In establishing 
research priorities, a thorough injury assessment must 
be carried out to determine how a proposed dummy 
requirement will lead to a reduction in injuries.  A 
typical assessment uses CDS data to show that a 
proposed performance requirement or countermeasure 
will result in a significant reduction of injuries.  Such 
an assessment usually requires a more in-depth 
analysis than simply counting CDS injuries.  Instead, 
crash victims are classified by the single injury that 
posed the greatest threat-to-life which is defined as the 
maximum AIS injury, or MAIS injury.  When 
analyzing crash victims in aggregate, the MAIS injury 
is reasoned to be solely responsible for the victim’s 
impairment, death, or incurred costs.   Therefore, 
MAIS incidence levels reflect the number of people, 
not the number of injuries.  This convention provides 
an easy, straight-forward way to track population 
counts while classifying injuries. 
 
The MAIS ranking alone only describes the severity of 
the maximum injury, not the type of injury it is.  
Therefore, injury assessments commonly identify the 
body region to which the MAIS injury corresponds.  
Thus, a driver who sustained several injuries of AIS 
severity level 3 (i.e., several AIS 3 injuries) and one 
AIS 4 brain injury is treated as having had an MAIS 4 
brain injury only.  If a victim had two injuries with the 
same AIS value, the victim is characterized by only the 
most severe injury, which is selected according some 
body region hierarchy.  For example, NHTSA uses a 
forty-one level hierarchy to select body regions to 
assess the economic costs of injuries (Blincoe et al, 
2002).  It ranks many non-life-threatening skeletal 
fractures relatively high due to associated societal costs 
such as long-term disability coverages.   
 
The one-injury victim characterization tactic has its 
limitations.  There are sometimes over twenty injuries 
listed for each CDS occupant, with many injuries over 
multiple body regions having the same maximum AIS 
level.  Thus, the single, most life-threatening injury is 
not always apparent.  Moreover, the MAIS body 
regions associated with fatalities tend to be the head 
and thorax, and rarely the extremities or the abdomen.  
But abdominal and extremity injuries do, in fact, 
increase fatality risk. For example, in a blunt traumatic 
brain injury, the blood replacement requirement of an 
additional extremity injury has been shown to increase 

the risk of death (Siegel et al, 1991).  Under an MAIS 
injury assessment, the risk to life of such additional 
injuries is masked.   
 
Implicit in an MAIS assessment is an assumption of 
threat-to-life equivalence of like-ranking injuries 
across body regions.  That is, all crash victims 
characterized by MAIS 4 are assumed to have an 
identical threat-to-life, and that threat is assumed to be 
higher than the threat-to-life of any victim 
characterized by MAIS 3.  Eppinger (1987) has found 
discrepancies in this assumption when specific body 
regions and fatality incidence levels in actual CDS data 
are considered.  The threat-to-life posed by lesions of 
equal AIS rank, but residing in different body regions, 
is not the same.  While ranks within a body region are 
more or less consistent (AIS 5’s pose a greater threat 
than 4’s; 4’s are riskier than 3’s, etc.), ranks across 
body regions are not.  For example, head injuries of 
AIS 3 pose about the same threat-to-life as abdominal 
injuries of AIS 4.     
 
CHARACTERIZATION METHOD 

Goals and Objectives.  The objective of the present 
study is to characterize the injuries of CDS victims in a 
way that correlates well with survivability while 
helping to guide biomechanical research.   The injury 
characterization procedure makes use of a predictive 
model that discriminates among several types of 
injuries and body regions.  The model is based on the 
mortality outcomes of actual CDS cases analyzed as a 
whole.   As such, the characterization model lends 
itself to studying injuries in aggregate, not case-by-
case assessments.   
  
General Description.  At its core, the new procedure 
uses only the two most serious injuries – the primary 
injury and secondary injury – to characterize a victim’s 
entire injury record.  Thus, instead of using just a 
single MAIS injury, the new “Primary/Secondary” 
model uses two injuries.  Whereas the primary injury 
sets the upper limit of the survival probability, the 
secondary injury can be thought of as a “survivability 
modulator”.  This two-injury approach expands upon 
the original efforts of Eppinger and Partyka (1981).  
As in the original analysis, the present approach sorts 
each CDS case by the two most life-threatening 
injuries, and stratifies them by the anatomical location.  
The present approach, however, uses actual CDS 
outcomes to help select and sort injuries, and makes 
use of a logistic regression model with separate 
parameter estimates for the primary and secondary 
injuries.  Moreover, no assumptions are made in the 
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present analysis about threat-to-life equivalence of 
injuries across body regions.   
 
Sorting and Grouping is the Key.  Since just two 
injuries are chosen to represent each crash victim’s 
entire injury profile, the selection process is crucial to 
obtain a good injury survivability correlation.  First, a 
ranking system is established whereby all of the six-
digit injury descriptor codes (over one thousand codes) 
are ordered by survivability.  In establishing the 
ranking system, the entire data set is analyzed in 
aggregate to objectively discriminate among injuries 
across body regions having the same AIS value.   
 
Secondly, the thousand-plus codes are placed into 
injury groups with similar survivability rankings.  
Grouping of injuries is necessary to gain statistical 
significance.  For example, even though the injury 
described by injury code 120402.5 (basilar artery 
injury) may be of particular interest, it occurs very 
rarely – not enough to warrant its own group.  On the 
other hand, code 890402.1 (lower extremity contusion) 
appears in numerous injury records (enough to warrant 
its own group), but it is very low on any threat-to-life 
scale and is not of much interest.  Therefore, it is 
lumped together with other similar minor injuries. 
 
Injury groups, however, should not be too broad.  
When specific injuries are placed into a broader injury 
group, injuries having distinct survivability risks will 
be lumped together under a single banner with an 
approximated survivability risk for the whole group.  
Thus, some precision will be lost due to the lumping.  
If the CDS contained enough cases, then no lumping 
would be necessary and each specific injury (of the 
1000+ injuries) could be treated on its own.   
 
Injury groups should be defined in a way that will help 
justify biomechanical priorities.  As such, each group 
should contain injuries to the same general body region 
and they should be related to a particular dummy 
metric.  For example, injuries to the cervical spine and 
neck may be lumped together (corresponding with 
upper and lower neck load cells), but cervical and 
lumber injuries probably should not, because they are 
not related to the same dummy instrumentation.  
 
Case-by-Case Labeling.  Finally, a case-by-case 
assessment is undertaken in which the multi-injury 
record of each CDS victim is queried and the top two 
injuries – and injury groups – are identified based on a 
previously defined primary and secondary injury 
sorting and grouping scheme.  Thus, victims are 
characterized as having only two injuries:  a primary 
injury and a secondary injury.  It is further 

hypothesized that a mathematical expression (in the 
form of a logistic regression model) describes how the 
hazards of primary and secondary injuries combine to 
influence the overall survivability of a crash victim.  
That is, 
 
   Survival Rate  = 1/(1 + Exp[– βo – βi*Pi – βj*Sj] )  
 
    = Logit[βo + βi*Pi + βj*Sj]            [1] 
where:   
   

Pi is the primary injury group (n primary groups) 
Sj is the secondary group (m secondary groups) 
βo is the model intercept 
βi is the regression parameter associated with Pi  
βj is the regression parameter associated with Sj  

 
The remainder of this paper demonstrates how a 
Primary/Secondary model may be constructed for use 
in a general survivability analysis.  Its predictability is 
then compared with other known survivability indices.  
The model is used to identify the types of injuries that 
contribute most to fatalities with an example of how 
reducing a specific type of injury translates into lives 
saved.  Possibilities for model improvements are also 
discussed with insights into how the 
Primary/Secondary scheme may be adapted to help 
evaluate the benefits of a particular countermeasure.  
 
DATA SET:  NASS – CDS 1993-2001 
 
Data Set Overview.  The characterization method is 
based on a data set extracted from nine years of CDS 
data, 1993-2001.  The working data set contains only 
victims with MAIS 3+ injuries.  This serves a dual 
purpose.  Most CDS crash victims suffer only minor, 
non-life-threatening injuries.  By disregarding these 
victims, a better statistical correlation may be realized 
for those injuries that are truly life-threatening.   It also 
eliminates rare but highly confounding “undercoded” 
fatalities.  In such a case, the injury record for a fatality 
is incomplete because there has been no thorough 
medical examination.  (This occurs often when a 
victim is “dead on arrival”.)  Therefore, the highest-
ranking injury documented on the injury record form is 
only an AIS 1 or 2.  Thus, the injury record is 
“undercoded”.  (On the other hand, it is extremely rare 
for a fatal case to have a fully completed injury record 
with the highest ranked injury denoted as an AIS 2.)   
 
MAIS 6 cases are also excluded from the data set 
because they are deterministic; with a few rare 
exceptions (less than 1%) they are all fatalities.  
Moreover, only adults (ages 15 and over) are 
considered since the mortality rates of many types of 
injuries are known to vary significantly if they occur in 
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children (Sartorelli et al, 1999).  In all, the working 
data set contains data on about 7000 crash victims – 
including records for more than 1900 fatalities – over 
the nine-year span.  When these figures are weighted to 
represent national totals, there are about 600,000 
people and 100,000 fatalities over the nine years.   
 
PRIMARY/SECONDARY MODEL  
 
A general application of the Primary/Secondary injury 
characterization method is demonstrated presently.  
Injury groups are chosen to represent five general 
anatomical regions: the chest, head, abdomen, lower 
extremities above the knee, and any other region 
(upper extremities and below knees).  Each region is 
further classified according to threat-to-life, resulting 
in a total of ten injury groups as shown in Table 1.  The 
specific injuries encompassed by each group are also 
denoted in Table 1.  The number of injury groups used 
to represent an anatomical region is based on the 
relative threat-to-life and incidence levels of injuries 
within the region.  As such, the head and chest – with 
high threat-to-life variation among many injuries – are 
represented by three groups each (the subscripts H, M, 
and L indicate relative threat-to-life – high, moderate, 
low).  The abdomen is represented by two groups and 
the lower extremities by just one.  (Note that these 
injury groups are selected to carry out a general 
analysis that is not directed at studying any particular 
injury or countermeasure.  Sometimes a less general 
assessment is desired with injury groups that differ 
from the ten listed in Table 1.  This is discussed later.)  
 
Table 1.  Injury groups and group rankings by 
threat-to-life. 

 
Rank Injury 

Group 
Injuries encompassed by the group according to 
body region and AIS Severity  

1 ChestH Thorax and Thoracic Spine - AIS 5 

2 HeadH Head, Brain, Cervical Spine, Neck, Face - AIS 5 

3 ChestM Thorax and Thoracic Spine - AIS 4 

4 AbdoH Abdominal and Abdominal Spine - AIS 4, 5 

5 HeadM Head, Brain, Cervical Spine, Neck, Face - AIS 4 

6 HeadL Head, Brain, Cervical Spine, Neck, Face - AIS 3 

7 ChestL Thorax and Thoracic Spine - AIS 3 

8 AbdoL Abdominal and Abdominal Spine - AIS 3 

9 LowEx Pelvis, Femur, Leg Amputation - AIS 3, 4, 5 

10 Other  All other injuries, or no injury (secondary only) 

 
Once the injury groups are formed, their ranks are 
determined via a multivariate logistic regression 
analysis in which actual CDS outcomes are used.  Ten 
new variables representing the ten groups are used to 
describe the injuries to each CDS crash victim.  The 

new variables take on values of 1 (an injury belonging 
to the group is present) or 0 (the injury is not present).  
Using mortality as the dependent variable (1=fatal, 
0=non-fatal), a logistic regression analysis is carried 
out to determine the relative threat-to-life (i.e., the 
rank) of each injury group.  The ranks are listed in 
Table 1 by descending threat-to-life (“ChestH” injuries 
have the highest threat-to-life; “Oth” injuries have the 
lowest).  
  
The injury group ranks are subsequently used to select 
the primary and secondary injuries of each crash 
victim.  (Note that the working data set has been 
extracted so that “Oth” injuries are never primary 
injuries.)  Then, two new categorical variables are 
defined for each victim:  a primary injury variable 
falling into one of nine categories, and a secondary 
injury variable falling into one of ten categories.   
Another logistic regression analysis is carried out in 
accordance with the model of Eq. [1] to determine the 
estimates of the nineteen corresponding parameters.   
 
RESULTS   
 
Logistic Regression.  Table 2 provides a glimpse of 
the Primary/Secondary groups and their logistic 
regression parameter estimates.  The parameter 
estimates and their standard errors are found by taking 
into account the CDS national expansion case weights 
and applying the SAS logistic regression procedure 
(SAS, 1999).  All of the parameter estimates have a 
high level of confidence associated with them (i.e., 
parameter estimate/standard error > 2) as computed by 
SAS.  (Note: SAS software does not account for CDS’s 
multi-stage sampling system in computing standard 
errors.  Properly computed standard errors may lower 
the level of confidence associated with the parameter 
estimates.)  
  

Table 2.  Parameter estimates for primary 
and secondary injuries. 

 
Primary Injury Secondary Injury 

Param. Injury 
Group Estimate Param. Injury 

Group Estimate 

β1 ChestH -2.745 β10 ChestH -0.966 

β2 ChestM -0.679 β11 ChestM -0.836 

β3 ChestL 0.497 β12 ChestL 0.100 

β4 HeadH -0.802 β13 HeadH -0.649 

β5 HeadM -0.112 β14 HeadM -0.390 

β6 HeadL 0.101 β15 HeadL 0.343 

β7 AbdoH -0.123 β16 AbdoH -0.072 

β8 AbdoL 2.970 β17 AbdoL 0.872 

β9 LowEx 1.088 β18 LowEx 0.761 

β0 Intercept 1.161 β19 Oth 1.035 
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The parameters offer a direct measure of survivability:  
lower parameters indicate greater threat-to-life (ChestH 
injuries are the most life-threatening).  The overall 
survivability of an injury group is a function of the sum 
of a primary parameter estimate and a secondary 
estimate (see Eq. 1).  From Table 2, one can see how 
the sum  – and the overall survivability – of a group 
containing a given primary injury can vary greatly 
depending upon the type of secondary injury.   
 
Scatterplot of the Results.  When all possible 
Primary/Secondary covariate patterns are considered, 
56 individual injury groups are developed.  The 
agreement between predicted survivability and 
observed outcomes (fatality/incidence) for the 56 
groups is illustrated in Fig. 1.  Each dot represents one 
of the 56 injury groups.  A point that lies close to the 
diagonal line indicates that the model fits the data well 
for the group that the point represents (i.e., the 
predicted survivability is the same as the observed 
survivability).  Dot sizes are proportional to incidence 
levels.  Note that most of the dots that lie far from the 
diagonal are associated with lower incidence levels, 
which account for fewer overall cases.  Tactics to 
obtain a better fit (better ranking techniques, more 
explanatory variables) are discussed later.  Observed 
fatality/incidence ratios and computed model 
probabilities for each injury group are listed in the 
appendix in order of descending threat-to-life. 
 

Figure 1.  Observed fatality/incidence vs. predicted 
survival probability.  Dots represent injury groups. 
Dot sizes are proportional to group incidence levels. 
 
Basis of analysis:  Deviance.  The predictability of the 
Primary/Secondary model may be compared against 
MAIS and other survivability prediction indices by 
using deviance.  Deviance is based on a likelihood 

ratio of the proposed model versus a saturated model.  
A saturated model is one that contains as many 
parameters as there are data points.  (An example of a 
saturated model is fitting a linear regression model 
when there are only two data points.)  In mathematical 
terms, deviance, D, is the comparison of observed (y) 
to predicted (π) values using the likelihood function 
(Hosmer and Lemeshow, 1989): 
 
 D = -2ln                                                                  
 
 
 
          =  –2       yi ln  —    + (1 − yi ) ln  ——–      [2] 
 
 
The quantity inside the brackets is the likelihood ratio.  
Models with lower values of D have better 
predictability.  Generally, as more variables are added 
to the model, its predictive ability increases.  If a model 
were constructed using every variable in CDS, its 
predictive ability would approach 100%, the bracketed 
term would approach unity, and D would approach 
zero.  The significance of a model improvement can be 
seen using the G-statistic in which the value of D given 
by the improved model is compared with the value of 
D for a baseline model: 
 
  G  = D(baseline model) – D(improved model) 
 
 
  = -2ln                                                          [3] 
 
 
The G statistic plays the same role in logistic 
regression as does the numerator of the partial F test in 
linear regression.  To understand the role of G, 
consider a new, hypothetical model with one variable 
plus an intercept (β0 and β1) and a baseline model with 
just the intercept (β0).  Under the null hypothesis, β1 is 
equal to zero, and the G statistic will follow a chi-
square distribution with 1 degree of freedom.  In order 
to reject the null hypothesis (that the β1 coefficient is 
not different from zero) at the 95th percent confidence 
level, the p-value for the test Χ 2(G, DOF=1) must be 
less than 0.05.   For new models having the same DOF, 
a higher G-statistic means the fit is better. 
 
Comparison with other models.  Table 3 compares 
survivability predictability of the Primary/Secondary 
model with MAIS, the Injury Severity Scale (ISS), and 
Anatomic Profile (AP).  ISS is a CDS variable that is 
computed for each crash victim by sorting the victim’s 
injuries into eight body regions and finding the highest 
AIS severity level in each region.  Of these eight 
levels, only the three highest are used to determine the 
ISS, which is computed by summing their squares 

     likelihood of old model  
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    likelihood of new model     
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(Baker et al, 1974).  AP is determined by sorting a 
victim’s injuries into three groups:  Group A – head 
(non-face) and spinal cord; Group B – thoracic and 
front of neck; Group C – all other injuries.  A “Group 
ISS” is then computed for each group.  That is, the 
three highest AIS levels within each group are squared 
and summed, resulting in three “Group ISS” values:  
ISS-a, ISS-b, and ISS-c (Copes et al, 1990).  Also 
shown is the effect of adding “Age” into the 
Primary/Secondary model. 

The models in Table 3 are ordered by increasing ability 
to predict survival.  The improvement of each model 
over the baseline model is statistically significant 
according to the G statistic. The only non-baseline 
models whose significance of improvement may be 
directly comparable are the last two, since they are the 
only two that are nested.  Their G-statistics indicate 
that there is significant improvement when adding the 
“Age” variable to the to Primary/Secondary according 
to Χ 2 (G,19)< 0.05. 
 

Table 3.  Comparison of models used to predict fatalities. 
 
Model             No. of Parameters    Deviance      G-Statistic  
 
Baseline  
Logit[βo]                          1      616,429       — 
 
Maximum AIS    
Logit[βo + βi*MAIS ]; i=3,4,5               4      507,629   108,800 
 
Injury Severity Scale (Baker et al, 1974) 
Logit[βo + β1*ISS ]            2      499,058  117,371 
 
Anatomic Profile (Copes et al, 1990)  
Logit[βo + β1*ISSa  + β2*ISSb

 + β3*ISSb
2 + β4*ISSc

2 ]     5      473,110  143,319 
 
Primary/Secondary 
Logit[βo + βi*Pi+ βj*Sj];  i=1..9; j=10..19          19      470,258  146,171 
 
Primary/Secondary, Age 
Logit[βo + β1*Age + βi*Pi+ βj*Sj ]; i=2..10; j=11..20     20        463,444  152,985 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Injury incidence and fatality levels for the top ten injury groups in terms of fatalities. 
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Figure 2.  Injury incidence and fatality levels for the top ten injury groups in terms of fatalities. 
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Top ten list.  Of the 56 Primary/Secondary groups, the 
top ten in terms of the total fatalities are shown in the 
Figure 2 bar chart.  Head and chest injuries are 
predominant.  These ten groups represent 50% of all 
fatalities, and most have relatively low incidence 
levels.  Those having the lowest incidence-to-fatality 
ratios are candidates for further consideration – the 
working data set may be queried to obtain the six-digit 
codes for a more comprehensive understanding of the 
injury specifics. 
 
Options: tertiary injuries.  As an alternative to the 
Primary/Secondary model, a model having a third, 
fourth, or fifth injury could be used.  For example, a 
Primary/Secondary/Tertiary model produces a slightly 
lower (though not significantly lower) deviance than 
the Primary/Secondary model alone.  However, 
confidence in the individual parameter values 
diminishes considerably (the standard errors of the βi’s 
are greater than the values the βi’s themselves).  With a 
tertiary injury model, there are 219 injury categories 
(instead of 56) to populate, and there are not enough 
observations in each category to obtain a reliable fit.  
On the other hand, if the number of tertiary injury 
groups is limited to two or three, then a good-fitting 
model may be possible.   
 
DISCUSSION   
 
The Primary/Secondary survivability ranking system 
offers a new utility over MAIS and other indices.  If 
one desires to estimate the number of lives saved if a 
particular injury is mitigated, it may be accomplished 
forthrightly under the Primary/Secondary scheme 
because particular injuries can be singled out.   This, 
however, is much harder to accomplish in the context 
of MAIS or ISS because individual injuries are not 
isolated. Figure 2 – which shows the injuries 
associated with the majority of fatalities – provides a 
template of how the new injury characterization 
method may be used in to prioritize research activities.  
It helps identify particular injuries that may be 
mitigated via some countermeasure, resulting in a 
significant number of lives saved.   
 
Injury Discrimination.  As stated earlier, efforts to 
prevent abdominal and lower extremity injuries are 
difficult to justify using MAIS reasoning because they 
are not normally the primary, MAIS injury.  Usually, 
fatally injured crash victims who suffer from such 
injuries also sustain at least one other injury with a 
higher AIS ranking.  However, abdominal and lower 
extremity injuries do affect the risk of fatality – they 
have a secondary role and act as “fatality modulators”.   

Under the Primary/Secondary scheme, the contribution 
of such lesser injuries may be accounted for directly.  
Referring to Table 1, suppose all “LowEx” and 
“AbdoL” injuries were prevented.  To compute a lives-
saved estimate, the incidence levels of groups involving 
these two injuries must be redistributed into other, 
lesser-severity groups.  In this instance, there is just one 
lower-severity group – the “Oth” group – so all injuries 
would be redistributed into that group.  Using the 
known survival probabilities of the re-populated 
groups, the number of lives saved may then be 
computed as shown in Table 4, where it is estimated 
that:  779 – 547 = 233 lives would have been saved in 
2001. 
 
Table 4.  Computation of lives saved in 2001 if all 
LowEx and AbdoL injuries (ref: Table 1) were 
eliminated. 
 

Primary 
Injury 

Secondary 
Injury 

Estimated 
Fatalities 

Hypothetical 
Fatalities    

Assume AbdoL, 
LowEx → Oth 

ChestH LowEx 0 0 
ChestM LowEx 271 218 
ChestL LowEx 164 127 
HeadH LowEx 14 11 
HeadM LowEx 15 12 
HeadL LowEx 49 39 
AbdoH LowEx 2 1 
AbdoL LowEx 1 0 
LowEx LowEx 103 0 
ChestH AbdoL 7 7 
ChestM AbdoL 54 48 
ChestL AbdoL 83 71 
HeadH AbdoL 0 0 
HeadM AbdoL 4 4 
HeadL AbdoL 0 0 
AbdoH AbdoL 11 9 
AbdoL AbdoL 1 0 

Totals 779 547 
 
Model Improvement Tactics.   The injury groups in 
Table 2 represent a trade-off between generality and 
specificity.   Survivability models built from more 
descriptors usually have better predictive power 
(deviance is lower) because they are more saturated.  
Not surprisingly, AP (which uses information on nine 
injuries) outperforms ISS, and ISS (which uses 
information on three injuries) outperforms MAIS in 
terms of survivability prediction.  On the other hand, 
the Primary/Secondary scheme – by virtue of its more 
objective ranking of injuries – outperforms all others 
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even though it relies on just two injuries.  Moreover, if 
“Age” is added to the Primary/Secondary model (or 
any of the other models), then its predictive ability 
becomes even greater.   
 
The “Age” variable has a high report rate in almost all 
databases, including the CDS, and it may be included 
in the model directly.  Other variables may also 
improve the predictive ability, but they may confound 
the model if there are a sizeable number of cases in 
which they are unknown.   
 
The working data set, itself, may also be changed in 
order to obtain a better model.  Two injury groups, 
[ChestL,Oth] and [LowExt,Oth], contain about a third 
of all cases and both have very high survival 
probabilities (about 95%).  The model fits these two 
groups very well (they are associated with the two 
biggest dots in Fig. 1).  This means that the fit of other 
groups that contain the same types of injuries (and 
have much lower group survival probabilities and 
therefore strike more interest) will suffer.  Despite the 
high survival rate, these two groups are associated with 
a significant number of fatalities, so omitting them 
outright from the data set is not recommended.   
Instead, it may be better to re-define the “ChestL” and 
“Oth” variables into new subvariables.  Then new 
injury groups can be formed and ones having high 
survival rates and few associated fatalities may be 
omitted from the working data set.  
 
Redefined Injury Groups.   As presented, the injury 
groups represented in the Primary/Secondary model 
are used to perform a general analysis that is not 
directed at studying any particular injury or 
countermeasure.  Oftentimes a more specific analysis is 
desired.  For example, consider a hypothetical side air 
bag designed to mitigate pelvic injuries.   A modified 
Primary/Secondary model may be used to predict the 
number of lives saved by the air bag.  New injury 
groups may be defined that are specific to the injury 
groups that are affected by the countermeasure 
(abdomen, hip/pelvis, and upper femur).  Incidence 
levels for the new groups may be extracted from a data 
set that includes only side impacts to near side adults.  
An analysis akin to the one demonstrated in Table 4 
will provide an upper limit of the number of lives that 
could possibly be saved by the hypothetical air bag.  A 
closer inspection of these groups will reveal the precise 
nature of the pelvic injuries.  This helps determine 
whether instrumentation in a dummy used to test the 
new air bags will adequately pick up the injuries.     
 
To get a more realistic estimate of lives saved by the 
new hypothetical air bag, some level of injury 

reduction must be known (presumably from tests with 
dummies).  Then, given a reduction in pelvic injury 
severity, a judgment must be made of how the various 
injury groups are to be re-populated.  Once new 
incidence levels are established, an estimate of lives 
saved may be computed directly, as is demonstrated in 
Table 4.  
 
Impending Work:  Ranking of Injuries Objectively.  
The selection of the primary and secondary injuries in 
the study herein is partly based on AIS severity 
rankings.  The assignments of the 1-6 severity suffixes 
to specific injury codes are provided by the AIS coding 
manual and are based on a panel of experts 
commissioned by the Association for the Advancement 
of Automotive Medicine. Over the years, AAAM 
panels have reconvened and new injury coding systems 
have emerged.  However, the AIS severity rankings are 
more or less held over from the original ones that were 
assigned back in 1976 (AAAM, 1976).   
 
A multi-year accumulation of CDS injury data now 
makes it possible to use actual mortality outcomes to 
objectively rank specific types of injuries by 
survivability.  Objectively ranking injuries would help 
discriminate among injuries that share the same AIS 
severity.  It would also sort out questionably ranked 
codes, such as those coded as “Not Further Specified” 
(NFS).  Within the working dataset used in this study 
(about 7000 crash victims), about 20% of all AIS 3+ 
injuries make use of an NFS code.  NFS codes are used 
when detailed medical information is lacking.  For 
example, a medical record for a particular crash victim 
who has, say, a skull fracture may lack specific details 
such that the fracture is given a special NFS code.  
NFS injuries are always ranked at an AIS level that is 
equal to or lower than the same general injury that is 
described more specifically.  This minimum severity 
rule may not always reflect the true severity of the 
injury. 
 
Establishing the objective injury ranks would require a 
balance between objective statistics (such as incidence-
to-fatality ratios derived from the actual data) and 
common-sense heuristics (e.g., a “moderate” laceration 
cannot be ranked higher than a “major” laceration).  
Such an objective ranking system would help identify 
the two injuries of each crash victim that are – on 
average – statistically the most life-threatening, thereby 
improving the predictability (deviance is decreased) of 
the Primary/Secondary model. 
 
Imputation in DOA Cases.  As mentioned earlier, 
crash victims who are “dead on arrival” (DOA) often 
have an incomplete injury record with only injuries of 
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MAIS= 2 listed.  These cases were excluded from the 
present analysis.  However, this exclusion effectively 
biases the working dataset in favor of non-fatal 
injuries.  Rather than excluding DOA/MAIS=2 cases 
outright, a better solution may be to somehow impute a 
more severe primary injury.  Methods to impute 
missing data within NHTSA’s databases have been 
developed for certain variables.  For example, Rubin et 
al (1998) describes a method to impute blood alcohol 
levels that are missing from fatality crash data.  It may 
be possible to develop a method to impute injuries in 
DOA’s. 
 
Standard Errors.  Unlike the example provided 
herein, a comprehensive analysis ought to provide 
confidence intervals for the number of lives saved or 
injuries prevented.  For this reason, it may be helpful to 
combine a CDS model with incidence levels obtained 
from the General Estimates System (GES), a more 
general epidemiological crash database maintained by 
NHTSA. GES estimates are more trustworthy because 
they have much lower standard errors by virtue of 
higher sampling rates.  Moreover, properly computed 
standard errors that take into account the CDS (and 
GES) multi-stage sample may be found with the 
SUDAAN LOGISTIC procedure (Shah,  Barnwell, and 
Bieler, 1996) using the sampling weights and sample 
stratifiers in the data set.   
 
SUMMARY 
 
A procedure is presented to estimate the risk to life that 
multiple injuries pose to crash victims.  The procedure 
is intended to be used in an aggregate study of CDS 
crash victims.  The new procedure uses only the two 
most serious injuries to characterize a victim’s entire 
injury record.  This new Primary/Secondary model has 
an improved predictive ability over MAIS and ISS 
partly due to an objective scheme that ranks individual 
injuries using actual crash outcomes. 
 
The biggest advantage the Primary/Secondary model, 
however, is its ability to discriminate among several 
types of injuries.   A general injury model – with 56 
different injury characterizations – is demonstrated 
herein.  For a given primary injury, the threat-to-life is 
shown to vary profoundly depending upon the type of 
secondary injury.  Moreover, a 56-injury group 
breakdown provides a means to attribute fatalities to 
specific injuries, including those that are relatively 
non-threatening such as lower extremity injuries. 
 
The survival predictability of the Primary/Secondary 
model may be improved substantially by including 
“Age” as an additional variable.  The model would also 

benefit from a more thorough and objective scheme to 
rank injury severity.  Furthermore, the model may be 
adapted for an assessment aimed at a particular 
countermeasure or injury.    
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APPENDIX  
Injury Groups – Survivability probability and 1993-2001 incidence level (weighted). 

 

Injury Group 
(Primary,Secondary) 

Model Prob. 
Logit[ βo + βi*Pi+ 

βj*Sj] 

Observed 
Incidence/ 
Fatalities 

Observed 
Incidence 
(weighted) 

ChestH, ChestH 0.072 0.072 4451 
ChestH, ChestM 0.082 0.047 4922 
ChestH, HeadH 0.097 0.042 2840 
ChestH, HeadM 0.122 0.065 1742 
ChestH, AbdoH 0.160 0.209 1308 
ChestH, ChestL 0.185 0.162 2505 
ChestH, HeadL 0.224 0.057 578 
ChestH, LowEx 0.305 0.589 1835 
ChestH, AbdoL 0.329 0.507 243 
ChestH, Oth 0.366 0.347 2448 
HeadH, ChestM 0.383 0.308 5857 
ChestM, ChestM 0.413 0.404 5367 
HeadH, HeadH 0.428 0.439 14496 
HeadH, HeadM 0.492 0.606 11116 
ChestM, HeadM 0.523 0.291 5444 
AbdoH, ChestM 0.550 0.724 3763 
HeadH, AbdoH 0.571 0.304 1028 
ChestM, AbdoH 0.601 0.623 1420 
HeadH, ChestL 0.613 0.430 3583 
ChestM, ChestL 0.642 0.860 19295 
AbdoH, HeadM 0.656 0.477 363 
HeadM, HeadM 0.659 0.675 9535 
HeadH, HeadL 0.669 0.740 4581 
ChestM, HeadL 0.695 0.667 3578 
AbdoH, AbdoH 0.724 0.764 1833 
HeadM, AbdoH 0.726 0.974 434 
HeadH, LowEx 0.754 0.698 658 
AbdoH, ChestL 0.757 0.643 8551 
HeadM, ChestL 0.759 0.490 9852 

Continued. 
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APPENDIX, continued. 
                            Injury Groups – Survivability probability and 1993-2001 incidence level (weighted). 
 
 
 

Injury Group 
(Primary,Secondary) 

Model Prob. 
Logit[ βo + βi*Pi+ 

βj*Sj] 

Observed 
Incidence/ 
Fatalities 

Observed 
Incidence 
(weighted) 

HeadH, AbdoL 0.774 0.644 56 
ChestM, LowEx 0.776 0.801 7773 
ChestM, AbdoL 0.795 0.756 1743 
AbdoH, HeadL 0.799 0.758 225 
HeadM, HeadL 0.801 0.944 14525 
HeadH, Oth 0.801 0.747 6204 
ChestM, Oth 0.820 0.685 21937 
HeadL, HeadL 0.833 0.896 13601 
ChestL, ChestL 0.853 0.859 22109 
AbdoH, LowEx 0.858 0.863 450 
HeadM, LowEx 0.859 0.782 916 
AbdoH, AbdoL 0.871 0.770 993 
HeadM, AbdoL 0.872 0.559 196 
ChestL, HeadL 0.881 0.682 15370 
HeadL, LowEx 0.883 0.852 3183 
AbdoH, Oth 0.888 0.950 6945 
HeadM, Oth 0.889 0.903 31706 
HeadL, AbdoL 0.894 0.988 338 
HeadL, Oth 0.909 0.893 51629 
ChestL, LowEx 0.918 0.911 16948 
ChestL, AbdoL 0.926 0.967 5160 
ChestL, Oth 0.937 0.960 123865 
LowEx, LowEx 0.953 0.936 22663 
LowEx, Oth 0.964 0.968 99945 
AbdoL, LowEx 0.993 1.000 1785 
AbdoL, AbdoL 0.993 0.956 1247 
AbdoL, Oth 0.994 0.997 11768 
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ABSTRACT 
 
 This paper presents an overview of NHTSA’s 
vehicle compatibility research activities.   NHTSA is 
monitoring the changing vehicle mix in the U.S. fleet, 
analyzing crash statistics, and evaluating the possible 
effects that these changes may have on vehicle 
crashes in the U.S. and thus on occupant safety.  
NHTSA is conducting full scale crash testing to 
develop a better understanding of vehicle 
compatibility and to identify test methods to assess 
vehicle compatibility.  All of this research is being 
conducted with the close cooperation of the 
International Harmonized Research Activities 
compatibility research group. 
 
INTRODUCTION 
 
The objective of this research program is to explore 
the potential for reducing injuries by improving the 
crash compatibility, both structural and geometric, 
between passenger vehicles and their potential 
collision partners.   
 
PROBLEM DEFINITION 
 
NHTSA has published several papers that describe 
the growing compatibility problem in the U.S. fleet 
[1-4].  This section provides an update of these 
previous reports using two additional years of data 
This study uses the Fatality Analysis Reporting 
System (FARS) and the General Estimates System 
(GES) from 1995 through 2001[5].  As shown in 
Figure 1, the sales and registrations of light trucks 
and vans (LTV’s) have steadily increased, as a 
percentage of the fleet, since 1981 [6,7].  LTV sales 
appear to have recently leveled off at just under half 
of new vehicle sales. 

U.S. Sales and Registrations of Light Trucks and Vans
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Figure 1. LTV sales and registrations 
 
Not only are the numbers of LTV’s on US roads 
increasing, but the average weight of LTV’s has been 
increasing and has outpaced the weight increase of 
passenger cars.  Figure 2 shows the average weight 
using the test weight and production data reported to 
the agency under the US Corporate Average Fuel 
Economy (CAFE) program [8,9].  Since 1990 the 
average LTV weight, using CAFE reported 
production data, has increased from 1868 to 2046 kg 
in 2000.  For comparison, the average car EPA test 
weight has gone from 1448 to 1557 kg over the same 
period. 

CAFE Reported Production and Weight
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Figure 2. Annual average vehicle weights 
 
 The presence of a large number of LTV’s in the fleet 
is leading to an increasing number of fatalities for car 
occupants that are struck by LTV’s.  Figure 3 shows 
the increase in passenger car fatalities that are 
occurring in crashes with LTV’s while the fatalities 
for the US passenger car fleet has decreased in car-to-
car crashes. 



Summers, 2 

Fatalities in Vehicle-to-Vehicle Collisions
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Figure 3. Occupant fatalities in 2-vehicle crashes 
 
In order to characterize the compatibility problem, 
NHTSA defined an aggressivity metric based on 
FARS reported fatalities and GES reported crash 
involvements [1-4].  This aggressivity metric is 
defined as: 

VehicleSubjectofCrashesofNumber
PartnerCollisioninFatalitiesDriver

tyAggressivi =  

 
The aggressivity metric normalizes the fatalities in 
the collision partners by the number of crashes 
involving the subject vehicle.  This normalization is 
intended to account for different vehicle populations 
and driver demographics. The aggressivity metrics 
were computed for vehicle categories using 1995 
through 2001 FARS and GES databases.  Only two-
vehicle crashes where both vehicles were less than 
10,000 lbs and were model years 1990 and newer 
were included.  Previous analyses showed that model 
years 1990 and newer striking vehicles had 
substantially lower aggressivity metrics than for all 
model years combined [10,11].  Only struck driver 
fatalities are counted to remove any bias due to 
differing occupancy rates.  Driver fatalities were also 
restricted to the ages of 26 to 55, inclusive, to remove 
the variation in injury tolerance shown by younger 
and older drivers.  The LTV vehicle categories are a 
subset of the LTV categories included in FARS and 
GES.  Passenger cars were categorized using the 
NCAP vehicle weight ranges.  The passenger car 
weights were obtained by decoding VIN numbers.  
This requirement restricted the passenger car data to 
only the GES regions that report VINs.  These 
passenger car distributions were scaled to obtain 
national estimates. A recent report from the 
University of Michigan demonstrated that national 
estimates for two-vehicle fatal crashes could be 
developed using only NASS GES regions that report 
VIN numbers [10]. The aggressivity metrics for all 
two-vehicle crashes, including front, side, and rear 
crashes, are shown in Figure 4.  The additional two 
years of FARS data increased the total number of 

fatalities represented in Figure 4 by 71 percent over 
the totals reported in an earlier ESV paper [2], from 
2,188 to 3,751. There was no change in the overall 
trend of higher aggressivity metrics for larger, 
heavier vehicle categories.  The large vans and 
pickups cause over three times the fatality rate of 
large cars. SUV’s produce around twice the fatality 
rate of large cars.  The compact pickup category has 
an average weight similar to the large car category, 
yet it has an aggressivity metric that is over 60 
percent higher.  This observation indicates that 
something other than mass may play a role in 
aggressivity. 
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Figure 4.  Aggressivity metrics for vehicle-to-
vehicle crashes 
 
Front-front crashes represent about 3.7 percent of all 
two-vehicle crashes, yet averaged around 4,200 
annual fatalities between 1995 and 2001.  The 
aggressivity metrics for front-front crashes are shown 
in Figure 5.  These metrics are much higher than for 
all two-vehicle crashes, but the relative rankings of 
the vehicle categories are similar.   The additional 
two years of data has slightly reduced the relative 
aggressivity of the large pickup and large van, while 
the aggressivity of both SUV classes has increased. 
[1,2] 
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Figure 5. Aggressivity metrics for front-front 
crashes 
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Front-front crashes involve two vehicles that each 
experiences a frontal crash.  However side impact 
crashes have a clear distinction between the striking 
and the struck vehicle.  The aggressivity metrics from 
two-vehicle side impact crashes are shown Figure 6.  
The relative aggressivity of the large SUV has 
increased considerably from what was previously 
reported, while the large van and large pickup 
decreased slightly. The metric for the small SUV 
category remains about twice as large as for the large 
car category. 
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Figure 6. Aggressivity metrics for side impact 
crashes 
 
For side impact crashes, it is possible to evaluate the 
number of fatalities in the struck vehicle per 1,000 
NASS GES reported crashes, as shown in Figure 7.  
This “vulnerability metric” shows the number of 
fatalities in the struck vehicle when any vehicle 
strikes it.  This metric has some surprising results.  
The minicar category has a very high vulnerability 
metric, but it also has the smallest number of GES 
reported crashes of any category.  The compact 
pickup category is very similar to the large car 
category, despite a substantial difference between the 
aggressivity metrics of the two categories.   The large 
SUV category had only one struck-vehicle driver 
fatality and was omitted from Figure 7. 
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Figure 7. Vulnerability metric for side impact 
crashes 
 

Europe and other regions of the world are concerned 
with compatibility in car-to-car crashes.  Restricting 
the crash population to all crashes where both 
vehicles are passenger cars and including the same 
constraints on driver age and model years, the 
aggressivity metrics based on only driver fatalities 
are shown in Figure 8.  The aggressivity metrics for 
car-to-car crashes are only slightly  higher than the 
aggressivity metrics for the cars striking any vehicle 
shown in Figure 4.  
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Figure 8. Aggressivity metrics for car-to-car 
crashes 
 
These aggressivity metrics have established, by 
vehicle category, the aggressivity of the vehicle as it 
strikes any other vehicle in a given configuration.  It 
is desired to examine the compatibility between 
specific vehicle categories, e.g., LTV into large car, 
rather than evaluating the aggressivity of a vehicle 
category striking any other vehicle.  However due to 
data limitations, the aggressivity metrics for specific 
vehicle category-to-category crash configurations do 
not produce reliable estimates.  Instead fatality ratios, 
which are not subject to sampling errors, can be used 
to study the aggressivity of vehicle category-to-
category crashes.  Figure 9 shows the driver fatality 
ratios for all passenger cars struck by five LTV 
categories.  For consistency, these ratios were 
computed using the same criteria as the aggressivity 
metrics, two-vehicle crashes where both vehicles 
were model year 1990 or newer and both drivers 
were between ages 26 to 55, inclusive.  These driver 
fatality ratios have not changed substantially from 
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what was previously reported [1,2].  
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Pickup

Sport Utility
Vehicle (all)
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1995-2001 FARS, Driver Fatality Ratios Both Vehicles MY >= 1990  
Figure 9.  Driver fatality ratios for frontal-frontal 
LTV-to-car crashes 
 
Driver fatality ratios were similarly computed for the 
side crashes, as shown in Figure 10.  In side impacts, 
the drivers of the struck passenger cars are much 
more likely to be killed.  It is important to remember 
that the 8.2 passenger car fatality ratio is the 
appropriate baseline for comparing the LTV-to-car 
fatality ratios.  The side impact driver fatality ratios 
are based on small sample sizes and are somewhat 
unreliable as the large pickup and sport utility vehicle 
ratios are based on only 8 and 10 LTV driver 
fatalities, respectively. 
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Figure 10. Driver fatality ratios for side impact 
crashes into passenger cars 
 
Analysis of the FARS and GES crash data from 1995 
to 2001 shows that a consistent and significant 
compatibility problem exists in the U.S. fleet.  The 
passenger car occupants incur a disproportionate 
number of the fatalities in LTV-car crashes.  The 
aggressivity estimates are strongly, but not entirely, 
related to the weight differences in the vehicles.  
Vehicle crash compatibility continues to be a 
significant concern for occupant safety in the U.S. 
fleet. 

 
RESEARCH APPROACH 
 
The compatibility of a vehicle is a combination of its 
crashworthiness, its ability to protect occupants 
within the vehicle, and its aggressivity, its potential 
to cause injury to the occupants within the collision 
partner vehicle.  This research program pursues an 
analytical investigation of vehicle performance in 
vehicle-to-vehicle crashes and seeks to identify the 
causes of incompatibility, potential countermeasures, 
and to develop or evaluate performance tests for 
assessing vehicle compatibility. An important long-
term goal is the development of a fleet wide analysis 
methodology that can be used to understand how the 
design or purchase trends in one segment of the fleet 
affect the safety of all occupants in the US fleet.  This 
fleet simulation model should provide the basis for a 
fleet wide optimization approach.   
 
The initial focus of the program is to identify and 
quantify the safety issues associated with vehicle 
compatibility.  NHTSA has conducted numerous 
studies to better understand the compatibility 
problem and to identify vehicle characteristics 
associated with aggressive vehicle behavior.[1-4]  
Additionally, since 1997 NHTSA has sponsored a 
series of studies at the University of Michigan to 
quantify the growing compatib ility problem.[10,11] 
 
Once the compatibility problem is identified, the next 
task is to identify performance test(s) that can 
measure or predict a vehicle‘s crash compatibility.  
However, since a vehicle’s compatibility 
performance can only be demonstrated using 
historical fleet crash data, any new compatibility 
performance test procedure will have to conduct 
considerable testing to demonstrate a correlation with 
real world performance.  A second option is to rely 
on historical test data for real world correlation.  For 
this reason, the development of compatibility 
performance test procedure(s) is initially focused on 
the evaluation of load cell data collected in full 
frontal rigid barrier testing.   Load cell data have been 
electronically recorded for over 20 years of NCAP 
testing.  These data are being evaluated to develop 
performance measures regarding the force level, 
distribution of force, and energy absorption.  These 
performance measures are being fed back into the 
fleet studies to examine whether the performance 
measures are correlated with improved real world 
crash behavior.   Initial evaluations of the NCAP 
data, coupled with finite element simulations [12] 
have been encouraging enough that NHTSA has 
initiated the procurement of a high resolution load 
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cell barrier. Initial tests using the new load cell are 
planned for Summer 2003. 
 
One of the shortcomings of a rigid barrier test 
procedure is that the barrier is infinitely heavy 
relative to the weight of the test vehicle.  The test 
results from testing a heavy vehicle are not directly 
comparable to the test results for testing a light 
vehicle due to the higher energy involved in the crash 
of the heavy vehicle.  One simple way around this 
energy constraint would be to run the rigid barrier 
tests at different impact speeds depending upon the 
mass of the test vehicle.  This protocol is technically 
feasible, but leads to the requirement that small 
passenger cars are tested at considerable higher 
speeds than heavier LTV’s.  An alternate test 
procedure that can reduce, but not eliminate, the 
energy inequity is to mount the load cells on a 
Moving Deformable Barrier (MDB).  In this test 
procedure, the change in velocity of the test vehicle 
depends upon its relative weight to that of the MDB.  
Additionally, the MDB can be designed to represent a 
typical collision partner in terms of weight, size, and 
energy absorption [13].  This type test procedure is 
being evaluated using similar performance measures 
as the rigid barrier test.  The use of an MDB also 
introduces considerable complications in the 
repeatability and reproducibility of the test procedure 
and these concerns must be researched as well. 
  
NHTSA’s compatibility research program also 
explores the fleet wide evaluation of vehicle designs 
as a means of minimizing injuries in the US fleet.  
Finite element and lumped parameters simulations 
are utilized to model the US vehicle-to-vehicle crash 
environment and to predict trends in safety outcomes 
[14,15].  This fleet system model is intended to 
support benefit estimation and fleet wide safety 
optimization studies. 
 
FULL VEHICLE TESTING 
 
Recently automotive manufacturers have begun to 
consider vehicle compatibility in the design of new 
vehicles.   NHTSA initiated a research program to 
evaluate the compatibility of the redesigned Lincoln 
Navigator.  This vehicle and its corporate twin the 
Ford Expedition were redesigned for model year 
2003 and include a lower front-end bumper and 
frame structure.  The research program is intended to 
evaluate the effect of this vehicle redesign in vehicle-
to-vehicle and vehicle-to-barrier test configurations.  
These tests should evaluate the performance of the 
compatibility countermeasures included in the 
redesigned vehicle and whether the proposed test 

procedures and test criteria reflect the vehicle 
redesign. 
 
NHTSA has conducted two vehicle-to-vehicle full 
frontal crash tests between 2003 and 1999 Lincoln 
Navigators and 1996 Dodge Neon vehicles.  These 
tests were run with both vehicles moving at 48 kmph 
with a 50th percentile male driver and a 5th percentile 
female frontal passenger.  The vehicles descriptions 
are shown in Table 1 below. 
 
Test 
Number 

Vehicle Descriptions 

1999 Lincoln Navigator  
(2873 kg, 48.5 kmph) 

4429 

1996 Dodge Neon  
(1377 kg, 48.5 kmph) 
2003 Lincoln Navigator  
(3027 kg, 48.2 kmph) 

4430 

1996 Dodge Neon  
(1398 kg, 48.3 kmph) 

Table 1. Vehicle Selections 
 
In the redesign of the Lincoln Navigator, Ford 
lowered the bumper and frame rail elements for 
better interaction with passenger cars.  This can 
clearly be seen in the pre test alignment photos 
shown in Figures 11 and 12 below. 
 

 
Figure 11. 2003 Navigator pre test alignment 
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Figure 12. 1999 Navigator pre test alignment 
 
The crash test kinematics for the 1999 Navigator 
demonstrated significant override with the top of the 
grill contacting the windshield of the Neon.  The 
overriding did not occur for the 2003 Navigator.  The 
post-test photos for the two tests can be seen in 
Figures 13 and 14.  Here the override of the 1999 
Navigator can be easily observed.  It is  also important 
to notice the increased front end crush of the Neon 
that impacted the 2003 Navigator.  The lower design 
of the 2003 improved the crash interaction at the 
expense of increased energy absorption of the Neon 
structure. 
 

 
Figure 13. 2003 Navigator post-test 
 

 
Figure 14. 1999 Navigator post-test 
 
The driver side toepan intrusion measurements from 
the Neon vehicles are higher for the Neon struck by 
the 2003 Navigator, see Figure 15.  Conversely the 
steering column and instrument panel intrusions are 
higher for the Neon struck by the 1999 Navigator.  
Additionally, while the toepan intrusions in both the 
Navigators were low, the 1999 Navigator had 
consistently larger toepan intrusions than the 2003 
Navigator.   
 

Intrusion Measurements for Neon Vehicles
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Figure 15: Neon Intrusion measurements 
Despite the difference in intrusion levels the 
acceleration profiles measured in the occupant 
compartment of the Neon are remarkably similar, as 
shown in Figure 16.  Examining the velocity profiles 
shown in Figure 17 indicates that the 2003 Navigator 
did generate an earlier change in velocity for the 
struck Neon. 
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Comparison of Neon Occupant Compartment Acceleration
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Figure 16. Neon Occupant Compartment 
Acceleration  
 

Comparison of Neon Occupant Compartment Velocity
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Figure 17. Neon Occupant Compartment Velocity 
 
The injury criteria for the drivers of the Neon vehicle 
are shown in Table 2 below.  Despite the contact 
between the 1999 Navigator and the Neon 
windshield, the HIC for the Neon driver struck by the 
1999 Navigator was less than half than for the Neon 
driver struck by the 2003 Navigator.  The chest 
deflection and peak femur loads were lower for the 
driver of the Neon struck by the 2003 Navigator.  The 
tibia index was higher for the driver struck by the 
2003 Navigator.  Overall, improved crash interaction 
between the 2003 Navigator and the Neon did not 
translate into reduced injury criteria measured by the 
driver dummy of its crash partner.    
 
Injury Criteria Struck by 1999 

Navigator 
Struck by 2003 
Navigator 

15ms HIC 327 740 
Max Nij 0.37 0.4 
Chest G 64.4 67.9 
Chest 
Deflection 

42.8 28.0 

Femur Load 10,095 (left) 7,044 (left) 

Tibia Index 0.9 (left upper) 1.33 (right upper) 
Table 2. Injury Criteria for Neon Drivers 
 
DISCUSSION 
 
The increased weight of the 2003 Navigator, 
certainly contributed to the increased injury criteria 
measured in the Neon driver.  However, the vehicle 
redesign seems to have involved much more that just 
lowering the vehicle frame structure.  Using the 
INSIA measurement protocols developed by the 
IHRA compatibility group [16], the minimum height 
of the longitudinal member went from 463 to 362 
mm, a decrease of 101 mm.  
 
NHTSA has not conducted any frontal NCAP tests 
for the Lincoln Navigator, but has conducted several 
frontal NCAP tests of the Ford Expedition, which is 
built on the same platform.  Figure 18 shows the 
force-deflection profile for the 2003 Expedition 
compared with the results from previous NCAP tests.  
Clearly the 2003 model is significantly stiffer than 
the previous models.  The 2003 Expedition was 
tested using a low-resolution load cell array, which 
prevents a comparison of the average height of force 
for these tests. 
 

Force Deflection from Frontal NCAP Expedition tests
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Figure 18. Force-deflection profiles for NCAP 
tests of the Ford Expedition 
 
NHTSA has also conducted 40% offset barrier tests 
using the 2000 Ford Expedition.  These tests are not 
directly comparable as shown in Table 3 below. 
 
Test Vehicle Speed Barrier 
3441 2000 Ford 

Expedition 
60.3 European 

4441 2003 Lincoln 
Navigator 

56.0 FMVSS 
208 

Table 3. 40 percent offset barrier tests 
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The 2003 Lincoln Navigator was 307 kg heavier than 
the 2000 Ford Expedition.  As a result, the initial 
kinetic energy of the Navigator test was about 96 
percent of the energy for the Expedition test.  The 
toepan intrusions measured on the 2000 Ford 
Expedition are generally twice the comparable 
intrusions measured on the 2003 Lincoln Navigator.  
These offset tests support the conclusion that the 
redesigned Navigator is stiffer than the previous 
versions. 
 
FUTURE RESEARCH 
 
This research effort is part of a larger cooperative 
research program between Ford, MIRA, and NHTSA.   
MIRA is conducting full frontal barrier testing of 
2003 and 1999 Lincoln Navigators using their ultra-
high resolution load cell barrier, 50 by 50 mm sensor 
size.  This test series will provide an exceptionally 
detailed comparison of the load cell data before and 
after redesign.  This testing is intended to evaluate 
whether load cell data can distinguish between the 
designs and to provide some insight into the 
minimum required load cell resolution to evaluate 
vehicle compatibility. 
  
NHTSA plans to follow up the high-resolution load 
cell barrier tests with a pair of Navigator-to-load cell 
MDB frontal tests.  These tests are intended to 
determine whether the MDB-to-vehicle tests can 
replicate the vehicle -to-vehicle test behavior and 
whether the load cell instrumentation on the MDB 
can provide performance metrics similar to those 
measured on a fixed load cell barrier. 
 
CONCLUSIONS 
 
Light trucks and vans are continuing to increase as a 
percentage of the U.S. fleet.  The number of occupant 
fatalities in cars struck by LTVs has stopped 
increasing in recent years.  However, there still 
remains a significant difference in the fatality rates 
between LTVs and passenger cars.  Large vans and 
large pickups are over three times more aggressive 
than passenger cars in all vehicle-to-vehicle crash 
configurations.  Sport utility vehicles are over twice 
as aggressive as passenger cars for all vehicle -to-
vehicle crash configurations.  The compatibility 
measures for the 1995 to 2001 time period are similar 
to the measures previously reported for the 1995 to 
1999 time period. 
 
The vehicle factors involved in compatibility are very 
complex.  While lowering the structural height of a 

vehicle could greatly improve the crash kinematics, it 
may not immediately translate into improved injury 
criteria in the collision partner.  Other vehicle factors 
such as increased weight and stiffness of a vehicle 
appear to play a role in the overall compatibility 
performance of a vehicle in front-front crashes.  More 
research is necessary to better understand the 
tradeoffs and issues involved in improving crash 
compatibility. 
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ADDITIONAL INFORMATION 
 
NHTSA test reports, photos, data, and video can be 
obtained from http://www-
nrd.nhtsa.dot.gov/database/nrd-
11/asp/QueryTestTable.asp 
 
Additional NHTSA reports on compatibility research 
are available from http://www-
nrd.nhtsa.dot.gov/departments/nrd-
11/aggressivity/ag.html 
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ABSTRACT 
 
This paper demonstrates how a driver’s performance in 
a single-vehicle road departure avoidance maneuver 
may be characterized using mathematical expressions.  
Nine single-valued covariates are needed to fulfill the 
expressions:  five to describe the pre-maneuver vehicle 
state (speed, heading angle, edge distance, road 
curvature, and curve entry distance) and four to 
describe the driver response (brake application time, 
deceleration level, steering input time, and steering 
angle).  A procedure to find the best set of covariate 
values is demonstrated using a trial from a series of test 
track experiments in which subjects maneuvered along 
a Jersey barrier.  The procedure provides a high level 
of conformity between the actual vehicle path with 
respect to the barrier and the path derived from the nine 
covariates.  Thus, the entire avoidance maneuver may 
be faithfully described by a set of mathematical 
expressions.  Subsequently, each of the thousand-plus 
test track trials is characterized by a single, nine-
covariate data record (instead of several time-histories 
made up of thousands of records, one for each time 
point).  Ultimately, such a reduction in data benefits the 
development of an in-vehicle crash warning system.  
By structuring the avoidance maneuvers in a record-
level dataset, warning system alternatives may be 
investigated directly by applying traditional statistical 
analyses on a large collection of records.  The paper 
discusses extensions of the method to the theoretical 
possibility of continuously estimating the nine 
parameters in real time as part of a collision avoidance 
driver assistance system.   
 
BACKGROUND 
 
In a single-vehicle road departure avoidance maneuver, 
a driver’s performance may be based on four 
responses: two related to braking (the time of brake 

application and the level of deceleration) and two 
related to steering (the timing of steering input and 
level of lateral acceleration).  Many road departures 
may be avoided through the use of some sort of 
advanced crash warning system that signals a driver to 
brake or steer (Pomerleau and Evanston, 1999).  For 
such a system to be effective, it must be equal to all 
emergencies without signaling false alarms such that 
drivers will consider the system to be an overbearing 
nuisance.  Therefore, the warning system must 
discriminate between an impending crash and one that 
is likely to be avoided.  To do so, it must evaluate the 
likelihood of an impending road departure using some 
mathematical relationship between instrument readings 
(presumably the system monitors several on-board 
instruments – speed, acceleration, range, etc.) and the 
probability of crashing.  At the appropriate instant, the 
system will then signal the driver to take action.    
 
As a precursor to developing an effective warning 
system, data from real driving experiences are needed 
that will place the four driver responses in their proper 
perspectives.  In other words, a mathematical 
relationship is needed in which the outcome of an 
avoidance maneuver (crash or no crash) may be written 
as a function of the four responses.  This relationship 
may be applied to a population of actual avoidance 
maneuvers so that driver tendencies under different 
scenarios may be understood.  Ultimately, a database 
of avoidance maneuvers may be compiled so that the 
probability of crashing under any given scenario may 
be found. 
 
Data for real driving experiences – or test trials – may 
come from naturalistic driving tests, test track 
experiments, and driving simulator studies.   No matter 
what the data source, it is assumed that each test trial is 
recorded by a set of time-histories sampled from test 
instrumentation.  The challenge is to create simple 
mathematical functions of time that match all aspects 
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of the actual maneuver as measured by the test 
instrumentation (such as speed, deceleration, distance 
to the road edge, and lateral deceleration).   
 
These functions are presented herein, along with a 
methodology that demonstrates how an actual road 
departure event may be fully characterized by a set of 
nine covariates that correspond to the four driver 
responses, plus five initial conditions.  In this manner, 
the several time-histories that describe the event are 
reduced to a set of nine constants.  Subsequently, a 
database of events may be assembled from various 
sources so that driver behavior may be evaluated 
evenhandedly.  This database may be used to develop 
an effective warning system by discerning the 
appropriate times to issue warnings.  
 
METHODS 
 
Martin and Burgett (2001) show how a simplified 
mathematical expression may be formed to accurately 
characterize an impending “rear-end” crash.   The 
objective of this paper is to develop a similar 
expression for an impending road departure.   Once 
accomplished, the terms that make up such an 
expression may provide insight into the circumstances 
associated with successful avoidance maneuvers.  For 
example, Burgett and Gunderson (2001) define several 
terms used to derive a two-dimensional theoretical 
boundary that separates a “crash response” from a “no-
crash response” under an impending road departure 
scenario.  These terms include a driver’s applied 
steering and the lateral acceleration it produces, road 
curvature, vehicle speed, approach angle, and the 
distance to the road edge.   
 
When road departure avoidance maneuvers involve 
both steering and braking, a four-dimensional boundary 
is needed.  Separate terms are needed for the times at 
which steering begins and the brakes are applied (ts and 
tb).  Also needed are separate terms for the levels of 
braking deceleration, d, and lateral acceleration (which 
is a function of the vehicle turning radius, Rv, applied 
by the driver).  As such, a proposed mathematical 
characterization of a road departure avoidance 
maneuver is based on the following presumptions: 
 
a. At the beginning of the event, the vehicle is 

positioned at a drift angle, θo, with respect to the 
road and the vehicle is traveling straight (and not 
turning).  This drift angle is assumed to remain 
constant until time ts (the steering time).  At ts, the 
driver initiates a turn of a constant radius Rv through 
the remainder of the event. 

 

b. At the beginning of the event, the vehicle is at a 
straight-ahead distance of Ro from the road edge and 
is traveling at velocity Vo.  If the road is curved at 
the projected point of departure, then R1 is the 
distance from the vehicle to the entry point into the 
curved portion of the road.  (If the vehicle has 
already entered the road curve at the beginning of 
the event, then R1 is negative-valued.) 

 
c. The driver begins to decelerate at time tb (the 

braking time) at a constant deceleration level, d, 
through the remainder of the event.  Prior to tb, the 
vehicle velocity travels at a constant level, Vo.   

 
d. The road is perfectly straight up to the point where 

the curve begins.  The curved portion of the road 
may be characterized as having a constant radius of 
curvature, Rcurve, for the duration of the event. 

 
Therefore, a set of nine single-valued covariates (see 
Table 1) is needed to describe the trajectory of a 
vehicle during an avoidance maneuver:  the four 
covariates that describe the driver response during the 
maneuver (ts, Rv, tb, and d) and five other state 
covariates (initial conditions) used to characterize the 
scenario. 
   
Table 1.  The nine single-valued covariates that may 
be used to fully describe a road departure 
avoidance maneuver.  

Cov. Covariate Type Comment 

ts Driver reaction Time of steering application. 

Rv Driver reaction Applied steering turn radius. 

tb Driver reaction Time of brake application. 

d Driver reaction Braking deceleration. 

Ro Initial state Initial lead distance to road edge. 

R1 Initial state Initial lead distance to road curve.

Rcurve Initial state Radius of road curve. 

Vo Initial state Initial velocity. 

θo Initial state Initial approach angle. 

 
In an actual road departure maneuver, the presumptions 
(a. through d. above) are always violated to some 
degree.  For example, measures of braking deceleration 
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are never constant in a test, so a “best approximation” 
strategy must be used to select the appropriate value of 
d that characterizes the performance of the driver best.  
Such a strategy is described herein.  It uses an 
optimization procedure aimed at finding values for all 
nine covariates such that a theoretical plot of the 
vehicle trajectory provides the best fit to the actual 
trajectory.   
 
The theoretical trajectory of the vehicle with respect to 
the road may be laid out in an x-y coordinate system as 
shown in Fig. 1.  The origin of the coordinate system 
(0,0) is located at the projected road departure point, 
Point A.  Eight other useful points are also shown in 
Fig. 1.  The significance of each of these points is 
provided in Table 2 along with their x-y coordinates as 
functions of the nine covariates.    
 
The goal is determine values of the nine covariates [ts, 
Rv, tb, d, Ro, R1, Rcurve, Vo, θo] such that the theoretical 
trajectory overlaps the actual (or experimental) 
trajectory.  (In the foregoing equations, the superscripts 
“Theo” and “Exp” are used to differentiate between 
theoretical and experimental values.)   The goal is 
accomplished by first obtaining time-histories of the 
actual vehicle x-y coordinates (xExp,  yExp) throughout 
the event.  Then, expressions for the theoretical x-y 
coordinates of the vehicle (xTheo,  yTheo) are written in 
terms of the nine covariates and time, t.  Finally, values 
for the nine covariates that provide the best match 
between theoretical and experimental coordinates are 
determined via nonlinear regression.   The following 
discussion explains the entire process more fully.   
 
Fitting the theoretical trajectory.  A mathematical 
expression that describes the theoretical vehicle 
trajectory contains both steering and braking 
covariates.   A multi-step “fit” procedure is used to 
determine values of the nine covariates such that the 
theoretical trajectory matches the experimental one.  In 
the first step, values for the three covariates associated 
with braking may be determined independently of the 
steering-related covariates.  In subsequent steps, the 
fitted braking covariates are used to find the remaining 
covariates.  The steps are described below. 
 
Defining actual x-y coordinates relative to Point A.  
Given data on an actual road departure avoidance 
maneuver, the trajectory of the experimental vehicle 
may be plotted by constructing a diagram like the one 
in Fig. 1 in which Point A is defined as the origin.  It is 
assumed that the road geometry and time-histories of 
the vehicle coordinates (xExp(t), yExp(t)) with respect to 
Point A are available from some sort of test 
instrumentation.   For simulator studies, this 
information is usually available via system 

programming software.  In field operational tests, the 
information may be deduced by manipulating data 
collected by some type of on-board vehicle 
instrumentation.  For example, the test vehicle may be 
equipped with a system that makes use of Global 
Position Satellites (GPS) which tracks the coordinates 
of the vehicle in time.   It could also have knowledge of 
the coordinates and geometry of the road edge, which 
is theoretically available from a Geographic 
Informational System (GIS) map.   Such a GPS/GIS-
based system could continually evaluate the vehicle 
position with respect to the road edge so that a plot of 
an avoidance maneuver like the diagram in Fig. 1 could 
be constructed.   
 
Event starting point and end point.  Obtaining a 
good trajectory fit depends on the way in which the 
beginning and ending of the event are defined.  The 
critical maneuver – and the events leading up to it – 
lasts only a few seconds.  When fitting the nine 
characterization constants to experimental data, only 
data from the critical event itself (and not pre- or post-
event “normal driving” data) are desired.  Otherwise, 
the fit may be lacking:  since it is an averaging 
procedure over the entire trajectory, an event that is 
started too soon may sacrifice a good fit around the 
critical maneuvering portion of the trajectory in favor 
of a good fit around the non-critical “normal driving” 
portion.  This would likely produce a fitted trajectory 
that underestimates the severity of the avoidance action 
(i.e., lateral acceleration estimates will be too low).  
Therefore, heuristics are used to mark the beginning 
and ending of the steering maneuver.  These rules of 
thumb provide consistency and while capturing the 
essence of the maneuver.   
 
Refer to the trajectory overlay (Fig. 1) with the origin 
defined as Point A.  The position of the vehicle at time 
t=0 marks the start of the event, or entry into a “danger 
plane”.  This “danger plane” entry point is located 
along the x-axis that begins somewhere to the left of 
the projected road departure point and signifies a 
heightened risk of an impending road departure.  When 
the vehicle first enters the danger plane, its x-
coordinate is equal to x = Bx and it marks the start of 
the event, time t=0.   A typical driver reaction time 
from conflict recognition to steering or braking 
initiation is about one second.  On the other hand, 
drivers who respond too late and depart the road certain 
entered the danger plane well beforehand.  For these 
drivers, entry into the danger plane is arbitrarily 
defined to occur when x = -45 m, which seems to be a 
reasonable distance for vehicle speeds of 35 to 65 mph.  
Therefore, the beginning of the event is assumed to 
occur one second prior to the time when the steering is 
initiated or when Bx = -45 m, whichever occurs first. 
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Figure 1.  Vehicle trajectory for a road departure avoidance maneuver. 
 
 
 
 

Table 2.  Coordinates of reference points near and along theoretical vehicle trajectory. 
 

Point x-coordinate y-coordinate Comment 

A 0 0 Origin; projected departure point. 

B -RoCos[θο] RoSin[θο] Event Start, t = 0. 

C Bx + [Vots - (d/2){Max(0,ts-tb)}2 ]Cos[θo] By - [Vots - (d/2){Max(0,ts-tb)}2 ]Sin[θo] Steering initiation, t = ts. 

E Cx + Rv Sin[θο]  Fy – Rv Origin of turning radius. 

F Ex Cy – Rv(1 – Cos[θo] ) Point of  “minimum Y”. 

G – Rcurve Sin[γ]  Rcurve Cos[γ]  Origin of road curve. 

H Gx – Gx Tan[θο] Road curve entry point 

I Ex + Rv Sin[β] Ey – Rv Cos[β] Point of closest approach. 

J Gx Rcurve (Cos[γ] – 1) Start of road curvature 
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Table 3.  Measurements identified in Fig. 1 that are used to determine vehicle trajectory. 
 

Measure Function of Nine Parameters Comment 

L1 R1 Sin[θo] Initial lead distance to road curve. 

D1 RoSin[θο] + Rcurve (Cos[γ] – 1) Initial lateral distance from road edge. 

D2 R1 – (Vo ts – (d/2)[Max(0,ts-tb)]2 ) Projected distance to road curve at time ts. 

γ ArcSin[Cos[θο] (Ro – R1)/Rcurve] Subtended road curve angle at origin. 

β ArcTan[ (Ex – Jx)/(Rcurve – (Ey – Jy)) ] Subtended angle at closest approach point. 
 
 
 
The ending of the event is also defined rather 
arbitrarily.  It is taken as one second after the time at 
which the experimental lateral deceleration reaches its 
maximum, t @ aLmax, where: 
 
  aLmax = V2 / Rv             [1] 
 
This may seem counterintuitive because in many cases 
the vehicle is still approaching the edge of the road at t 
@ aLmax.  It may seem that the time when the range rate 
becomes positive (or when the vehicle begins to 
diverge from the road edge) would be a better choice 
for the ending point.  The rationale for using  (t @ 
aLmax + 1 sec) is that peak deceleration usually occurs 
shortly before the driver perceives that the conflict is 
under control even though the car is still headed 
towards the road edge. Afterwards, the driver may take 
a more gradual course towards the road edge, drive 
alongside of it, and then eventually veer away.  Since 
the characterization procedure is aimed at 
characterizing “conflicts”, including data much further 
beyond t @ aLmax would generally lower the angular 
deceleration estimates and lessen the characterized 
severity of the “conflict”.   
 
Once the vehicle enters the pre-defined “danger plane”, 
a reference coordinate system is defined, (including an 
origin at Point A), and initial conditions Vo, Ro, R1, and 
θo may be computed.  For the remainder of the event, 
the global vehicle and road coordinates must be 
transformed to this coordinate system, which must be 
oriented in a manner consistent with the one laid out in 
Fig. 1 (i.e., the x-axis is parallel to the straight portion 
of the road, and the origin corresponds with the 
projected point of road departure).        
 
Fitting braking covariates V  o, t  b, and d. Once the 
beginning and ending of the critical avoidance 
maneuver have been defined, the theoretical braking 
covariates may be estimated.  It is assumed that an 

experimental velocity time-history – recorded by some 
type of vehicle instrumentation system – is available 
for the duration of the event.  This velocity time-
history alone – and not measurements of steering, GIS, 
or any other data – are used to determine the theoretical 
best-fit values of d, Vo, and tb.  These values are found 
by minimizing the difference between the experimental 
and theoretical velocity time-histories over the duration 
of the critical avoidance maneuver: 
 

Σ (V(t)Theo – V(t)Exp )2 ⇒  0         [2] 
 
where the theoretical time-history is expressed as: 
 

V(t)Theo = Vo –  (d/2) {Max[0, t – tb]}2        [3] 
 
Expressions for the theoretical x-y coordinates. The 
next step involves writing expressions for the 
theoretical vehicle coordinates, xTheo(t), yTheo(t).  First, 
the theoretical x-coordinate is set to coincide with the 
experimental one at every timepoint.  Therefore, no 
distinction is made in the foregoing equation 
development between xTheo and xExp: 
 

xTheo(t) =  xExp(t) =  x(t)          [4] 
 
Secondly, five sets of expressions are written for x(t) 
and yTheo(t) based on the amount of time which has 
passed since the vehicle has entered the “danger 
plane”.   At each timepoint, only one set applies.  The 
appropriate set depends upon the instantaneous time 
relative to both tb and ts.  Two of the sets represent the 
time before steering is initiated, while the other three 
represent post-steering times.   For the three post-
steering cases, the x-coordinate is a function of α, the 
instantaneous angle through which the vehicle has 
passed since time t=ts as shown in Fig. 2.  As such, the 
x-coordinate for the three post-steering cases may be 
expressed as a function of α (subscripts of x denote 
case numbers): 
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Figure 2.  Position of the vehicle once steering has been initiated.  Ref: Cases 3 - 5. 
 
—————————————————————————————————————————————— 

 
 
 
 
  x3,4,5(t) = Cx + RvSin(θo) – RvSin[θo – α(t)]        [5] 
 
This expression may be solved for α(t): 
 
  α(t) = θo + ArcSin[(x(t) – Cx – RvSin(θo))/ Rv]        [6] 
 
Note that: 
 

α(t) =
vR

tD

vR
st →

≡
=

  
]t  tsince  travelled[Distance s      [7] 

 
Therefore, the expression becomes: 
 
Dts→t(t) = Rv θo + RvArcSin[(x(t)  – Cx   
    – RvSin(θo))/Rv]           [8] 
 

The distance travelled since time t = ts, Dts→t(t), 
depends on which case applies.  The flowchart in Fig. 3 
may be used to determine which case applies at any 
particular instant.  An expression for the x-coordinate 
as a function of time, t, may be written for each case.  
Then, each case may be solved for time, t.  Finally, an 
expression for the y-coordinate as a function of time, t, 
may be written for each of the five cases. 
 
Case 1.  t < tb and t < ts.  Neither steering nor braking 
has begun.  Note:  D1:ts→t(t) = α(t) = 0. 
 

x1(t) = Bx + Vot Cos(θo)                [9] 
 
    t1 = (x1 – Bx)/(VoCos(θo))               [10] 
 
    y1

Theo(t) = By – Vot1Sin(θo)             [11] 
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x ≤ Cx 

tb  ≤  ts x  >  VotbCos(θo) + Bx 

Case 1 
t < tb; t < ts 

N 

N 

N N 

Y 

Y Y 

Y 

x  > Cx + RvSin(θo) – RvSin[θo 
– Vo(tb – ts)/Rv ]  

Case 2 
tb < t < ts 

Case 3 
ts < t < tb 

Case 4 
tb < ts < t 

Case 5 
ts < tb < t 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Flowchart to determine avoidance maneuver case type. 
 
 

—————————————————————————————————————————————— 
 
Case 2.  tb < t < ts.  Braking has begun, but not 
steering.  Note:  D2:ts→t(t) = α(t) = 0. 
 

x2(t) = Bx + [Vot – (d/2)(t – tb)2 ]Cos(θo)     [12] 
 
This is a quadratic expression which may be solved for 
t by setting: 
 

   
2

4 -             t
2

2 a
acbb −−

=             [13] 

 
where:      a =  d/2      
        

b = – (d tb  + Vo )   
c =  (x2 – Bx)/Cos(θo) + (d/2)tb

2   
 

 y2
Theo(t) = By – [Vot2 – (d/2)(t2-tb)2 ]Sin(θo)     [14] 

 
 
Case 3.  ts < t < tb.  Steering has begun, but not 
braking. 
 

α3(t) = D3:ts→t(t) / Rv         [15] 

 
D3:ts→t(t) = Vo(t – ts)          [16] 

 
x3(t) = Cx + D3:t→t(t)         [17] 

 
t3 = ts +  (x3 – Cx + Vots)/Vo       [18] 

     
y3

Theo(t) =  Ey – RvCos(α3(t) – θo)       [19] 

 
Case 4.  tb < ts < t.  Braking and steering have both 
begun, and braking began first. 
 
  α4(t) = D4:ts→t(t) / Rv              [20] 
 
  D4:ts→t(t) =  Vo(t – ts) – (d/2) [(t – tb)2 – (ts – tb)2]    [21] 
 

x4(t) = Cx + D4:ts→t(t)             [22] 
 

s

2

4   t   
2

4 -            t +−−
=

a
acbb       [23] 

 
where:   a =  d/2 
 

b = – (d tb  + Vo )   
c =  Rvθo +  RvArcSin[(x4 – Cx –   
       RvSin(θo))/Rv)]  + Vots – (d/2)ts

2 + d tstb 
     
y4

Theo(t) =  Ey – RvCos(α4(t) – θo)       [24] 
 
 
Case 5.  ts < tb < t.  Braking and steering have both 
begun, and steering began first. 
 

α5(t) = D5:ts→t(t) / Rv               [25] 
 

D5:ts→t(t) =  Vo(t – ts) – (d/2)(t – tb)2      [26] 
 

x5(t) = Cx + D5:ts→t(t)              [27] 
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s

2

5   t   
2

4 -             t +−−
=

a
acbb       [28] 

 
where:    a =  d/2 
 

b = – (d tb  + Vo )   
c =  Rvθo +  RvArcSin[(x5 – Cx –   

RvSin(θo))/Rv)]  + Vots + (d/2)tb
2   

 
 y5

Theo(t) =  Ey – RvCos(α5(t) – θo)       [29] 
 
 
Regression procedure to find θ  o, t  s and R  v. Recall 
that Ro 

 defines the event starting point. Therefore, the 
regression procedure is carried out by holding the 
initial distance measures (Ro, R1, Rcurve) and the Step 1 
values (Vo, d, and tb) constant, and varying the 
covariate values of θo, ts and Rv until the difference 
between the theoretical and experimental y-coordinates 
is minimized.  In other words, the regression procedure 
searches for optimum values of θo, ts and Rv that 
minimize the difference of  yTheo and yExp, or:  
 
 Σ ( yTheo – yExp)2 ⇒  0            [30] 
 
A nonlinear regression procedure such as Marquardt’s 
procedure (SAS, 2000) or Microsoft Excel’s Solver 
function may be used to find the optimum values.   
 
“Just Touch” Input Values for Steering.  As shown 
in Fig. 1, Point I represents the vehicle’s point of 
closest approach to the road edge.  For most avoidance 
maneuvers, drivers maintain a safe distance from the 
road edge so that the vehicle trajectory and the road 
trajectory never intersect.  (Such is the case in the 
forthcoming example of a real-world maneuver that is 
diagrammed in Fig. 5, where the closest distance 
between the car and the road edge is about 3 meters.)  
A last second steering time,  ts′, that would have 
produced a “just touch” situation if all other driver 
inputs (the eight other components listed in Table 1) 
remain unchanged may be computed.  Likewise, a 
wide-angle turn radius, Rv′, that would have resulted in 
a “just touch” condition may be computed.  Equation 
[31] expresses the relationship that must be satisfied 
under a “just touch” condition.   
 

Ex – Jx + Rv Sin β = Rcurve Sin β             [31] 
 
Theoretically, this expression may be expanded to 
include all the ts and Rv terms.  Then the last second 
braking may be found by solving the expression for ts 
while holding all other terms unchanged.  Similarly, 
the wide-angle turn radius may be found by solving the 

expression for Rv.  Both expressions, however, are 
rather long, quite unwieldy, and are not given here.  As 
an alternative, a non-linear routine such as Microsoft 
Excel’s Solver program may be used to find the values 
by simply forming the equations for both sides of Eq. 
[31] and searching for values of ts′  (or Rv′) such that 
the two sides are equal. 
 
RESULTS 
 
The optimization procedure is demonstrated on a 
typical trial run that was carried out recently on a test 
track at the Vehicle Research and Test Center (VRTC) 
in East Liberty, OH (Barickman et al, 2003).  The 
VRTC test track was set up to examine the relationship 
between initial velocity (35 mph and 55 mph), 
approach angle (7 degrees, 5 degrees, and 3 degrees), 
and direction of approach (North and South) in an 
impending road departure scenario. Twenty-six 
subjects completed a total of 72 trials consisting of 6 
trials per cell (approximately 1300 valid maneuvers). 
 
At VRTC’s test track, the road edge is perfectly 
straight, so two of the nine covariates, R1 (initial lead 
distance to road curve) and Rcurve (radius of the road 
curve) are known:  R1 → 0 and Rcurve → ∞.  The 
preceding methodology is used to determine the other 
seven covariates, and the results are plotted in Fig. 4 
which compares the actual vehicle velocity with the 
theoretical velocity, and Fig. 5 which compares the 
trajectories.    Furthermore, the “just touch” trajectory 
is shown for the VRTC trial in Fig. 6 for the last-
second steer time.  (A similar plot for a wide-turn 
radius is not shown.)   
 
Note that “just touch” values for the braking inputs 
may also be computed by solving for a minimum 
deceleration, d′, and a last-second brake application 
time, tb′.  However, most steering maneuvers 
(including the one depicted in Fig. 5) rely less on 
braking and more on steering.  For example, consider 
the Fig. 5 maneuver, which does include some amount 
of braking.  If there had been no steering at all (but all 
other driver inputs were the same), a road departure 
would have occurred.  Thus, the values of ts′ and Rv′ 
represent limiting driver inputs for the “just touch” 
condition.  On the other hand, if there had been no 
braking at all (but all other driver inputs were the 
same), it still would have been a successful avoidance 
maneuver, albeit one that comes slightly closer to the 
road edge.  Thus, there are no complimentary d′ and tb′ 
values to represent a “just touch” situation.  Since most 
departure maneuvers fall into this category, the ts′  and 
Rv′  values strike much more interest. 
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Figure 4.  Actual vehicle velocity plotted against the theoretical one fitted by selecting 
appropriate values of Vo, d, and tb. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.  Actual vehicle trajectory plotted with the theoretical one fitted by selecting 
appropriate values of θο, Rv, and ts. 
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Figure 6.  Actual vehicle trajectory plotted with the theoretical “just touch” one fitted by 
selecting an appropriate value of ts′ that is slightly greater than ts. 
 

Analysis of Driver Trends. The greatest benefit of the 
characterization method comes when an entire 
population of events has been characterized.  Then, a 
statistical analysis may be carried out to gain insight 
into driver behavior trends useful in developing a crash 
avoidance system.  To that end, 1300 sets of optimized 
covariates were determined for all the valid VRTC test 
trials (one for each avoidance maneuver).  The 
relationship of vehicle speed versus the time to road 
departure (TRD) at steering is examined by comparing 
TRD distributions.  (TRD represents the amount of 
time that would have elapsed between ts and the time 
the vehicle departed from the road if the driver had not 
maneuvered to avoid the departure.)   Figure 7 shows 
that TRD increases as vehicle speed increases.  Given 
that a lower TRD reflects a more imminent danger, Fig. 
7 indicates that drivers traveling faster may need to be 
warned sooner.  Likewise, Fig. 8 shows that TRD 
decreases as the angle of approach, θo, increases, so 
drivers aimed at a greater approach angle may need an 
earlier warning signal.   
 
The distributions shown in Figs. 7 and 8 are 
determined via kernel density estimation (SAS, 1999) 
in which a known density function is averaged across 
the observed data to create a smooth approximation.   
The figures also indicate that TRD follows an 
approximately log-normal distribution, another useful 

finding in characterizing driver response.  Kernel 
density parameters are listed in Table 4.   
 

Table 4.  Kernel density distribution 
parameters determined via simple normal 
reference (SAS, 1999).  

Type Inclusive n Bandwidth 

All cases —— 1335 0.1098 

55 mph +/- 3 mph 475 0.1236 

35 mph +/- 3 mph 829 0.1032 

3 º +/- 0.5º 323 0.1692 

7 º +/- 0.5º 179 0.1130 

 
In theory, a production car with an advanced collision 
warning system may operate by continuously 
measuring these nine covariates as the vehicle moves 
along.  Meantime, an in-vehicle microprocessor could 
evaluate the measurements to determine whether a road 
departure is imminent and a driver warning is 
warranted.   The insights provided in analyses like 
those seen in Figs. 7 and 8 help determine the 
conditions under which a warning signal is appropriate.   
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Figure 7.  Estimated distributions of time-to-road-departure (TRD) when steering is 
initiated versus vehicle speed.  Drivers tend to steer away later (closer to the time of 
departure) when speeds are higher. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 8.  Estimated distributions of time-to-road-departure (TRD) when steering is initiated 
versus approach angle.  Drivers tend to steer away later when approach angles are greater.   
Also, distributions are tighter when approach angles are greater. 

————–— ALL 

––——– 35 MPH

––– 55 MPH

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.5 1.0 1.5 2.0 2.5 3.0

TRD, seconds

D
EN

SI
TY

——— ALL

———— 3 Deg

––—— 7 Deg.

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.5 1.0 1.5 2.0 2.5 3.0

TRD, seconds

D
E

N
SI

T
Y



Martin, 12 

SUMMARY 
 
The performance of a driver in a single-vehicle road 
departure avoidance maneuver may be characterized by 
a mathematical expression with nine constants.  Five of 
the constants describe the pre-maneuver vehicle state 
(speed, heading angle, edge distance, road curvature, 
and curve entry distance) and four describe the driver 
response (brake application time, deceleration level, 
steering input time, and steering angle).  A procedure 
to find the best set of constants is demonstrated, and it 
shows how the mathematical expression provides close 
agreement between an actual vehicle path and the path 
derived from the expression.  Thus, it is possible to 
characterize a road departure avoidance maneuver by a 
single, nine-covariate data record.  This single record 
may be used in lieu of the several time-histories – 
made up of thousands of records (one for each time 
point) – that normally accompany an experimental test 
record.  Such a reduction has many advantages from a 
data analysis standpoint, and ultimately benefits the 
development of an in-vehicle crash warning system.   
 
The characterization procedure is demonstrated in an 
analysis of 1000-plus real driver experiences on a test 
track.  The analysis shows that drivers tend to steer 
clear from an imminent road departure at time that is 
closer to the imminent time of departure when 
travelling at higher speeds and at a more direct angle of 
approach to the edge of the road. 
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ABSTRACT

This paper details the National Highway Traffic
Safety Administration’s (NHTSA) continuing
research and testing activities on large school bus
safety restraints. This paper will discuss relative
performance of compartmentalization, lap belt
restraints and lap/shoulder belt restraints, as well as
the effects of seat back height and seat spacing on the
performance of these safety restraint strategies.
Results of NHTSA’s frontal sled testing efforts with
an inflatable airbag belt system are reviewed. The
agency’s efforts on researching side impact
protection are also briefly discussed. This paper
supplements the results presented in the 17th

Enhanced Safety of Vehicles Conference (ESV),
Paper No. 345, “Large School Bus Safety
Evaluation” [1], and discusses results for tests that
were conducted subsequent to the publication of that
paper.

INTRODUCTION

As discussed in 17th ESV Paper No. 345 [1],
NHTSA’s school bus safety restraint research
program consisted of three phases: (1) defining the
extent of the problem, (2) conduct of both a frontal
and side impact full-scale dynamic crash test with
large school buses, and (3) conduct of a series of sled
tests to evaluate various school bus restraint
alternatives. This paper will only discuss the results
from Phase 3: sled test evaluation of
compartmentalization, lap belts, laps/shoulder belts
and inflatable airbag belt restraints. Phases 1 and 2
are discussed in the 17th ESV paper.

PHASE III-SLED TESTING AND VALIDATION

Figure 1 is a plot overlay showing the decceleration
pulse of the vehicle’s center of gravity (CG)
accelerometer from the frontal rigid barrier crash test
with an acceleration plot of a sled test simulation of
the crash. As can be seen, the sled’s acceleration
pulse is a good replication of the acceleration time
history of the full-scale frontal impact test. The

leveling off of the acceleration pulse of the crash test
from about 40-90 ms is a result of the bus body
sliding along the chassis. The somewhat higher
acceleration profile of the sled during this time
resulted in a slightly higher velocity change (delta-v)
for the sled tests when compared to the crash test.

Figure 1. Crash Test and Sled Test Pulses.

Over the course of testing, two different sled bucks
were used to evaluate the various bus safety restraint
systems. The first sled buck was fabricated from a
section of a bus body. This allowed assessment of
the degree of deformation/energy absorption by the
bus floor and the potential for occupant interaction
with any portion of the bus interior other than the
seats. Figure 2 is a photograph of this sled buck.
The body section contained three rows of seats, with
seats mounted on both the right and left side of the
center aisle, which allowed for testing a potential
maximum of 2 rows (or 4 seats) per test.

Testing with this sled buck showed that there was no
significant interaction between the dummies and the
interior walls or ceiling of the bus in a full frontal
crash. There was incremental deformation to the
floor of the bus shell with repeated testing, but the
amount of deformation was minimal for any single
test. The amount of impact energy associated with
this deformation of the bus floor was an insignificant
portion of the total absorbed by the seat.
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Figure 2 - First (Full Shell) Sled Buck.

The second sled buck utilized a rigid floor of 1.3 cm
(0.5 in) thick aluminum plate with an open frame
construction. Figure 3 is a photograph of the
modified sled buck used in subsequent sled tests.
This design provided for a more durable, and thus a
more consistent, test platform. It also allowed for
better mounting of the high speed digital imaging
hardware, resulting in more complete analysis of the
dummies kinematics and their interaction with the
seats and safety restraint systems.

Figure 3 - Second (Open Frame) Sled Buck

Sled Test Parameters

The initial test matrix was designed to focus on three
test parameters for evaluation:

1. Occupant size
2. Restraint strategies
3. Loading conditions (from unrestrained

occupants)

This matrix was subsequently expanded to assess the
additional factors of:

4. Seat spacing

5. Seat back height

Three occupant sizes were used to evaluate the
various restraint strategies:

1. Average 6-year-old: represented by the
Hybrid III 6-year-old dummy at 114 cm /
23.6 kg (44.9 in / 52 lb) with seated height
of 63.5 cm (25.0”).

2. Average 12-year-old: represented by the
Hybrid III 5th percentile female dummy at
150 cm / 49 kg (59 in / 108 lb), with seated
height of 78.7 cm (31.0”).

3. Large high school student: represented by
the Hybrid III 50th percentile adult male
dummy at 175 cm / 78 kg (69 in / 172 lb)
with seated height of 88.4 cm (34.8”).

Three different restraint strategies were initially
evaluated using this test matrix. Late in the testing
program, two additional restraint systems became
available for evaluation. These additional restraint
systems were subjected to an abbreviated test matrix
comparable to the first three restraint systems. The
initial restraint systems were:

1. Compartmentalization
2. Lap belt (with compartmentalization)
3. Lap/shoulder belts on a bus seat with

modified seatback
The two additional restraint systems were:

1. Lap/shoulder belt with compliant seat back
2. Inflatable airbag lap belt

Three different loading conditions were simulated
during the sled testing:

1. Restrained occupants (with no loading from
occupants seated behind them)

2. Restrained occupants with rear loading
(from unrestrained occupants seated behind
them)

3. Unrestrained occupants (into the seat-back
positioned in front of them).

Testing was conducted using three different seat
spacings. The seat spacing was determined by
measuring from the H-point1 of the SAE 3-
dimensional machine (OSCAR) to the back of the
seat (measured at the same vertical height of the H-
point) located in front of the dummy. The seat
spacing values selected for these tests were 48 cm

1 Mechanically hinged hip point simulating the actual
pivot center of the human torso and thigh
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(19 in), 56 cm (22 in), and 61 cm (24 in). These
values were selected based on information obtained
from the FMVSS 222 compliance tests. Review of
these data showed seat spacing ranging from 41 cm
(16 in) to 61 cm (24 in), with most falling between 48
cm and 56 cm (19 in and 22 in). FMVSS 222 allows
a maximum seat spacing of 61 cm (24 in), while 48
cm (19in) was found to be the practical minimum for
normal seating of a Hybrid III 50th percentile adult
male dummy. The third seat spacing of 56 cm (22 in)
effectively spanned the most common range of seat
spacing observed in the available data.

The current minimum seat back height required under
FMVSS No. 222 is 50.8 cm (20 in) from the seating
reference point (SRP)2. A seat design option offered
by seat manufacturers, and required in several states,
is a “high back” design where the seat back height is
typically 61 cm (24 in) above the SRP. The higher
seat back design was a necessity for the lap/shoulder
belt strategies tested, in order to provide an anchor
point for the shoulder belt portion of the restraint
systems. In addition to the lap/shoulder belt seat
designs, a number of standard seats with the “high
back” option were obtained from BlueBird and the
C.E.White Co. and included in the test program.

Injury and Kinematics Evaluation

The motion of the occupant in the seat, and its
interaction with the seat back and seat restraints, are
important factors in determining the type,
mechanism, and potential severity of any resulting
injury. Analysis of the dummy kinematics was useful
in evaluating a restraint system’s performance and
determining its potential for preventing, or causing,
injury.

In addition to dummy kinematics, various injury
assessment criteria were used to assess the restraint
systems. All of these criteria were calculated as
specified in the Interim Final Rule for FMVSS 208
“Occupant Protection.” The neck injury criterion,
Nij, is calculated from moment and axial loads on the
neck in a frontal impact. The criterion value is
normalized to a pass/fail value of 1.0, which
represents a 22 percent risk of serious neck injury.
HIC15 is a 15 ms acceleration based criterion used to
assess the risk of head injury. The pass/fail threshold
limit of 700 represents a 30 percent risk of serious
head injury. Finally, the Chest G is based on a 3 ms

2 Manufacturer’s design reference point simulating
the position of the center of pivot of the human torso
and thigh.

duration resultant acceleration with a pass/fail
criterion threshold limit of 60 g’s, which represents a
20 percent risk of serious chest injury.

Compartmentalization - Figure 4 is a plot of the
resultant head accelerations (used to calculate HIC15)
of a compartmentalized seat test for a 6-year-old and
5th percentile adult female dummy. Figure 5 is a plot
of the neck injury criterion (Nij) for the same test.

Figure 4 - Resultant Head Acceleration

Figure 5 – Neck Injury Criterion (Nij)

Figures 6, 7, 8 and 9 illustrate the typical sequence of
events that occur in a frontal crash for a passenger in
a compartmentalized seat. For this particular test,
seat spacing was 48 cm (19 in) with impact into a
high back seat design configuration. No dummies
were seated rearward of subject occupants.

The dummies were initially seated in a normal,
upright position on the seat bench with the back of
each dummy situated against the seat back (see
Figure 6). The dummies were positioned laterally by
designating the seat as having outboard (wall side)
and inboard (aisle side) seating positions and
centering the dummy on the corresponding side.

During the initial moments of the crash, the dummies
slid forward on the seat while maintaining their
upright posture. This continued until the lower
extremities or knees struck the seat back in front of
the seated dummy (See Figure 7).



Elias, 4

Figure 6. Compartmentalization at 0 ms.

Figure 7. Compartmentalization at 100 msec.

Figure 8. Compartmentalization at 150 ms.

Figure 9. Compartmentalization at 210 msec.

At this point, the torso rotated forward and downward
causing the head to strike the seat back. The 5th

percentile female showed a peak head acceleration at
approximately 110 ms, with the 6-year-old striking
shortly later in the event with a peak acceleration
occurring around 123 ms. These accelerations
generated HIC15 values of 207 and 250, respectively.

As the torso continued to rotate forward, the head
was forced rearward by the seat back placing a
moment load on the neck. Figure 8 is an image taken
at 150 ms into the crash event. The shoulders of both
dummies had come into contact with the seat back.
This limited the degree of extension, and to some
extent, the amount of loading placed on the neck.

As the dummies continued to slide forward on the
seat bench, the upper torso continued to flatten out
against the seat back, thereby reducing loading on the
neck. By 210 ms (Figure 9) the chest had come into
full contact with the seat back, relieving the load on
the neck and allowing the Nij values to drop.

Lap Belt Restraints - The lap belted dummy had an
initial motion similar to that of the
compartmentalized restrained dummy. The dummy
began its motion by sliding forward on the seat bench
until the slack in the restraint system was taken up.
At this point, the pelvic region was restrained while
the head and torso continued forward and rotated
downward into the seat back situated in front of the
dummy.
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Figures 10 and 11 show the resultant head
accelerations and Nij plots of the dummy in lap belt
restraint system. The initial head impact (148 ms)
produced a load on the neck of the 6-year-old
dummy. The dummy kinematics and resulting neck
and head injury values were similar to those seen in
the compartmentalization tests. However, as the
upper body continued to pivot at the hips and rotate
forward and down into the seat back, subsequent
loading on the neck occurred. This can be seen as a
second peak in the Nij values that occurred well after
the initial head impact (at approximately 175 ms).

Figure 10. Resultant Head Acceleration for Lap
Belt Restraint.

Figure 11. Neck Injury Criterion (Nij) for Lap
Belt Restraint.

By contrast, the neck loading for the 5th percentile
female dummy at the point of head impact was
relatively low. As the torso continued to rotate
forward, the loading on the neck became much
higher. Figure 12 is an image taken 150 ms into the
test. The relative degree of extension can be
observed for the two dummies. Interaction of the
chest and shoulders with the seat back was restricted
by the lap belt. As the torso rotated forward, the
energy of this momentum was absorbed by the neck
as it was forced into extension, rather than by impact
of the chest and shoulders into the seat back. Under
these kinematic conditions, the 6-year-old dummy
was subjected to a significant neck load, while the 5th

percentile female dummy was subjected to a much
higher neck loading by the same torso rotation.

Figure 12. Lap Belt Restraint System at 150 ms.

The Nij response for a dummy using a lap belt
restraint system appears to be sensitive to the motion
and orientation of the dummy’s torso, which in turn
is affected by dummy stature and seat spacing. Since
the upper body is not restrained or prevented by the
lap belt from fully interacting with the seat back, it is
possible for an extreme degree of neck loading to
occur.

Lap/Shoulder Belt Restraint - The seat back
structures were modified to accommodate the
additional loading on the seat back due to occupant(s)
loading the shoulder belt upper anchorage points for
both the production school bus seats manufactured by
Bus Belt and a prototype seat design developed by
the C.E.White Co. These designs still allow the seat
back to deflect within the force deflection corridor
specified in FMVSS 222. At a pre-determined point
in the deflection range the seat back becomes
structurally more rigid, limiting the degree of total
deflection and maintaining the compartmentalized
frontal barrier (for occupants rear of the lap/shoulder
belt outfitted seat). Lap/shoulder belt systems
restrain the upper body, preventing or significantly
reducing the velocity of head impact into the seat
back, which in turn reduces moment loading on the
neck and significantly reduces the neck injury
criterion (Nij) values.

The lap/shoulder belt restraint systems are sometimes
misused. Two common misuse scenarios that occur
were tested during this program: “misuse 1” –
shoulder belt portion of the system placed behind the
back of the dummy, and “misuse 2” – shoulder belt
portion of the system placed under the dummy’s arm.
With the belt placed behind the back (misuse 1), the
restraint system essentially became a lap belt system
with test results very similar to those observed with
the lap belt systems. When the shoulder belt was
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positioned under the arm (misuse 2), the shoulder belt
crossed low across the torso of the dummy which
tended to rotate the upper body of the dummy before
impact into the seat back This torso rotation tended
to confound the Nij results, which are correlated to
measure a pure frontal loading condition.

Figure 13 is an image taken at the peak Nij loading,
168 ms into the event, showing the neck at its
maximum flexion. The maximum injury criteria
values for this type of restraint, when correctly worn,
typically occurred when the upper torso was stopped
by the shoulder restraint and the head and neck were
snapped forward from the inertial energy. The
resulting head accelerations and neck loadings were
relatively low with this type of restraint.

Figure 13. C.E.White Lap/Shoulder Belt
Restraint System at 168 ms.

A potential issue raised by the installation of
lap/shoulder belt restraint systems is the additional
loading that is placed on the seat back by the
shoulder anchor portion of the restraint system. The
inertial loading due to the torso of a restrained
passenger can increase the amount of forward
deflection of the seat back, significantly reducing its
ability to safely restrain (via compartmentalization)
an unbelted passenger seated behind a lap/shoulder
belt restrained passenger. Current regulations require
that safety restraint systems maintain the ability to
provide passive protection or restraint
(compartmentalization in bus seat design) to the
vehicle’s occupants. Increasing the structural
strength of the seat back can address this problem,
but the additional rigidity of the seat back may
present a potential risk of increased injury to the
“unrestrained” passenger. This could be particularly
significant if the seat forward of the passenger is
unoccupied since the seat back, with no additional
torso loading to help deflect the seat back upon

impact, may be overly rigid for effective passive
protection.

Initial sled tests indicated that the stiffer seat backs of
these designs could increase the HIC15 injury
criterion significantly for the unbelted passenger.
The C.E.White Co. provided a second prototype seat
design with modified foam padding in the seat back
that significantly lowered the HIC15 values in
subsequent testing. A second lap/shoulder belt
design strategy to address this seat back issue was
developed by Indiana Mills Manufacturing Inc.
(IMMI). This seat design isolated the shoulder belt
anchor points from the seat back by creating a
second, or “inner”, frame used to anchor the restraint
system. Figure 14 is an image of a sled test of the
IMMI seat. The inner seat back frame can be seen in
this image as it was pulled away from the “outer”
frame of the seat back by the torso loading of the
restrained dummies, as it is designed to do. The
“outer” frame remained in position to provide a
padded impact surface for the two unbelted 50th

percentile adult male dummies seated behind the
restrained dummies in this test.

Figure 14. IMMI Lap/Shoulder Belt Restraint
System.

Lap Belt Air Bag Restraint - A final safety restraint
design tested in this program was developed by
AMSAFE. The restraint, which was originally
developed for use in commercial passenger aircrafts,
utilizes an airbag system incorporated into a lap belt
restraint. Figure 15 is an image taken at 50 ms
showing the initial deployment from the lap belt.
The airbag expands outward from the passenger’s lap
into the space between the passenger and the seat
back forward of the seated position.

Figure 16 shows the airbag at full deployment. The
airbag cushioned and prevented head impact into the
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Figure 15. AMSAFE Airbag Lap Belt Restraint
System at 50 ms.

Figure 16. AMSAFE Airbag Lap Belt Restraint
System at Full Deployment.

seat back while supporting the head to reduce loading
on the neck. This resulted in low HIC15 and Nij
values, which were similar in magnitude to those
seen in the lap/shoulder belt restraint tests. Although
results were similar between the two restraint
systems, testing of the airbag lap belt restraint system
was very limited and did not include testing of
possible misuse, or out of position, scenarios to
determine possible disbenefits of the system.

Discussion of Results

The data presented in the following figures represent
the averaged results of the sled testing.

Compartmentalized and lap belted seats include those
models manufactured by BlueBird, Thomas Bus, and
the C.E.White Co., both the standard height and high

back model variations. The lap/shoulder belt data
include the Bus Belt, C.E.White Co. and IMMI seats,
while the lap/shoulder belt misuse tests were
conducted only with the C.E.White Co. seats in early
testing. The airbag lap belt restraints (AMSAFE)
were installed on BlueBird’s lap belted, reinforced
seat design. Individual test results are available on
NHTSA’s Vehicle Crash Test Database (http://www-
nrd.nhtsa.dot.gov/database/nrd-11/veh_db.html).

Figure 17 is a summary chart of the head injury
criterion results, HIC15, which has been normalized to
the pass/fail criterion value of 700. A value of 1.0 on
this chart represents a HIC15 of 700, or approximately
a 30 percent risk of serious injury.

The unbelted, or compartmentalized, tests had similar
HIC15 results to those of the lap belt restraint tests for
all age/size groups. While the lap belt restraint
changed the kinematics of the dummy’s impact into
the forward seat back, the overall velocity of the head
impact was comparable and both seat designs utilize
seat backs that meet the compartmentalized seat’s
force versus deflection requirements. The
lap/shoulder belt restraint tests, which typically
prevented or greatly reduced the head impact into the
seat back, had HIC15 response levels lower than
either the compartmentalized or lap belt restrained
dummies. The limited testing with the inflatable
airbag lap belt restraint resulted in the lowest overall
responses for the 6-year-old and 50th percentile adult
male dummy while the HIC15 response for the 5th

percentile female dummy was comparable to that of
the compartmentalized and lap belt restrained
dummies. Film analysis of the tests suggests that
when the head was fully cushioned by the airbag, the
very low HIC15 values were observed. When the
head partially impacted the seat back, somewhat
higher HIC15 responses occurred. However, it should
be noted that the HIC15 response for all of these tests
were low and represent a low risk of serious injury to
the occupant.

Figure 18 is a chart summarizing the neck injury
(Nij) results. The FMVSS 208 pass/fail tolerance
limit for this criterion is 1.0, which represents a 22
percent risk of serious neck injury. A value of 2.0
equates to a 67 percent risk of serious injury. Both
the lap/shoulder belt restraint systems and the
AMSAFE inflatable airbag lap belt system had lower
Nij responses. The lap/shoulder belt restraints
reduced or prevented head impact, thus the only
loading on the neck was the inertial loading of the
head. The inflatable airbag lap belt restraint
cushioned the head impact while supporting the head,
thus reducing the extension of the neck. The lap belt
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restraint tests showed a significant potential of risk
for severe injury for some seat spacing/dummy
stature conditions, while the “misuse 1” tests with the
lap/shoulder belt restraints, which approximated a lap
belt restraint system, showed potential for a high
degree of risk for severe injury similar to that of the
lap belt restraints.

Figure 19 is a summary chart of the average 3 ms
Chest G results. The averaged data were normalized
to the 60 g criterion limit. None of the tests
conducted with any of the restraint systems showed
significant risk of serious injury. The general
kinematics, along with the closely spaced and padded
seat backs, provided good protection for the
unrestrained and lap belted occupants. The shoulder
portion of the lap/shoulder belt restraints did
potentially apply load to the chest, but the relatively
low peak acceleration levels within the passenger
compartment of the bus limited this loading. Results
for the inflatable airbag lap belt restraint were similar
to those for the lap/shoulder belt restraint, but
appeared to be more occupant size dependent than
some of the other restraint systems.

Effect of Seat Back Height - The most significant
effect of increasing the seat back height, from the
minimally required 508 cm (20 in) above the SRP,
was the containment of the 50th percentile adult male
dummy when tested in the compartmentalized
configuration. There were several tests in which an
unrestrained 50th percentile adult male dummy
overrode a standard height seat back and struck a
dummy positioned in the seat in front. High HIC15

values were observed in these tests in which this
incidental contact occurred.

The seat back height, in general, did not appear to be
a highly significant factor affecting the HIC15 and Nij

values observed for the 6-year-old and 5th percentile
female dummies.

Effect of Seat Spacing - As stated previously, sled
tests were conducted with the school bus seats
positioned at three different spacing – 48 cm (19 in),
56 cm (22 in) and 61 cm (24 in). No consistent
trends were observed for any dummy size in the
limited number of tests with different seat spacing.

3 ms Chest Acceleration
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Figure 19. Summary of Average 3 ms Chest G Values for Frontal Sled Tests.
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Concern about Abdominal Loading with Lap Belt
Restraint Systems -When properly positioned, the lap
belt system restrains an occupant by loading them
across the hard pelvic structure. When used in
conjunction with a shoulder belt, a portion of the load
is also distributed across the upper torso. When a lap
belt restraint is improperly positioned, due to
improper fit or misuse, this load produced by the belt
can be transmitted to the occupant through the soft
abdomen, rather than across the hard structure of the
pelvis. This has been shown to produce serious-to-
fatal injuries in automotive crashes.

Current frontal crash test dummies are not designed
to measure abdominal forces, and there are no criteria
currently available to predict injury if such forces
were determined. While some efforts were made to
measure these loads in the first series of sled tests, the
results were largely inconclusive. The data from
these tests were reported in NHTSA’s April 2002
Report to Congress, “School Bus Safety:
Crashworthiness Research” [2] and are available on
NHTSA’s Vehicle Crash Test Database.

SIDE IMPACT RESEARCH

Research of the available crash data by NHTSA
indicates that being impacted in the side by a heavy
truck is, after front and rear impacts, the next most
prevalent source of serious injury or fatality to school
bus occupants. The agency conducted a side impact
test in which a heavy truck (a cab-over tractor
ballasted to 11,406 Kg) was towed into the side of a
school bus at 72.4 km/h [1]. Despite the severity of
this crash, the dummy responses indicated no
significant threat of severe injury to those occupants
located outside of the direct impact zone.

NHTSA is conducting ongoing research to quantify
the magnitude of the injury problem to school bus
occupants during a side impact, and to evaluate
potential methods for mitigating these injuries. Crash
data analysis is continuing to better define the
conditions and locations of head impacts that produce
injury to occupants in bus crashes. Also, the agency
is contracting with Mercer University’s Engineering
Research Center (MERC), in a joint research effort
to: (1) develop a finite element model of a typical
school bus construction, and (2) study the effects on
occupant protection of various levels and types of
padding added to the bus sidewall and/or roof area.

The agency’s Vehicle Research and Test Center
(VRTC) has conducted a series of preliminary
dynamic component tests to assess the threat of head

injury when contacting various portions of the upper
interior of the school bus. This includes the roof and
areas surrounding the side windows and emergency
exits. These tests used the free-motion head-form
specified for use in FMVSS 201 to evaluate the
potential for head injury and to identify potential
injury mitigating structures currently present in some
buses.

CONCLUSIONS

The following conclusions are based on the results
from the Initial [1] and Phase II sled test series
(discussed in this paper):

1) Compartmentalization
a) Low head injury values were observed for

all dummy sizes, except when override
occurred (i.e., when the large male dummy
overrode the seat in front of it).

b) High back seats prevented this override
phenomenon from occurring.

c) Approximately half of the tests with the 6-
year-old and 5th percentile female resulted in
high Nij values.

2) Lap Belt Restraint System
a) Lap belt restraints effectively kept the

dummies in their seats.
b) HIC15 values were low for all dummy sizes.
c) Nij values were high for most of the

dummies, and were generally higher than
those from the compartmentalization tests.

d) Neck injury potential was very sensitive to
seat spacing and occupant size, with many
tests producing Nij values in excess of twice
the criterion threshold.

3) Lap/Shoulder Belt Restraint System
a) Lap/shoulder belt restraints effectively kept

dummies in their seats.
b) HIC15 values were low for all dummy sizes.,

and were significantly lower than
compartmentalization and lap belt restraint
results.

c) When the restraints were properly worn, the
Nij values were below the criterion value for
all size dummies.

d) Restraint misuse – putting the shoulder belt
behind the dummy’s back or under the
dummy’s arm – can produce undesirable
results.

e) The stiffer seat back, required for anchoring
the shoulder belt upper anchorage, could
present a potential problem for the unbelted
occupant(s) seated behind an occupant who



Elias, 11

is secured with the lap/shoulder belt
restraint.

f) Stiffer seat back design issues may be
addressed by proper design and/or padding
of the seat.

4) Inflatable Airbag Lap Belt Restraint System
a) The airbag lap belt restraint appeared to

cushion and/or prevent head impacts into the
seatback in front of the occupant.

b) The restraint system appeared to support the
occupant’s head, reducing loading on the
neck.

c) HIC15, Nij and 3 ms chest g values were
similar in magnitude to those observed for
lap/shoulder belt restraints.
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ABSTRACT

In this paper we describe a preliminary version of a
frontal impact crash sensing algorithm capable of
continuously predicting the severity of a crash in real
time. This kind of algorithms could be used to control
an airbag system with a variable output inflator,
which supplies a variable amount of gas into the
airbag on demand.

The algorithm consists of two parts linked in series.
The first part categorizes the class of an event. The
second part predicts the severity of the crash using a
function of the occupant free flight displacement and
time.

Linear regression and neural network analyses were
performed separately to determine the coefficients for
the severity function of each crash mode. The
algorithm was implemented in Simulink and
validated with test data. While both analyses
achieved reasonably good correlation between the
severity of each event and its corresponding severity
function, the neural network analysis generally
provided a better correlation.

INTRODUCTION

The newly revised United States Federal Motor
Vehicle Safety Standard 208 for frontal impact
protection requires new vehicle programs to meet
performance requirements for both 50th %ile male
and 5th %ile female occupants under multiple test
conditions. Most automotive manufacturers are
relying on a new generation airbag system, which is
equipped with a dual-stage inflator, to meet the
revised standard. The additional inflation stage
allows engineers to design an airbag system such that
a lower inflator output will be generated under a less
severe crash event, and vice versa.

An algorithm that is capable of continuously
predicting the crash severity of a collision event, and
a variable inflator that can deliver the amount of gas
as required based on the severity of a crash event
could potentially offer additional benefit in some
crash conditions.

In this paper we present a preliminary version of
such an algorithm. The algorithm is also FEA-
compatible [1], since in making the airbag

deployment decision it uses only cumulative
measures like velocity and displacement, which are
identified measures that can be reliably predicted by
FEA.

CRASH MODE AND DEPLOYMENT
DECISION

The example vehicle described in this paper is
equipped with two accelerometers: one mounted in
front of the vehicle in the crush zone (called the
Electronic Front Sensor, or simply the EFS) and
another in the vehicle compartment (called the
Sensing and Diagnostic Module sensor, or simply the
SDM sensor). First, the algorithm determines the
deployment decision and crash mode. The algorithm
is enabled whenever a potential crash situation is
determined. When the acceleration of the SDM
sensor reaches a predetermined threshold value, a
possible crash event is assessed and the algorithm is
enabled. At this time, the crash event clock is
initialized and the acceleration from both sensors is
integrated to find the velocity. The velocity of the
SDM is reported as calculated, while that for the
front sensor is reported as the maximum attained.
These velocity measures are then integrated to
determine displacement measures.

Figure 1 shows the Simulink [2] model of the
algorithm for determining the deployment time and
the crash mode. The model consists of a series of
modules and blocks.

Test data acceleration signals from the SDM and
EFS sensors were provided with 16-bit resolution at
0.1 ms sampling interval, and duration of 300 ms
from the onset of the crash. These acceleration
signals were preprocessed in the SDM and EFS
accelerometer models. The preprocessing consisted
of filtering the signals at 120 Hz for SDM and 400
Hz for EFS, re-sampling with a 1 ms period, clipping
at 50 g for SDM and 250 g for EFS, and A/D
conversion with an 8 bit resolution. The signals thus
obtained and denoted by As for the SDM and Af for
the EFS were input to the Processing module of the
algorithm.

The enabling of the algorithm and calculation of the
measures is done in the Processing module. Vs is the
SDM velocity, calculated by integrating As; Ss is
SDM displacement, calculated by integrating Vs; Sf
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is the EFS max displacement, calculated by
integrating the max velocity which in turn is
calculated by integrating Af and taking the maximum;
Saf is an EFS measure calculated by subtracting Sf
from the double integration of absolute Af ; and t is
the event clock calculated from the enable time.

The Preprocessing module also contains a reset
logic that is used for resetting the algorithm in case
the algorithm is enabled but the SDM velocity does
not increase above a predetermined threshold. The
reset threshold is determined mainly based on the
rough road data.

Figure 2 shows the velocities at the SDM location
for 11 crash events (all plots are represented vs. the
crash event clock). Of these, three events, 16 km/h
AZT, 30 km/h left 40% offset deformable barrier
(ODB) and 20 km/h 0° barrier impacts are no-
deployment events.

Information from SDM and EFS locations is
combined to discriminate between non-deployment
and deployment events in a timely manner.

The events are classified into three modes (namely
Frontal mode, Angle/ODB mode and Pole mode)
based on their similar crash signatures. The decision
whether or not to deploy the airbag is made by three
parallel modules that compare SDM and EFS
displacement measures with a set of thresholds. The
thresholds of each module are calibrated based on the
data from events that belong to the same crash mode.

The module labeled ‘Front’ corresponds to the
Frontal mode and will be triggered by the signals like
the 0° frontal barrier impact events. The module
labeled ‘Angle/ODB’ corresponds to the Angle/ODB
mode and will be triggered by signals like the angle
and ODB impact events. The module labeled ‘Pole’
corresponds to the Pole mode and will be triggered
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by the signals like the pole impact events. All three
crash mode modules are working in parallel until a
deployment decision is made. The module that
triggers the deployment also initiates the severity
prediction calculation according to the crash mode
represented by that module.

CRASH SEVERITY

We chose to define the crash severity based on the
impact velocity of the occupant with the steering

wheel. The driver is assumed to be in free flight and
at a distance of 350 mm from the steering wheel.
Figure 3 depicts the impact velocities for all events
ranked in ascending order. The first three events are
no deployment events. Based on this ranking we
simplified the severity for each event as shown in
Figure 4. Note that the severity is generally in
agreement with a broader classification used for dual
stage airbags.
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Regression Approach

It is obvious that the deployment of the airbag has to
take place a long time before the driver hits the
steering wheel. That means we have to predict the
driver impact velocity in real time. In the following
we assume that the prediction of the severity of an
event can be reasonably accurate for a period of 20
ms past deployment time. The information provided
by the EFS accelerometer, past the deployment time,
becomes unreliable and therefore, we did not use it in
determining the severity. That left us to use only
information from the SDM location.

The severity measure that we arrived at has the
characteristics of an average acceleration and is
defined by equation 1.

t
Vsd

kv
t

)t(Ss
ks)t(severity

2
⋅−⋅= (1.)

The coefficients ks and kv depend on the crash
mode. Vsd is the SDM velocity at deployment time
and is used here to compensate the larger values of
the measures for events that fire later. Its influence in
the formula is decreasing with time. As mentioned
previously we had to determine two coefficients for
each crash mode, six in total. The values have to
provide not only the ranking within each category but
also over all events. For each mode we started by
calculating the values of the displacements up to 20
ms past trigger time and of the velocities at trigger
time. Then we used a linear regression technique to

determine the initial values for the coefficients. In
general, the values thus obtained were not the best
considering the possible variation of the crash
signals. By trial and error we modified the initial
values. Table 1 shows the values of the final
coefficients.

The implementation of the severity calculation in
Simulink is shown in Figure 5.
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In Figure 6 the output of the Simulink model is
shown for all eight deployment events. The time is
indicated in ms after event detection. For some events
the severity at deploy time may be very small but
within the time window of 20 ms they reach their
rank. For example the 64 km/h left ODB starts with a
small value, 0.16 and reaches 0.83 by the end of the
20 ms time window.

Neural Network Approach

The previous approach showed that defining the
severity as a function of displacement and velocity
could approximately match the severity ranking.
Considering the variation effects resulted in relatively
large variations of the severity. That is why we
looked for an improved, more complex mapping
function based on similar measures. We employed a
neural network to determine the mapping function.
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Figure 7. Neural network architecture.

The architecture of the neural network is presented
in Figure 7. It is a typical multi-layer network with
three inputs corresponding to the measures, one
hidden layer and one output neuron [3]. Inputs to the
neural network include t, the elapsed time from
collision detection; Ss, the SDM displacement at time
t; either Vsd, the SDM velocity at the time airbag
deployment was triggered, or Sfd, the EFS
displacement at the time airbag deployment was
triggered. The severity is given by the neural network
output. The neural network can be trained using data
from collision tests or from simulation of various
events in the three collision modes. The desired
neural network outputs can be defined as linear
functions starting from zero and ending at the value
corresponding to the normalized ranking. The neural
network utilized is a typical multi-layer network with
three inputs corresponding to the measures, one
hidden layer and one output neuron. The output, y, of
the network can be represented by the equation 2.
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where xk are the inputs, 1
kiw represents the weight

from input k to neuron i, 1
ib is the bias of neuron i,

2
iw represents the weight from the hidden layer

neuron i to the output neuron, and 2b is the bias of the
output neuron.
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Figure 6. Severity output for all modes – nominal values.
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The resulting weights and biases that are developed
during the neural network training are calculated
once and then recorded in the system that controls the
airbag deployment. Table 2 shows the inputs
corresponding to each crash mode that were used in
the present study.

Table 2.

Neural Network Inputs

x1 x2 x3

Frontal Ss Vsd t

Angle/ODB Ss Sfd t

Pole Ss Vsd t

To better understand the procedure we illustrate it
for the frontal mode. Inputs, xk, to the neural network
for the frontal mode include Ss, Vsd and t; and three
neurons are utilized in the hidden layer. We let x1 =
Ss, the SDM displacement values for a 20 ms period
after the trigger time, x2 = Vsd, SDM velocity at
trigger time and a constant for the network, and x3 =
t, the event time. The test data available for this mode
contained data from three crash tests, 28 km/h, 44

km/h and 56 km/h 0° frontal barrier. Using these test
data and including possible variations we trained the
neural network. As desired outputs we defined linear
functions starting from zero and ending at the value
corresponding to the ranking shown in Figure 4. The
desired outputs used for training are shown in Figure
8.
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Figure 8. Desired severity output for frontal
events used for training.

We chose 3 neurons in the hidden layer and we
trained the network until the training error became
smaller than 10-3. Table 3 shows the resulting neural
network’s weights and biases after training. The
network was implemented in a Simulink module
named Front-S, as shown in Figure 9. The Saturation
block limits the output to values between 0 and 1.
Presumably, a higher speed collision would have a
higher severity value than a lower speed collision. If
the airbag is at maximum inflation level for the lower
speed collision, it cannot be inflated more. Rather

than limiting in the model the severity to one for all
collisions above a certain speed we are only limiting
the value used to control the inflator. The Time-
window block enables the calculations for the 20 ms
period after the deployment decision.
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Figure 9. Simulink implementation of the frontal mode severity prediction module.
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Table 3.

Frontal mode network weights and biases

Hidden Layer

-0.6459 0.2973 3.1349

-0.1548 -0.3174 7.02451
kiw

-0.0016 -0.0624 -1.6418

1
ib -0.6469 1.0961 -2.6380

Output Layer

2
iw 2b

-5.1214 1.0593 0.0168 -4.1304

In a similar manner we developed the modules for
angle/ODB mode and pole mode. It is worth noting
that for angle/ODB mode the second input to the
neural network is x2 = Sfd, the EFS displacement
value at trigger time and five neurons were used in
the hidden layer.

Figure 10 plots the severity outputs of the
algorithm’s Simulink model (see Figure 1) for
various crash events when the corresponding
acceleration signals were input to the model. Only the

deploy events are depicted versus event clock
indicated in ms.

Using the neural network approach we could match
very closely the desired severity ranking. In case one
wants to use only a dual stage inflator one could use
the same algorithm by choosing an appropriate
threshold, for example 0.7 between the two stages.

CONCLUSION

We have developed a preliminary version of a frontal
impact crash sensing algorithm to continuously
predict the severity of a crash in real time.

The algorithm first determines the airbag
deployment time using a crash mode discrimination
method. The severity of each event is then predicted
by a function of the driver free flight displacement
and time. Linear regression and neural network
analyses were performed separately to determine the
coefficients for the severity function of each crash
mode. While both analyses achieved reasonably good
correlation between the severity of each event and its
corresponding severity function, the neural network
analysis generally provided a better correlation. Since
the number and type of events available were
somewhat limited in this analysis, a larger number of
events, as well as a wider range of event types would
be necessary for a more rigorous validation of the
analyses presented in this paper.
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ABSTRACT

A procedure that was developed by Honda R&D to
measure and evaluate vehicle rollover resistance is
described and compared to the NHTSA Roll Rate
Feedback Fishhook Test. The Honda procedure,
known as the AVC Reverse Steer Test, incorporates
the use of an automatic vehicle controller (AVC) for
precise and repeatable steering inputs and to allow
the use of sensor feedback in the control algorithm.
The procedure is intended to induce “worst-case”
dynamic roll response for each vehicle, by using the
vehicle’s roll momentum. A distinguishing feature of
the AVC Reverse Steer Test is the algorithm used to
determine when the steering reversal is to occur. The
reversal occurs at a time corresponding to the second
local maximum value of roll rate, following the initial
steering input. It was found that this algorithm
provided a reversal timing that induced worst-case
roll response for a variety of vehicles.

INTRODUCTION

Rollover resistance has been a topic of interest for
vehicle manufacturers for many years. Over the last
several decades, however, this interest has
intensified, as sales of vehicles with higher centers of
gravity (e.g., sport utility vehicles and pickup trucks)
have greatly increased.

Honda and Dynamic Research, Inc. (DRI) began
work to develop a new dynamic rollover resistance
test in 1996. The result of this effort, which
concluded in 1998, was the AVC Reverse Steer Test,
described herein. Since then, the test procedure has
been used extensively as a method of comparing
vehicles’ rollover resistance.

The test is of the “fishhook” type. The name
“fishhook” is used because the path of a vehicle looks
similar to a fishhook when viewed from above during
a low-severity test. However, the path does not
generally resemble a fishhook during high-severity
tests. Other vehicle manufacturers that are known to
employ fishhook-type tests include Toyota and
Nissan.

In recent years, the U.S. National Highway Traffic
Safety Administration (NHTSA) has had an active
role in rollover resistance test development, and has
made it a priority to investigate and inform the public

about the risks of vehicle rollovers and the relative
rollover resistance levels of the vehicles currently in
the market. In response to a petition from Consumers
Union, NHTSA began to develop what it then called
an “emergency handling” test in 1997. This multi-
phase effort included investigation of several
fishhook-type test methods, in addition to
investigation and consideration of many other types
of tests.

In June 2000, NHTSA proposed to include the Static
Stability Factor (SSF) as a rollover resistance rating
of all new vehicles in its New Car Assessment
Program (NCAP). The rating system was then
implemented, beginning with the 2001 model year.

In November 2000, the U.S. Congress passed the
Transportation Reporting Enhancement,
Accountability, and Documentation (TREAD) Act.
One element of the TREAD Act required NHTSA to
develop a dynamic rollover resistance test by
November 2002. In July 2001, NHTSA published a
Request for Comments notice (Ref 1) that discussed
in some detail the dynamic test procedures that were
being considered, including several types of fishhook
tests.

In October 2002, NHTSA published a Notice of
Proposed Rulemaking (Ref 2) that proposed two
specific tests to be used to assess dynamic rollover
resistance, and to supplement the SSF ratings in the
NCAP. The two tests included a J-Turn test and a
fishhook-type test, which NHTSA called the Roll
Rate Feedback Fishhook test (RRFF; NHTSA
suggested that it be also called the “Road Edge
Recovery Maneuver”). The RRFF test has some
similarities and some differences with the AVC
Reverse Steer Test, and these are discussed below.

AVC REVERSE STEER TEST DEVELOPMENT

Goals

The primary goal of the effort described herein was
to develop a dynamic test procedure that would
provide a basis for evaluating the relative rollover
resistance of passenger vehicles. Of particular
interest were sport utility vehicles and other light
trucks. A test procedure was sought that would:

• Have good repeatability
• Provide steering inputs that would induce a

“worst-case” response, while also being
representative of real-world inputs by
human drivers

• Be objective, such that different results
would not be obtained for different test
drivers

• Be equitable (e.g., providing equally severe
inputs for different vehicles)
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• Be applicable to assessment of possible
untripped rollover for passenger vehicles
operating on flat and level paved surfaces

Test Selection and Development

Several types of tests were considered as candidates
during rollover resistance test development, in
addition to the fishhook. These included the J-Turn
test, tangent circle test, various sinusoidal steering
tests, and tests involving closed loop steering, such as
the Consumers Union short course maneuver and the
ISO 3888-2 severe lane change (also known as the
VDA course). The AVC Reverse Steer Test was
selected because it best met the criteria listed above,
namely, it can be performed with good repeatability;
it induces worst-case vehicle roll response; it is
objective; it is an “equitable” test; and it is applicable
to assessment of untripped rollover.

After the form of the test had been selected,
additional development was done to select the test
parameters. The primary goals of this effort were to
select parameters that were as severe as possible,
while remaining within the capabilities of human
drivers; would be equitable for different vehicles; and
that would induce worst-case response for each
vehicle.

AVC REVERSE STEER TEST EQUIPMENT,
PARAMETERS, AND PROCEDURES

Equipment and Data Collection

The equipment required for the AVC Reverse Steer
Test includes an AVC, sensors, signal conditioning,
and outriggers.

The AVC used for test development (Fig 1) was
developed by DRI and is described in Ref 3. It
features a servomotor and power system to control
steering angle, and is able to provide high rates and
high levels of torque. As a result, steering inputs are
accurate and repeatable.

Figure 1. AVC Servomotor Assembly.

Another important feature of the AVC is that it
allows the use of sensor feedback in control
algorithms.

The AVC was also used for data acquisition, and
includes A/D, D/A, and digital encoder capabilities.
The AVC Reverse Steer Test requires sensors to
measure:

• Steering wheel angle
• Roll rate
• Lateral acceleration
• Vehicle speed

Additional sensors are typically used to measure:

• Yaw rate
• Sideslip angle
• Roll angle

The AVC steering control loop cycles at 500 Hz.
Data are also collected at 500 samples/sec. Anti-alias
and digital filters are used to condition the roll rate
data (which are used in the reversal timing algorithm,
as discussed below).

Outriggers are used to maintain driver safety. The
outriggers that Honda currently uses are of a carbon
fiber-reinforced aluminum design, and weigh a total
of approximately 44 kg, including the mounts. They
are mounted such that they extend laterally from
beneath the vehicle at approximately the longitudinal
cg location, as shown in Fig 2. In general, they
contact the pavement at a body roll angle of
approximately 15 deg.

Figure 2. Vehicle with Outriggers Mounted.

AVC Reverse Steer Test Parameters and
Procedures

As discussed, the AVC Reverse Steer Test is of the
“fishhook” type of rollover resistance tests. The
general form of the steering input of the test is shown
in Fig 3. Generally speaking, the test involves a
rapid turn to an initial steering wheel angle. Steering
is maintained at this angle for a short time (called the
“dwell time”). Following this the steering is rapidly
reversed to the reversal angle, which is then
maintained for approximately 4 seconds.
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Test parameters include these five steering
parameters (initial angle, reversal angle, initial rate,
reversal rate, and dwell time), as well as
specifications for initial vehicle speed, throttle, and
gear.

Figure 3. General Form of Steering Input for
Fishhook Tests.

Initial Vehicle Speeds
Two initial vehicle speeds, 60 km/h and 90 km/h, are
used. This was done because of a requirement that
the test be applicable to vehicles traveling at typical
urban and highway speeds (testing at higher speeds
was considered but ultimately rejected, due to
concerns about test driver safety).

Throttle
The throttle is closed approximately 0.5 to 1.0 sec
before the initial steering input. This is done in order
to be representative of typical evasive maneuvering
situations and for optimum repeatability.

Brakes
The brakes are not used until the test has been
completed. It was noted that NHTSA and other
researchers have attempted to use pulse braking in
order to increase the severity of the test. However,
NHTSA found that it decreased the repeatability of
the test. Also, pulse braking would require additional
test complexity (i.e., additional test parameters would
include pulse timing, duration, and magnitude), and a
short-duration pulse may not be representative
of typical evasive maneuvering. In addition, the test
results would typically be highly sensitive to the
exact values of these parameters.

Gear
Highest gear is used if the vehicle has an automatic
transmission. For vehicles with manual transmission,
third gear is generally used for the 60 km/h tests, and
highest gear is used for the 90 km/h tests (the clutch
remains engaged throughout the test). As a result,
engine speeds are relatively low during the
maneuver, and engine braking effects are minimal.

Initial Steering Wheel Angle
The initial and reversal steering wheel angles are
increased from run to run. The lowest initial steering
wheel angles (also called the “level 1” steering wheel
angles) are determined from Slowly Increasing Steer

pre-tests conducted at 60 and 90 km/h. In this test
(Fig 4), the steering wheel angle is slowly increased,
with vehicle speed maintained at a constant. The
relationship between steering wheel angle and lateral
acceleration is then determined. As shown in Fig 4,
the lowest initial steering wheel angle to be used in
the AVC Reverse Steer Test is that which
corresponds to 90% of the maximum lateral
acceleration in the Slowly Increasing Steer pre-test.
The 90% level was selected in order that the testing
begins at a relatively severe level. At the same time,
the 90% value can be obtained with good
repeatability. Note that the steering wheel angle
corresponding to 100% of maximum lateral
acceleration cannot be obtained repeatably, due to
various non-linearities and other conditions that make
achieving steady state conditions at the limit very
difficult.

Figure 4. Measurement of Lowest Initial Steering
Wheel Angle.

Note also that the level 1 steering wheel angle differs,
in general, from vehicle to vehicle. The selection
procedure accounts for vehicle-to-vehicle differences
in steering ratio, steering compliance, etc. This helps
to ensure fairness. That is, the inputs are of the same
relative severity across all vehicles. For vehicles
tested to date, level 1 steering wheel angles typically
range from 120 to 200 deg at 60 km/h, and 80 to 155
at 90 km/h.

Reversal Steering Wheel Angle
The reversal angle is the simply the opposite of the
initial angle (e.g., if the initial angle is 190 deg to the
right, the reversal angle is then 190 deg to the left).
Larger reversal angles (e.g., 600 deg, as used in the
NHTSA Phase I testing) were investigated.
However, they were not found to increase test
severity, in general, and they tended to increase tire
wear noticeably during testing.

Steering Wheel Angle Increments
The AVC Reverse Steer Test uses run-to-run
increments of steering wheel angle. The increments
are 30 deg each. Up to 4 increments in each turn
direction (right-then-left and left-then-right) are
performed. Therefore, the highest initial steering

Initial Angle

Reversal
Angle

Steering
Wheel Angle

Initial
Ramp

Reversal Ramp

t0 Time

Dwell Time

Steering Wheel Angle

SWA 90%

Lateral
Acceleration

Maximum Lateral
Acceleration

Slowly Increasing Steer Test

90%
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wheel angle (i.e., level 5) is 120 deg greater than the
lowest angle. This procedure ensures that steering
wheel angles associated with 90% to 100% maximum
lateral acceleration are used.

Initial and Reversal Steering Rates
The steering rate is 720 deg/sec for both the initial
and reversal steering ramps. In general, for fishhook
tests, a higher rate will induce a more severe vehicle
response. Research has shown that steering rates
greater than 1400 deg/sec can be achieved by human
drivers for steering angle rotations that do not require
a repositioning of the hands on the steering wheel
(e.g., less than 180 deg). However, accomplishing
steering wheel rotations of larger angles requires that
the hands be repositioned, which substantially lowers
the maximum achievable rate. A review of test data
collected during tests using the Consumers Union
short course (which in many cases requires relatively
large steering wheel angles and maximum rates)
showed that the maximum steering rates across
several drivers was in the range of 600 to
800 deg/sec. 720 deg/sec (2 revolutions/sec) was
selected as a convenient representative value within
this range.

Primary Reversal Criterion
The reversal timing of the AVC Reverse Steer Test is
determined using roll rate feedback. The reversal
occurs at a time corresponding to the second peak roll

rate, as shown in Fig 5. In practice, the AVC
computer detects the second zero crossing of roll rate
and then delays the reversal by a short pre-
programmed period of time. This delay time is
typically short (e.g., 0.10 sec), and is a function of
known filter delays (from both the anti-alias filter and
digital filter) and measured roll natural frequency of
the vehicle. Note that the second zero crossing of roll
rate corresponds to the third zero crossing of roll
acceleration.

It was recognized early in test development that the
reversal timing needed to be “tuned” for, or to take
into account the unique characteristics of each
vehicle, according to some response measure, in
order to take advantage of the energy stored in the
vehicle’s suspension and the resulting roll
momentum, and thereby induce worst-case response.
However, it was not clear which vehicle response
measure or measures (and what values of those
measures) would be best suited for that purpose.
Experiments involving the use of feedback of lateral
acceleration, yaw rate, and roll angle (and
combinations of these) were done, in addition to
experiments with roll rate. In the end, roll rate was
selected because of its direct relationship to roll
momentum and because it is convenient to measure
(e.g., sensor availability, ease of filtering high
frequency modes, etc), which is helpful for detection
of, for example, threshold crossings.

Initial Angle
(= SWA at 90% of max ay

with increments of 30 deg)

Reversal Angle
(= -Initial Angle)

Steering Wheel
Angle

Initial Ramp
(= 720 deg/sec)

Reversal Ramp
(= 720 deg/sec)

t0 Time

Dwell
Time

0

0Roll Rate

2nd Zero
Crossing

Delay

Figure 5. Determination of Steering Reversal in AVC Reverse Steer Test
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The reversal timing strategy was developed based on
experiments with various sport utility vehicles
(SUVs), which involved determining which dwell
times were most effective in inducing worst-case
response. First, informal tests were conducted with
various loading conditions, speeds and dwell times in
order to identify cases that resulted in a tip-up (note
that tip-up was considered to have occurred if the end
of the outriggers contacted the pavement). Then, the
dwell time was varied on successive runs.

In most cases, it was found that there was a range of
dwell times that resulted in tip-up. That is, dwell
times that were too short or too long did not result in
tip-up. It was concluded that, at least for some
vehicles, dwell times that are too short do not allow
lateral acceleration to build to sufficiently high
levels, or induce sufficiently large sideslip angles.
On the other hand, dwell times that are too long may
not induce tip-up due to tire scrub and a
corresponding loss of vehicle speed (i.e., kinetic
energy).

Figure 6 shows the results of the dwell time
experiments for 6 example SUVs. For some vehicles
(E and F), the range of dwell times that resulted in
tip-up was relatively large, and included a dwell time
of zero. For other vehicles, the range was relatively
small. In large part, the “second roll rate peak”
reversal strategy was selected based on these results.
The timing provided by this strategy was found to be
near the middle of the range for most vehicles. For
these vehicles, the average dwell time provided by
the AVC Reverse Steer Test, using the “roll rate
second peak” criterion, was 0.49 sec.

Figure 6. Dwell Times Resulting in Tip-up.

Secondary Reversal Criterion
NHTSA, in its October 2002 Notice of Proposed
Rulemaking (NPRM, Ref 2), noted that,
“Occasionally, when performing this maneuver, the
measured roll rate does not return to zero for a
substantial period of time (1 to 2 seconds) resulting in
a greatly delayed countersteer and an invalid test.
However, this happens quite rarely…”

This type of vehicle behavior was also observed
during the development of the AVC Reverse Steer

Test, and in many cases since then. In these cases,
the roll rate does not cross zero (or 1.5 deg/sec, as in
the NHTSA protocol) within a “reasonable” amount
of time for many heavily loaded vehicles and
vehicles with high suspension damping. The result is
that speed (and hence, kinetic energy) reduces during
the relatively long period prior to the steering
reversal, and the event cannot be characterized as
being “worst-case”. As mentioned, our experience is
that this does not occur “quite rarely”, but rather it is
a repeatable phenomenon that occurs for some
combinations of vehicle and loading condition.

Because the primary reversal criterion could not be
used, a secondary criterion was implemented. The
secondary criterion involves a so-called “timeout” of
the dwell time, based on a pre-measured value of the
roll natural frequency of the sprung mass. Recalling
that the primary reversal criterion is the second roll
rate peak, the algorithm for the secondary criterion
identifies the first roll rate peak (in real time) and
then waits for a time equal to one cycle of the pre-
measured roll natural frequency. If the reversal has
not already occurred (due to the primary criterion),
then the algorithm times out, and the reversal is
applied.

For cases in which the reversal was initiated
according to the primary criterion, it was found that
the secondary criterion generally would have resulted
in initiation of the reversal approximately 0.1 to
0.2 sec later.

Note that it is likely in cases in which roll rate
“lingers” above zero, that small variations in reversal
timing will not substantially affect the outcome of the
run, since the situation is less dynamic (in roll, i.e.,
roll acceleration and velocity, and therefore roll
momentum, are approximately zero). So, the slight
delay involved when the secondary reversal criterion
feature is used would not be expected to substantially
influence the outcome of the run.

Loading Conditions
The test protocol typically includes testing at 2 or 4
loads. “Standard” load includes the vehicle, driver,
AVC, instrumentation, and outriggers. “Heavy” load
includes the Standard load plus additional weight in
the form of water dummies placed in the rear seats
and sandbags (if necessary) placed in the cargo area,
to bring the total load to GVWR.

Investigations also typically included adding a load to
the roof for both the Standard and Heavy loads,
bringing the number of possible loading conditions to
four. The roof load was vehicle-dependent, and
typically in the range of 32 to 75 kg.

Tire Wear
Some of the concerns about fishhook-type tests that
some researchers have discussed (e.g., Ref 4) have
centered on repeatability issues regarding tire wear.
Tires tend to wear quickly and unevenly (the
shoulders tend to wear the fastest). It has been shown
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that extensive shoulder wear can increase a tire’s
coefficient of friction significantly.

The protocol of the AVC Reverse Steer Test has been
to change tires when shoulder wear reduces the tread
depth in the shoulder to one half of the original
height. Although this issue was not extensively
investigated during test development, test results in
terms of trends have been found to be generally
repeatable. That is, the tip-up/no tip-up boundary has
generally been found to be stable when worn tires
have been replaced by new (broken in) tires.

Test Series
Testing begins at steering wheel angle level 1 and
proceeds from run to run until either level 5 has been
completed, or until a tip-up occurs. If a tip-up
occurs, then one additional run is conducted at the
next lower “half level”. For example, if a tip-up does
not occur at level 2, but does occur at level 3, then
one additional run is conducted at level 2.5 (i.e., the
steering wheel angle 15 deg below level 3). Testing
is generally not conducted at any steering wheel
angle larger than that which first resulted in a tip-up,
since it was shown that larger angles generally also
result in tip-ups.

Vehicle Evaluation
The tests enable vehicle-to-vehicle or vehicle-to-
group comparisons based on the steering wheel angle
level at which tip-ups occurred (if any). Note that the
evaluations include data from two initial vehicle
speeds, both right-then-left and left-then-right turns at
both speeds, and from two to four loading conditions.

Electronic Stability Control Systems
The procedure is compatible with and can be used to
evaluate the effectiveness of various electronic
stability control systems. This is also mentioned as
being one of NHTSA’s goals.

Comparison with NTHSA-Proposed Roll Rate
Feedback Fishhook Test

As discussed above, NHTSA’s October 2002 NPRM
proposed two rollover resistance tests for use in its
NCAP ratings. One was the J-Turn and the other was
the Roll Rate Feedback Fishhook. The Roll Rate
Feedback Fishhook bears many similarities to (and
some key differences with) the AVC Reverse Steer
Test.

Honda conducted testing during November and
December 2002. This was done in part to investigate
the effects of the differences between the AVC
Reverse Steer Test and the Roll Rate Feedback
Fishhook.

A summary of the AVC Reverse Steer Test and Roll
Rate Feedback Fishhook test parameters is shown in
Table 1. Among the similarities between the two
tests are:

• The basic form of the maneuver is the same

• Selection of steering wheel angle is based
on lateral acceleration measured in the
Slowly Increasing Steer pre-test

• Steering rate (720 deg/sec)

• Use of roll rate feedback to determine
reversal timing

• Reversal steering wheel angle is opposite of
initial steering wheel angle

• Loading conditions

Among the differences are:

• The use of initial vehicle speed as a run-to-
run increment, rather than steering wheel
angle. This difference is not seen as
important, however, but rather simply a
difference in style and emphasis.

• The selection of initial steering wheel angle
(NHTSA uses 6.5 times the value for
steering wheel angle associated with 0.3g
lateral acceleration. A typical value that
results from this would be 270 deg). The
NHTSA October 2002 method results in
steering wheel angles generally similar to
the higher angles used in the AVC Reverse
Steer Test. In some cases, however, recent
testing showed that the NHTSA procedure
could result in substantially higher values
(e.g., 390 deg).

• Reversal timing. The RRFF performs the
steering reversal when roll rate first dips
below (the absolute value of) 1.5 deg/sec, as
shown in Fig 7. In our recent testing, typical
dwell times that resulted from this strategy
were generally in the range of 0.20 to
0.25 sec. This is substantially shorter than
the reversal timing with the AVC Reverse
Steer Test. As shown in Fig 6, the shorter
dwell times of the RRFF would not have
resulted in “worst-case” response for several
of the vehicles and therefore would not be
an “equitable” test. The late 2002
investigation, however, which involved 6
different vehicles, did not show the same
trend. In those tests, the outcome (tip-up or
no tip-up) was not very sensitive to reversal
timing, within the range of approximately 0
to 0.6 sec, for all 4 of the vehicles that
experienced a tip-up in at least one of the
test conditions (2 vehicles did not have any
tip-up). Rather, the outcomes were observed
to be more sensitive to initial vehicle speed.
That is, for boundary and near boundary
cases, a change of 2 mph was more likely to
change the outcome from no tip-up to tip-up
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Table 1. Comparison of Honda and NHTSA Rollover Resistance Test Parameters

Test Parameter AVC Reverse Steer Test NHTSA Roll Rate Feedback Fishhook

Run-to-Run
Increments

Steering wheel angle, increments of 30 deg,
tip-up cases resolved to 15 deg

Initial speed, increments of 5 mph,
tip-up cases resolved to 1 mph

Initial Speeds 60 km/h (37 mph) and 90 km/h (56 mph) 56 km/h (35 mph), up to 80 km/h (50 mph)

Initial Steering
Wheel Angle(s)

Angle (SA1) that corresponds to 90% of the
maximum lateral acceleration,
up to SA1 + 120 deg

6.5 times the angle that corresponds to 0.3g
lateral acceleration

Reversal Steering
Wheel Angle(s)

Opposite of the Initial Steering Wheel
Angle

Opposite of the Initial Steering Wheel
Angle

Primary Steering
Reversal Criterion 2nd roll rate peak 1st crossing of 1.5 deg/sec roll rate

Secondary Steering
Reversal Criterion? Yes No

Steering Rate 720 deg/sec 720 deg/sec

Throttle Closed prior to initial steering input Closed prior to initial steering input

Brakes None None

Gear Highest, typically Highest, typically

Vehicle Loading* Standard, Standard plus roof load,
Heavy, Heavy plus roof load

Standard,
Heavy

* Note: NHTSA definition of "Heavy" is slightly different than Honda definition

Initial Angle
(= 6.5 x SWA at 0.3g)

Reversal Angle
(= -Initial Angle)

Steering Wheel
Angle

Initial Ramp
(= 720 deg/sec)

Reversal Ramp
(= 720 deg/sec)

t0 Time

Dwell
Time

0

0Roll Rate

1.5 deg/sec

-1.5 deg/sec

Figure 7. Determination of Steering Reversal in NHTSA Roll Rate Feedback Fishhook Test
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than was a change of, for example, 0.2 sec in
dwell time. Overall, therefore, the data
suggest that the timing of the steering
reversal may be more critical for some
vehicles than for others, in terms of
generating worst-case response. For those
vehicles that showed a greater sensitivity to
reversal timing, the later reversal of the
AVC Reverse Steer Test, as compared to the
RRFF, induced a more severe response (i.e.,
a truer "worst-case").

• The NHTSA October 2002 procedure lacks
a secondary reversal criterion, such as the
timeout feature of the AVC Reverse Steer
Test. As discussed above, a secondary
reversal criterion is needed for some
combinations of vehicles and loading
conditions. Figure 8 illustrates the effect of
the lack of a secondary reversal criterion.
As shown in this example, the vehicle
response can be heavily damped, and roll
rate “lingers” below -1.5 deg/sec for an
extended period of time. Meanwhile, the
vehicle slows somewhat, and the eventual
reversal typically does not induce worst-case
response. Our recent tests have confirmed
NHTSA’s finding that, in some cases, the

reversal only occurs after a dwell time of 1
to 2 sec. In some of these tests, no tip-up
occurred, while tip-up did occur in tests in
which the reversal was forced to occur after
a shorter dwell time (e.g., 0.5 sec), using the
same initial vehicle speed.

DISCUSSION AND CONCLUSIONS

Honda and DRI developed a dynamic rollover
resistance test method, known as the AVC Reverse
Steer Test. The test is applicable to assessment of
untripped rollover for passenger vehicles operating
on flat and level paved surfaces. The test has been
shown to:

• Have good repeatability
• Provide steering inputs that induce “worst-

case” response
• Be equitable (e.g., providing equally severe

inputs for different vehicles)

It should be noted that the tests were specifically
designed as a method of evaluating vehicle rollover
resistance and comparing the rollover resistance of
different vehicles. The steering angles and rates,
while achievable by human drivers, were not
designed or intended to be representative of normal

Steering Wheel
Angle Time

Dwell
Time

0

0Roll Rate

-1.5 deg/sec

Figure 8. Effect of the Lack of a Secondary Reversal Criteria
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driving or even of typical driving during extreme
accident avoidance situations. Rather, the steering
angles and rates are far more severe than what most
people would use even in extreme accident avoidance
situations.

The AVC Reverse Steer Test was compared to the
recently proposed NHTSA Roll Rate Feedback
Fishhook. A number of similarities were noted, as
well as a few differences. The primary differences
were the primary reversal timing strategy, and the
noted lack of a secondary reversal strategy in the
NHTSA October 2002 method.

As discussed, the AVC Reverse Steer Test primary
reversal strategy results in a somewhat later reversal
than does the RRFF test. In one set of tests,
conducted in 1997, the later reversal time resulted in
more severe outcomes for some vehicles. However,
a more recent set of evaluations showed no
significant differences in the outcomes produced by
the two reversal strategies (for the vehicles tested, the
outcomes were found to be more substantially
affected by initial vehicle speed). It was concluded
that the timing of the steering reversal may be more
critical for some vehicles than for others. For those
vehicles for which reversal timing is a significant
factor, the later timing of the AVC Reverse Steer
Test appears to be preferable to the RRFF timing.
Honda’s comments to NHTSA (Ref 5) in response to
the NPRM therefore included the recommendation
that NHTSA should continue to check a range of
reversal timings to confirm that the agency’s method
generates the worse case for each vehicle.

Another recommendation was that NHTSA establish
a secondary reversal criterion in the control algorithm
similar to that used in the AVC Reverse Steer Test in
order to ensure that the steering reversal occurs
within a short period of time after the “expected”
reversal time.
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ABSTRACT

     The existing head injury criterion (HIC) is based
on translational accelerations of the center of gravity of
the head, while the importance of the rotational motion
has been discussed over decades. Although most
previous studies to establish injury criteria have
depended on cadaveric, human volunteer or animal
experiments, ever-progressing computing techniques
both in software and hardware are making such studies
possible using virtual experiments by FE simulation. In
reality, however, such simulation models must be fully
validated against a real human body before they can be
used for such studies, and these validations depend on
the tests using animal and human material. 
     In this paper, another approach to validate a
human head FE model is introduced. Two cases of
pedestrian accidents were selected from the accident
database of the Road Accident Research Unit of the
University of Adelaide and were reconstructed using a
combination of physical testing and a FE model of the
pedestrian/vehicle collision. The results of the FE
model of the head were compared with the
neuropathology of the actual victims to see if such an
index as maximum principal strain was a correlate of
the location and severity of injury. 
     After a comparison between the results of the
model and the neuropathology was made, a tentative
application of the model was tried. A parametric study
on translational acceleration and duration time was
performed and the relationship between the simulated

brain conditions and the existing head tolerance curve
(WSUTC) were discussed. Finally, additional
simulations where pure rotational motions were applied
to the model showed the likelihood of injuries from
these motions alone. From this, the need for a criterion
that considers both translational and rotational motions
was suggested.

INTRODUCTION

     HIC has widely been used to estimate the
severity of head impact among various types of
experiments, representing motor vehicle collision,
pedestrian impact and other accidental impacts to
measure the probability of traumatic head injury in
each case. HIC was first introduced by Versace[1] to
represent the Wayne State Tolerance Curve. The curve
was first presented by Lissner et al.[2] and then
published by Gurdjian et al.[3] and Patrick et al.[4] in
the form shown in Fig.1. Versace[1]’s representation
was modified by NHTSA as the following expression:
     

     

where t2 and t1 are times during the acceleration pulse
and a(t) is a resultant linear acceleration. Since HIC
was introduced in FMVSS208 by NHTSA in 1972, it
has become a global standard for the criteria of head
injury.
     Meanwhile, head injury mechanisms were
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illustrated by Ommaya et al.[5] that both translational
and rotational loading on the head caused brain injury
and that especially diffuse injury was caused mainly by
rotational motion. The desire to incorporate angular
acceleration into criteria for head injury comes from
the generally accepted hypothesis that diffuse injuries
occur largely in response to the stresses and strains
generated by angular loads. Diffuse injuries, such as
diffuse axonal injury (DAI), are responsible for a large
proportion of the mortality and morbidity from head
trauma. Ommaya et al.[6] presented the tolerance curve
for angular acceleration versus time duration for
cerebral concussion in whiplash motion derived from
primate experiments. Margulies et al.[7] proposed
tolerance curve for angular acceleration versus angular
velocity derived from animal experiments, which was
used to estimate the influence of a newly developed
side air curtain for angular motion of the head[8].
Another approach was tried by Newman et al.[9] to
develop a criterion called Head Injury Power (HIP) that
combined all six components of linear and angular
accelerations and time into one formula. Though these
researches above have contributed to the advancement
in understanding the head injury mechanisms, there is
not yet enough evidence to adopt a new criterion based
on injuries in the living human.
     Another approach to study injury mechanisms is
computer simulation. This may virtually make any
loading condition and in-depth analysis possible. In this
study, the capability of such a technique is
demonstrated through attempted validation using
detailed analysis of actual accident data and the
tentative use of the model for parametric analyses of
brain injury mechanisms.

BACKGROUND

     Since Ward et al.[10] presented a first-generation
three dimensional FE model of a brain, a number of
models have been developed with increasing mesh
density and accuracy that has increased with advances
in the power of computer hardware[11-13]. The Wayne
State University Head Injury Model (WSUHIM)
developed by Zhang, et al.[14] is one of the most
detailed three dimensional model currently existing. It
consists of about three hundred thousand elements as
shown on Fig.2. This model has been validated using
intracranial pressure against cadaver head impact tests
conducted by Nahum et al.[15] and Trosseille et al.[16]
and against recent tests conducted by Hardy et al.[17]
using the displacement of the brain relative to the skull
measured by the techniques using Neutral Density
Target (NDT) and bi-planar high speed X-ray system.

VALIDATION OF THE WSUHIM AGAINST
ACTUAL ACCIDENTS

     If the WSUHIM is valid, it should predict the
occurrence of actual injuries in the living human
produced by a head impact. In this study, two accidents
were selected from the pedestrian accident database at
the Road Accident Research Unit (RARU) at the
University of Adelaide. RARU conducts detailed
investigations of pedestrian collisions and in many fatal
cases a neuropathologist examined the brain of the
victim microscopically. The selected cases were
reconstructed using simulation of the collision,
physical tests on the same make and model of vehicle
involved in the collision and finally FE simulation of
the head impact.
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Methodology
     First, a total human body model was validated
against three PMHS tests to make sure it could
reproduce the overall kinematics and particularly the
head impact velocity onto the car body. Second, two
fatal pedestrian accidents investigated by RARU were
reconstructed to obtain head kinematics during impact.
The six components of acceleration estimated from the
reconstruction process were applied to the WSUHIM.
Finally, the stress/strain conditions were compared with
actual distribution of injuries identified microscopically.

Total Pedestrian Body Model
     While Ishikawa et al.[18] obtained good
agreement between a multi body dynamics model of a
vehicle/pedestrian collision with PMHS tests, in the ten
years since their study, progress in software and
hardware for FE techniques has been remarkable. This
has enabled the simulation of the collision to be made
where the pedestrian body and the car can both be
modeled as full FE mesh. One of the advantages of FE
modeling is realistic geometry that enables realistic
contact interaction. Especially in case of pedestrian
collisions, the contact interaction between pedestrian
and the parts of car body significantly affects the total
kinematics, because external forces on the pedestrian
are generated only by contact. Therefore, in this study,
an FE model of the pedestrian was adopted.
     The model of the total human body was
developed based on H-modelTM [19] developed for the
dynamic FE code PAM-CRASHTM[20]. Takahashi et
al.[21] modified H-modelTM suitable for pedestrian
impact simulation modifying its lower extremities to be
capable of representing bone fractures and ligament
ruptures. But in their study, the upper body was
constructed with connected rigid bodies because the
focus was on the behavior of lower extremities. In this
study, as the focus is on the behavior of head, the
model was modified again. Because the injuries among
lower extremities are not of concern, the model was
simplified to avoid numerical errors occurring after
great deformation of elements. For example, the solid
elements of meniscus were replaced with the contact
definition between femoral and tibial condyles. And,
since it was noted by Akiyama et al.[22] that flexibility
in lateral bending of upper body significantly affected

the behavior of the pedestrian dummy in lateral impact,
the upper body was replaced with that having fully
divided thoracic and cervical spines (H-ThoraxTM). The
model overview is shown on Fig.3. The head was
defined as a rigid body to obtain acceleration pulses at
its center of gravity. The difference between rigid head
and head with deformable skull and soft brain are not
taken into account this time.  

Validation of the Total Pedestrian Model
      Before the accident reconstruction, the model
was validated against the post mortem human subject
(PMHS) tests conducted by Schroeder et al.[23]. Three
cases of newer model car called Y1, Y2 and Y3 were
selected from the five PMHS experiments. An FE
model of the car front was prepared to be a similar
shape to those used in the tests and the human model

Fig.3 Human Pedestrian Model

Test ID     Y1       Y2         Y3
Height (m) 1.67       1.82        1.77
Mass (kg)   68        63         84

Fig.4 Scaled Models for Three Cases
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was scaled by the newly developed scaling program to
be the same size as each PMHS according to its
segment lengths and weight as shown on Fig.4.
     Each scaled pedestrian model was positioned
according to the position of the PMHS in the test and
coupled with the corresponding car model like Fig.5.
Hands were tied in front and legs were set back and
forth according to the initial conditions of the test.
Impact velocities of cars were 30 km/h for case Y1 and
40 km/h for case Y2 and Y3.

     The kinematics of the simulation and of the tests
are compared in Fig.6 to Fig.8. The simulations and
tests show good agreement. Trajectories of head, thorax,
lumbar and pelvis traced at the locations shown on
Fig.9 are given in Fig.10 to Fig.12, which also show
good agreement. Resultant head velocities from
simulations and tests are compared in Fig.13 to Fig.15.
Again, these results show good agreement. This shows
that the total human body model was accurate enough
to be used for the purpose of accident reconstruction.
   
Accident Reconstruction
     Two cases were selected from 200 cases in the
pedestrian accident database preserved at Road
Accident Research Unit (RARU) of the University of
Adelaide. The selection criteria included data necessary
to reconstruct the collision and existence of diffuse
axonal injury (DAI) in the brain attributable to the
immediate effects of the impact (survival time of 1 - 3
hours). Information on these two cases is given in
Table.1.

Fig.5 Initial Position of PMHS and Car

(Test)              (Simulation)
Fig.6 Total Kinematics of Y1
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(Test)           (Simulation)
Fig.7 Total Kinematics of Y2

(Test)           (Simulation)
Fig.8 Total Kinematics of Y3
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Fig.9 Fixation points of the for marks of
PMHS tests [1]
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Table.1 Case Description.
Case ID H032-86 H070-85

Sex M F
Age 81 14

Height (m) 1.75 1.63
Mass (kg) 75 64

Car Speed (m/sec) 11.4 16.7
Brain injury DAI

SAH
DAI SDH
Contusion

DAI = Diffuse axonal injury
SAH = Subarachnoid haemorrhages
SDH = Subdural haematoma

     These two cases were first reconstructed to
determine the head impact condition, using a validated
multi-body MADYMO model developed by
RARU[24]. Later, these conditions were applied to the
FEM model described previously. The model was first
scaled to be the size of the victim according to the
measured data recorded at autopsy (Fig.16). 

     For each case, 18 MADYMO simulations were
carried out with different gait cycle postures and
vehicle speeds to find the simulation with the best fit of
contact points with the actual accident. After fitting the
head contact point, head impact was physically

reconstructed using the EEVC WG10 headform using
the same make and model of car. The impact data was
analyzed to determine the dynamic force-deflection
characteristic of the contact between head and car body.
This characteristic was inserted into the MADYMO
simulation to improve accuracy of the head impact
response. Then, the MADYMO simulation that best
reproduced the pedestrian kinematics was used to
determine the posture of the pedestrian FE model in
PAM-CRASHTM. The contact surfaces of the car body
were also converted to PAM-CRASHTM FE data. Initial
conditions of the two cases generated for FE simulation
are shown on Figs. 17 and 18. Car body shapes were
generated by copying the geometry of the MADYMO
models. The contact characteristics of the vehicle were
represented not by segment-to-plane contact with
force-deflection functions but by standard FE
calculation with material property of mild steel.
Contacts of head and windshield/dashboard were
represented by segment-to-plane contact with force-
deflection functions obtained from head-form
impacting tests. 

Fig.16 A Datasheet from RARU for Measured Body

Fig.17 FE Model of case h032-86

Fig.18 FE Model of case h070-85
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     The results of the FE simulations were checked
to ensure that the head contact points coincided with
those of actual cases as given on Figs.19 and 20. Both
cases show so good agreement that they can be
recognized as accurately reconstructed cases.
     The head impact acceleration data obtained from
these simulations above were applied to the WSUHIM
with three-dimensional forced motion. Figs. 21 and 22
show the estimate of linear and angular acceleration
data of the center of gravity of the case h032-86. The
acceleration between 148 and 177msec (the interval on
which the HIC was calculated) was used as an input to
save computing time. Figs.23 and 24 show the head
impact accelerations estimated for the case h070-85. In
this case, the acceleration clip was taken in the interval
of 91 to 105msec. These two sets of short duration
pulses of six components were applied on the center of
gravity of WSUHIM, the skull of which was made
rigid.
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     Maximum principal strain (MPS) was used as a
predictor for DAI. In both cases, the brain was
examined in detail by a neuropathologist. Sections
were taken every 10 mm like Fig.25 and stained for the
presence of amyloid precursor protein (APP) a marker
of axonal injury. The sections were studied
microscopically to detect DAI. The technique is
presented in detail in Anderson [25]. 

     The contours of maximum principal strain (MPS)
on every section from the simulation of two cases are

compared with the maps of observed DAI for every
section as shown in Figs.26 and 27. Referring to
Gennarelli et al.[26], Thibault et al.[27], Ueno et al.[28]
and Eppinger et al.[29], the provisional threshold of
maximum principal strain for DAI was nominated to be
0.15 in this study. In the case h032-86, MPS greater
than 0.15, was observed over around half a region of
the cerebrum. Though this is consistent with 
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relatively low density of DAI being observed over the
regions in the specimens, particular regions where
axonal injuries are detected with high density don’t
always show high MPS on the simulation. In the case
h070-85, the simulation predicted that most regions of
the brain experienced MPS greater than 0.15. In this
case, the neuropathology showed that DAI broadly
exists over each section. But, in this case, again, it is
not clear that regions of higher MPS always coincide
with higher density of DAI detected.
     The results show that the WSUHIM predicted
the presence of DAI insofar as the model predicted that
maximum principal strains greater than 0.15 were
experienced. However the model used in conjunction
with the reconstruction process did not accurately
predict the location of axonal injury. The lack of
correspondence may well be due to problems with the
accuracy of the head motion obtained from the accident
reconstruction rather than inaccuracies in the
WSUHIM, although this could not be shown
conclusively in this study. Importantly, two cases are a
limited basis on which to judge the validity of the
model, which highlights the intensive nature of the
work required to perform such a validation as have
been attempted here.

TENTATIVE APPLICATIONS OF WSUHIM
     
     Although the model is not fully validated at this
time, tentative applications are tried to demonstrate the
potential of the model.
   
Parametric Study about WSUTC
     On the curves of HIC 500, 1000 and 1500, six
combinations of parameters of linear acceleration and
duration time were applied to the model as depicted on
Table.2. To make it simple, linear acceleration was
specified as constant during the time duration. The
direction of loading was anterior-posterior. A total of 18
simulations were run and maximum principal strain of
each case was extracted. These values are depicted in
Fig.28. Looking at Fig.28, maximum principal strain of
about 0.2 corresponds to the threshold of HIC 1000. In
case of shorter duration such as 5 msec and less, MPS
appears relatively low. This could indicate that HIC for
short duration rather predicts bone fracture than brain
injury.
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Table.2 Combinations of Duration Time and Linear
Acceleration Level

Linear Acceleration Level for 3 HIC
Values (m/sec2)Duration

Time(msec) (HIC)500 1000 1500
2.5 132 174 205
5 100 132 155

10 76 100 118
20 49 64 76
30 44 57 68

Rotational Motion
     An additional parameter study was done to study
the effect of rotational motion. Combinations of
angular acceleration of 10,000 and 20,000 rad/sec2 and
duration time of 10 and 20 msec were applied to the
model as a forced rotational motion around the center
of gravity of the head in sagittal plane like Fig.29.
     The MPS values obtained are given in Fig.30.
Although the applied angular accelerations for
respective duration times were so severe that all cases
show higher MPS than 0.15, this does demonstrates the
probability of brain injury caused by rotation. 

DISCUSSION

     The difficulty in using accident reconstruction
for the purpose of model validation is that the
kinematics of the person, or any other measured
pulses of movement or force must be estimated only,
as obviously no direct measurements are possible.
Every estimate made in the reconstruction process is
made with aim of understanding the final state of the
impact event (in this study, the head impact). Though
it is rather easy to make the final state obtained from
the simulation agree to the observed accident data in
terms of the location of the head impact, it is more
important to reproduce the transitional behavior from
a biomechanical point of view. In this study, a
simplified method was chosen to model the car body
by translating a MADYMO surface to FEM, because
it was hard to develop FE model of such old models
of car with limited information. Therefore, while the
contact points of the head agreed to those of the
accidents, the transitional behavior of the model is
not guaranteed in the way that the simulation of the
three PMHS cases could be. Ideally, the car would
be precisely modeled with all required information
on geometry an material properties. There also
remains uncertainty in the vehicle impact velocity
and pedestrian initial conditions which also add to
uncertainty. 

     In this study, only diffuse axonal injury in
cerebrum was taken into account. Validation looking at
other kinds of injuries, i.e., contusion, SDH, SAH and
other vascular injuries should be conducted so that the
model may be broadly used to estimate total head
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injuries with corresponding criteria. In addition, other
predictors for DAI could be considered as King et
al.[30] have recently reported.
     If the model can be fully validated and
accompanied with established criteria for common
brain injuries. it will be a useful tool for the
investigation of traumatic brain injury mechanisms. It
enables enormous number of parametrical study in the
multi-dimensional space of input parameters, i.e.,
three-dimensional linear and angular accelerations and
their time duration. Filling the space of these
parameters, finally the multi-dimensional tolerance
surface will be generated. 
     Eppinger et al.[28] are currently developing new
simulation based criteria ‘SIMon’ in which three
different criteria, CSDM, DDM and RMDM are
proposed for DAI, contusion and SDH respectively.
The benefit of this kind of approach is to estimate
probable injuries taking all the effects of measured
parameters into account individually. 
    In any case, in order to establish the criteria that
may be broadly accepted, a detailed simulation model
that can successfully predict injury is necessary. The
approach described in this paper of using detailed
accident investigation and reconstruction techniques to
investigate injury mechanisms provides the framework
for such a validation process and would supplement a
limited numbers of cadaver tests.

 
CONCLUSIONS

(1) The pedestrian total body FE model coupled with
a scaling program showed a good correlation with
PMHS tests and showed agreements in head
contact points with actual accidents.

(2) WSUHIM was used to simulate the head impacts
experienced in real pedestrian accidents and
demonstrated the its capability of predicting the
occurrence of diffuse axonal injury by means of
maximum principal strain in general.

(3) While the study did not show that the WSUHIM
was capable of predicting all the locations of
diffuse axonal injury, this may have been due as
much  to errors in the reconstruction process as
to errors in the model. Reconstruction errors
include errors in vehicle speeds and contact
interaction between car and head.

(4) The WSUHIM was tentatively used to examine
WSUTC parametrically and it was observed that
HIC 1000 corresponds to maximum principal
strain of around 0.2. 

(5) As the model showed that rotational acceleration
causes large strains within the brain, 　 it is
suggested that a more inclusive injury criterion
may be desirable, incorporating both the
translational and rotational motions.
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ABSTRACT

Knee bolsters are integral parts of the occupant
protection system for frontal impact in modern
passenger vehicles. The knee bolster is the lower
portion of the instrument panel of a passenger
vehicle. It is generally made of padded structures,
which structures are capable of absorbing the impact
energy imposed by the knees during a frontal impact.
In this paper we present an active knee bolster called
the extendable and retractable (E/R) knee bolster.
The E/R knee bolster is intended to automatically
extend in situations in which there is a high risk of
frontal impact to help prepare the vehicle for crash
and retract when the risk subsides. Its key enabling
technologies, implementation options and intended
benefits are discussed in detail. A prototype vehicle is
presented to demonstrate the unique styling, designs
and utilities enabled by the E/R knee bolster.

INTRODUCTION

Knee bolsters are integral parts of the occupant
protection system for frontal impact in modern
passenger vehicles. The knee bolster is the lower
portion of the instrument panel of a passenger
vehicle. It is generally made of padded structures,
which structures are capable of absorbing the impact
energy imposed by the knees during a frontal impact.
A knee bolster must be positioned close enough to
the knees so that it can provide restraint forces in a
timely manner. On the other hand, it should also be
positioned as far away from the knees as possible for
more legroom and interior spaciousness.

Recently, there has been a growing interest in
using an inflatable device, such as a knee bag [1], a
knee bladder [2], etc., to replace the stationary knee
bolster. Depending on the needs of each program,
these inflatable devices may be positioned either in
the conventional stationary knee bolster location to
enhance safety performance or in a farther away
location to increase legroom and interior
spaciousness with no compromise in occupant safety.
However, special care must be taken in order to
minimize the risk of inflation-induced-injury to out-
of-position occupants.

In this paper we propose an active knee bolster
called the extendable and retractable knee bolster or

the E/R knee bolster in short. It applies the concept of
crash preparation both to free up the position
constraint that exists for a stationary knee bolster and
to avoid the risk of inflation-induced-injury that can
exist with inflatable devices. That is, the proposed
E/R knee bolster provides advantages similar to both
stationary and inflatable knee bolsters, but without
the corresponding limitations. Its key enabling
technologies, implementation options and intended
benefits are discussed in general. A prototype vehicle
is also presented to demonstrate the function of the
E/R knee bolster.

BASIC CONCEPT

Conventional safety features of passenger vehicles,
such as seat belts, airbags, knee bolsters, etc., are all
pre-configured and packaged at their intended
operation locations as they come off the assembly
line. A passenger vehicle is therefore prepared and
configured at all times for a crash even though
crashes are relatively rare events. Full time readiness
for a crash imposes stringent constraints on the
styling, design, and utility of a vehicle.

To avoid such constraints, a new crash safety
concept, called crash preparation, is proposed here. It
is based on the idea that if a safety feature can
reconfigure itself into the intended configuration in a
non-intrusive and timely manner just before an
imminent crash, it can then offer the desired occupant
protection while allowing new styling, design and
utility previously not possible in current fixed designs
due to the need for full time readiness for crash
protection. Moreover, if the safety feature can revert
to its original configuration when the crash threat
subsides, the high reliability requirement of not
falsely detecting an imminent crash can also be
relaxed. We define such a reversible and non-
intrusive crash safety concept as “crash preparation.”
Those pre-crash sensing assisted braking systems
such as the Brake Assist and the Automatic
Emergency Braking System proposed in Ref. [3] are
not crash preparation features. They are rather crash
avoidance features. In contrast, the extendable and
retractable knee bolster proposed here is a crash
preparation feature.

Figure 1 illustrates a conceptual interior design
with a knee bag for the driver and an E/R knee
bolster for the right front passenger. As shown, the
passenger knee bolster is to be positioned in its
stowed location, which could be either in its
conventional location or in a location farther away
from the knees. In either case an E/R knee bolster’s
activation system, comprising sensors, control logic
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and actuators, would be designed to timely move the
knee bolster closer to the occupants in a non-intrusive
fashion when a need appears. The extended knee
bolster would automatically retract to its stowed
position when the need disappears. Clearly, the E/R

knee bolster satisfies the definition of a crash
preparation feature. Figure 2 shows a conceptual
design illustrating passenger side interior changes
that could be enabled by the farther away case.

Figure 1. Conceptual design of a passenger side E/R knee bolster.

(a) Current interior (b) Modified interior with the E/R
knee bolster

Figure 2. Conceptual design of interior changes enabled by the E/R knee bolster.

KNEE BAG

KNEE BOLSTER 

PADDED FRONT

SURFACE
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ENABLING TECHNOLOGIES

There are two crucial enabling technologies for a
crash preparation feature like the E/R knee bolster.
One is a sensing and control means to determine the
correct situations and timing for extending and
retracting the knee bolster. The other is a combined
actuator and crash energy management means to
timely extend and retract the knee bolster and to
provide the required restraint force and crash energy
absorption capability when a collision actually
occurs. We have been working on the development of
these enablers. In what follows we will review the
technologies that have been identified and
implemented in our demonstration vehicle.

Sensing and Control Means

The E/R knee bolster could be tailored and used to
meet the specific goals of different implementation
options. Among those considered implementation
options, our focus eventually narrowed to the
following three options. Note that these are not
mutually exclusive options and can be employed
either individually or in any combination as deemed
desirable or necessary for a particular vehicle
application.

Pre-Crash Sensor Activated Option - This
option represents the ultimate implementation goal of
the E/R knee bolster. In this option, the extension of
the E/R knee bolster would be automatically
triggered by a detect signal from a robust pre-crash
sensing system.

The long-range radar sensor with a 100 m plus
range has been ruled out for this option, since its
narrow radar beam has limitations when an object is
closer than 7 m. A short-range sensor with a 3 m
range has been ruled out for a rather different reason.
While the short-range radar can work reliably when
the object is close, it provides a very short actuation
time budget for the E/R knee bolster. Figure 3 depicts
the theoretical relationship among the range, closing
rate and actuation time budget of a pre-crash sensing
system. Note that a constant closing rate between the
striking and the struck objects is assumed here to
represent the worse case scenarios. We see that for a
collision event with a 3 m range and 144 kph closing
rate the actuation time budget is only about 80 msec.
This presents a problem since this would require the
E/R knee bolster to deploy aggressively, which is
obviously in conflict with the non-intrusive
requirement of the crash preparation concept.

To meet the crash preparation requirement, a
sensor system with a range between the short and

long ranges is required. From Fig. 3, we see that a
sensor with a range of 20 m could provide an E/R
knee bolster with a more than 500 msec actuation
time budget before a collision, if the closing rate is
equal to or lower than 144 kph. With such a long
actuation time budget, the actuator of the E/R knee
bolster could now move its knee bolster at a
relatively slow rate.

In the event of a false detect or a crash that was
not sufficiently severe so as to damage the knee
bolster system, retraction of the E/R knee bolster
could be programmed for an even slower rate. Figure
4 shows our demonstration vehicle with a prototype
mid-range pre-crash sensing system. Note that these
sensors are packaged behind the front fascia of the
vehicle, and that we have removed the fascia just for
viewing purposes.

If the pre-crash sensing system is sufficiently
precise, performance could be enhanced with this
option by having the knee bolster extend all of the
way to knee contact prior to the impact. This would
allow the lower torso to be restrained by the knee
bolster throughout the duration of the impact event.

Figure 3. Relationship of range, closing rate and
actuation time budget.

Intended benefits of this option are: (1.) it
would obviate the need to have an occupant detection
system and a seatbelt buckling sensor prior to E/R
knee bolster implementation; (2.) it could provide
enhanced safety performance if sufficient packaging
room existed along with sufficient reliability of
sensor detects to permit extension to the point of knee
contact; and (3.) it could serve as a visual indicator
that the vehicle is actively trying to enhance safety in
higher risk operation modes.
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Figure 4. A mid-range pre-crash sensing system.

In this option output from other vehicle sensors
could be used to extend the E/R knee bolster in select
high collision risk scenarios in which detects may not
yet have been registered by the pre-crash sensor.
Among these could be the indication of the initiation
of rollover or vehicle spin-out based on sensor input,
the activation of the ABS braking system, operation
at a speed in excess of a preset limit such as 128 kph,
and the manual selection of an optional high-
performance mode by the vehicle operator.

Seatbelt Interlock Option - The goal of this
option is to provide knee restraints for unbelted
occupants only, assuming that the lap belt could
sufficiently restrain the lower torso of a belted
occupant. The E/R knee bolster would be
automatically extended in the case of an unbelted
occupant, when the passenger door was closed and
the vehicle was placed in gear. Since a collision is not
imminent, the E/R knee bolster could extend at a rate
even slower than the pre-crash sensor activated
option. Opening of the passenger door, buckling of
the seatbelt, or shifting the vehicle gear into park
would cause the E/R knee bolster to automatically
retract, again at a slow rate. If a passenger is not
present, the knee bolster would remain stowed in its
far forward (toward the front of the vehicle) location.

A visual sign could be exposed on the upper
surface of the knee bolster (see Fig. 5), or either a
chime or an oral reminder could also be provided
when the knee bolster is extending, instructing the
passenger to buckle up in order to retract the knee
bolster. Accordingly, this option could also be
viewed as a seatbelt use reminder. Belted occupants
will be rewarded with more legroom and a spacious
interior; those who choose not to use their seatbelts
will not.

Output from other vehicle sensors could also be
used to extend the E/R knee bolster in select
scenarios even for a belted occupant. Among these

would be the detection of the possibility of an
impending collision event by a non-robust pre-crash
sensing system, the indication of the initiation of roll-
over or vehicle spin-out based on sensor input, the
activation of the ABS braking system, operation at a
speed in excess of a preset limit such as 128 kph, and
the manual selection of an optional high-performance
mode by the vehicle operator.

Intended benefits of this option are: (1.) it
would allow more rapid implementation of E/R knee
bolster technology since it does not require pre-crash
sensing; (2.) it could serve as a seatbelt use reminder;
and (3.) it would serve as a visual indicator that the
vehicle is actively trying to enhance safety in higher
risk operation modes. However, in order to avoid
unnecessary activations, occupant presence sensors
are desired for this option.

Figure 5. Information label to be displayed upon
the extension of E/R knee bolster.

Semi-Passive and Manual Option - This
option allows the powered manual extension and
retraction of the knee bolster on demand through a
push button. This would be a slow speed movement
of the knee bolster on demand between the standard
and far rearward locations. The former is defined as
that required of current knee bolsters to comply with
all motor vehicles safety standards and requirements
on unbelted occupant crash performance.

Intended benefits of this option are: (1.) it could
provide powered glove box extension/retraction; (2.)
it could expose a work surface laptop docking
station; and (3.) most importantly it could meet the
individual needs of styling and/or safety conscious
customers. As previously indicated this option can
be readily incorporated with either seatbelt interlock
or pre-crash sensor activated options.

Actuator and Crash Energy Management Means

Reversible Actuator - To extend and retract
the knee bolster, reversible actuators are required for
the E/R knee bolster. A wide range of reversible
actuators, including electrical motors, solenoids,
pneumatic cylinders, etc., could be used for the E/R
knee bolster. However, linear actuators using rotary
electric motors are attractive candidates for this
application because of their flexibility of packaging
and operation, their ready availability as off-the-shelf

Pre-Crash Sensors

Buckle Seatbelt to Retract Knee Bolster 
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technologies, and the considerable experience with
them in power seat and sunroof applications. Two
specific types were considered for the prototypes to
be developed, those involving motor driven ball
screws and those involving motor driven lead screws.
Motor driven lead screws were selected as the drive
units for the E/R knee bolster, because of their low
cost.

Self-Locking and Energy Absorption
Mechanism - A special mechanism providing self-
locking and energy absorption functions is required
for the E/R knee bolster. This mechanism needs to be
responsive only to impacts on the front surface of the
knee bolster, and not to the normal operation of the
extension and retraction actions of its actuator. An
impact on the front surface of the knee bolster must
activate the self-locking function of the mechanism
and then allow the unit to stroke to absorb crash
energy when the load exceeds a predetermined limit.
Another necessary function of the mechanism is that
it must be able to self-lock the knee bolster at any
position and at any time to provide energy absorption
in instances in which there is an incomplete actuation
before an impact. A patented self-locking telescoping
mechanism [4, 5], which possesses all these
functions, is presented below.

The patented self-locking telescoping
mechanism is composed of a stationary outer tube, an
inner tube telescoped into the outer tube having a
cone-shaped ramp at the inboard end and a bracket
for attaching the knee bolster at the outboard end, and
a plurality of metal balls between the cone-shaped
ramp and the outer tube. Figure 6 shows the complete
assembly of the self-locking telescoping mechanism
with a motor drive and lead screw.

The self-locking telescoping mechanism can
have three different modes of operation, namely
extension, retraction and self-locking/energy
absorption. To facilitate the extension and retraction

modes, the self-locking telescoping mechanism
further includes an actuator rod, a driver which
translates the actuator in the collapse direction and in
an opposite expansion direction corresponding to an
increase in the length of the telescoping mechanism,
and a tubular retainer on the actuator rod having a
plurality of closed-ended slots around respective ones
of the metal balls. During the extension action, all of
the metal balls will stay in the ends of the slots due to
their inertia. This essentially prevents the balls from
becoming wedged between the cone-shaped ramp
and the outer tube. During the retraction action, all of
the metal balls will again stay in the ends of the slots.
The only difference in this case is that they are
confined by the tubular retainer but not by their
inertia.

In the energy absorption mode, the metal balls
become wedged between the cone-shaped ramp and
the outer tube when the inner tube is thrust into the
outer tube under a substantial load on the front
surface of the knee bolster, such as the crash impact
force, thereby locking the inner and outer tubes
together and rendering the telescoping mechanism
structurally rigid in the collapse direction (see Fig. 7).
When the thrust is attributable to a severe impact on
the inner tube, the balls plastically deform the outer
tube by plowing tracks into it in so doing converting
the kinetic energy of the impact into work. We see
that the impact energy absorption mechanism is
essentially a rolling torus energy absorber [6], which
is known for producing a rather consistent uniform
resistance force throughout the plowing event. This
special characteristic is ideally suited for a knee
bolster. An optimal resistance force can be chosen to
ensure that the femur loads will be well below their
injury threshold while the total amount of crash
energy to be absorbed is maximized due to this
uniform resistance force characteristic.

Figure 6. Assembly drawing of a self-locking telescoping mechanism with a motor and lead screw.
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(a) Extension mode and retraction mode (b) Self-locking/energy absorption mode

Figure 7. Three operation modes of the self-locking telescoping mechanism.

Figure 8. The plowing model.

This self-locking mechanism provides the
combined function of actuation, locking and energy
absorption in a simple, lightweight unit. Its rolling
torus energy absorber is known for its almost ideal
square wave shape stroking force time history and the
mechanism also provides the required function of
self-locking at any position and any time to cover
situations in which there might be an incomplete
actuation before an impact.

Modeling of A Rolling Torus Energy
Absorber - A previously developed mechanics
model [7] as reviewed below can be used to
analytically estimate the locking force. As shown in
the plowing model, Fig. 8, the plowed groove is
segmented into three regions: Region I is the leading
spherical part and the ball is always underneath it
during the plowing process; Region II is the middle
cylindrical part which roughly covers the stable
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plowing distance; and Region III is the beginning
part characterizing the penetration process associated
with the initial load increase that occurs before
reaching the full plowing force level. Since we are
more interested in the stable plowing force, the
beginning part (Region III) is not included in our
analysis. A balance of internal work and external
work of all the balls gives the following relationship
for the plowing force, F [7].

( )[ ]
( )µθ

θθθσ
,

sin2 0

g

rttn
F

−+
= (1).

where n is the number of balls, σ0 is the yield stress
of the tube material, t is the thickness of the outer
tube wall, r is the common radius of the balls, µ is the
coefficient of friction between ball and tube, and

( )
2

sin
1

2
cos

1
1, θ

µ
θµθ

+
−=g (2).

A prototype of the self-locking mechanism was
built using Eqs. (1) and (2). Drop tower dynamic
crush tests were conducted to determine whether the
locking mechanism would remain locked in an
impact event as well as whether the device would
collapse at the “designed-in” stroking force level, 4
kN. A mounted test specimen is shown in Fig. 9. The
test started with the inner tube in the extended
position, the distance between consecutive black
marks on the extended inner tube corresponding to
25.4mm (1 inch). Drop energy was chosen such that

the inner tube would stroke approximately 100 mm if
it generated a stroking force of 4 kN as designed.

A stroked specimen appears on the left in Fig.
10 with one of the ridges created by plowing of one
of the balls being highlighted by red marker so as to
show up better in the photograph. Total stroke in this
case was indeed 100 mm (four black marks). Filtered
stroking force versus time traces from two drop tests
conducted on “identical” self-locking mechanisms
appears on the right in Fig. 10. Note the very
repeatable and the almost ideal square wave nature of
the traces, which is a known signature of a rolling
torus energy absorber. Average force levels for both
traces were quite close to the design force level of 4
kN. This validated the above mechanics model and
formulas.

Figure 9. Drop tower setup for dynamic axial
crush test of the self-locking mechanism.

Figure 10. Stroked actuator and force vs. time traces from the drop tower test.
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Figure 11. Demonstration E/R knee bolster subassembly.

DEMONSTRATION VEHICLE

Subsystem

An E/R knee bolster hardware unit was developed
(see Fig. 11) and integrated into the demonstration
vehicle. Key elements of the unit that are labeled
include the brush motor used to drive the two
stroking elements, the corner blocks, the two
cylindrical actuator/stroking element/energy
absorbers, the two brackets used to mount the unit to
the cross car beam, the two lower support guide rails
added to increase stiffness under off-axis loading,
and the bolster front surface which, for purposes of
this demonstration unit only, was an aluminum plate
with bending stiffness matching that of the current
glove box door.

Observe that a single motor rather than two was
chosen to drive the stroking elements in order to
minimize the unit cost and mass. A load limit of 8
kN, i.e. 4 kN per each stroking element, was selected

for the bolster crushing/stroking force upon knee
loading based on trying to provide a safety margin of
2 kN with respect to the FMVSS requirement of 10
kN for the worst case scenario, i.e. one knee only
loading the knee bolster in a crash. The total mass of
the unit is approximately 3.5 kg.

Functional Demonstration

The passenger side knee bolster and instrumentation
panel of the demonstration vehicle were re-designed
to incorporate a fully operational E/R knee bolster
hardware unit mounted so as to provide 100 mm
more interior space. Figure 12 shows the difference
in interiors between the demonstration vehicle and an
unmodified vehicle for a large adult in the mid-
seating location. Figure 13 shows the difference in
knee room provided by these two interiors. Note that
in both vehicles the passenger seat has been located
in the identical mid-seating position.

(a) Current interior (b) Modified interior with the E/R
knee bolster

Figure 12. Interior changes enabled by the E/R knee bolster.
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(a) Current interior (b) Modified interior

Figure 13. Difference in knee room for a large adult in the mid-seating location.

(a) Retracted (b) Extended

Figure 14. The E/R knee bolster in retracted and extended positions.

(a) Retracted (b) Extended

Figure 15. The E/R knee bolster in fully retracted and extended locations for an adult in the mid-seating
location.

Figure 14 contains photographs of the interior
with the E/R knee bolster in its fully retracted and
fully extended positions. Figure 15 shows the E/R
knee bolster in its retracted and extended positions
for an adult occupant in the mid-seating location.
Given that the extended position corresponds to that
required by the unbelted occupant protection
requirements, this illustrates the significant gain in
interior space enabled by the E/R knee bolster. We

see that indeed, without preparing full time for
crashes, an open cockpit design is possible for a
vehicle with the E/R knee bolster.

Figure 16 demonstrates the seatbelt interlock
option. Recall that under this option the E/R knee
bolster would be automatically extended in the case
of an unbelted occupant when the passenger door is
closed and the vehicle is placed in gear. Since a
collision is not imminent, the E/R knee bolster could
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extend at a rate slower than in the pre-crash sensor
activated option. Opening of the passenger door,
buckling of the seatbelt, or shifting the vehicle gear
into park would cause the E/R knee bolster to
automatically retract. If a passenger is not present,
the knee bolster would remain stowed in its far
forward location. A visual sign is exposed on the
upper surface of the knee bolster instructing the
occupant to buckle up in order to retract the knee
bolster (see Figs. 16 and 17). This demonstrates that
the seatbelt interlock option could also be
implemented as a seatbelt use reminder, as suggested
previously, through rewarding a belted occupant with
more legroom and a more spacious interior.

Another important characteristic of the E/R
knee bolster is demonstrated in Fig. 18 in which the

extending motion of the knee bolster was stopped by
an out-of-position occupant. To achieve the “non-
intrusiveness” requirement demanded of a crash
preparation feature like the E/R knee bolster, a
relatively low emergency stop load-limit of 70 N was
built into the motor control logic. With this low load
limit, the deployment of the E/R knee bolster is
benign to an out-of-position occupant. It is also worth
mentioning that although in this scenario of knee
contact during deployment the knee bolster can fail to
deploy to its design position, its patented self-locking
mechanism will still be fully operative. Should an
impact event actually occur, it can then lock and
stroke to absorb the crash energy, and eventually stop
the knee motion relative to the vehicle to ride down
the remaining kinetic energy of the occupant.

Figure 16. Demonstration of the seatbelt interlock option.

Figure 17. Instruction label displayed upon the extension of E/R knee bolster.

UNBELTED OCCUPANT

KNEE BOLSTER
IN STOWED
POSITION

VEHICLE
IN PARK

VEHICLE
IN GEAR

BELTED
OCCUPANT

KNEE BOLSTER
IN EXTENDED
POSITION

KNEE
BOLSTER
RETRACTED

1 2 3

1. Knee bolster in
stowed position
for ease of entry
and egress.

2. Knee bolster in
extended position
to protect unbelted
occupants.

3. Knee bolster
retracted to reward
belted occupants with
more interior space.

UNBELTED OCCUPANT

KNEE BOLSTER
IN STOWED
POSITION

VEHICLE
IN PARK

VEHICLE
IN GEAR

BELTED
OCCUPANT

KNEE BOLSTER
IN EXTENDED
POSITION

KNEE
BOLSTER
RETRACTED

1 2 3

UNBELTED OCCUPANT

KNEE BOLSTER
IN STOWED
POSITION

VEHICLE
IN PARK

VEHICLE
IN GEAR

BELTED
OCCUPANT

KNEE BOLSTER
IN EXTENDED
POSITION

KNEE
BOLSTER
RETRACTED

UNBELTED OCCUPANT

KNEE BOLSTER
IN STOWED
POSITION

VEHICLE
IN PARK

VEHICLE
IN GEAR

BELTED
OCCUPANT

KNEE BOLSTER
IN EXTENDED
POSITION

KNEE
BOLSTER
RETRACTED

1 2 3

1. Knee bolster in
stowed position
for ease of entry
and egress.

2. Knee bolster in
extended position
to protect unbelted
occupants.

3. Knee bolster
retracted to reward
belted occupants with
more interior space.



Wang 11

Figure 18. Demonstration of knee bolster stopped
by an out-of-position occupant.

SUMMARY

The concept of an extendable and retractable knee
bolster is presented. The E/R knee bolster is powered
by an electrical motor drive. It is intended to
automatically extend in an at-risk situation of frontal
impact to help prepare the vehicle for a subsequent
crash and retract when risk subsides. A key enabling
technology of the E/R knee bolster is a patented self-
locking and energy absorption mechanism. This
mechanism is only responsive to impacts on the front
surface of the knee bolster and not to the normal
operation of the extension and retraction actions of its
electrical motor drive. An impact on the front surface
of the knee bolster will activate the self-locking
function, independent of the position of the knee
bolster, and then the device will stroke to absorb
crash energy when the load exceeds a predetermined
limit. A mechanics model was used to analytically
estimate the locking force. There are many ways to
implement the E/R knee bolster to enable different
interior styling designs and additional utilities in
passenger vehicles. For demonstration purposes we
have narrowed down the list to three implementation
options: (1.) if the E/R knee bolster is activated by a
mid-range pre-crash sensing system, it could be
implemented as either an occupant protection
enhancer or an open cockpit enabler, depending upon
the installation position of the E/R knee bolster; (2.)
when it is activated by seatbelt usage signals, it could
be implemented as an open cockpit design enabler
and/or a seat belt use reminder; and (3.) when it is
activated by a push button on demand, it could be
implemented to meet the individual needs of styling
and/or safety conscious customers. These
implementation options are not mutually exclusive
and could be employed either individually or in any

combination for a particular vehicle application. A
prototype has been built and integrated into a vehicle
to demonstrate the unique interior styling designs and
additional utilities enabled by the E/R knee bolster.

CONCLUSIONS

A prototype extendable and retractable knee bolster
has been successfully developed and demonstrated in
a passenger vehicle. The demonstration shows that
this technology could provide many benefits,
including enhanced occupant protection, enhanced
ease of entry and egress, greater interior
spaciousness, and in general more flexibility in the
design of the vehicle interior. It also demonstrates
that the E/R knee bolster could be implemented as a
seatbelt use reminder to increase the seatbelt
utilization rate. However, the reader should recognize
that further developments to address all safety
requirements, including real-world crash events, are
necessary before implementing this feature in a
production vehicle. No attempt was made to assess
manufacturability, mass implications, market interest,
or the availability of reliable mid-range pre-crash
sensors.
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ABSTRACT Some practically useful relationship was found out 

which can be used in early design stage to estimate 
rough performance of the vehicle body.  

 
A fast analysis method of vehicle body structure for 
offset crash test was investigated from the various 
parameters such as section properties, vehicle mass 
and crushable length in the engine compartment. 

 
METHODOLOGY 
 
This study includes some assumptions based upon 
the geometrical and mechanical consideration, 
verification of the assumption through the test data 
and the preliminary design guideline for the vehicle 
structure. 

Some practically useful relationship between these 
parameters and the vehicle crashworthiness was 
found out. This method seems very effective to 
implement “better birth” structure from the initial 
design stage before initiation of FEM simulation and 
to decrease iteration cycles by FEM simulation.  

Vehicle acceleration curve  
INTRODUCTION  

Vehicle acceleration curve is simplified as the two 
phase constant level as described in Figure 1. (a)  

 
In recent development of the vehicle, FEM analysis 
is widely and effectively utilized to investigate 
vehicle performance. 

The total vehicle displacement is described as: 
 
 Lv = Lh + Le +Lc               -----   (1) However considerable time is necessary to make 

model and get simulation result even if the computer 
software and hardware has been growing. Therefore 
after simulation results, if some critical problem in 
the vehicle structure is found out, it is very difficult 
to modify the structure remarkably; especially to 
expand section size of structural members.  It often 
causes more weight increase for increasing stiffness 
to achieve the certain level performance. 

 
    Lh: ODB honeycomb deformation (550mm) 
    Le: Crushable length in engine room  
    Lc: Vehicle cabin intrusion, determined from  
        Some target  
 
The acceleration level of the first portion during the 
deformation of Lh and Le is assumed 10G’s for all 
vehicles, based upon the average level of actual test 
results as shown in Figure 2. 

 
Therefore, if the structure performance can be 
estimated roughly within short term before FEM, it 
seems to become very useful design tool. 

 
If the vehicle has sufficient crushable length, the 
constant level of vehicle acceleration 10G is 
acceptable to meet Lc target. In this case the total 
deformation of the vehicle is Lto=1600mm under 
40mph ODB crash (Figure 1(b)). 

 
From the above-mentioned viewpoint, a simple and 
fast analysis method of vehicle body structure under 
64km/h offset crash test condition was investigated 
as follows: However, the crushable length described in Figure 3 

is usually limited and the permissible vehicle crash 
should be reduced by increasing the acceleration 
level of the cabin (Lc) to meet the Lc target (Figure 
1(c)). 

- The effect of vehicle mass and crushable 
length in the engine room were considered on 
the crashworthiness of the vehicle body with 
some assumptions.  

Then the required acceleration level ratio in phase 2 
under the short crushable length is derived as, 

 
- The relationship between section properties of 

structural members (front side member, side 
sill, side member rear and so on) and the 
rearward intrusion of the vehicle cabin after 
crash was investigated based on the actual test 
data 

 
 Kc = (Lto – Lh - Leo) / (Lto – Lh - Le)  -----  (2) 
 
    Here, Leo is an arbitrary reference value and 

was set as 500mm in this study. 
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The deformation of a front side member and a side 
sill seems mainly due to the compression force, and 
the section area at the weakest section of each 
member was selected as the representative section 
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property for these members. 
The deformation of a side member rear, an A-pillar 
upper and side roof rail seems mainly due to the 
bending moment, and the section modulus at the 
weakest section of each member was selected as the 
representative section property for these members. 
Each section property (section area and section 
modulus) was calculated from geometry of the 
section and material properties. 
 
Combination of Section Properties 
 
The side member rear and side sill are considered to 
activate as parallel springs, while the A-pillar upper 
and side roof rail are considered to activate as serial 
springs. Therefore the combination property for 
these regions was assumed to describe: 
 
 For side member rear and side sill: 
  (Upper cabin property) = 
     (Section area of side sill) 
      + Ks*(Section modulus of side member rear) 
                                 -----   (3) 
 

Here, Ks are the coefficient and the 
constant value has been decided through 
FEM analysis results for various vehicles. 
 

 For A-pillar upper and side roof rail: 
  1/(Upper cabin property) =  
        1/(Section modulus of A-pillar upper) 
      + 1/(Section modulus of side roof rail) 
                                 -----   (4) 
 

The representative section properties were 
divided by vehicle mass to neglect the effect of the 
vehicle mass. The cabin properties were also 
multiplied by the coefficient Kc in the equation (2). 
 
Cabin intrusion 
 

The relationship between each section properties 
of the structural members and cabin intrusions was 
investigated and the best combination was found 
out. 

The investigated cabin intrusions were toe-board 
intrusion and A-pillar rearward deformation.  

The test data of used in this study were in-house 
test results including some competitor’s vehicle with 
the model year range of 1998-2000. The test method 
was according to JNCAP1) or EuroNCAP2) test 
procedure. 
  
RESULTS 
 
Toe-board intrusion  
 

Figure 5 shows the relationship among the 
representative section area of front side member 
(vertical axis), under cabin property (Equation (3), 

horizontal axis) and toe-board intrusion. 
Each test results were classified into four 

categories according to toe-board intrusion value 
and were indicated by different symbols as shown in 
Table 1. 
 
      Table 1   Test result category  
         (Toe-board intrusion)  

Category Toe-board 
intrusion range 

Symbol in 
the graph 

I <RV1 No data 
II RV1<   

  <RV1+50 
 

III RV1+50< 
  <RV1+100 

 
 

IV >RV1+100  
 

     RV1: reference value 
 
It can be said the area of the graph can be separated 
with different toe-board range, although some 
exceptional test results exists in the graph. 

When the structure is week (left lower area in the 
graph), the toe-board intrusion will become large. 

When the structure is strong (right upper area in 
the graph), the toe-board intrusion will become 
small. 

 
A-Pillar rearward deformation 
 
Figure 6 shows the relationship among upper cabin 
property (Equation (4), vertical axis), toe-board 
intrusion (horizontal axis) and A-pillar rearward 
deformation. 

Each test results were classified into three 
categories according to toe-board intrusion range 
and were indicated by different symbols as shown in 
Table 2. 
 
         Table 2   Test result category  
        (A-pillar rearward deformation)  

Category A-pillar rearward 
deformation 

Symbol in 
the graph 

V <RV2  
 

VI RV2<   
  <RV2+50 

 

VII >RV2+50  
 

         RV2: reference value 
 

A-pillar rearward deformation depends upon the 
deformation of under cabin, which is described by 
toe-board intrusion. Therefore toe-board intrusion 
was selected as the main parameter.  

It can be said the area of the graph can be 
separated with different A-pillar rearward 
deformation range, although some exceptional test 
results exists in the graph. 
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Higher strength of upper cabin (upper side in the 
graph) indicates less A-pillar rearward deformation 
with same toe-board intrusion. 
 
CONSIDERATIONS 
 

Figure 5 and Figure 6 can indicate some design 
guideline for the vehicle structural member.  For 
example, if some target of the toe-board intrusion is 
described, the necessary section property of 
structural member can be estimated roughly from 
Figure 5.  

This guideline is not so accurate to skip FEM 
analysis. However, it is very simple and little time 
consuming, therefore it seems a practically useful 
design tool especially in very early design stage to 
estimate rough performance of the vehicle body.   
This method seems very effective to implement 
“better birth” structure from the initial design stage 
and decrease iteration cycles by FEM simulation to 
meet the target level. 
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ABSTRACT

In recent years there has been a strong shift away
from traditional sedans to multipurpose vehicles,
such as vans and minivans. This trend is centered in
North America, but has also become conspicuous in
Japan and Europe.

Considering the current situation, including the
issue mentioned above, a review of the test
procedures in the current regulations has become a
matter of some urgency. Based on a common
awareness in Japan, Europe, and America, the IHRA
is actively promoting research on side impact test
procedures. Research is also moving forward on
important issues including types of crash dummies
and their positions in the vehicle. In order to take an
active part in the research promoted by the IHRA,
Japan is also conducting investigations into these
issues. Japanese studies have included surveys of
specifications for vehicles on the market in recent
years, investigations of the front-end stiffness of
these vehicles, analyses of traffic accidents, and other
studies, especially analyses of collision effects that
lead to injuries. To do this, full-scale side impact
tests have been conducted under various conditions,
and factors affecting the vehicle deformation and
dummy responses have been examined. These
results were reported in part at the 17th ESV
Conference held in Amsterdam 2001.

This report describes full-scale side impact tests in
which a multipurpose vehicle, which has a different
front shape and stiffness than conventional sedan-
type cars, is the striking vehicle. The amount of
deformation of the vehicle body and dummy
responses were compared and adjusted in terms of
results with the present test procedures. Tests were
also conducted with rear seat dummies (SID-IIs), and
suggestions for the test conditions in future side
impact test procedures are made from a wide range
of viewpoints.

INTRODUCTION

Vehicle side impact standards in Japan were
introduced on a par with the ECE/R95, but in actual
traffic conditions in Japan, the number of persons
injured by side impact accidents has consistently
increased, so that accident conditions related to
vehicle side impacts are as significant as ever.
Especially in the case of accidents involving the
recently popular sport utility vehicles (SUVs),
minivans, and 1box vehicles with a high frame side
impacting normal passenger cars, there is a marked
tendency for severe damage to the passenger car.

In this study, vehicle side impact tests were
performed using bonnet-type compact passenger cars
as the struck vehicle, and an SUV, minivan, 1box,
and IIHS MDB as the striking vehicle. Results of
vehicle and crash dummy tests under current
regulations (ECE/R95) are compared below.

TEST CONDITIONS OF FULL-SCALE SIDE
IMPACT TEST

Impact configuration

Table 1 shows the impact configurations and test
conditions. The four tests were conducted using an
SUV, minivan and 1box as the striking vehicle (nos.
1-3), and IIHS MDB as the striking vehicle (no. 4).
Also shown in the drawing is the ECE/R95 impact
configuration for the purpose of comparison with the
four test results (no. 5 reference).

The four tests were performed under substantially
the same conditions, with the exception that different
vehicles were used as the striking vehicle. Right
angle side impact was produced on the struck vehicle
at a speed of 50 km/h without any crab angle. The
position of the striking vehicle relative to the struck
vehicle was arranged to have the control center of the
striking vehicle match the front seat reference point
(SRP) of the struck vehicle, as prescribed for side
impact tests in Europe and Japan.
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Vehicles and Dummies

Struck Vehicles - Four-door sedan-type
passenger cars without side airbags were used as the
struck vehicles. The vehicle had average
specifications for a Japanese passenger car, and has
been used in a past series of side impact tests. This
vehicle was selected on the basis of future data
comparisons.

Striking Vehicles - The SUV was selected from
among models which have had relatively high unit
sales in recent years, and was of average size for a
Japanese SUV relative to empty mass. This vehicle
mass is 1340 kg, near the 50 percentile mass value of
1355 kg for SUVs sold in Japan in 1998. The
minivan and 1box models used in Japan have very
large differences in front-end configurations, and
were selected from among models close to the SUV
in mass.

The IIHS MDB is a barrier face attached to a
moving barrier, and was developed by the IIHS in the
United States, for use in side impact safety
evaluation tests involving the head, and is said to
imitate the shape and dimensions of the front-end of
an SUV.

Mass of Test Vehicles - Table 2 shows the
mass distributions of the striking vehicle and struck
vehicle for each test. The selected struck vehicles
were the same models used in a past series of side
impact tests. Mass of struck vehicles was 1432 kg.
The striking vehicles, i.e., SUV, minivan, 1box and
IIHS MDB were all set at 1500 kg. This mass setting
was intended to simulate the 50 percentile of two
adult male passengers (150 kg) added to the 50
percentile mass (1355 kg) of a Japanese SUV. This
was decided in the light of the IIHS MDB mass
(1500 kg) used in tests reported for the IHRA side
impact WG.

Relationship of Test Vehicle Height and
Position - Figure 1 shows a comparison of the
average dimensions of Japanese vehicles and the
current barrier face configuration with the height
dimensions of the SUV, minivan, 1box and IIHS
MDB. The average values for Japanese vehicles
shown in this drawing are weighted averages derived
from the dimensions of sedans, minivans, and SUVs
sold in Japan in 1998 weighted by the number of
units sold.

As shown in the figure, the bottom edge height of
the SUV front side member is 395 mm, which is
approximately 20 mm higher than the 376 mm

Table 1. Test conditions in full-scale side impact test
Tes t No. 1-3 4 5 (Refrence)

Car to Car, Non-crabbed IIHS MDB to Car, Non-crabbed MDB to Car, Non-crabbed

Inpact Configuration

Im pact Velocity 50km /h 50km /h 50km /h
Striking Vehic le Type SUV, Minivan, 1box MDB (IIHS type Barrier face) MDB (ECE/R95 type Barrier face)
Striking Vehic le Mass 1500kg 1500kg 950kg
Struck Vehic le Type Passenger Car ( 4drSD)

� �

Struck Vehic le Mass 1432kg
� �

Front Struck side Dum m y EUROSID-1
� �

Rear Struck side Dum my SID-IIs
� �

Table 2. Mass distribution of test vehicle

Left Right Total Left Right Total Left Right Total Left Right Total Left Right Total

Front Axle 393 421 814 392 428 820 393 428 821 394 425 819 393 433 826

Rear Axle 291 327 618 287 325 612 286 325 611 290 323 613 283 323 606

Total 684 748 1,432 679 753 1,432 679 753 1,432 684 748 1,432 676 756 1,432

Front Axle 402 418 820 418 435 853 458 458 916 415 526 941 333 304 637

Rear Axle 342 338 680 324 323 647 290 294 584 346 213 559 140 171 311

Total 744 756 1,500 742 758 1,500 748 752 1,500 761 739 1,500 473 475 948

Struck
Vehicle

Striking
Vehicle
or MDB

5 (Refrence)

R95 MDBTest

Test No. 3

1box

4

IIHS MDB

1

SUV Minivan

2

Impact Configuration
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Figure 1. Relationship of test vehicle height, MDB height and average height of Japanese vehicles

weighted average of Japanese cars, and the hood
front edge height of 915 mm is about 180 mm higher
than the 736 mm weighted average of Japanese cars.
The bottom edge height of the minivan front side
member is 360 mm, which is lower than the average
for Japanese cars, the hood front edge height of 854
mm is about 120 mm higher than the average for
Japanese cars. The bottom edge height of the 1box
front side member is 320 mm, which is the same as
the average of Japanese cars. The height of the
bottom line of the front panel of the 1box is 755 mm,
and the height of the press line of front panel of the
1box is 950 mm. Although the bottom edge height of
the IIHS MDB barrier face, at 379 mm, is about the
same as the weighted average for Japanese vehicles,
the top edge height, at 1138 mm, is approximately
400 mm higher than the weighted average of the
hood top edge height of Japanese cars. The top edge
of the IIHS MDB barrier face matches the
intermediate height from the windowsill to the roof
side rail of the struck vehicle.

Dummy and Setting Position - In this test, an
adult-size male dummy (EUROSID-1), used in
current European and Japanese side impact test
procedures for driver-side front seat impact, was used,
as was a smaller female AF5 percentile passenger
rear seat side impact dummy (SID-IIs). Both
dummies were secured using 3-point seat belts,
which were standard-equipped in the struck vehicle.
The front seat was set at an intermediate position of
the seat adjustment slide rail, the seat back was set at
the design standard position with the headrest
position at the maximum height, and the steering
wheel tilt mechanism in an intermediate position
within the adjustment range. The seat slide and seat
back of the passenger seat on the side opposite the
impact were set the same as the driver's seat.

For reference, Figure 2 shows the dummies seated
in the struck vehicle.

Figure 2. Dummies in struck vehicle

Measurement Items - In this test, the dummy
was equipped with instrumentation for measuring
acceleration, load, and displacement. And
acceleration of the vehicle, and acceleration near the
center point of the MDB were measured. These
parameters were measured by an in-vehicle
measurement device. Measurement data were
processed according to SAEJ211 in accordance with
the measurement content. The profile of the outside
panel on the impact side of the struck vehicle, and
the front of the striking vehicle and front of the
barrier face were measured before and after the test.
The test vehicles and the dummies were
photographed using a high-speed video camera.

TEST RESULTS

Vehicle and Barrier Face Deformations

Figure 3 shows the condition of the striking
vehicle and struck vehicle immediately after impact,
Figure 4 indicates the deformation of the impact
vehicle after the test, and Figure 5 indicates the
deformation of the striking vehicle exterior. The
deformation of a horizontal cross section of the
struck vehicle prepared from measurement results is
shown in Figure 6, while the deformation of a
horizontal cross section of the barrier face is seen in
Figure 7.

Compared to the regulation test (ECE/R95 MDB
test), the deformation in these four tests was severe.
The smallest deformation occurred on the front seat
reference point (SRP) at the hip-point (H.P.) level of
the minivan, with the other three tests showing
similar deformation tendencies more severe than for
the minivan. Compared to the regulation test,
deformation of the front door position at the H.P.
level was markedly severe in all four tests. The IIHS
MDB test showed overall nearly uniform
deformation, whereas the 1box, minivan and SUV
tests tended to result in severe deformation near the
center of the front and rear doors. The IIHS MDB
test produced the largest deformation at the HP level
near the seated position of the rear seat dummy (3 m
from the front edge of the vehicle), and the
deformation at the thorax level was greater than that
of the regulation test, excluding the minivan.
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SUV to Car Minivan to Car

1box to Car IIHS MDB to Car

Figure 3. Striking vehicle and struck vehicle at the
impact

SUV to Car Minivan to Car

1box to Car IIHS MDB to Car

Figure 4. Struck vehicle exterior: after test

SUV to Car Minivan to Car

1box to Car IIHS MDB to Car

Figure 5. Striking vehicle exterior: after test
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Figure 6. Deformation of horizontal cross section
of struck vehicle
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(d) IIHS MDB
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(e) R95 MDB
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Figure 8. Velocity time history of test vehicle and
dummy

These deformations differ greatly from the regulation
tests, conceivably owing to the large influence on the
dummy responses.

Except for the IIHS MDB test, the form of the
deformation by the striking vehicle was similar in
mode to that of the regulation test at mid-level and
front SRP. In the IIHS MDB test, however, there was
little deformation due to the barrier rigidity. The
amount of deformation at the bumper level was slight
in the present four tests compared to the regulation
test. The amount of deformation was particularly
slight in the 1box test, which is likely due to the
rigidity of the front section.

Velocity Time History of Test Vehicle, MDB and
Dummy

Figure 8 compares the regulation test and the
present four tests relative to the velocity time history
of the various parts by integrating the acceleration
data obtained for the test vehicles, MDB and front
seat dummy. In the struck vehicle, there was lateral
acceleration near the center of the front door and side
sill on the side opposite the impact, and the front seat
dummy experienced lateral acceleration at the T12
lower spine. There was also acceleration in the
longitudinal directions at the center of gravity of the
striking vehicle. The trade-off point between the
striking vehicle and the MDB in the regulation test
was about 65 ms from the moment of generation, and
the velocity at that time was 5.8 m/s. In contrast, in
the present four tests, the trade-off point was about
70 - 80 ms from the moment of generation, and the
velocity at that time was 6.8 - 7.3 m/s.

The velocity change inside the door wall in the
regulation test was 13 m/s at maximum, and the
velocity at the moment of generation was 23 ms. In
the present four tests, the values were lowest at 11
m/s (24 ms) for the minivan, and highest at 15 m/s
(17 ms) for the IIHS barrier test.

In the regulation test, the velocity change at the
lower spine of the dummy attained a maximum value
of 9 m/s, and the value at the moment of generation
was 50 ms. In the present four tests, the lowest value
of 11 m/s (60 ms) occurred in the minivan, and the
highest of 13.3 m/s (44 ms) in the IIHS MDB test,
similar to the door inner wall.

The dummy velocity change was demonstrated to
be greatly affected by variation in the velocity of the
door inner wall.

Response of Dummies

Table 3 indicates response of various parts of the
front seat and rear seat dummy. In the table, the
pubic force on the front seat dummy in the SUV and
1box generated two peaks in the force-time graph.
These two items were adjusted using the maximum
value before the second peak.
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Table 3 (a). Front dummy peak responses
Test No. 1 2 3 4 5
Test SUV Minivan 1box IIHS MDB R95 MDB
HPC 480 398 300 2634 194
Thorax U.Rib Defl. 39.0 39.8 43.2 44.5 39.4
Thorax M.Rib Defl. 34.6 32.8 38.8 45.7 33.8
Thorax L.Rib Defl. 32.0 25.6 36.4 50.2 31.5
Thorax U.Rib V*C 0.680 0.491 0.915 1.060 0.672
Thorax M.Rib V*C 0.770 0.354 0.914 1.280 0.664
Thorax L.Rib V*C 0.710 0.313 0.889 1.520 0.593
Abdominal Force 2.06 1.19 2.14 1.65 1.62
Pubic Force 5.06 3.34 5.63 5.62 3.68

Table 3 (b). Rear dummy peak responses
Test No. 1 2 3 4 5

Test SUV Minivan 1box IIHS MDB R95 MDB

HPC 406 582 544 547 300
Shoulder Rib Defl. 20.6 30.1 29.2 21.9 14.3
Thorax U.Rib Defl. 17.6 22.0 23.8 15.0 15.2
Thorax M.Rib Defl. 12.5 17.8 19.8 12.8 13.8
Thorax L.Rib Defl. 8.0 15.4 13.1 16.0 16.0
Abdominal U.Rib Defl. 6.9 16.0 7.7 15.6 15.1
Abdominal L.Rib Defl. 4.9 9.4 5.9 12.0 9.6
Pubic Force 0.75 0.61 0.60 0.66 0.42
Iliac Force 0.04 0.08 0.15 0.40 0.05
Acetabulum Force 1.34 1.52 1.96 2.11 1.07

Front Seat Dummy - A comparison of the
response of each part of the front seat dummy in the
regulation test and the preset four tests is shown in
Figure 9. The head acceleration, thorax lower rib
displacement, thorax lower rib V*C, and pubic force-
time graph are shown in Figure 10 as examples of
response.

HPC is 194 in the regulation test. In the present
four tests, the values ranged between 300 - 480,
except for the IIHS MDB, for which the value was
2634. This high value is a phenomenon generated by
direct impact of the dummy head on the top of the
barrier face during impact. In the regulation test,
thorax deflection and V*C were 39.4 mm and 0.672
m/s, respectively. Values in the SUV and minivan
tests were near those in the regulation test. In the
1box and IIHS MDB tests, thorax deflection was
43.2 - 50.2 mm, and V*C was 0.915 - 1.52 m/s, the
highest values. Excluding the IIHS MDB, the upper
rib values were larger than those of thorax deflection
and V*C.

Conversely, the IIHS MDB test had the largest
value for the lower rib, which is thought to be due to
the large influence of the IIHS barrier bumper shape
and stiffness. The abdominal force in the regulation
test was 1.62 kN. This value was lowest in the
minivan test, at 1.19 kN, and largest in the 1box test,
at 2.14 kN. Pubic force in the regulation test was
3.68 kN. This value was lowest in the minivan test,
at 3.34 kN, and largest in the 1box and IIHS MDB
tests, at 5.62 kN. Regarding front seat dummy
responses, test results revealed more severe damage
in the regulation test and minivan and SUV tests than
in the 1box test using the IIHS barrier.

The present four tests differed greatly in front face
configuration and rigidity with regard to the barrier
characteristics of the regulation test. Accordingly,

there were large differences in the mode of
deformation of the struck vehicle, particularly the
shape of the deformation at the dummy seating
position, which produced differences in the injuries
of each part of the dummy. When considering the
performance of the MDB, which is intended to
represent the market, it seems, based on investigation
of test results using various types of vehicles, that
vehicles recently appearing on the market have
greater impact resistance.
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(a) Front Dummy Head Resultant Acceleration
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Figure 10. Time history of front dummy responses

Rear Seat Dummy - The response of each part
of the rear seat dummy is compared for the
regulation test and the present four tests in Figure 11.
The head acceleration, thorax lower rib deflection,
thorax lower rib V*C, and pubic force-time graph are
shown in Figure 12 as examples of response. HPC
was 300 in the regulation test. Values were
invariably large in the present four tests, with the

SUV having the smallest value at 406, and the 1box
indicating the largest value at 582.

In the regulation test, thorax deflection was 16.0
mm. Values were generally large in the four present
tests, with the smallest value of 17.6 mm occurring in
the SUV test, and the largest value of 30.1 mm in the
1box test.
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(a) Rear Dummy Head Resultant Acceleration
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Figure 12. Time history of rear dummy responses

Abdominal deflection in the regulation test was
15.1 mm, but was even smaller in the SUV test at 6.9
mm. The maximum value of 16.0 mm occurred in
the 1box test. Pubic force in the regulation test was
0.42 kN. The value was generally large in the four
present tests, with the minivan test showing the
smallest value at 0.61 kN, and the SUV test the
largest at 0.75 kN.

The rear seat dummy was a SID-IIs model, and the
responses of this dummy could not be compared
directly with the front seat dummy. However, there
were large differences in injury criteria such as HPC,
thorax deflection and the like compared to the

regulation test. In the regulation test, the rear seat
dummy responses were minor compared to that of
the front seat dummy, as determined from the barrier
specifications, but in the SUV, minivan and 1box
tests, there was severe vehicle deformation at the
seating position of the rear seat dummy, indicating a
high probability of severe damage.

The necessity of installing a rear seat dummy in
setting the conditions for future regulation test is an
important issue requiring more study.

CONCLUSIONS

The following conclusions have been drawn from
a comparison of the regulation test with the results of
our investigation into the effects on a struck vehicle
and its occupants when the striking vehicle is an
SUV, minivan and 1box, which have recently
become increasingly popular.
1. The vehicle deformation, of course, differs

greatly depending on the penetration speed at the
door of the struck vehicle, and produces
significant differences in the responses of the
dummies.

2. In the IIHS barrier test, which was developed to
have characteristics similar to an SUV, the
deformation mode of the stuck vehicle is similar
to an SUV, but there are considerable differences
in the responses of dummies. These differences
arise from the differences in local deformation
(i.e., particularly the dummy seating position) of
the struck vehicle. Specifically, the HPC in the
IIHS MDB test clearly showed larger values than
other tests regarding head impact directly with the
barrier.

3. In the SUV, minivan and 1box tests, there are
considerable differences in the deformation of the
rear seat passenger seating positions, and severe
dummy responses were sustained. The necessity
of installing a rear seat dummy is an important
issue requiring further study including the size of
the dummy.

4. In the MDB test and actual vehicle test, there
were differences in local deformation, which
influences the responses at the various parts of
the dummies. This aspect will require thorough
study of the structure (i.e., homogeneous type or
non-homogeneous type) of the MDB as specified
by the conditions of the regulation test.

The test conditions of the current regulation were
determined from the characteristics of the vehicles on
the market in the 1970’s. Vehicles available on the
current market are more diversified and were
developed in response to many safety regulations.

Following these developments, there is a need for
further study into determining the conditions for a
new regulation test based on the results of this
investigation.
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When considering the performance of the MDB,
which is intended to represent the market, it would
appear that an MDB could be provided which better
represents the currently available impact-resistant
vehicles in the market, based on investigation of the
various vehicles used in the present four tests. In
determining MDB performance, studies of
compatibilities will be a very important area of future
research.

Results of the present study will be reported at the
IHRA Side Impact Working Group, and used as
basic data when creating new regulations. In the
meantime, fundamental research will be actively
pursued.
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ABSTRACT

In the present study, we investigated the effects of
cervical spine initial alignment, muscle activity, and
the selected properties of trachea, vena cava and
inactivated muscles on the responses of a finite
element model of a cervical spine (H-Model by the
ESI Group) under direct head loading. The modeling
results were compared with those of volunteers. The
present results suggest the following: 1) Properties of
inactivated muscles, vena cava and trachea greatly
affect the general head motion; 2) Maximum
isometric force plays an important role in resisting
neck extension; and 3) Reflex time determining the
start of generation of active muscle force
considerably affects the angular displacement of
cervical vertebrae. Based on these findings, the
modifications of the cervical spine H-Model were
introduced. The modified model well represented the
head-C7 motion, although it underestimated the
head-atlas extension.

INTRODUCTION

It is commonly accepted that any mathematical
model of a cervical spine for understanding injury
mechanisms such as whiplash, associated disorders,
and cervical cord injuries without bony damage
should well simulate the relative motion between
head and atlas and the relative motion between two
adjacent vertebrae. However, numerous attempts to
develop mathematical models of the cervical spine
have primarily focused on simulation of the general
motion of the head-cervical spine complex.
Furthermore, experimental studies conducted on
volunteers have indicated a large dispersion of data
regarding such motion, which can be related to
differences in the properties of tissues, muscle action
and initial alignment of the head-cervical spine
complex.
The present study complements previous efforts to
create a model of the human cervical spine for

understanding soft tissue injury mechanisms since it
focuses on the simulation of not only general motion
of the head-cervical spine complex but also the
angular displacement of cervical vertebrae. The
present attempt to facilitate such simulation consists
of two steps. In the first step, we conducted a
parametric study to investigate the effects of the
muscle action, cervical spine initial alignment
(pronounced lordosis and “upright” position), and the
selected properties of the trachea, vena cava and
inactivated muscles on the responses of a finite
element model of the human cervical spine under
direct loading applied to the head. The cervical spine
model from the H-Model of a car occupant
previously developed by Hong Ik University and ESI
Group [1] was used. When conducting the present
parametric study, the results obtained using this
model were compared with those of volunteers. In
the second step of the present analysis, the
conclusions derived from the parametric study were
applied to modify the cervical spine of the H-Model
in order to improve its bio-fidelity.

METHODS

 

Model of Cervical Spine

 

In this study, we adapted the finite element model
(referred to as the H-Model) of a car occupant
developed by the Hong IK University and the ESI
Group and implemented using the PAM-SAFE
explicit finite element code. The H-Model features
the entire spine, and in the present study, only its
head-cervical spine complex and the first thoracic
vertebra T1 were used. As the torso and upper
extremities were deleted, the inferior-most ends of
cervical muscles and ligaments were assumed to
follow the T1 motion. The model consisting of the
H-Model head-cervical spine complex and T1 is
referred to as H-Neck.
The H-Neck model of the cervical spine consists of
rigid vertebrae (shell elements) connected by the
kinematic joints that simulate the inter-vertebral discs.
Ligaments and joint capsules are simplified by means
of nonlinear springs, and layered membrane elements
are used for tectorial and cruciform ligaments. The
muscle effects are represented with two distinct
structures: 1) Hill-type multi-bar elements to
simulate the active muscle action (Fig. 1); 2) “Flesh”
built of solid elements to simulate volumetric
responses of skeletal inactivated muscles, such as
resistance to externally applied compression (Fig. 2).
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Fig. 1 Cervical muscles in H-Neck.

 

Fig. 2 Flesh in the H-Neck.

Cervical Spine Model Validation and Parametric
Study
 

Validation of a cervical spine model against the
results obtained using volunteers requires taking into
account neuro-muscular reaction, which greatly
increases the model complexity. Therefore, the
present parametric study and validation of the
H-Neck cervical spine model were done in two steps.
First, the cervical model was validated against the
published result of experiments conducted under a
simplified set-up in which the cervical spine
specimens obtained from human cadavers were
subjected to either direct compressive impacts
(Nightingale et al. [2]) or rear-end acceleration
impacts (Yoganandan et al. [3]). Thus, no active
muscle function was modeled when simulating these
experiments. Second, the cervical spine model has
been validated against the results of experiments in
which a dynamic load was directly applied to
volunteers’ heads (Ono et al. [4]). These experiments
were jointly conducted by Japan Automobile
Research, Tsukuba University and TIT.

Model Validation of Results of Experiments on

Cervical Spine Specimens

 

The model validation of the results of experiments on
direct compressive impact to the head according to
the set-up of Nightingale et al. [2] required removal
of all the muscle and flesh (Fig. 3). On the other hand,
when validating the rear-end acceleration impacts by
Yoganandan et al. [3], the passive function of the
cervical muscles (i.e., Flesh) was simulated using the
H-Neck flesh (Fig. 4). Furthermore, the experiments
by Yoganandan et al. [3] were conducted under
“upright” alignment of the cervical spine specimens,
whereas the H-Neck model exhibits pronounced
lordosis (Fig. 5). For this reason, the positions of
vertebrae in the model were modified to reduce the
lordosis.
Comparison of the responses of the H-Neck model
with those of human spine specimens reported by
Nightingale et al. [2] and Yoganandan et al. [3] were
used as a basis for understanding how accurately the
overall properties of passive components of the
human cervical spine, such as ligaments,
inter-vertebral discs, facet joints, vena cava, trachea
and inactivated muscles (i.e., flesh), are simulated in
this model. Since discrepancies were observed
between the H-Neck model behavior and the
experimental results of Nightingale et al. [2] and
Yoganandan et al. [3], the material properties used in
this model were compared with those reported in the
literature [5], [6], [7], and [8]. Then, the model
properties were modified according to the literature
data to minimize the differences between the model
and specimen responses. These modified properties
were used when simulating the experiments on
volunteers and conducting the parametric study.

 

Fig. 3 Model of the experiments by Nightingale et al.
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Fig. 4 Model set-up for simulation of experiments by
Yoganadan et al.

 

Fig. 5 Original cervical spine model with pronounced
lordosis and modified model applied when
simulating the experiments by Yoganadan et al.
 

Validation Against Results of Experiments on
Volunteers and Parametric Study

 

Description of simulated experiments The
validation was done against the results of
experiments aimed at determining the mechanical
properties of the upper neck under direct head
dynamic loading. In these experiments, load was
applied to the head of sitting volunteers in the
following way. A fabric band connected with a steel
cable was strapped around the head of each volunteer,
and a 2-kg weight was then attached to the cable. To
generate a dynamic load, the weight was freely
dropped along a guide from a height of around 40 cm.
The impact load was measured by the load-cell
attached to the cable. Although several load
directions were used by Ono et al. [4], the present
study focused on “upward chin” loading conditions
in which an upward-oriented force was applied to the
volunteer’s chin (Fig. 6). In the experiment, the
cervical vertebrae rotation and facet joint kinematics
were determined from X-ray cine-radiography
recordings at 60 frames per second. These
experiments were done under two distinct muscle
tension conditions: volunteers were asked either to
relax or tense their muscles. The activity of the
sternocleidomastoid (SCM) and paravertebral (PVM)
muscles was monitored using surface

electromyography (SEMG). When the volunteers
kept their muscles relaxed, the reflex time of SCM
muscle was estimated to be around 70 ms. When the
volunteers tensed their muscles, SCM activity started
to increase immediately after the load was imposed
on the head. 

Simulation of experiments on volunteers The force
measured by the load cell (Fig. 7) was applied to the
head at a node coinciding with the point where the
cable was attached to the fabric band strapped around
the head. As the torso was not modeled, the inferior-
most nodes of torso-neck muscles, vena cava, trachea,
and neck flesh were attached to the T1 rigid body.
This rigid body was fully constrained as seen from
the video recordings taken during the experiments,
and it was verified that the torso motion was very
small and could be disregarded. Only the
experiments in which volunteers kept their muscles
relaxed were simulated here, so the reflex time of 70
ms was assumed for all the modeled muscles. To
maintain the initial equilibrium of the cervical spine
model, the initial active muscle force was designated
as 0.01 and 0.005 of its maximum isometric value for
the cervical flexors and extensors, respectively.
When validating the results of experiments on
volunteers and parametric study, the calculated
angular displacements of the head and C1-C6
vertebrae in relation to the seventh cervical vertebra
C7 were compared to those experimentally obtained
by Ono et al. [4] using cine-radiography. The data
obtained in only one experiment were available for
comparison. The key input parameters used when
simulating the experiments by Ono is given in Table
1.

 

 

Fig. 6 Set-up of the experiments by Ono et al. [4].
“Upward Cine” load-condition is indicated by the
arrow.
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Table 1 Summary of material properties used in the
cervical spine model.

Spine Componet Properties

Flesh bulk
modulus

0.110 MPa

Vena cava and
Trachea

Deleted

Aligment
Neck alignment modified to decrease
the lordosis.

Muscle
� max= 0.2 MPa.

Reflex time of neck flexor; 70 ms.
Neck extensor inactivated.

0

50

100

150

200

250

0 50 100 150 200 250 300 350

F
or

ce
[N

]

Time [ms]

Time[ms]

 

Fig. 7 Cable force measured by load-cell in the
present model of “upward chin.”

Parametric Study

The effects of Young’s modulus the H-Model flesh,
trachea and vena cava as well as assumptions
regarding the maximum isometric muscle forces on
the calculated kinematics of the head and cervical
vertebrae were investigated. In conducting the
parameter study, the experiments on volunteers by
Ono et al. [4] were simulated.
Effect of Flesh The PAM-SAFE Hill-type multi-bar
muscle elements are deficient when simulating the
effects exerted on the head and cervical spine motion
by inactivated cervical muscles subjected to
compression. In the H-Model, these effects were
simulated using a structure referred to as flesh built
of visco-elastic solid elements connecting the head
and torso (Fig. 1). The main problem with this
approach is that this structure represents lumped
“passive” effects of the entire cervical musculature
rather than providing a simulation of the actual
muscles. Therefore, the properties of flesh must be
calibrated because they cannot be directly measured.
In the original version of the H-Neck, a flesh bulk
modulus of 0.415 MPa was used. However, when
validating this model against the results of
Yoganandan et al. [3], it was found that the modulus
of 0.110 MPa, yields results closer to human
specimen responses than the original 0.415 MPa.
Therefore, when simulating the experiments on
volunteers in the parametric study, values of both the

flesh bulk modulus of 0.415 and 0.110 MPa were
used.
Effect of Vena Cava and Trachea In the H-Neck,
the vena cava and trachea are directly attached to the
head (Fig. 8). This oversimplification can obviously
overestimate the effects on the cervical spine
responses. Indeed, when validating the H-Neck, the
vena cava and trachea’s Young’s modulus of 10 MPa
originally used in this model, lead to clear
underestimation of the angular displacements of
cervical vertebrae. Therefore, when conducting the
parametric study, two extreme cases were analyzed;
1) Parameters of vena cava and trachea as in the
original H-Model; 2) Vena cava and trachea defined
using null shells (i.e., no internal forces calculated).
The latter case implies virtual disregard of the forces
exerted by the trachea and vena cava on the head.

Fig. 8 Vena cava and trachea in the H-Neck.

Effect of Neck Alignment The original cervical
spine model in H-Neck exhibits pronounced neck
lordosis. However, in the analyzed experiments on
volunteers [4], the Frankfort plane was oriented
horizontally and the occipital condyles were aligned
over the inferior thoracic vertebral body, which
implies “upright” alignment of the neck. For this
reason, the original cervical spine model was
modified in the present study so as to align it almost
vertically.
Effect of Muscle Activity and Discharge An
important factor in predicting the muscle effects on
the head-neck complex kinematics under transient
load is the appropriate modeling of the force-time
relation of the neck muscles, which requires
information about muscle reflex time. In the current
analysis, to verify the muscle effects on the
head-neck complex, we utilize the reflex time
obtained on the basis of the data on the direct head
impact loading on volunteer. According from the
SEMG data in “Upward”, we could make assumption
that the only flexors are activated and reflex time of
the cervical flexors muscle discharge at 70 ms when
simulating the test of relaxed case. To demonstrate
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the effectiveness of reflex time, we also calculated
the muscle discharge at 10 ms.
Effect of Maximum Isometric Muscle Force The
muscle effect strongly depends on the assumption
regarding the maximum isometric muscle force. The
typical method of estimating this force is based on
knowledge of the muscle physiological
cross-sectional area PCSA (e.g., Yamaguchi et al. [9])
and the maximum isometric muscle stress,

maxσ .

PCSAF ×= maxmax σ (1)

Data on PCSA in the literature exhibit a large
variation, which is related to the anthropometric
differences between individuals. Similarly, the values
of

maxσ reported in the literature range widely from

0.25 MPa (Herzog, [10]) to 1.0 MPa (Ikai and
Fukunaga [11]). It means that the PCSAs of different
muscles were obtained from subjects who often
differed in body size. For this reason, the present
parameter study was undertaken in order to estimate
the distribution of the maximum isometric force.
Therefore,

maxσ is determined to be 0.2 MPa from

parameter study with the original PCSA which was
already defined in H-Neck and data of Yamaguchi et
al. In the current analysis we utilize the reflex time
obtained from the data from direct head dynamic
loading on volunteers to verify the muscle effects on
the head-neck complex. According to the SEMG data
in “Upward,” we may assume that the only flexors
are activated and that the reflex time of cervical
flexor muscles discharge at 70 ms when simulating
the test of a muscle relax case. The initial muscle
active state was assumed to be 0.01 and 0.005 of its
maximum value for the cervical flexors and
extensors, respectively, to maintain the initial
equilibrium condition of the cervical spine.
 

RESULTS

 

Effect of Flesh

The time history of angular displacements of the
cervical vertebrae in reference to C7 was shown in
Fig. 11. For the purpose of comparison, the
experimental results and the results from original
bulk modulus inserted in the H-Neck are also shown
in Fig. 9 and Fig. 10, respectively. The decrease in
the flesh bulk modulus from 0.415 MPa (Fig. 10) to
0.110 MPa (Fig. 11) appreciably increased the peak
values of the angular displacement of each vertebra
after 150 ms. Thus, this decrease improved the model
bio-fidelity (Fig. 9 and Fig. 11).

Effect of Vena Cava and Trachea

The result obtained when simulating the experiments

conducted on volunteers indicated important effects
of properties of vena cava and trachea on the
responses of the present cervical spine model. When
the original properties from the H-Model were used
(Fig. 10), the present model clearly underestimated
the angular displacements of the cervical vertebrae
measured in reference to the C7 vertebrae. The
calculated and experimentally obtained time histories
of this angle exhibited similar values when the
present cervical spine model was modified by
simplifying the vena cava and trachea using null shell
material (Fig. 12). Thus, this modification was used
when studying muscle effects. However, it should be
noted that despite its high bio-fidelity in terms of the
peak C0-C7 angle, the present cervical spine model
with the vena cava and trachea simplified using null
shell material clearly underestimated the C0-C1
extension. The magnitude of C1-C7, C2-C7, and
C3-C7 angle time histories was clearly overestimated
by the model. This indicates that problems related to
the modeling of the vena cava and trachea were not
the only source of differences between the responses
of the present cervical spine model and the
experimental results.

Effect of Neck Initial Alignment

 

Changing the initial cervical spine alignment from
the lordotic one originally used in the H-Neck to the
upright one clearly decreased the peak value of the
angular displacement of cervical vertebra in
reference to C7 (Fig. 12 and Fig. 13). Thus, this
modification alone did not improve the model
bio-fidelity.

Muscle Effect
 

Effect of Muscle Activity and Discharge The
C0-C1 extension appreciably increased when the
computation was done under the assumption that
cervical flexor muscles started to increase their
activity at 70 ms rather than at 10 ms (Fig. 14 and
15). Therefore, reflex time of the active muscles is an
important factor for improving the bio-fidelity of the
present cervical spine model.
Effect of Maximum Isometric Muscle Force It is
clear that the maximum isometric force affected the
peak angular displacement of each vertebra. As
shown in Fig. 16, the respective peak values of the
calculated C0-C7, C1-C7, and C2-C7 extension angle
were virtually the same as in the experimental results.
Furthermore, the C0-C7 angular displacement is
larger than for other vertebra. This phenomenon is
the hyper-extensional motion of the cervical spine
which is also confirmed in the experiment on
volunteers. However, the angular displacement of the
head-atlas extension angle is smaller than in the
experimental results. One possible reason for this
decrease is that when simulating the experiment, the
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inferior most nodes of these structures were attached
to the fully constrained T1 rigid body, whereas in the
human body they are connected with the other
deformable soft tissue which could absorb the
rotational energy. This difference in boundary
condition has some effect on the angular
displacement of the vertebra.
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Fig. 9 Angular displacement of cervical vertebrae in
reference to C7 obtained in the volunteer test
(cervical muscles relaxed)
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Fig. 10 Original cervical spine model (flesh bulk
modulus: 0.415 MPa)
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Fig. 11 Effect of flesh on the response of the present
cervical spine model (flesh bulk modulus: 0.110
MPa)
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Fig. 12 Effect of vena cava and trachea on the
response of the present cervical spine model. Vena
cava and trachea using null shell material model.
Flesh bulk modulus: 0.110MPa.
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Fig. 13 Result obtained using the cervical spine
model with the upright alignment. Flesh bulk
modulus is 0.110 MPa, and vena cava and trachea are
null shell material.
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Fig. 14 Result obtained when simulating volunteer
with muscles relaxed. Flexor muscles are assumed to
start increasing their activity at 10 ms.
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Fig. 15 Result obtained when simulating volunteer
with muscles relaxed. Flexor muscles are assumed to
start their activity at 70 ms.

maxσ : 0.1 MPa
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Fig. 16 Result obtained when simulating volunteer
with muscles relaxed. Flexor muscles are assumed to
start increasing their activity at 70 ms.

maxσ :0.2 MPa

DISCUSSION

 

The simulation of the experiments on volunteers
indicated that assumptions regarding the material
properties of the vena cava and trachea greatly affect
the responses of the present cervical spine model.
The properties originally used in the H-Neck lead to
serious underestimation of the C0-C7 extension angle
magnitude. The following two explanations of this
phenomenon are suggested. First, the vena cava
force-elongation relationship exhibits a toe zone
within which the force only slightly increases with
elongation. On the other hand, in the H-Neck, the
vena cava and trachea were assumed to exhibit
linear-elastic behavior, which can lead to
overestimation of the force at little elongation. The
second possible explanation for the large
constraining effects of the trachea in the present
model of the cervical spine can be that the trachea
resistive force may have been mistakenly taken into
account twice: 1) When modeling trachea as such;
and 2) When determining properties of the lumped
hyoid muscle. However, even were one to disregard
the forces exerted on the head by the vena cava and
trachea, the present cervical spine model
considerably underestimated the C0-C1 extension.
This extension increased when the model was
computed under the assumption that only flexor
muscles started to increase their activity at 70 ms and
maximum muscle stress is determined to be around
0.2 MPa. These values are based on the experimental
result by Ono et al. [4] and parameter study with
maximum muscle force. Finally, the modified model
results were closest to the experimental ones.
Thus, it can be suggested that inaccuracies in
identifying the material properties of the vena cava
and trachea were not the only source of the
discrepancies between the responses of the present
cervical spine model and experimental data on
volunteers in the present study. Therefore, the
following must be elucidated in further studies:

a) Physical properties of the vena cava and trachea,
including the nonlinear force-elongation
relationship.

b) Thickness of the vena cava and trachea walls and
their anatomical attachment points on the head.

c) Values of the assumed maximum isometric
forces of cervical muscles and the ratio of these
forces in different muscles.

d) Assumptions made when simulating neural
control of muscle activity. This can include
varying the reflex time, stretch reflex threshold,
and initial active state values of different
muscles.



Ejima 8  

CONCLUSION

The present study suggests that the physical
properties of the flesh, vena cava and trachea greatly
affected the response of the cervical spine itself. The
properties originally used in H-Neck lead to
considerable underestimation of the C0-C1 extension
angle. When neck flexor muscles begin to generate
their active force at around 70 ms, C0-C1 extension
angle is increased. The responses of the head-neck
model with the muscle elements are consistent with
the experimental result of direct impact head loading.
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ABSTRACT

A great deal of research and development work has

been carried out on ITS technology in recent years,

and some commercial productions of these systems

are now underway. Above all, adaptive cruise control

(ACC) attracts a great deal of public attention as a

fundamental driving control system.

Nissan started introducing ACC in 1999, and the

number of Nissan’s ACC vehicles in operation in

various markets has grown. Especially, at the market

in Japan, it has been installed in a variety of vehicles,

from luxury to the medium-size segments. This broad

range of vehicle types enable a more in-depth study

of factors related to ACC use and operation.

As we work to make ACC more prevalent, it is

increasingly important to determine the actual market

response to ACC. In order to determine that, we

conducted a survey of Japanese ACC customers, and

received not only very high evaluations of our system

in terms of overall satisfaction and future purchase

intention, but also valuable feedback to use as a

reference for future development.�

This paper explains the survey, summarizes the

results, and discusses areas for additional study and

consideration in the field of ACC.

OUTLINE OF THE MARKETING SURVEY

Based on the Japanese survey mentioned above,

we made up the following survey plan.

Target

This survey was conducted in June 2001, by

which time Nissan had introduced five vehicle

models equipped with ACC.

• Vehicle A, B (luxury sedan);

-With a millimeter wave radar and an electrical

controlled brake booster

• Vehicle C (station wagon), D (mini van);

-With an infrared sensor and no brake actuation

• Vehicle E (medium-size sedan);

-With an infrared sensor and an electrical

controlled brake booster

We then selected 400 vehicles owners at random,

and sent them questionnaires.

Questionnaire Areas

The questionnaire was designed not only to

evaluate ACC performance, but also to find out more

about customers’ expectations of ACC, purchase

motives, etc. And it covered the following five areas.

• Vehicle usage

• Purchase motives

• Patterns of ACC use

• Satisfaction with ACC performance

• Future purchase intention

MAJOR FINDINGS OF THE SURVEY

Customer Profiles

Respondents

Responses were received from 60% of the owners
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surveyed. The following figure shows the sex and

age of the respondents as well as the type of vehicles

they own.

Primary Usage of Vehicles

The respondents placed high importance on the

following items, when they purchased their vehicles.

• I enjoy driving itself: 85%

• I take small trips together with my family or

friends: 79%

• I go for drives together with my family or

friends: 77%

(These scores are the sum of “important” and

“slightly important”.)

In addition, these ACC customers’ scores are about

10%-20% higher than those of baseline owners. And

their mileage of an average 1000-1200 km per month

is also approximately 10-20% higher than ordinary

customers’.

Purchase Motives

How Respondents Learned of ACC

Altogether, 39% of the respondents stated that they

had learned of ACC from a brochure, 20% had heard

about it from a salesperson, and 10% had read about

it in the article of magazine.

For A and B vehicles (luxury sedan), 33% of

owners had heard about it from the salesperson,

which is approximately the same percentage as those

who received their information from a brochure.

For D vehicle (minivan), 15% of respondents

stated that they had seen information about it on the

Internet, and for E vehicle (medium-size sedan), 14%

had read about it in the article of magazine. These

values are the same percentages as those who learned

from a salesperson.

Expectations Prior to Purchase

Approximately 80% of the respondents stated that

they had the following expectations related to

comfort (reduction of the driver’s workload and the

smooth speed control by ACC).

These results indicate that there is no dissociation

between the reduction of the driver’s workload,

which is one of the main development purposes of

ACC, and customer’s expectations for ACC.

The Use Situation of ACC

Frequency of ACC Use

60% of A and B vehicle owners used the system

often. Among C, D, and E vehicle owners, 80% used

it frequently. In these vehicles (C, D and E), ACC

was an optional item. Therefore ACC was used

frequently by those customers who choose to have it.

The Main Usage of ACC

Vehicles and ACC are mainly used in the

following situations;

Sex

Age

Vehicle
Type

92% 6

2

Male Female Unknown

12% 18% 21% 26% 22% 2

30 and under 31 to 40 41 to 50 51 to 60 Over 61 Unknown

22% 7% 21% 14% 36%

A B C D E

0% 20% 40% 60% 80% 100%

Figure1. Respondents.

37%

46%

55%

79%

32%

23%

30%

16%

31%

31%

15%

5

Satisfaction to have
advanced equipment

Speed over
can be prevented

Smooth speed control
by ACC

Reduction of
driver's workload

Very expected Expected Not expected

0% 20% 40% 60% 80% 100%

Figure2. Expectations prior to purchase
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• I use it for taking small trips or going for drives

with my family or friends: 70%

• I use it to enjoy driving: 55%

Place of Use

95% of the respondents who used ACC stated they

usually or often used it on the freeway, and 56%

usually or often used it on city roads.

Satisfaction with ACC Performance

Overall Satisfaction

Overall, approximately 80% of the respondents

stated that they were either very satisfied or satisfied.

The rate of overall satisfaction to ACC is very high.

Satisfaction to Expectations Before Purchasing

Regarding expectations that the respondents had

before purchasing their vehicles, approximately

60–80% stated that they were either very satisfied or

satisfied after making their purchase.

Satisfaction with ACC Control Performance

Satisfaction was high (over 70%) in each of the

following survey categories: “distance from the

vehicle ahead is adequate” and “ACC display is easy

to understand”. However, the level of satisfaction

was lower in the categories of “There are a lot of

situations to use ACC” (27%) and “the controllable

speed range of ACC is sufficient” (42%).

The following provides more information about

the above-mentioned responses to ACC control

performance.

Time gap (Following distance)

Nissan’s ACC allows three stages of time gap. In

the results of this questionnaire, 40% of the

respondents had used “long” and 30% each had used

“middle” and “short”. It seems that the time gap

between two vehicles, which are divided almost

equally in this survey, are determined by the

individual preference of the driver.

However, some comments cancelled each other

out. For example “I can relax because the distance

between two vehicles is comparatively long” and

“other vehicles cut into my lane because the set

distance is too long; I want to shorten it more”.

Therefore we believe that the time gap settings

may require further examination.

Figure3. Overall satisfaction.

31%

40%

29%

48%

32%

29%

35%

38%

32%

26%

26%

9%

3

4

8%

3

2

2

2

2

Very satisfied Satisfied Neutral Dissatisfied Very dissatisfied

Satisfaction to have
advanced equipment

Speed over
can be prevented

Smooth speed control
by ACC

Reduction of
driver's workload

0% 20% 40% 60% 80% 100%

Figure4. Satisfactions after purchase

Figure5. Satisfaction with ACC control

performance.

Very satisfied Satisfied Neutral Dissatisfied Very dissatisfied

7

17%

16%

20%

27%

29%

31%

20%

25%

34%

41%

40%

41%

43%

37%

19%

29%

13%

19%

14%

12%

30%

31%

14%

18%

10

13%

10

7

9%

7

8

3

3

4

There are a lot of situations
to use ACC

The controllable speed range
of ACC is sufficient

ACC warning buzzer is
easy to understand

Acceleration and deceleration
are adequate

ACC SW is easy to use

ACC display is easy
to understand

Distance from the vehicle
ahead is adequate

0% 20% 40% 60% 80% 100%

21.0% 59.5% 11.4 6.7 1.4

0% 20% 40% 60% 80% 100%

Very satisfied Satisfied Neutral Dissatisfied Very dissatisfied
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Display

There were many comments that the display of the

ACC is simple and easy to understand. However,

some owners commented that it would be easier to

read if the size of the display were slightly larger.

Switches

Drivers, who had never used cruise control before,

reported that it took them some time to familiarize

with the ACC system. However, comments that "it is

easy to use because all switches are concentrated on

the steering wheel" and "there is no confusion since

it operates the same as cruise control" were in the

majority.

Controllable speed range and where it can be used

Regarding ACC control, respondents’ satisfaction

to the two items above was rated comparatively low.

An analysis of the comments showed that the

dissatisfaction is roughly divided into the following

two opinions.

• The opinions that desire an expansion of the

speed range in which ACC can be used

• The opinions that desire an expansion of the

situations in which ACC can be used

Expansion of the controllable speed range

There were demands at both ends of the range,

some owners stating: "I want to use ACC at lower

speeds" and "I want to use ACC at higher speeds."

A typical reason given for wanting an expansion of

the high-speed side was "If ACC can be set a little

higher while driving on the freeway, it will be even

more practical." This demand arises from the slight

difference between the ACC upper limit speed (same

as legal speed limit on Japanese freeways) and the

actual travel speeds on the freeway.

Therefore, there is nothing inherently dissatisfying

about the control of ACC itself.

The request for expanding the low-speed limit is

discussed later since it overlaps with the request to

expand the situations in which ACC can be used.

Expansion of the situations in which ACC can be

used

The majority of the comments were that “I want to

use ACC when there is congestion on the freeway”

and “I also want to use ACC in some places other

than the freeway.” Most of these statements were

followed by a request to expand the lower speed side.

This result shows the large potential demand of the

STOP & GO system currently under development.

Moreover, there were comments such as; “I also

want to use ACC on rainy days” and “I want to use

ACC on winding roads,” etc. All of these comments

relate to the recognition performance of the sensor.

Thus, further improvement of the sensor performance

is needed.

Future Purchase Intention

Cost Performance

43% of respondents thought that cost performance

was either “wonderful” or “good”. If the category of

“price is appropriate” were added, this figure would

be as high as 80%.

Future Purchase Intention

Approximately 80% of all respondents stated that

in the future they would either “definitely purchase”

or “probably purchase” an ACC-equipped vehicle

.

10% 33% 38% 16% 3

Wonderful Good Appropriate Not good Expensive

0% 20% 40% 60% 80% 100%

Figure6. Cost performance.
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again.

CONCLUSION

As the results of this survey show, the level of

overall satisfaction to the Nissan ACC system is very

high. It can also be seen that there is a tendency for

customers interest in advanced technology.

In terms of improved driver comfort with the use

of ACC, both the expectations before purchase and

satisfaction after purchase are high. This indicates

that the ACC may actually reduce the driver’s

workload in some situations, which was one of the

development objectives of the system.

Regarding the control performance, there were

mixed results. The rate of satisfaction seems to be

quite low for “situations to use ACC” and

“controllable speed range”. However, it can be

assumed that these comments result from external

factors other than control performance. Some of

these factors may include the system cancellation

caused by a traffic congestion on Japanese freeways,

and the slight difference between the ACC maximum

speed (same as legal speed limit) and the speed the

customer expects to travel on the freeway. In fact,

some respondents even requested an expansion of the

operation speed range in the comment section of the

questionnaire

Finally, an important comment was that 80% of

respondents intend to purchase another

ACC-equipped vehicle in the future. This shows that

ACC is becoming more accepted by customers, and

owners who become accustomed to its convenience

wouldn’t consider buying a vehicle without it.

Therefore, we expect the proliferation of ACC

systems to increase in the near-future.

The introduction of autonomous driving control

systems, including ACC, is still in its early stages.

We will be pleased if the results attained through our

survey can serve as a reference for our colleagues

involved in the development of these systems.

Figure7. Future purchase intention.

32% 47% 6 15%1

0% 20% 40% 60% 80% 100%

Will definitely
purchase

Will probably
purchase

Probably
won't purchase

Will not
purchase

Don't know
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ABSTRACT

Finite element models of adult head, child head,
upper leg, and leg pedestrian impactors in LS-DYNA
were developed and certified. The upper leg and leg
impactor models were developed based on the
descriptions in the Working Group 17 (WG17)
Report of the European Enhanced Vehicle-Safety
Committee (EEVC). The head impactors were
developed based on the descriptions in the Working
Group 10 (WG10) Report of the EEVC. Simulations
of the certification tests described in the WG10 (head
impactors) and WG17 (leg impactors) reports were
performed. The results of these simulations for the
head impactors compared well with the results from
actual certification test results and fell within the
acceptable range for certification. Results from the
upper leg certification test simulation did not
compare as well with the actual test results but were
still within the acceptable range for certification. Test
results for the leg impactor were not available for
comparison, but the simulation results of the dynamic
certification test fell within the allowable limits for
certification.

Several additional impact simulations were
performed for the adult and child head impactors and
compared to tests. The additional tests included a
wide range of impact velocities, and were used to
calibrate the material behavior in the head impactor
models so that the impactor models show similar
energy absorbing characteristics when compared to
the actual head impactors.

INTRODUCTION

In the European Union more than 7000 pedestrians
and 2000 cyclists are killed each year in accidents
with vehicles while hundreds of thousands are injured
[1]. In the United States in the year 2000 there were
over 4700 deaths and 78,000 injuries of pedestrians
and 690 deaths and 51,000 injuries to cyclists [2],
while in Japan there are about 2700 pedestrian deaths

and 1000 bicyclist deaths annually [3]. The members
of the European Enhanced Vehicle-Safety Committee
as well as others have conducted numerous studies
over the past decade concerning pedestrian-vehicle
safety issues. In 1994 the EEVC combined the
findings and recommendations of these studies into a
publication entitled "EEVC Working Group 10
Report - Improved Test Methods To Evaluate
Pedestrian Protection Afforded by Passenger
Cars"[4]. In 1998 this document was updated based
on further work of Working Group 17[1].

Based largely on the EEVC documents, the European
Union has made proposals for vehicle tests and
regulations concerning vehicle-pedestrian safety
issues. These proposed regulations involve the impact
of four different projectiles representing different
parts of the human body into the front of a resting
vehicle as shown in Figure 1. The proposed tests
include the impacts of adult and child headforms into
the hood of the vehicle, the impact of a legform into
the front bumper of the vehicle, and the impact of an
upper legform into the leading edge of the hood. The
impactors used in these tests are instrumented with
accelerometers, transducers, and strain gauges, and
time histories of various accelerations, forces, and
strains are recorded during the tests. The proposed
regulations set limits on the peak values of various
accelerations and forces that are recorded in the tests.

In addition to the pending EU pedestrian safety
regulations the European New Car Assessment
Programme (EuroNCAP), a consortium of several
European governmental and non-governmental
transportation safety organizations, have established
a testing program for scoring vehicles based on the
performance in a series of pedestrian impact tests [5].
This set of impact tests is also largely based on the
work of WG10, and, as a result, the tests are very
similar to the series of tests proposed by the EEVC
for legislation. However, while the proposed
pedestrian regulations are still under scrutiny, the
EuroNCAP tests are performed on current vehicles
sold in the European market and the results are
published.

In order to address the pending EU pedestrian safety
regulations several groups have turned to simulation
to evaluate existing vehicle designs and suggest
design changes that would perform well in the
proposed pedestrian tests [6, 7, 8]. These studies have
used a set of MADYMO pedestrian impactor
simulation models developed by TNO [9].
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This paper presents a description of the LS-DYNA
[10] finite element models of the pedestrian
impactors. Comparisons of the certification test
results along with the simulation results of the
certification tests are shown for each of the
impactors. In addition, the paper describes testing and
simulation of the impactors beyond the certification
tests that were performed to further check that the
behavior of the models is similar to the actual
impactors.

Figure 1. Proposed EEVC pedestrian impact
safety tests.

Headform Models

Head Impactors Description
Due to the unavailability of the EEVC WG17
headform impactors at the time of this study, it was
decided that our modeling work for the head impact
test would concentrate on the WG10 specification.

The adult and child head impactors as described in
the WG10 documentation consist of a 7.5mm thick
rubber outer skin covering a semi-rigid polyurethane
hollow sphere. A steel insert is included in the center
of the sphere on which a triaxial accelerometer is
mounted. This accelerometer is located at the
geometric center of the sphere, which is also the
center of mass of the impactor. Details of the
dimensions and tolerances of the impactors can be
found in [4], but a general description of the
dimensions is given in Table 1.

Head Impactors CertificationTests
WG10 certification of the head impactors is
performed with a drop tower test. The setup of this
test is shown for the adult and child impactors in
Figure 2. For the adult head impactor certification
test, the drop angle in Figure 2 is 65 degrees and the
drop height is 376mm. The values for drop angle and

drop height for the child certification test are 50
degrees and 250mm, respectively. The only
requirement for certification of the head impactors is
that the maximum resultant acceleration value at the
accelerometer location falls between 210G's and
260G's for the child impactor, and between 225G's
and 275G's for the adult impactor, in the drop tower
tests. Symmetry of the impactors as well as
repeatability of the tests must also be demonstrated
by rotating the impactors 120 degrees and 240
degrees about the axis of the neck and repeating the
tests.

Table 1.
Summary of WG10 headform impactor

properties with allowable tolerances and the finite
element model values.

Adult
requirement

(Model value)

Child
requirement

(Model value)
Headform
Diameter
(excluding

skin)

150±2.0mm
(150.2mm)

115±2.0mm
(116.0mm)

Core
material

Polyurethane
(LS-DYNA

elastic model)

Polyurethane
(LS-DYNA

elastic model)

Insert
material

Steel
(LS-DYNA

elastic model)

Steel
(LS-DYNA

elastic model)

Skin
material

Rubber
(LS-DYNA

viscoelastic Ogden
rubber model)

Rubber
(LS-DYNA

viscoelastic Ogden
rubber model)

Skin
Thickness

7.5±0.1mm
(7.56mm)

7.5±0.1mm
(7.43mm)

Mass
4.8±0.1kg
(4.80kg)

2.5±0.1kg
(2.46kg)

Moment
of

Inertia*

0.0100±0.001kgm2

(0.0097kgm2)
0.0031±0.0003kgm2

(0.0032kgm2)

* About an axis passing through the center of mass
and perpendicular to the plane of Figure 2.

Head Impactors Finite Element Models
The finite element models created for the adult and
child head impactors are shown in Figures 3a and 3b,
respectively. A summary of the impactor properties
and material models is given in Table 1. Solid
elements were used for all parts of the head
impactors. LS-DYNA null shell elements were
overlaid on the outside surface of the impactors to
model the contact interface. A total of 3356 nodes,
2815 solid elements, and 725 null shell elements
were used in each model.
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Figure 2. WG10 head impactor certification test
setup.
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Figure 3a. FE model of WG10 adult head
impactor certification test.
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Figure 3b. FE model of WG10 child head
impactor certification test.

Because the polyurethane core and the steel insert in
the head impactors are much stiffer than the rubber
skin, deformations of these two components are
expected to be quite small. Therefore linear elastic
material models were used for these components. The
rubber skin was initially modeled with an elastic
material as well. However, during the head impactor
certification testing it was determined that the
behavior of the head impactors was not elastic.
Therefore, the material model used for the rubber
skin was changed to an LS-DYNA Ogden rubber
material model, which included a viscoelastic effect.
The procedure to select the parameter values used in
this material model will be described later in this
section.

In order for the head impactors to be certified, it is
required that their peak accelerations in the
certification drop tower test fall within specified
ranges that were described earlier. It is a relatively
simple matter to build an impactor model that
satisfies only this requirement. As was mentioned,
the initial model of the adult head impactor was
created with elastic material behaviors for both the
interior core and the impactor skin. The elastic
modulus for the skin was then adjusted so that the
head impactor models experienced a peak
acceleration that was similar to the peak acceleration
recorded in the drop tower tests. The time history of
the tests and this simulation are shown in Figure 4,
where it is seen that the peak accelerations from both
the tests and the simulation fall within the allowable
range.

However, it was noted in the certification tests that
the rebound velocity of the head impactors was
significantly lower than the impact velocity. Since
this indicated that there was a significant amount of
energy absorbed by the impactors, it was decided that
a viscoelastic behavior should be included in the skin
material to model this energy absorption.
Unfortunately, attempts to obtain these viscoelastic
properties of the rubber skin material from the
impactor supplier were unsuccessful, as were
attempts to obtain a sample of the material for
testing. Therefore, an empirical approach was used to
determine the viscoelastic parameters of the skin that
would be used in the finite element skin model.

This process began by conducting drop tower tests of
each head impactor from three different drop heights.
For each test a contact sensor was placed on the
impactor so that the precise time of contact between
the head and the stiff impact plate could be recorded.
Based on this precise contact time, and integration of
the acceleration time history from the accelerometer
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at the center of the head, a time history of the crush
of the head impactor was calculated. The acceleration
of the head, which is proportional to the force acting
on the head, was then plotted as a function of the
crush of the head.

Certification
Range

Certification
Range

Figure 4. Acceleration time history for adult
impactor certification test and certification test
simulation with impactor model with elastic skin
material model.

This procedure was repeated for three different drop
heights for each head impactor, adult and child, and
compared to simulation results. The viscoelastic
parameters of the skin model were then adjusted to
improve the comparisons between test and simulation
results. The acceleration-crush plots of the tests and
final simulation models are shown in Figure 5 for the
adult and child head impactors. It can be seen that
significant energy is absorbed in the head impactors
as evidenced by the hysteresis of the acceleration-
crush behavior. Also plotted for the adult impactor
case is the simulation with the elastic skin material
model for the drop height of 376mm. Even though
the peak acceleration that results from the model with
the elastic skin is very close to the value seen in the
test, the energy absorption behavior of this model is
very different from the test, and therefore, the
viscoelastic skin model was deemed more
appropriate.

Unfortunately, we found that it was necessary to use
different material parameters in the viscoelastic skin
model of the adult head impactor than those used in
the child head impactor in order to get good
agreement between test and simulation for all drop
tower heights. This indicates that the LS-DYNA
rubber model of the skin is not completely

representative of the actual skin material. However,
we feel that since we were able to match the results
of drop tower tests at several different heights (and
thus, impact velocities), our models should be
relatively accurate in simulations of impacts with
actual vehicle hoods.

Certification Range
(376mm drop test)

Certification Range
(250mm drop test)

Certification Range
(376mm drop test)

Certification Range
(250mm drop test)

Figure 5. Acceleration vs. crush of adult and child
head impactors in drop tower tests and
simulations from different heights.

Upper Legform Model

Upper Leg Impactor Description
The EEVC WG17 upper leg impactor consists of a
steel cylinder representing the human femur covered
by two 25mm thick sheets of ConforTM foam type
CF-45 on the impact side of the cylinder, which
represents the flesh of the human leg. In turn, this
foam is covered with a 1.5mm thick fiber-reinforced
rubber sheet to represent the skin. The ends of the
steel cylinder are connected to a large adjustable
mass, which is located behind the cylinder (opposite
the impact side) as shown in the finite element model
of the impactor in Figure 6. Force transducers are
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located at the connection points between the cylinder
and adjustable mass. In addition, strain gauges are
located at the three locations on the cylinder on the
side opposite the impact region. These strain gauges
are used to calculate the bending moment in the
cylinder during the impact test. A detailed description
of the upper leg impactor can be found in the WG17
report [1], but a summary of the key dimensions and
characteristics is given in Table 2.

Upper Leg Impactor Certification Test
The finite element model of the certification test for
the upper leg impactor is shown in Figure 6. This
impactor is propelled with an initial velocity of
7.1m/s into a steel cylindrical pendulum, which is
suspended from above by wires attached to its ends.
The mass of the leg impactor for this test is set to
12kg and the mass of the target cylinder is 3kg. The
wall thickness of the target cylinder is 3mm. The
time histories of the forces measured at the two
transducers in the leg impactor are recorded and the
peak value of each of these forces must fall within a
specified range of 1.2-1.55kN. The time histories of
the strains at the three strain gauge locations are also
recorded and then used to calculate time histories of
the bending moment at these three locations. The
peak bending moment at the center gauge location
must fall within a range of 190 to 250Nm while the
peak bending moment at the offset gauge locations
must fall within a range of 160 to 220Nm.

Upper Leg Finite Element Model
The finite element model developed in this study for
the upper leg impactor is shown in Figure 6. The
model consists of 6121 nodes, 2153 shell elements,
2228 solid elements, and 2 beam elements which act
as the force transducers between the front and rear
portions of the impactor. Table 2 gives the material
models, element dimensions, and resulting masses of
the model. The steel cylinder of the impactor is
modeled with shell elements, as is the large
adjustable mass to the rear of the cylinder. The mass
of the impactor, which varies in the vehicle tests
based on the vehicle geometry, is adjusted by
attaching lumped masses onto the nodes at the rear of
the impactor. Null shell elements are overlaid onto
the surfaces of the steel cylinder and both layers of
foam to model the contact interfaces between these
parts and also with the impacted vehicle.

The connection between the adjustable mass and the
ends of the steel cylinder are modeled with the two
beam elements. The node at one end of these beam
elements is attached to the rear member, while the
node at the other end is attached to the caps at each
end of the impactor cylinder. The attachment to the

impactor cylinder is comprised of a series of rigid
connections that act as spokes out to the
circumference of the cylinder cap. The axial force in
these beam elements gives the force between the
front and rear members, which is measured by the
force transducers in the test. These beam elements are
assigned a large cross sectional area to resist
translational displacements, a large moment of inertia
about an axis parallel to the impactor cylinder to
resist bending about this axis, and a large polar
moment of inertia to resist twisting of the beam.
However, they are given a small moment of inertia
about the z-axis of Figure 6, which allows rotation
about this axis with very little resistance. This
effectively models the pin joint connection between
the force transducer and the front member cylinder in
the actual impactor.

Certification test target
3mm wall thickness,3kg mass

Piecewise linear plasticity
material model

Suspended steel cylinder
Element size: (15x20x3)mm

Rigid model of
rear member

ConforTM foam
Dyna3d low-density foam model

Two 25mm thick layers
Element size: (10x10x12)mm

Rubber skin
Elastic material model

Element size: (10x10x1.5)mm

Initial velocity

Total impactor mass
- 12kg for certification test
- Adjusted in vehicle tests

based on vehicle geometry

Steel cylinder core
3mm wall thickness

Elastic material model
Element size: (10x10x3)mm

Beam element acts
as force transducer 7.1m/s
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x

y

Certification test target
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Piecewise linear plasticity
material model

Suspended steel cylinder
Element size: (15x20x3)mm
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Figure 6. Finite element simulation model for the
upper leg impactor certification test.

The bending moment in the front member cylinder is
determined by two methods. The membrane strains in
the shell elements at the strain gauge locations in the
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actual leg impactor are monitored and the bending
moment is determined from these strain values. In
addition, LS-DYNA cross sections are used to cut
through the cross section of the cylinder, and the
values of the moments at these cross sections are
output. It was determined in simulation that these two
methods gave nearly the same value of bending
moment for the cylinder. Since cross section output is
a more direct measure of the bending moment and is
generally less noisy than the strain output, it was
chosen as the preferred method for calculating the
bending moment in the simulations.

Table 2.
Summary of upper legform impactor

specifications for certification test and finite
element model properties.

Mass
requirement

in kg
(Model mass)

Material
(LS-DYNA

model
material type)

Element
size in
mm

Cylinder
core

1.95±0.05
(1.952)

Steel
(elastic)

(10x10x3)
shell

Foam
ConforTM foam

C-45
(low density

foam)

(10x10x12)
solid

Skin

0.60±0.10
(0.578)

Reinforced
rubber
(elastic)

(10x10x1.5)
shell

Total for
impactor

front
member

2.55±0.15
(2.530)

Impactor
rear

member

9.45±0.15
(9.486)

Steel
(rigid)

Total
impactor

12.00±0.10
(12.016)

Impactor
target

3.00±0.03
(3.000)

Steel
(piecewise linear

plasticity)

(15x20x3)
shell

Total 15.00±0.13
(15.016)

The LS-DYNA low-density foam material model was
used to represent the ConforTM foam that wraps
around the steel cylinder upper leg core. The
properties of this foam were determined by quasi-
static and dynamic crush tests performed at the
Japanese Automotive Research Institute [11]. Several
different tests were performed with different crush
rates and at different ambient temperatures. A
sampling of these test results is shown in Figure 7.
The stress-strain curve corresponding to an ambient

temperature of 20 degrees Celsius and a crush rate of
35km/h was used for the simulation model of the
upper leg, as shown in Figure 7. Since the strain
values in the tests did not exceed 70%, it was
necessary to extrapolate the stress-strain behavior in
the model for strain values above 70%. It was found
that the force-time and moment-time results in the
certification test simulation were quite sensitive to
the foam material stress-strain curve in the 70%-
100% strain range.
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Figure 7. ConforTM foam dynamic compression
test results [11] and simulation model stress-strain
curve.

The comparison between the certification test and the
final results of the simulation are shown in Figure 8.
The top chart of Figure 8 gives the time history of
one of the two force transducers, while the middle
and bottom charts of Figure 8 show the bending
moment at the center and the offset locations of the
strain gauges on the cylinder core. As can be seen in
this figure, both the test and the simulation results fall
within the certification limits for this test.
Furthermore, the agreement between test and
simulation is good for the bending moments, but not
for the force values.

Several simulations were performed with different
values for the friction coefficients between the foam
and the steel cylinders, and different values for the
parameters that control the foam material model
behavior, in an attempt to improve the correlation
between test and simulation. None of these various
simulations gave results that had an improved overall
comparison to the test. Next, additional analyses were
performed that seem to indicate it would be unlikely
for the upper leg impactor to give the test results
shown in Figure 8 and those that have been reported
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[6, 9] for the upper leg dynamic certification test as
described in the WG17 document (see the Appendix).
This suggests that there may be some discrepancy
between the upper leg impactor dynamic certification
test setup used in the test in Figure 8 and in [6, 9] and
the setup used in the certification test simulation in
this paper.

Certification Range

Certification Range

Certification Range

Certification Range

Certification Range

Certification Range

Figure 8. Axial force and bending moment results
from test and simulation of upper leg certification.
"Inner" corresponds to the bending moment at
the center of the impactor and "outer"
corresponds to the bending moment at a location
offset 50mm from the center of the impactor.

Legform Model

Leg Impactor Description
The EEVC WG17 leg impactor consists of two
70mm diameter steel rods that represent the human
femur (upper leg) and tibia (lower leg). They are
connected by a joint that has bending and lateral
displacement degrees of freedom, and acts as the
knee of the assembly. The entire legform is wrapped
in 25mm of ConforTM foam, type CF-45, to represent
human flesh, and then 6mm of neoprene to represent
the skin. The instrumentation of the legform includes
an accelerometer located on the non-impact side of
the lower steel rod, 10mm below the knee joint,
angular transducers on each of the rods to measure

bending of the leg, and a means to measure the
relative shearing displacement of the rods at the knee
location. Finally a damper element is placed on the
non-impact side of the legform. The exact location
and properties of this damper element are not
specified so that they can be set to whatever is
necessary to comply with the requirements of the
static and dynamic certification tests. A detailed
description of the leg impactor is given in [1], but for
reference a summary of its mass properties is shown
in Table 3.

Leg Impactor Certification Test
Certification of the leg impactor requires both static
and dynamic tests, which are described in the EEVC
WG17 document. For the static tests, acceptable
corridors are prescribed for the force-rotation and
force-displacement behavior of the knee joint. For the
dynamic pendulum impact test, limitations on the
peak acceleration at the accelerometer location, peak
bending angle between the upper and lower segments
of the legform, and peak shearing displacement at the
knee location are specified.

Leg Impactor Finite Element Model
The finite element model of the leg impactor
developed in this study is shown in Figure 9, and a
summary of the model properties is given in Table 3.
The steel rods of the leg impactor are modeled with
rigid shell elements in the simulation model, while
the foam is modeled with the same material model as
was used in the upper leg impactor. The bending and
shearing resistance of the knee joint is modeled with
LS-DYNA rotational and translational springs,
respectively, as shown in Figure 9. Null shell
elements are overlaid on the surface of the foam to
model the contact interface. The model consists of
5808 nodes, 948 shell elements, and 4 discrete
spring/damper elements as shown in Figure 9.
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Table 3.
Summary of the legform impactor specifications and finite element model properties.

Mass
requirement

in kg
(Model mass)

Mass moment of
inertia# requirement

in kgm2

(Model inertia)

Center of
mass distance
to knee in mm
(Model value)

Material
(LS-DYNA model

material type)

Element size
in mm

Upper leg
(femur)

8.6±0.1
(8.510)

0.127±0.01 (0.128)
217±10
(217)

Steel
(rigid)

(18x12x0.5)
shell

Lower leg
(tibia)

4.8±0.1
(4.769)

0.120±0.01 (0.120)
233±10
(234)

Steel
(rigid)

(18x12x0.5)
shell

Foam *
ConforTM C-45 foam
(low density foam)

(18x12x12.5)
solid

Skin *
Neoprene

(viscoelastic)
(21x18x6)

solid

Total
13.4±0.2
(13.279)

* Included in upper and lower leg mass.
# About an axis perpendicular to the axis along the length of the leg and passing through center of mass of the part.

The non-linear stiffness of the springs was calibrated
so that the results of the simulation of the static
certification tests fell within the acceptable bounds as
shown in Figure 10. It should be noted in the shear
test in Figure 10 that the corridor for the force-
displacement behavior is essentially unbounded when
the displacement exceeds 7mm. Since no test results
were available for the leg certification test, there was
no way to establish the shearing resistance behavior
for values of shear displacement that exceed 7mm.
Therefore, it is possible that simulation results may
not compare well with tests for in any case where the
shearing displacement exceeds this critical value.

Once the joint properties were established by
calibrating the model to fall within the acceptable
limits in the static certification tests, the simulation of
the dynamic certification test was used to adjust the
damping element coefficients so that the results of
the dynamic simulation fell within acceptable levels.
The simulation results of the final finite element
model of the legform are shown in Figure 11 for the
dynamic certification test. Note that these results are
for a leg impact in the local x-direction of figure 9.
Again, because no actual certification test results
were available for the leg impactor, the model was
calibrated only to meet the certification requirements,
which are shown with the simulation results in
Figure 11.

SUMMARY

LS-DYNA finite element models of adult head, child
head, upper leg, and leg pedestrian impactors were
developed. It is intended that these models will be
used to predict the performance of vehicle front

structures in the proposed European Union Pedestrian
Protection legislation and in the pedestrian
EuroNCAP (New Car Assessment Program) tests,
which are currently performed in Europe. Therefore,
it was necessary for the pedestrian impactor finite
element models that were developed in this study to
meet the certification requirements established in the
EEVC Working Group 10 and Working Group 17
documentation. Both the proposed pedestrian
legislation and the pedestrian EuroNCAP testing are
largely based on these documents.

The head impactor models developed in this study
are based on the WG10 document rather than the
more recent WG17 document. A WG10 child and a
WG10 adult head impactor have been tested
including drop tower tests and vehicle impacts.
Attempts to acquire WG17 head impactors have been
unsuccessful, and it was decided that it would be very
difficult to develop head WG17 head impactor
models without the ability to test actual WG17
impactors.

The child and adult head impactors developed in this
study satisfy all the requirements for certification as
described in the WG10 documentation. In addition,
drop tower tests of the head impactors were
performed at several different heights in addition to
the height required for certification. Simulations of
these drop tower tests were performed and
parameters controlling the viscoelastic behavior of
the skin material model were adjusted so that the
energy absorbing characteristics of the head impactor
matched that seen in the tests at all the different
heights.
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The upper legform impactor model developed in this
study is based on the WG17 document. It was found
that the behavior of this model in the certification test
was quite sensitive to the stress-strain behavior of the
foam in the model for values of strain exceeding
70%. Unfortunately, the material test data used in the
development of these models did not show strains
exceeding 70%, so we were forced to extrapolate the
stress-strain behavior at these high strain values. The
final upper legform impactor model developed in this
study satisfies all the requirements necessary for
certification based on the WG17 documentation.
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Figure 9. Finite element model of the leg
impactor.

The legform impactor model developed in this study
is also based on the WG17 documentation. Although

no certification test data was available for
comparison, the impactor model did satisfy all the
requirements of the static and dynamic certification
tests as described in the WG17 document.

Figure 10. Leg impactor static bending and shear
test and simulation results.

Certification Range

Certification Range

Certification Range

Certification Range

Certification Range

Certification Range

Figure 11. Results of leg impactor certification
test simulation. (No test was available.)
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APPENDIX

Upper Leg Certification Test Analysis
Figure A1 shows a simple schematic of the upper leg
impactor dynamic certification test. In this test the
upper leg impactor is essentially a simply supported
beam. It is supported from below (in Figure A1) by
the two force transducers and loaded from above by
the target cylinder. As impact first occurs, the loading
on the impactor cylinder is similar to a three-point
loading of a simply supported beam. The solution to
the three-point-bending loading case would result in a
force to moment ratio of 6.45. The force to moment
ratio calculated from the results of the finite element
simulation with the impactor model described in this
report is 7.5, while this ratio calculated from the test
results of Figure 8 is 6.3. The ratios for two other
sets of results reported in the literature are 5.4 [6],
and 6.4 [9].

The fact that the force to moment ratios in the tests
are lower than the static, three-point-bending case is
surprising, since this type of loading case should
result in the largest bending moment for a given
transverse force. For example, if the end conditions
were built-in rather than simply supported, the result
would be a lower bending moment for a given
transverse load. Likewise, if the transverse load were
distributed to some extent along the length of the
beam rather than concentrated at the center, the result
would also be a lower bending moment for a given
value of transverse load.
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Figure A1. Schematic of the upper leg impactor
dynamic certification test.

During the impact between the impactor and target
cylinder, the foam of the impactor will continue to
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crush until the velocity difference between the
impactor and target becomes zero. As the foam
crushes the load acting on the impactor will be
distributed across the contact region as shown in
Figure A2, although the precise distribution of the
contact force along the contact length would be a
function of the foam force-crush behavior. It can be
expected that at some value of crush, the foam will
become compacted and will be quite stiff, and just as
that happens the force distribution would look
something like that shown in Figure A3. This sharp
increase in the force at the center of the cylinder
would, in turn, cause a sharp increase in the bending
moment.

2F

Steel cylinder

Foam

F F
Figure A2. Schematic of the upper leg impactor
dynamic certification test.

2F

Steel cylinder

F F
Figure A3. Schematic of the upper leg impactor
dynamic certification test.

With the preceding discussion in mind, a short
program was written in an attempt to determine the
maximum bending moment that could be expected in
the dynamic upper leg impactor certification test.
This program simulates the dynamic impact of the
upper leg impactor and target cylinder. As the
impactor foam crushes it exerts forces on the target
cylinder so that the difference in the velocities of the
impactor and target cylinder slowly decreases. Just as

this velocity difference becomes zero, the total
contact force is calculated. If this contact force is
less than 3100N, (the maximum allowable in the
certification test), an additional force is added at the
center of the cylinder as shown in Figure A3 so that
the total contact force acting on the impact cylinder is
3100N. This additional force would result if the foam
at the center of the impactor cylinder became fully
compacted just as the relative velocity between the
impactor and target cylinder became zero. This
additional force will increase the bending moment in
the impactor cylinder, and since the objective is to
find the largest possible bending moment for a
contact force of 3100N, the force is included in the
analysis.

This program that models the dynamic impact was
run for many different cases of foam force-crush
behavior. During these runs the following
assumptions were made:
• The foam cannot crush more than 50mm, the

total thickness of the foam.
• The foam exerts a force only in the direction of

impact, and the value of this force at a location
along the length of the impactor is a function
only of the crush of the foam at that location.

• The foam crushes only where the target cylinder
contacts it.

• The target cylinder and the steel cylinder of the
impactor do not deform significantly.

• The force-crush behavior of the foam is
monotonic, i.e., the foam does not soften with
increasing crush.

The force-crush behavior of the foam that resulted in
the largest bending moment was a constant force
behavior. This resulted in a bending moment of 211N
and a force to moment ratio of 7.35. Note that the
value of this ratio for the finite element results shown
in Figure 8 is approximately 7.5, which is slightly
higher than the minimum found with the simple
analysis described here. This simple analysis suggests
it is unlikely that any changes made to the force-
crush behavior of the foam would significantly
reduce the force to moment ratio found in the finite
element simulation.
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ABSTRACT

Thanks to new advances in automotive technology,
active safety systems (emergency brake assist or
EBA, ESP…) are designed to avoid accidents or
reduce their severity. Their triggering are often
based on drivers’ behavior. Their efficiency
depends, on the experimental or real data
representativeness, and on the triggering criteria
definition. According to the literature, a few
experiments have been carried out with “normal”
drivers in “natural” or emergency situations in
order to search for variables correlated to the
intention and the needs of drivers. These data are
necessary to define a “borderline” between
emergency and natural driving to ensure that the
system will be activated only if drivers need it.
An experiment was conducted on open road. A
hundred volunteers drove approximately 100 km.
Traffic parameters and subjects’ actions on the
car’s controls were recorded and synchronized with
the video recordings. 14000 braking actions were
analyzed.
The results are useful for the design of active safety
systems. For example, in some “natural” brakings,
a fast accelerator pedal release, close to emergency
situation actions, is relatively frequent on the road.
A few of these actions are effectively linked to
potentially dangerous situations. Taking into
account other parameters, such as car’s speed,
distance to precedent car or drivers driving style,
may increase the emergency braking recognition.

INTRODUCTION

State of the art on the LAB accidents studies

Two experiments were conducted by the LAB on a
driving simulator and on a test track to study the
behavior of drivers during obstacle avoidance
situations (or front-to-rear accident scenarios, [1]).
For these tests, the drivers were recruited in the
general public. They were told they were
participating in a test concerning vehicle
“ergonomics”.
At the end of the test, the driver was surprised by
the triggering of the accident situation. His (or her)
actions on the car’s controls are recorded and
synchronized with dynamic parameters and video

recordings. He is then interviewed by a
psychologist who tries to identify his the intentions,
his perception of the danger and the elements
which motivated his behaviors during the
experiment.
Five critical scenarios (4 on simulator and one on
test track), according to accidentologic studies,
were tested. The four front-to-rear accident
configurations tested in the simulator (Figure 1 -
[2]) were :
• a vehicle leaving a parking in an urban area and
inserting into the subject’s lane ;
• a vehicle stopped behind the top of a hill on a
roadway (visible lately) ;
• a vehicle driving at reduced speed behind the top
of a hill on a roadway ;
• a vehicle decelerating, then braking strongly after
having been followed for 500 m in an urban area.
On the test track the subjects had to follow for
some times a vehicle pulling a trailer [3]. The
accident situation was caused by releasing the
trailer decelerating at 7 m/s² (Figure 2). This
release is triggered from a relative distance of 17 m
and at a speed of 70 km/h.
The first study proved that static simulators are
suited to the study of guidance accidents (i.e. due to
a problem in the vehicle’s trajectory relatively to
the infrastructure or to the traffic [4]). The results
in driving simulator show no differences compared
to the test track as far as initial reactions are
concerned [3]. In emergency situations, drivers
operate with a reflex behavior in an open loop
mode : the perceptive bias in the simulator has no
effects on the initial avoidance reactions (reaction
time, brake pedal hit…). At this time the drivers are
not yet expecting to feel the effect of their action.
The lack of deceleration feedback is therefore not
disturbing. This is no more true during the control
phase, when drivers are in a close loop mode :
generally 500 ms after the braking action
beginning. The drivers tend to brake harder because
they do not feel the deceleration in simulator. In
order to analyze this control phase it is necessary to
perform experiments on a test track. This
phenomenon becomes a source of bias when
studying “normal” braking. In this case, the control
phase could take many seconds, and significant
differences (Table 1) may be observed on the test
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track compared to the static simulator. This lack of
kinesthesic feedback and the quality of projected
road view in the simulator may be responsible of
strong differences in drivers behaviors.

Figure 1. Pictograms of the 4 emergency
situations tested in the simulator

Figure 2. Accident situation tested on the test
track

Table 1.
Simulator / track “normal” braking comparison

(Median values)

Simulator Track

Accelerator pedal release (mm/s) 102 121

Foot displacement time (s) 0,61 0,66

Brake travel at 100 ms (mm) 8,1 1,9

Maximum brake speed (mm/s) 138 50

Maximum brake effort (daN) 16,4 5,5

These two studies allowed to build a data base on
the behavior of “normal” drivers in emergency
situations. This database is very interesting to
search performance specifications for active safety
systems which intervene, at the latest, some tenth
of second after the beginning of braking (brake
pedal hit) : the data on tracks and on simulator were
thus explored. For example, the maximum brake
speed is obtained in the 80 ms after the beginning
of the braking in 90 % of emergency brakings. On
the other hand, only the “normal” braking data
obtained on track were kept for the later
applications. The study on track demonstrates the
effect of the environment on the braking behavior,
even at the very beginning of the brake pedal hit.
But on the test track, it is very difficult to put the
drivers exactly in the same conditions as on open

road. The traffic is relatively weak. There is no
pedestrians nor motorcycles. The only “critical”
brakings took place during situations in which the
driver was surprised by an event which he had not
anticipated as for example a vehicle parked on the
verge of the road and seen at the last moment. The
low frequency of this type of event also may
explain the relatively low values of the medians on
the track and let us suppose that recordings on open
road would give different results. Finally, some
drivers on the track drove at high speeds and take
risks. Their behavior is maybe usual, but how to
know if it is not induced by the perceived safety of
some test tracks or by the search for sensations or
speed exhilaration ?

Requirements to an open road study

To make these data more general and more
representative of realistic braking situations met on
real road, a supplementary study was carried out : a
richer environment, more complex for the driver, is
thus necessary to obtain “natural” brakings close to
those observed in emergency situation. As no study
in the literature was able to indicate at the same
time the type of the requests to be implemented to
obtain this kind of behavior and their frequency on
real road, the experimental study has been realized
on open road. The aim of this work was to :
• characterize the drivers’ actions while braking ;
• study the influence of human factors (sex,
age…) ;
• analyze the effects of environmental conditions ;
• improve the efficiency of active braking based on
drivers’ actions.

Behavior in emergencysituations

Various studies ([3], [5] and [7]) showed that the
drivers in emergency situations were far from using
the maximal capacities of their vehicle, particularly
in braking. For example, during an emergency
braking (on track), 52 % of the drivers have not
reached the ABS regulation. In 57 % of the cases,
the hit on brake pedal contains a fall of brake pedal
speed, with possibly a bearing in travel (Figure 3).
For these reasons, it seems that if an emergency
brake assistance (EBA) was activated in all these
cases, it would allow to improve in a significant
way the performance of the braking. The principle
of such a system is to detect brakings
corresponding to critical situations and to amplify
the assistance ratio of the braking system to help
the driver to obtain earlier the maximal deceleration
of the vehicle. Within the framework of this study,
the system was considered perfect, that is to say
able to discriminate perfectly between the
emergency and the normal situations. The
evaluation of a help (by simulation) to the EBA
shows that such a system would allow to avoid 30
to 40 % of the front-to-rear collisions taking place
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during the experiments, for a response time of 100
ms and a mean deceleration of 8 m/s². In still 30 %
of the cases, the reduction of the hit speeds would
be superior to 15 km/h. By taking into account
current improvements of the EBA which can
achieve until 1.1 m/s² on dry road, these
percentages can reach more than 90 %.
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Figure 3. Typologies of brake pedal travel
during emergency situations

Additional analysis of emergency braking

To study in a global way various interactions and
influences of the starting conditions in emergency
situation on the performance and the behavior of
the drivers, an MCA (Multiple Correspondence
Analysis, [9] and [10], Figure 4) was applied. The
quantitative variables were transformed by means
of a fuzzy membership coding.

ACMEntry variables

Supplementary variables

. . ..

.

. . . .

.. . .

. … ..

Figure 4. MCA principle

The results of the MCA notably show that :
• A “good” steering wheel maneuver could be an
interesting alternative to avoid collisions. The action
on the steering wheel is not associated to a specific
behavior at the pedals (accelerator release and brake
hit), but the regulation of the braking is different.
Generally, the driver releases more or less the brake
pedal, whereas when he is only braking, he tends to
brake more and more hardly until the collision
(and\or the complete stop of the vehicle) ;
• The “distracted” drivers (11 cases from 90 didn’t
look at the road at the moment of trailer dropping)
reacted significantly later and had faster duration of
foot displacement and higher brake pedal speeds
than the others. Their accelerator release speeds are
not significantly different. The video recordings
allow to notice that several drivers take off their foot
from gas pedal automatically by turning eyes to the
trailer. It is only when they perceive the danger that

they accelerate the movement of the foot. On the
other hand, the “distracted” drivers are not more
implied in accidents than the other drivers and don’t
differ in steering wheel maneuver.
These results, as those of [8] emphasized that the
slightest modification of the initial conditions of
the accident scenario (like driver’s attention or
obstacle kinematics), has a strong hit on the driver
behavior during emergency situation : the driver is
thus extremely sensitive to the parameters of the
situation, and can act fast according to these totally
different operations. Paradoxically, at first sight the
reaction of the driver in emergency braking does
not seem to have influence on its result
(avoidance/accident). In fact, the consequences of
the good reactions of the drivers are masked by the
effects of the initial parameters (distance to
obstacle and speed of the vehicle), of the steering
wheel maneuver, as well as by the compensation of
the long reaction times (often linked to an error of
attention) by more energetic actions.

Conclusion of the studies on test track and simulator

The occurrence of out of standards behavior being
relatively rare (on track, only a few brakings over
more than 1300), the duration of the open road test
was long enough to allow the calculation of the
probability of bad braking recognition (of the order
of 1/1000). The number of brakings to be analyzed
were thus very important.

MATERIALS AND METHODS

Open road driving

To be able to compare the behavior of the various
drivers, the circuit was the same for all of them.
The road has a length of 94 km. It contains portions
in urban areas, on main and secondary roads and on
highway. The duration of the test is about 2 hours
(according to the traffic and the driver) so as to
obtain enough information about the driving style
of the subject. The schedules of the tests were
chosen in order to minimize the differences in
traffic. The simplicity of the guidance (by the
experimenter) was privileged so as to limit the
incomprehension between the driver and the
experimenter sitting next to him. The circuit
contains 74 traffic lights, 4 stops, 3 give in the
access, 13 roundabouts, 12 priorities to the right,
4 hogback, as well as a hundred intersections where
the driver has priority. The road contains mainly
6 types of infrastructures :
• Urban (29,8 km) : main streets with a relatively
dense traffic as well as small ways in the almost
absent traffic (maximum legal speed : 50 km/h) ;
• Secondary road (18,3 km) : straight main lines
and very sinuous parts ;
• Main road (10,5 km) : sections of 2*2 ways
(Figure 5 - speed : 70 to 110 km/h) ;
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• Highway (16 km) : (Figure 8, speed : 110 km/h) ;
• Suburban (17,6 km) : speed : 70 km/h ;
• Mountain road (50 km/h) : the way is quite
narrow and sinuous, with low traffic.

Figure 5. Main road Figure 6. Narrow and
frequented road

Figure 7. Secondary
road

Figure 8. Highway

Test vehicle

The vehicle chosen for the experiment was a
Peugeot 306, already used during the experiment of
accident scenarios on track, so that we can compare
directly the measures on track and on open road.
The main measures concerned :
• Drivers actions (steering wheel and pedals) ;
• Vehicle Dynamics (speed, accelerations…) ;
• Vehicle location in the environment (GPS, laser-
meter, radar).
In addition, 5 cameras synchronized with other
measures (Figure 9), record events taking place
inside and on the road (Figure 10).

Radar On board Acquisition
Figure 9. Test vehicle instrumentation

Figure 10. Video recording

Drivers

97 volunteer drivers participated in this experiment.
They were recruited according to age and sex
criteria so as to be representative of the drivers

involved in real front-to-rear accidents in France.
The sample is composed of 67 % men (and 33 %
women), between 21 and 68 years old (Table 2).
The license years vary between 2 and 50 years
(median of 14 years), and their annual mileage is
between 1000 and 70000 km a year (average of
17000).

Table 2.
Drivers characteristics

Age (year) Driving License (year)

Male Female Male Female

Minimum 21 21 3 2

Maximum 68 64 50 37

Medium 36 33 15 14

Experimental protocol

As the experiment was conducted on open road,
inducing artificial variations of the driver’s
motivation, of his level of stress, of his fatigue …
would have been dangerous. After a familiarization
phase with the controls of the car, the subject is
asked to drive on the road, as he usually does with
his own vehicle, by respecting the directions
indicated by the experimenter. No particular
instruction concerning the speed was given. The
subject took a break of 10 mn in the middle of the
test. At the end of the test, he answered a
questionnaire related to his driving experience.

RESULTS

A preliminary analysis was realized on the data
recorded on open road. At first, the results concern
the characteristics of the studied population (sex,
age, driving experience…). The aim of this analysis
is to improve our knowledge concerning the
studied population and the experimental conditions
(not completely mastered). The results of this study
concern two items :
• The dynamic use of the vehicle (analysis of
speeds and accelerations among to the type of
infrastructures) ;
• The braking action and specifically the hit of the
brake pedal. Typologies of “brakers” will be
presented and the braking comparable to those in
emergency situations will particularly be studied.
The experience of the drivers could be defined
through the study of 4 variables: the number of
years of license, the annual mileage, the frequency
of driving on the road infrastructure and the
knowledge of the test road.

Questionnaire analysis

Self-evaluation
51 % of the drivers consider themselves as “good”
drivers, and 84 % judge that the other drivers are
“bad” drivers. Besides, generally the subjects judge
the driving as an easy activity during which they
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feel relaxed. These results are homogeneous with
the literature ([6], [8]) concerning the
overestimation of the competence and the
underestimation of the road risks.

Perceived realism
90 % of the drivers think that the equipment of the
vehicle had no major influence on their behavior.
64 % (resp. 60 %) think that the presence of an
experimenter (resp. the guidance during the circuit)
had no effect on the way they drive. A high
correlation is observed between the self-evaluation
of his driving abilities and eventual difficulties due
to the guidance (p = 0.007) : the drivers who say
themselves bothered by the guidance rather
consider themselves as “good” drivers, while the
others are self classified in the category “average”.
Would the drivers who consider themselves as
“good” be afraid that their capacities are not
recognized ?

Dynamic use of the vehicle

Dynamic variables such as speed or accelerations
are interesting indicators of the subjects driving
style. The study of [6] showed that there is a big
variety of use of vehicles according to sex and to
the infrastructure type. The same study, on a road
relatively sinuous points out the very different
behavior between drivers. Those who adopt a
“sport” driving behavior don’t hesitate to get closer
to limits of the dynamic capacities and reach higher
transversal accelerations (about 0.7 g). In this
paper, the study is then focused on the influence of
infrastructures.

Mono-variable approach
• Vehicle speed and infrastructures : The median
speeds were close to legal speed limits : for example,
70 % of the subjects exceeded at least once the speed
limit on the highway and 60 % on the road.
• Longitudinal accelerations : recorded values are
comparable to those obtained in [6]. The drivers take
rarely advantage of the longitudinal capacities of
their vehicle. While the longitudinal potential of cars
is more important in deceleration than in
acceleration, histograms remain relatively symmetric
around -0,5 m/s² and 0 m/s². Histograms are slight
different on all the infrastructures, except for
highway where the accelerations and the
deceleration are lower.
• Transversal accelerations : The results are
compatible with those obtained in the literature.
They are similar for urban areas and for open
countryside, lower for highway and higher for
sinuous road (Figure 11).
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Figure 11. Transversal accelerations on sinuous
road (m/s²)

Multi-variable approach
To conduct a multi-variable study, by subject and
by type of infrastructure, an MCA was applied to
the dynamics (as entry variables). The driving
experience and the “qualitative” characteristics of
the subjects were considered as supplementary
variables. The results of the MCA reveal that it is
possible to distinguish two groups of drivers :

� The “sports” drivers who often drive faster
than the others (> 90 km/h on road of open
country, > 110 km/h, even 130 km/h on
highways, between 70 and 90 km/h on sinuous
roads, > 50 km/h in urban areas). They have
higher transversal accelerations superior to
3 m/s² (sinuous road), and in a lesser measure
have higher longitudinal accelerations and
decelerations. On the other hand, these subjects
know very well the highways of the circuit,
drive on highway several times a week and
several times a day on road, and are mainly
men ;

� The “slower” drivers : drive more often than
the others at speeds between 50 and 90 km/h
on highways, between 50 and 70 km/h on
roads, and between 20 and 50 km/h on sinuous
roads. They drive on highway several times a
year or never and several times a month on
road.

Synthesis of the results
This study highlights big differences between
drivers’ behavior, which could be classified in
“sports” and “slower”. The drivers who have a
“sports” behavior are characterized by:
• higher speeds, close or over the speed limits on all
infrastructures ;
• higher transversal accelerations on any
infrastructures except on highways ;
• higher accelerations and decelerations in urban
areas and on sinuous roads.
To refine the analysis of these data, supplementary
variables were used for the analysis : the sex, the
knowledge of the test road, the driving experience,
the age and the weather conditions during the test :
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• Sex : Men take place rather in the category of the
“sports” drivers on open country road and on
highways, while women have generally a more
careful driving on these infrastructures. No
significant differences are observed on sinuous
road ;
• Knowledge of the circuit : drivers who know very
well the highways of the test rather take place in the
category of the “sports” drivers on highways ;
• Driving experience : drivers who drive several
times a week on highway, or several times a day on
road, take place rather in the category of the “sports”
drivers on the whole test road except in urban area.
On the other hand, the drivers who drive several
times a month or never on highway are rather
“slower” drivers in urban area ;
• No influence of the annual mileage and the
number of years of license were observed on the
dynamic variables ;
• Weather conditions : no correlation was observed
between the dynamic variables (including driving
speeds) and the weather conditions.

Conclusion about the dynamic use of the vehicle on
open road
Different behaviors were observed between the
drivers on all the infrastructures. To the “sports”
drivers who drive relatively fast, have more
important dynamic accelerations, which are rather
men, often drive on highways and road and know
very well the express ways, oppose the “slower”
drivers who are rather women and drive little on
highway and on road. The driving experience has
no lead significant influence on the dynamic use of
the vehicle.

Studyof the braking on open road

Mono-variable analysis of the braking
The analysis of emergency situations on test track
and simulator [3], as well as the results of various
studies conducted on real accidents show that when
the driver perceived the danger, his first reaction is
the braking which only allows to reduce
significantly the speed of the car. Furthermore, the
analysis of the actions on the controls during these
emergency situations puts in evidence that the
characteristic variables of the first moments of
actions on the brake pedal discriminates the
detection of emergency situations. This research
work (on open road) thus concerns the driving
situations containing the use of the brake pedal.
Therefore, the brake pedal hit phase was more
particularly studied.
In front-to-rear accident scenarios, several variables
were defined to characterize the situation, as the
emergency degree, the time to the obstacle and the
reaction time of the driver. However, on open road,
these parameters are more complex to define. For
example, the braking is not always induced by an
obstacle, but by a necessity of regulating the speed

according to the context (approach of a bend or an
intersection for example). On the other hand, these
criteria don’t take into account the probability of
the situation evolution while the driving task is
made by successive anticipations. The observation
of the video recordings shows for example that
regularly the drivers slow down even before the car
who precede them : they deducted from the
situation the others’ reactions. Finally, the current
limits concerning the detection of the environment
don’t allow to automate the determination of the
complex driving situations characteristics met on
open road, even if remarkable progresses have been
realized these last years.
An active safety system, as the EBA, has to be
activated as soon as possible after the braking
beginning so as to have a real efficiency in
emergency situation. The most interesting period in
this context begins before the braking and ends 100
or 200 ms later. The analysis is thus focused on this
period.
Every braking is led by a particular situation which
requires a control of the speed of the vehicle. In
emergency situation, the reaction time is the time
between the appearance of the initiator event and
the beginning of the accelerator release. On open
road, this measure could not technically be realized
in an automatic way given the number and the
variety of the situations. The analysis of the
braking thus starts with the beginning of the
accelerator release and finishes at the end of the
brake pedal action. Figure 12 offers a “natural”
braking example on open road. Every braking was
decomposed according to the following 5 phases:
1. Accelerator release ;
2. Foot displacement from gas pedal to the brake

pedal ;
3. Hit of the brake pedal (generally in the 100 to

200 first ms) ;
4. Regulation of the braking ;
5. Brake pedal throttle off.

Figure 12. Example of “normal” braking
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• Phases 1 and 2 : The accelerator release : 86 % of
the brakings are preceded by an accelerator release.
Several parameters were retained to characterize the
actions before the beginning of the actions on the
brake pedal, as the maximum accelerator speed, or
the duration of foot displacement from the
accelerator to the brake (Figure 13). Various
parameters allow to characterize the beginning of
braking, as the maximal brake pedal speed or the
travel of the brake pedal (in 100 or 200 ms after the
braking beginning, Figure 14). It is interesting to
notice that the brakings analyzed on road were
recorded on a wide panel of speeds (from 0 to more
than 110 km/h, Figure 15).
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Figure 14. Maximum brake pedal speed on the
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Figure 15. Vehicle speed at the braking
beginning on the road (km/h)

• Phase 3 : Regulation of the braking : The study of
the braking regulation is relatively complex because
it depends on the evolution of the driving situation.
Within the framework of this analysis, the objective
was to find possible links between the actions at the
beginning of brake pedal hit, the specific behavior of
regulation, and specific driving environments
(sloping street, bend…). Several parameters can be
used to characterize this phase : the mean brake
travel, the duration of the braking, the mean car’ s
deceleration. For example, Figure 16 shows that the
range of use of the brake pedal is relatively narrow
because in 98 % of the cases the mean travel of the
brake pedal is lower than 30 mm. 70 % of the
brakings last less than 5 s. Besides, certain analyses
put forward that the objective of the braking is not
only to stop the vehicle, but also to reduce its speed
to prepare a progressive possible stop or to regulate
the distance to the previous traffic (more than 50 %
of the brakings reduce the vehicle’s speed less than
10 km/h).
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Figure 16. Mean of the brake pedal travel (mm)

Multi-variable analysis of the braking
• Analysis of the braking : After this brakings
characterization phase, a preparatory multi-variable
analysis was conducted thanks to an MCA, with as
entry the behavioral variables and other dynamic
ones. Figure 17 is the result of this MCA. Figure 18
shows a zoom of the central part of the previous
graph :

� The first group of variables (on the right of
Figure 17) collects the modalities
corresponding to the smallest values of the
braking regulation variables. The associated
brakings are thus small contacts on the brake
pedal ;

� A second group of variables (on the right and
close to the first axis), collects the slow hits of
the brake pedal ;

� The third group of variables (on the left and
close to the first axis) collects modalities
corresponding to the fastest values of the
braking regulation variables (higher brake
force and deceleration). These variables are
correlated ;
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� Finally the last group relatively far from the
others (left top of the graph) corresponds to
more energetic brake pedal hits. The density of
points is much lower than in the central part.
Points located in its extreme part correspond to
the most atypical brakings. The brakings in this
area have characteristics close to emergency
situations in term of brake pedal speed or brake
travel in 100 ms.

No correlation is observed between, on the one
hand, variables connected to the accelerator release
or to the duration of foot displacement, and on the
other hand, variables related to the brake pedal hit.
This result is also valid in emergency situation [1].
The position of the modality longitudinal
acceleration, “ALmax of -inf to –4 m/s²”, close to
the group of the brakings with fast hits of the brake
pedal, is interesting because it shows that these
brakings look like the emergency ones, not only in
terms of hit of the brake pedal but also in terms of
deceleration.

Figure 17. MCA on the braking data, axes 1 & 2

Figure 18. MCA on the braking data (zoom)

• Video analysis of particular braking behaviors :
The MCA puts forward one group of brakings with
characteristics closer to emergency brakings both in
terms of hit of the brake pedal and braking
regulation. To complete this analysis, a detailed

study of the “non standard” actions on pedals was
led. This analysis is based on the fine investigation
of all the experimental data, notably the video data
analysis which are extremely rich. Thanks to the
observation of the drivers’ faces many indexes
(opening of the mouth, increase of eyes opening or
their very fast movement towards an object of the
environment) participate largely to the understanding
of the scene. Furthermore, the sound recording is
often an interesting element. Certain drivers
comment a posteriori some driving situations.
Finally the data from the telemeter or the speed of
the car allow to appreciate better the objective
danger of the situation.
The display of these brakings on the graphs of the
MCA shows that they well correspond to the group
of the atypical brakings put in evidence by the
MCA. The brakings corresponding to the “normal”
situations, drawn in cyan blue, are for the greater
part closer than other brakings, while the
potentially dangerous or dangerous brakings are
rather more taken away from it. At first, the
analysis of the driving situations was successively
led on each of the characteristic variables by
respecting the chronological order of the actions
during braking. In a second time, it concerns the
relations between these variables.

� Accelerator release (atypical brakings) : The
analysis concerned firstly the brakings with
quick accelerator release. 36 brakings were
thus selected and analyzed. It is interesting to
note that a single atypical driver realizes about
22 % of these brakings. The analysis of these
situations puts in evidence two types of
situations: “Normal” situations, where the fast
accelerator release rather seems to be
characteristic of a “sports” driving ; “Unusual”
situations which could require from the drivers
a corrective action. These actions are not
necessarily followed by a fast duration of foot
displacement or by a fast brake pedal hit. This
could be explained by the evolution of the
situation or its estimation by the driver. The
accelerator release action seems thus not
necessarily always a good indicator of the
objective emergency of the situation.

� Duration of foot displacement between pedals
(atypical brakings) : This analysis was
followed by the observation of 42 brakings.
These situations correspond to reactions during
disruptive events of the driving as for example
when the driver is surprised by a priority to the
right, or he perceives another vehicle coming
opposite on his way, or he avoids a cyclist …
These very fast actions could be explained by
an anticipative or reactive reaction in front of a
disruptive situation. The duration of foot
displacement is, below certain duration, a good



Kassaagi, Pg. 9.

indicator of the danger perceived by the driver
during the situation.

� Braking pedal behavior (atypical brakings) :
On the whole, 58 brakings were observed in
the video and selected following certain
criteria, as the high brake force or the pedals’
speed, as well as the perception of the
experimenter (sat next to the subject). All the
“atypical” braking situations were classified
into 3 categories :

• The normal situations (25/14000) : the
subject seems to master the vehicle and
not to be surprised. For example : arriving
to a stop sign or a give up the access or a
roundabout, parking maneuvers, driving in
row at low speed in an urban area,
navigation, insertion in row, arriving very
fast at traffic lights, braking in a bend ;

• The potentially dangerous situations
(16/14000) : the subject is surprised but
the ambiguity of the situation or its
evolution makes the emergency braking
not forcedly necessary. For example :
traffic lights perceived at the last moment
or pass into red, no-entry sign seen late, a
stop sign seen late, in bend…;

• The objectively dangerous situations
(17/14000) : the subject is surprised and a
reaction of the driver is necessary because
the situation is objectively dangerous at
the moment of the braking beginning. For
example : priorities to the right or vehicle
in opposite direction … The analysis of
these situations shows that a fast action on
the brake pedal is connected most of the
time to the perception of a potential
danger, notably when the speed of the car
is superior to about 20 km/h. This explains
the will of the driver at the moment of the
brake pedal hit : he might want to stop or
to be able to make it quickly. However
any fast hit of the brake pedal does not
lead inevitably to a braking with an
important deceleration. This is explained
during potentially dangerous and
dangerous situations, by the favorable
evolution of the situation or by the better
interpretation of the situation by the
driver. To illustrate this result, let us quote
as an example a driver approaching a
priority to the right where another vehicle
appears suddenly. The driver generally
deeply reacts by perceiving it (from the
accelerator release to the hit of the brake
pedal). If this vehicle stops, the driver re-
estimates the situation, stops braking and
takes his road normally.

The relations between variables describing the
braking and the intentions (presumed) of the drivers
on open road are largely based on the diagnosis
which seems to him the most appropriate. The
hypothesis according to which the action of the
driver during time would be purely reflex in
potentially dangerous or dangerous situation, is not
confirmed by the observation of the driving
situations on open road. Indeed, while the
situations evolves, the driver quickly modifies the
speed of his foot (whether he is at the accelerator
release phase, or the foot displacement one, or the
brake pedal hit or even in the braking regulation
phase) according to the evolution of the situation or
his diagnosis.

Typologies of “brakers”
One of the research ways for the driving assistants
improvement is the determination of driving
typologies. Indeed, they should allow to refine the
assistant systems by proposing several laws of
functioning following the drivers (or their driving
style). Other performances (functions) of the
vehicle evolve in this direction. For example,
certain transmissions or suspensions systems adapt
themselves to the sportsmanship of the driver.
An MCA was thus realized on behavioral data
before and during braking. Every statistical
individual (subject) is characterized by a fuzzy
histogram of each of the characteristic variables of
the braking (including the braking number realized
by subject on the road because of the big inter-
individual differences). The supplementary
variables consist of dynamic data vehicle and
population characteristics (age, sex, experience).
This analysis puts in evidence 2 sets of “brakers” :
• The drivers who have an important number of

brakings, often short foot displacement
duration and in a lesser measure which quick
accelerator release ;

• The drivers who have more often their foot
between the accelerator and the brake and a
lower braking number. The mean brake travel
is generally more important.

This typology seems independent from the dynamic
use of the vehicle (not significant values-test) and
from weather conditions. The MCA brings to the
fore the relative differences between brake pedal
hits from a driver to another. Some drivers hit often
quickly the pedal while the others on the contrary
put slowly the foot on the brake pedal. However no
link is observable with both groups previously put
in evidence, or with dynamic use of the vehicle.

Conclusion and application to the detection of
emergencybrakings
The observation of these brakings puts in evidence
the link between some typical situations and the
drivers’ reactions. A fast accelerator release or
short time of foot displacement, similar to what is
observed in emergency situation is a relatively
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frequent action which generally has no influence on
the comfort of the driver. Some of these actions are
effectively linked to potentially dangerous
situations, but in some cases, the situations in
which these brakings are realized, seem to be
“normal”. This result must be taken into account
for the design of active safety systems (as EBA).
The analysis of driver typology underlines two
different groups which have not the same
management of the foot movement from a pedal to
the other one on open road. Taking into account
this typology may increase the contribution of the
foot displacement duration and, in a lesser measure,
the accelerator release speed for the detection of
emergency brakings.
Regarding the brake pedal hit, a fast action on the
brake is most of the time synonymous of a
potentially dangerous or dangerous situation for the
driver when the car’s speed is superior to about
20 km/h. This fast action at the moment of the
brake pedal hit denotes the will of the driver to stop
or at least to be ready to stop quickly (notably in
case of surprise after “distraction”, or in case of bad
interpretation of the situation). Variables describing
the brake pedal hit are, without surprise, the most
efficient variable to trig an EBA (Table 3). When
they are combined with a threshold on vehicle
speed, the result is even better and reach 67 %. Fast
hits of the brake pedal are not inevitably followed
by important brakings when the potentially
dangerous and dangerous situations evolve
favorably. In spite of the relatively fast evolution of
driving situations, the diagnostic and the actions of
the drivers evolve as fast as those situations.
Some driving situations, as traffic lights which
become in the orange or the arrival to a hogback,
are considered as potentially dangerous by some
drivers who reach decelerations superior to 5 m/s²,
whereas the objective danger could be relatively
low. The question is what would they think of an
activation of the EBA in this kind of situation ?
This considerations lead us to make a new database
with the objectively dangerous situations on open
road classified in the group of emergency
situations. This new classification shows that 74 %
of emergency situations could be detected.

Table 3.
Probability of “emergency” braking Detection

Emergency Brakings well detected

First
database

Brakings at
V>25 km/h
(first
database)

Brakings at
V>25 km/h
(second
database)

accelerator release 8 % 9 % 9 %
Foot displacement
Duration

5 % 7 % 7 %

Braking pedal behavior 60 % 67 % 74 %

CONCLUSION

Data of three experiments, two concerned accidents
scenarios and one on open road, were analyzed in
order to study driver’s behavior when braking and
to find the better means to trig active safety
devices. Being given the complexity, the cost and
the availability of the trial means, the accident
situations studied concerned only front-to-rear
accidents (unexpected appearance of an obstacle on
the way of the subject). Regarding open road
experiments, about a hundred of volunteers, women
and men of various ages drove around 100 km
(60 miles) in the Paris area for 2 hours. More than
14000 brakings were recorded and studied. The
analysis of the brakings allowed to underline of the
links between the actions of the drivers and the
potentially dangerous or dangerous driving
situations.
The study of the driving on open road showed that
in an “unpredictable” environment, certain
“critical” brakings can take place (approximately
60 case on 14000 on the whole). By means of the
video analysis, these brakings were classified in 3
categories: “normal” situations, potentially
dangerous situations, and objectively dangerous
situations. Some critical brakings have
characteristics close to emergency ones. So, two
databases were used to evaluate characteristic
variables of actions on the car’s pedals for trigging
EBA. In the first one, all brakings on open road
were considered like normal brakings. In the
second one, objectively dangerous situations ones
were classified in emergency situations. In spite of
the number relatively reduced of emergency
brakings (145 cases) recorded in front-to-rear
accidents studies, the current results of
discrimination are very encouraging, especially the
combination of behavioral variables related to
braking pedal hit and the threshold on vehicle
speed. The use of supplementary variables as
accelerator release behavior and duration of foot
displacement between pedals would even improve
this result [1].
The measures of the drivers’ behavior thus
constitute an interesting way for the diagnosis of
the will of the driver to brake in emergency, but do
not enable us to detect all the emergency situations.
First of all, because drivers have specific typologies
of accelerator release behavior and of foot
displacement between pedals. The use of these
typologies should enable to improve the efficiency
of these variables to trig active safety devices.
Secondly, because drivers’ actions are based on
their perception and their understanding of the
situation which are not necessarily objective. In
emergency situations, some drivers perceive really
the danger after the beginning of braking. So in this
kind of situation, an EBA must be triggered after
the braking beginning, or better, by adding
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objective data like distance to earlier obstacles (by
a radar or a laser). Simulations showed that
environment information close to the vehicle
enable to improve significantly the recognition of
the braking type. The real benefits from active
safety systems to avoid (or at least to decrease the
real accident severity) must be studied in the future
in order to estimate their contribution among other
safety systems.

ACKNOWLEDGMENTS

The authors would like to thank all the team of
LAB and CEESAR who participated in the
elaboration, the realization and the experimental
data analysis.

REFERENCES

[1] Kassaagi, M. 2001. “Caractérisation
expérimentale du comportement des conducteurs en
situation d’urgence pour la spécification de
systèmes de sécurité active.” Thèse de doctorat,
Ecole Centrale Paris, France

[2] Kassaagi, M., Perron, T., Pean, E., Guillemot,
H., Bocquet, J.C. 1999. “Study of drivers’ behavior
in rear-end accident situations on a driving
simulator.” Driving Simulation Conference,
DSC’99, Paris

[3] Perron, T. Kassaagi, M., Brissart, G. Le Coz,
J.Y. 2001. “Active safety experiments with
common drivers for the specification of active
safety systems.” SAE, paper N°427, Amsterdam,
NL

[4] Perron, T., Thomas, C., Le Coz, J.-Y., Bocquet,
J.-C. 1996. “Methodological Framework for
Primary Automotive safety : System safety
Approach for the Determination of Critical
Scenarios.” 15th International Technical
Conference on the Enhanced Safety of Vehicles,
Melbourne, Australia

[5] Nordmark, S., Jansson ANSSON H.,
PLAMKVIST G. 1999. AB- braking in an
emergency situation – a simulator study utilising
hardware-in-the-loop. Driving Simulation
Conference, DSC'99, Paris

[6] Delhomme, P., 1994. Liens entre la
surestimation de ses propres capacités,
l’expérience de la conduite et l’activité de conduite.
Rapport INRETS n°197, 1994

[7] Lechner, D., Perrin, C.. 1993.Utilisation réelle
des capacités dynamiques des véhicules par les
conducteurs – Expérimentation sur route 1992.
Rapport INRETS n°165, juin 1993, SIA 94.06.24

[8] Chanton, O., Sauvage, J., Kassaagi, M., Coratte,
J.-F., 2002. Study of car loss of control : a
comparison between an experiment on the dynamic
simulator of Renault and a test track study, Driving
Simulation Conference, DSC’2002, Paris

[9] GREENACRE, M., HASTIE, T. 1987. The
geometric interpretation of correspondence
analysis. Journal of the American statistical
association. Vol.82, 398, 437-447.

[10] JOBSON, J.D. 1992. Applied multivariate
data analysis, vol. II: Categorical and multivariate
methods, (Springer, New York).



BERG 1

PASSIVE SAFETY OF TRUCKS IN FRONTAL AND REAR-END COLLISIONS WITH CARS 
 
Alexander Berg 
Michael Krehl 
DEKRA Automobil GmbH 
Stuttgart, Germany 
Lars Riebeck 
Ulrich Breitling 
MAN Nutzfahrzeuge AG 
München, Germany  
Paper No. 341 
 
 
ABSTRACT 
 
The regulation ECE-R 93 defines the rigid front 
underride guard as a minimum requirement for 
commercial vehicles to prevent cars from underriding 
in frontal crashes. It is evident that the benefit of such 
protective devices can be substantially improved by 
an energy-absorbing design. In fact it leads to lower 
loads for the driver and passenger in the case of a 
frontal accident between a car and a commercial 
vehicle. The measured dummy loads should indicate 
“green manikins” corresponding to EURO NCAP 
frontal rating test at a closing velocity of 64 kph. 
 
Against this background, the effect of the energy-
absorbing front underride guard of a MAN TG-A 
series was analyzed with two full scale tests. In both 
tests a Volkswagen Golf IV impacted with 70 % 
frontal overlap at a speed of 42 to 43 kph against the 
truck driving at a speed of 21 kph. While absorbing 
energy, the front underride protection of the MAN 
and the front structure of the Golf performed well. 
The compartment of the Golf remained intact without 
any severe intrusions. As expected the dummy 
responses in the MAN were extremely low. The 
dummy responses for the Golf occupants didn’t 
exceed their corresponding biomechanical limits. 
These results show the protection benefit of an 
energy-absorbing front underride guard (which is in 
production now) for impacts on state-of-the-art cars 
(medium sized, so called “compact class”). 
 
The presentation gives additional information for real 
world accidents regarding truck/car impacts, accident 
reconstruction, historical development of front and 
rear underride guards for heavy trucks and a future 
prospects preview.  
 
In the near future an energy absorbing rear underride 
protection will be on focus. Numerical simulations of 
such a protection device show the possible benefit on 
a significant higher level than for the front underride 
guard. 

 
INTRODUCTION 
 
Regarding real-world crashes involving heavy trucks 
and cars, it becomes obvious that front to front 
impacts play a significant role. Underride protection 
as part of the trucks front can reduce the risk for car 
occupants in such situations. 
 
Technical definitions and demands on a rigid front 
underride protection are described in the regulation 
ECE-R 93. Such devices will be prescribed for trucks 
first registered in the European Community as of 
August 10th 2003. An energy absorbing front 
underride protection could reduce load and intrusion 
of an impacting car and increase the safety level for 
the car occupants. 
 
MAN and the technical university of Berlin started 
with several crash tests in 1987 to get basic 
knowledge of the protection potential of such 
underride protection parts. Latest results have been 
received by crash tests which were performed at the 
DEKRA crash test centre in the year of 2000 with the 
new MAN TG-A and a Volkswagen Golf IV. 
 
Ongoing further development is focused on the rear 
underride protection of heavy trucks. Technical 
definitions and demands for a rigid device are 
described in ECE-R 58. But to absorb additional 
energy, similar layout principles like the successfully 
used enhanced energy absorbing front underride 
protection can lead to a substantial improvement in 
rear impacts as well.  
 
ACCIDENT STATISTICS 
 
The official German Federal statistics indicate motor 
vehicles of delivery and lorry (including trucks) of all 
weight categories, also below 3.5 metric tons of gross 
vehicle weight (GVW) with different constructions  
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(superstructure), articulated vehicle engines and other 
tractors (out of agricultural) in each case with and 
without trailer as a goods motor vehicle. For the year 
1991, the first year after the reunification in 
Germany, these statistics show about 16,916 crashes 
with injured parties involving a car and a goods 
motor vehicle, table 1. This figure increased by 15 % 
to 19,413 until the year 2001. An increment of 
accidents occurring on urban and rural roads (out of 
Autobahn) is observable. Approximately half of the 
accidents took place in the urban area. 
 

Table 1. 
Crashes with severely injured or killed car 

occupants involving a car and a goods motor 
vehicle* (German Federal Statistics) 

Year 1991 1995 1999 2000 2001 
Accidents      
Urban 8,212 9,597 10,354 10,100 9,794 
Rural without  
Autobahn 5,765 6,895 7,087 6,699 6,642 

Autobahn only 2,939 2,805 3,226 3,017 2,977 
Severely injured car occupants    
Urban 1,424 1,435 1,250 1,134 980 
Rural without  
Autobahn 2,232 2,509 2,153 1,895 1,868 

Autobahn only 1,139 1,028 859 739 706 
Killed car occupants     
Urban 99 84 62 70 58 
Rural without  
Autobahn 446 500 375 394 388 

Autobahn only 253 127 121 117 95 
* Definition of goods motor vehicle: 
Delivery vans and motor lorries with standard body motor lorries 
with special body (e.g., tank truck, silo truck) semi-trailer truck 
with or without trailer other tractors (without agricultural tractor) 
 
In the year 2001 the figure of seriously injured car 
occupants in accidents involving goods motor 
vehicles and cars amounted 3,554. Most of these 
accidents took place in rural areas. 541 car occupants 
were killed in crashes between a goods motor vehicle 
and a car in this year, most of them also in rural area. 
Between 1991 and 2001 the figure of killed car 
passengers was reduced from 798 to 541, a decrease 
of 32 %. In the same period the figure of seriously 
injured car occupants was reduced from 4,795 to 
3,554, a decrease of 26 %. Although this is a positive 
trend, the absolute figures are still on an unacceptable 
high level. 
 
Information regarding details of the crash 
configuration are not available from the Federal 
Statistics. Therefore additional In-depth studies are 
necessary. The German Insurer Association GDV has 
published results of an In-Depth-Study of 508 
accidents involving a truck and a car in Bavaria 
(Germany). 
 
29.7 % of these accidents have been front to front 
crashes, table 2 (LANGWIEDER und 

GWEHENBERGER, 2001). 30.8 % of the 
582 severely injured or killed car occupants were 
injured or killed at this impact configuration. 19.5 % 
of the trucks crashed into the cars side, 15.6 % have 
been crashes with the truck front impacting the rear 
of the car. 
 
Altogether the front of the trucks was involved in 
64.8 % of the examined accidents and 66.2 % of all 
severely injured or killed car passengers. 
 

Table 2. 
Crash configurations in truck/car crashes in 

Bavaria (LANGWIEDER and 
GWEHENBERGER) 

Impact Configuration Accidents 
Severely 
injured and 
killed car 
occupants 

Front / Front 
 

 
 

151 29.7 % 179 30.8 % 

Front / Side 
 

 
 

99 19.5 % 115 19.8 % 

Front / Rear 
 

 
 

79 15.6 % 91 15.6 % 

Rear / Front 
 

 
 

61 12.0 % 73 12.5 % 

Side / Front 
 

 
 

61 12.0 % 71 12.2 % 

Others  
(e. g. grazed) 57 11.2 % 53 9.1 % 
Sum 508 100 % 582 100 % 
 
Other In-depth studies of truck/car accidents show 
that 60.7 % of the analyzed accidents have been 
crashes where the car was bumped by the front of the 
truck, figure 1 (SCHRIEVER and ALBER, 1993). 
Amongst the severest crashes (with fatalities) the 
share of impacts against the truck front is 68 %. 
 

 
All analyzed truck/car crashes (fatal truck/car crashes) 
 
Figure 1.  Distribution of the struck side of the 
truck in real world truck/car crashes 
(SCHRIEVER and ALBER, 1993) 

60.7 % (68.0 %)

12.4 % (6.5 %)

9.7 % (17.0 %) 

17.6 % (8.5 %)
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Against this background the In-depth studies clarify 
that the compatibility of a truck front (with front 
underride protection) plays a very important role in 
front crashes with cars. Front-to-front crashes of 
trucks and passenger cars on rural roads are of capital 
importance. 
 
FORMER CRASH TESTS 
 
In 1987 the truck manufacturer MAN co-operates 
with the Technical University of Berlin on a series of 
crash tests to analyze the potential of a front 
underride protection to reduce the injury risk for car 
occupants in a front to front crash with a truck. The 
example shown in figure 2 illustrates a test with a car 
(Volkswagen Passat) impacting at a velocity of 
42 kph into a MAN truck driving at 20 kph  (closing 
velocity 60 kph). In awareness of the current ECE 
regulations with the description of a rigid underride 
protection it is remarkable, that already at that time a 
version of a kinetic energy absorbing device has been 
tested. 
 

 
 

 
 
Figure 2.  Former truck-to-car crash test MAN 
and Technical University of Berlin, 1987 
 
In the second half of the 90ies a rigid front underride 
protection was tested in co-operation of MAN and 
TÜV Bavaria with a MAN F2000 truck and a 
Volkswagen Golf II, figure 3. At these tests the 
Golf II crashed with a closing velocity of 50 kph and 
70 % overlap of its front against the front of the 
stationary  

Truck. These crash tests proved, that there is a real 
benefit to avoid that the car underrides the truck. The 
mount, geometry and stability of the front underride 
protection was the presupposition that the front 
bumper, cross members and longitudinals of the car 
shored up here. In this way the front structure of the 
car was able to work as designed with the so called 
“crumple zone” to change kinetic energy into 
deformation. 
 

 
 
Figure 3.  Former crash test MAN F2000 versus 
Volkswagen Golf II, co-operation of MAN and 
TÜV Bavaria, 1994 
 
This front underride protection system could be 
purchased by the truck customers as a supplementary 
equipment. The additional weight of this construction 
was approximately 55 kg. Due to the extra weight 
most of the customers did not order this equipment. 
That’s why most of the MAN F2000 run without the 
rigid front underride protection system. 
 
CURRENT REGULATION ECE-R 93 
 
The industry as well as the accident research and 
policy agreed that an European ECE regulation is 
necessary to get a standard basic protection for trucks 
and passenger cars. Therefore the regulation  
ECE-R 93 has been developed in which the mount, 
the dimensions and the static stability performance of 
a rigid front underride protection is accurately 
defined, figure 4.  
 
More than 15 years after these crash tests, carried out 
1987 in cooperation with MAN and the Technical 
University of Berlin, this regulation will become 
obligatory as of August 10th 2003. As of this time a 
rigid front underride protection system is prescribed 
for all trucks of the category N2 (permissible 
maximum weight from 3.5 metric tons to 12.0 metric 
tons) and of the category N3 (permissible maximum 
weight more than 12.0 metric tons) in Europe. 
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Figure 4.  Mount dimensions, global dimensions 
and static test forces for the front underride 
protection described in ECE-R 93 
 
CRASH TESTS MAN TG-A versus Volkswagen 
Golf IV 
 
The MAN TG-A model series was launched in the 
year 2000. All heavy trucks of this model series are 
equipped with a front underride protection, designed 
to meet and exceed the technical regulation ECE-
R 93. Additionally the MAN front underride 
protection is able to absorb energy. The design layout 
of the energy absorbing elements is based on the 
principle of a folding box-beam with optimized 
imperfections, figure 5 (KUPPA et al., 2001). The 
extra weight of this front underride protection system 
is 40 kg. 
 

 
 
Figure 5.  Deformation process of a folding box-
beam with optimized imperfections 
 
In an offset front-to-front collision between the truck 
and the car the front underride protection can change 
58 kJ energy into deformation. During the tests 
described later in this paper, 47 kJ energy were 
absorbed by this device. Figure 6 shows the entire 
front underride protection device and some of its 
parts in the deformed post-crash shape. 

 

 
 
Figure 6.  Energy-absorbing front underride 
protection device of the MAN TG-A model series 
 
To analyze and demonstrate the benefit of this 
protection device, two full-scale tests were carried 
out at the DEKRA Crash test centre in the year 2000, 
figure 7. In both tests a Volkswagen Golf IV 
impacted with 70 % frontal overlap and a speed 
between 42 and 43 kph against the front of the truck, 
driving with a speed of 21 kph. The closing velocity 
was therefore between 63 and 64 kph. The truck was 
occupied with a belted Dummy (Hybrid III, 50th 
percentile male) at the driver seat. The car occupants 
were represented by two belted dummies (Hybrid III, 
50th percentile male) at the driver and front-passenger 
seat. 
 

 
 
Test SH 00.105 SH 00.106 
   
Truck MAN TG-A XXL   
Mass 15,150 kg 15,150 kg 
Velocity 21.1 kph 21.3 kph 
Driver dummy Hybrid III 50th percentile male 
   
Car VW Golf IV   
Mass 1,330 kg 1,378 kg 
Velocity 42.2 kph 42.6 kph 
Overlap 70 % 70 % 
Driver and Passenger 
dummy Hybrid III 50th percentile male 

 
Figure 7.  Crash test MAN TG-A XXL versus 
Volkswagen Golf IV, carried out in the year 2000 
at DEKRA Crash Test Center in co-operation 
with MAN 
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Both tests resulted in similar kinematics and 
deformations during the crash. The belt pretensioners 
and airbags for the driver and passenger of the 
Golf IV were activated in time and performed well as 
part of the restraint system. Figure 8 shows the side 
view to the situation at 68 ms after start of the impact 
for both tests no. SH 00.105 and SH 00.106. 
 

 
 

 
 
Figure 8.  Situation at 68 ms after start of impact 
for both crash tests SH 00.105 and SH 00.106 
 
Figure 9a and figure 9b shows the vehicles in their 
final position after the crash tests. 
 

 
 
Figure 9a.  Final position of the vehicles after the 
crash test SH 00.105 

 
 
Figure 9b.  Final position of the vehicles after the 
crash test SH 00.106 
 
Vehicle damages 
 
The crashes resulted in minor damage at the front of 
the truck, figure 10. Both crashes were analyzed 
according to the law of conservation of momentum 
and Energy Equivalent Speed (EES). The 
practicability and validity of this accident 
reconstruction method for front-to-front collisions 
between a truck and a passenger car was verified with 
reconstructed real-world crash tests (BERG and 
BÜHREN, 1996). Some analyses of the collision 
phase as part of the accident reconstruction came to 
plausible results with a corresponding Energy 
Equivalent Speed (EES) for the truck in a range 
between 7 to 10 kph. A numerical FEM simulation 
done by MAN lead to similar results according to the 
deformation of the front underride protection parts. 
 

 
 

 

 
Figure 10.  Damages at the front of the MAN TG-
A. Energy Equivalent Speed EES in the range 
between 7 to 10 kph. 
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The cars were significantly deformed in their frontal 
structure, figure 11. As designed, this deformation 
occurred with a controlled transformation from 
kinetic energy into deformation. The passenger 
compartment remained intact in both tests. The 
survival space for the car occupants remained in good 
condition. The analysis of the collision as part of the 
accident reconstruction lead to plausible results with 
a corresponding Energy Equivalent Speed (EES) for 
the Golf IV in a range between 51 to 55 kph. This 
corresponds to known deformations of state of the art 
medium sized cars in the so called “compact class” 
resulting from several safety crash tests, e.g. the 
EURO NCAP frontal offset crash at 64 kph and 50 % 
overlap against a deformable barrier or the  
48 kph full frontal test against the rigid barrier 
according to FMVSS 208 (see also internet 
http://www.euroncap.com/tests.htm and 
http://www.nhtsa.com). 
 

 
 

 
 
Figure 11.  Damages at the Volkswagen Golf IV, 
Energy Equivalent Speed EES in the range 
between 51 to 55 kph 
 
Vehicle kinematics 
 
The video analysis indicated a �v in the range of 
5 kph to 6 kph for the truck and a �v of 64 kph for 
the Golf IV for the x-direction (parallel to the 
longitudinal axis of the vehicles), figure 12 and 13. 

The measured deceleration of the vehicles during the 
collision is shown in figure 14. The maximum peak 
value was in a range of 4.9 to 6.0 g for the  
MAN TG-A and 41.7 and 53.8 g for the Golf IV. 
 
 
 
 

Figure 12.  Impact velocity vK,x, velocity at the end 
of the collision v’x and change of velocity �vx, all in  
x-direction for truck and car in crash test  
SH 00.105 as result of video analysis. 
 
 
 
 

Figure 13.  Impact velocity vK,x, velocity at the end 
of the collision v’x and change of velocity �vx, all in  
x-direction for truck and car in crash test  
SH 00.106 as result of video analysis. 
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Figure 14.  Measured decelerations of the vehicles 
during the collision 
 
Dummy loads 
 
Figure 15 shows the measured head loads of the truck 
and car occupants. As shown in these diagrams the 
Head Injury Criterion (HIC) of the truck driver 
dummy was very low, HIC = 1. The HIC value of the 
car driver dummy was between HIC = 288 and HIC = 
510 and the resulting acceleration (3-ms-value)  
a3ms = 44 g and a3ms = 60 g. The corresponding values 
for the passenger were between HIC = 269 and  
HIC = 242 and a3ms = 41 g and a3ms = 42 g. All these 
measured values lay far below the biomechanical 
limits of 1000 for the HIC respectively 80 g for a3ms. 
 

 
 
Figure 15.  Measured dummy head loads 

The measured dummy chest loads show the same 
tendency, figure 16. For example, the measured value 
a3ms for the truck driver was a3ms = 2 g respectively 
a3ms = 3 g, for the car driver a3ms = 45 g respectively 
a3ms = 41 g and for the passenger of the car  
a3ms = 42 g respectively a3ms = 37 g. The 
corresponding limit is a3ms = 60 g. 
 

 
 

Figure 16.  Measured dummy chest loads 
 
As shown in figure 17 the loads (compressive force) 
for the right and left femur of the truck driver dummy 
were also very low: F = 0.1 kN respectively  
F = 0.2 kN. For the car driver dummy this measure 
ranges between F = 1.8 kN to 2.4 kN and for the 
passenger dummy F = 0.4 to 1.8 kN. The 
corresponding limit is F = 10 kN. 
 

 
 
Figure 17.  Measured compressive forces for the 
right and left femur of the dummies 
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Goods vehicle categories N2 ( 3,5 - 12 t ), N3 ( > 12 t ) 
P1, P3 :   12,5 %  GVW* max.   25 kN  
P2:    50 %  GVW* max. 100 kN 

The measurements show very low loads for the truck 
driver dummy at a glance. According to the measured 
data of the car driver and the car passenger dummy, 
all loads lay under their corresponding biomechanical 
limits. In general the measured loads of the dummies 
lay in the range of such results of good performing 
cars for a EURO NCAP crash test (frontal collision 
with 64 kph against a deformable barrier). Of course, 
the good results for the car occupant dummies are not 
only a result of the front underride protection of the 
truck but also a result of the high passive safety level 
of the Volkswagen Golf IV. 
 
REAR UNDERRIDE PROTECTION 
 
Rear underride protection is mandatory for trucks in 
Germany since many years now. This item was 
already analyzed in former crash tests done by MAN 
in co-operation with the Technical University of 
Berlin in the year 1987, Figure 18. 
 

 
 

 
 
Figure 18.  Crash tests conducted by MAN in  
co-operation with the Technical University of 
Berlin in the year 1987 to analyse the benefit 
potential of truck rear-underride protection 
 
The current European Regulation ECE-R 58 
(published on April 18th, 1979) describes the 
geometry and the static test forces for a rigid rear 
underride protection, Figure 19.  

But despite this protection some severe real world 
crashes occur first of all at high closing velocities on 
rural roads, especially the Autobahn. Amongst the 
severe accidents involving trucks and cars the share 
of crashes onto the rear end of a truck cannot be 
neglected, see table 2 and figure 1. As a result of in-
depth studies of such crashes it has become obvious 
that the demands described in the current version of 
ECE-R 58 should be improved to meet the real world 
requirements more effectively. 
 

 
Figure 19.  Mount dimensions, global dimensions 
and static test forces for the rear underride 
protection described in ECE-R 58 
 
The performance of the rear underride protection can 
be improved by modifications of the ground 
clearance and static test loads. Therefore a proposal 
was agreed by the committee for motorized vehicles 
(Fachausschuss Kraftfahrzeugtechnik FKT) advising 
the German national secretary of traffic, table 3. 
 

Table 3. 
Proposal for improving the European Regulation 

ECR-R 58 

 Trucks with air-
suspension 

Trucks with steel-
spring suspension 

Maximum ground 
clearance of rear 
underrun protection 
(unloaded condition)  

450 mm 550 mm 

Maximum height of 
points of test force 
application 

500 mm 600 mm 

Static test forces P1, P3 
 
Static test force P2 

25 % of GWV, max 50 kN 
 
50 % of GWV, max 200 kN 

 
The allowed ground clearance should be reduced 
from 550 mm to 450 m for trucks with air suspension 
(and remain at 550 mm for those with conventional 
steel springs) in unloaded condition. The static test 
forces should be doubled. 
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Experiences prove that the proposed ground 
clearance meets practical demands. But the test loads 
could be more reinforced. In addition, the use of 
energy absorbing parts give the potential to improve 
the performance of rear underride protection 
(KUPPA et al., 2001). 
 
MAN developed an energy absorbing rear underride 
protection, figure 20, following the results from 
accident research and using the experience with the 
front underride protection as described before. 
 

 
 
Figure 20.  Numerical FEM simulation for an 
advanced energy absorbing rear underride 
protection 
 
This device do not only meet the requirements of the 
proposed amendments of ECE-R 58 (see table 2). It is 
designed to avoid fatal and severe injuries of car 
occupants for a closing velocity between the truck 
and a car up to 74 kph. The underride protection 
should be able to absorb 40 % of the total kinetic 
energy of such a crash. Demands on weight 
optimisation and the mounting of the same underride 
protection part to several trucks with different heights 
of their supporting frame parts were also taken into 
account. 
 
Latest results of numerical FEM simulation pointed 
out a maximum energy absorbing capacity of 78 kJ 
for this advanced rear underride protection device. 
This energy absorbing capacity is larger than that for 
the front underride protection device (see earlier 
description). This is due to the fact that not only the 
folding box beams but also the mount brackets are 
involved in the energy absorption of the entire 
system.  
 
Hardware tests to prove the results of the FEM 
simulation and to demonstrate the benefit potential in 
rear and crashes with trucks and cars will follow. 
 
SUMMARY AND FUTURE PROSPECTS 
 
With regard to avoid or minimise the outcomes of 
traffic accidents involving trucks and other road users 
the so called partner protection is of very importance. 
Accident researchers and developing engineers have 
identified that the underrun protection with improved 
performance plays an important role in this context. 

With the energy absorbing front underrun protection 
device that is already under production for the current 
MAN TG-A series and a new rear underrun 
protection device, the potential of such advanced 
systems is shown. Full scale crash tests have proven 
the results of the numerical simulations for the energy 
absorbing front underride protection. Full-scale tests 
to demonstrate the performance of the energy 
absorbing rear underride protection device will 
follow soon. 
 
Accident researchers from the German Insurance 
Companies (GDV) have estimated the figure of killed 
persons in car to truck-rear-end crashes in the 
European Community to be in a range up to 350 for 
the year 1997. It was found that an improved rigid 
rear underride protection device fixed at all trucks 
could save a minimum of one third (1/3) of the killed 
and injured persons. This could save social costs of 
approx. 75 million EURO per year. 
 
For a rigid front underride protection at all trucks a 
corresponding benefit was found to save 924 lives 
and 19,080 severe injured persons. An energy 
absorbing front underride protection could save 1,176 
killed persons and 23,760 severe injured. 
 
It is the new task for the accident research to observe 
the performance of the new and advanced systems 
and their additional benefits for a better partner 
protection in the whole range of complex real-world 
accidents. 
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ABSTRACT 
 
One of the most important problems in rollover 
safety is ejection mitigation.  A few years ago, 
advanced side glazing systems appeared to be the 
only reasonable method for passively providing 
ejection mitigation.  More recently, automobile 
manufacturers announced plans to provide ejection 
mitigation in some of their vehicles through the use 
of inflatable devices.  These devices are modified 
versions of the inflatable head protection devices that 
are currently available in many vehicles.  Both 
inflatable devices and advanced glazing systems are 
being examined in NHTSA’s current ejection 
mitigation research program. 
 
A dynamic rollover fixture (DRF) was developed as a 
research tool to produce full-dummy ejections more 
repeatably and at less cost than full-scale testing.  
The DRF is being used to evaluate the effectiveness 
of inflatable devices, advanced glazings, and 
combinations of these systems in reducing occupant 
ejections.  Also, impactor tests were previously 
developed to measure the retention and head injury 
causing potential of advanced glazing systems.  
These test procedures are being examined to 
determine if they are suitable for evaluating inflatable 
devices and combination systems.  This paper 
discusses the status of the agency’s current ejection 
mitigation research program. 
 
 
INTRODUCTION 
  
Background 
 
The National Highway Traffic Safety Administration 
(NHTSA) has had an active research program on 
ejection mitigation since the early 1990’s.  The 
research program initially studied the use of 
advanced side windows systems for ejection 
mitigation [1,2,3].  The research program involved 
several studies of ejection producing crashes 

investigated by the National Automotive Sampling 
System (NASS).  These studies encompassed a wide 
variety of crash environments that have involved 
occupant ejection.  NHTSA researchers noted that the 
window frames remain intact for 20 to 50 percent of 
ejection producing crashes. Since the doorframe 
provides a critical load path for occupant to glazing 
impact, this observation was significant for the 
feasibility of ejection mitigation using advanced side 
windows. 
 
Film analysis of staged rollover and side impact crash 
tests measured the impact speed for numerous 
dummy -to-window contacts.  Based on this analysis, 
a rollover contact speed of 16 kmph (10 mph) and a 
side impact contact speed of 24 kmph (15 mph) were 
established.  These speeds were used in a sled test 
series to evaluate the forces applied to the window 
from occupant impacts during side impact and 
rollover crashes.  This test series indicated that a 50th 
percentile male dummy exerted a force approximated 
by an 18 kg (40 lb) object.  An 18 kg guided impactor 
was then developed to evaluate the retention 
capability of advanced side glazing systems at impact 
speeds from 16 to 24 kmph.  
 
Baseline retention testing using the guided impactor 
was then conducted using a variety of advanced 
glazing systems.  Several door / window 
encapsulation designs were also evaluated in these 
tests.  The advanced glazing systems showed 
potential for ejection mitigation, but there were 
concerns regarding their potential for causing head 
and neck injuries.  NHTSA conducted a second series 
of sled tests to evaluate dummy impacts with 
tempered glass, for comparison to those into 
advanced glazing systems.  Free-motion headform 
tests [4] were also conducted to evaluate head 
responses.  These tests demonstrated that the head 
injury potential for the advanced glazing systems 
appears to be similar to that for current tempered 
glass systems, however the potential for increasing 
neck injuries was unclear. 
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Around this time, BMW introduced the Inflatable 
Tubular Structure (ITS) for improving side impact 
protection.  Conceptually, this was the first inflatable 
curtain-type system in production.  There appeared to 
be a significant potential for these curtain systems to 
also function as ejection countermeasures.  NHTSA 
conducted a series of five full-scale rollover tests 
using prototype side curtain systems from TRW and 
Simula.  Both systems appeared to be very effective 
at preventing complete ejections, but there were 
partial arm ejections for 9 of the 10 occupants in the 
tests.  As a result of this preliminary testing, it was 
decided to expand future ejection mitigation research 
to include both glazing and side air curtain 
countermeasures.  This paper presents some 
preliminary research conducted in the expanded 
research program. 
 
Problem Definition 
 
Overview - There were 31,925 fatalities among 
occupants of light vehicles in 2001, and an estimated 
6,031 fatalities (19 percent) were ejected through side 
windows.  This includes 3,815 completely ejected 
fatalities and 2,216 partially ejected fatalities.  Partial 
or complete ejection through side windows accounted 
for 3,766 fatalities in rollover crashes, or 35 percent 
of the rollover fatalities in 2001.  From 1997 through 
2001, an average of 34,963 light passenger vehicle 
occupants were completely ejected each year.  Of 
these, 13,833 (40 percent) were ejected through side 
windows.  This includes 9,862 through front-side 
windows, which is 28 percent of the complete 
ejections. 
 
General Ejection Statistics  - The 2001 Fatality 
Analysis Reporting System (FARS) and the 1997 
through 2001 NASS were reviewed to determine the 
number of injuries and fatalities associated with 
ejection from light motor vehicles and, specifically, 
ejection through motor vehicle side windows.  The 
FARS data include a report of each fatal crash that 
occurred on a public access road in the 50 states, the 
District of Columbia, and Puerto Rico.  The NASS 
data are based on a detailed investigation of a sample 
of police-reported towaway crashes, conducted by 24 
field research teams; NASS investigates about 5,000 
light vehicle crashes a year. 
 
Initially, all ejection-related fatalities were identified, 
regardless of ejection route.  The 2001 FARS data 
include 31,925 people who were killed as occupants 
of cars, light trucks, passenger vans, or utility 
vehicles.  Twenty-nine percent of these fatalities 
(9,258) were reported by the police to have been 
ejected from the vehicle; 23 percent were completely 

ejected, and 6 percent were partially ejected.  (Partial 
ejection is defined as having some portion, but not 
all, of the occupant's body outside the motor vehicle 
during the crash.)  The NASS data are more detailed, 
but they are based on a sample of cases.  The annual 
average fatality estimate from the 1997-2001 NASS 
data is lower than the 2001 FARS count: 26,832 
estimated from NASS compared to 31,925 counted 
by FARS.  Both the NASS and FARS data indicate 
that about 23 percent of occupant fatalities were 
completely ejected from the vehicle, but the NASS 
data suggest that FARS does not identify some of the 
partial ejections (an estimate of 9 percent from NASS 
compared to the 6 percent reported to FARS). 
 
The NASS data are most useful for showing 
percentage distributions of subcategories of the crash 
events.  Therefore, in the following analyses and 
discussions, the total number of fatalities identified in 
the 2001 FARS database was used as the basis total, 
and percentages based on the 1997-2001 NASS 
fatality estimates were used for distributions of this 
total.  The NASS estimates of non-fatal involvements 
were not adjusted because these represented the best 
estimates of annual occurrences.  Also, there were 
some missing data in the NASS ejection reporting 
(unknown ejection status, degree, and route).  These 
missing data were prorated among the known 
outcomes in an attempt to improve the ejection 
estimates and to avoid producing estimates that were 
too low. 
 
In 2001, an estimated 32 percent of fatalities were 
partially or completely ejected through all vehicle 
openings (Table 1), accounting for 10,325 fatalities.  
Ejection rates were lower among seriously injured 
survivors (that is, among survivors with an 
Abbreviated Injury Scale (AIS) rating of 3 or 
greater).  An estimated 10 percent of seriously 
injured survivors were completely ejected and 2 
percent were partially ejected.  About 1 percent of all 
occupants of light vehicles that were in towaway 
crashes (without regard to injury outcome) were 
ejected, which is an estimated 52,936 partial and 
complete ejections per year.  This pattern was 
consistent with previous research.  For example, 
Winniki [5] showed that ejection is associated with 
an increased risk of fatality. 
 
Side Window Ejections - From 1997 through 2001, 
there were an estimated 34,963 complete ejections 
per year, and 13,833 (40 percent) of these were 
through side windows.  The most common window 
ejection routes were the right-front and left-front 
windows.   There were 3,360 fatalities who were 
completely ejected and 2,029 fatalities who were 
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Table 1 
Ejection Status for Occupants of Light Vehicles 

Annual Average for 1997-2001 NASS, Fatalities Adjusted to 2001 FARS 
Fatalities 

 Cases Estimate Percentage 
Not ejected 1,549 21,599 68% 
Completely ejected    468   7,503 24% 
Partially ejected    217   2,822   9% 
Unknown degree        8 distributed distributed 
Unknown if ejected      23 distributed distributed 
Total 2,265 31,925 100% 

Seriously-Injured Survivors 
 Cases Estimate Percentage 
Not ejected 4,024 81,314 88% 
Completely ejected    430   9,736 10% 
Partially ejected    146   1,717   2% 
Unknown degree      15 distributed distributed 
Unknown if ejected      51 distributed distributed 
Total 4,666 92,767 100% 

All Occupants 
 Cases Estimate Percentage 
Not ejected 46,318 5,007,950 99.0% 
Completely ejected   1,461      34,963   0.7% 
Partially ejected      679      17,973   0.4% 
Unknown degree        50 distributed distributed 
Unknown if ejected      484 distributed distributed 
Total 48,992 5,060,886 100.0% 

 
partially ejected through the left- and right-front side 
windows, which is a total of 5,389 lives lost. 
 
Injury Outcome for Side Window Ejections  - From 
1997 through 2001, there were an estimated 6,031 
fatalities and 3,659 seriously injured survivors 
ejected through side windows each year.  Table 2 
shows a breakdown by injury severity and ejection 
degree, indicating that both partial and complete 
ejections present a safety problem.  Partial or 
complete ejections through light vehicle windows 
were associated with 19 percent of fatalities and four 
percent of seriously injured survivors. 
 
Rollover versus Non-rollover crashes  - From 1997 
through 2001, an estimated 5,060,886 occupants were 
involved in light vehicle towaway crashes each year, 
including 469,254 in rollover crashes.  There were 
10,643 fatalities in rollovers in 2001.  (Most of the 
other 21,282 fatalities in 2001 occurred in front, side, 
or rear crashes.)  Of these rollover fatalities, 3,766 
involved complete or partial ejection through side 
windows (Table 3). 
 
Ejections are not unique to rollover.  There were 
2,265 complete and partial ejection fatalities in planar 
(non-rollover) crashes.  A total of 6,031 people were 

Table 2 
Injury Severity for Ejections through Side 

Windows Annual Average for 1997-2001 NASS 
Fatalities Adjusted to 2001 FARS 
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Complete 
ejection 

3,815 2,520   7,462 13,797 

Partial 
ejection 

2,216 1,139 10,138 13,493 

Total 6,031 3,659 17,600 27,290 
 
 
 

Table 3 -- Fatal Side-Window Ejections 
Annual Average for 1997-2001 NASS, 

Fatalities Adjusted to 2001 FARS 
 Rollover Planar Total 
Complete 
Ejection 

2,496 1,319 3,815 

Partial 
Ejection 

1,270    946 2,216  

Total 3,766 2,265 6,031 
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killed in crashes involving partial or complete 
ejection through side windows in 2001.  Sixty-two 
percent of the side-window ejection fatalities 
occurred in a vehicle rollover and 38 percent were in 
non-rollover (planar crashes). 
 
Vehicle Type - The number of ejections as a function 
of vehicle type were estimated.  From 1997 through 
2001, there were an average 52,936 partial and 
complete ejections per year.  About 28,165 of these 
were through side windows.  Table 4 shows higher 
ejection rates for pickup trucks and sport utility 
vehicles than for passenger cars and vans. 
 

Belt Use Versus Ejection - Virtually all completely 
ejected people were unbelted.  In one analysis [6] the 
agency determined the belt use of ejected drivers, 
using the 1989 FARS data.  That study indicated that 
98 percent of the completely ejected drivers and right 
front passengers were unbelted.  Ninety-five percent 
of all occupants who were completely ejected from a 
light vehicle in 2001 were reported to have been 
using no safety belt of any type. 
  
In order to determine the effect of increased seat belt 
use on the reduction of occupant ejections, two sets 
of data were compared.  As shown in Figure 1, 

Table 4 
Side-Window Ejections by Vehicle Type. 

Annual Average for 1997-2001 NASS, Fatalities Adjusted to 2001 FARS 
 Partial 

Ejection 
Complete 
Ejection 

All 
Ejections 

All Occupants 
in Crashes 

Side Window Ejection 
per 1,000 Occupants 

Passenger car   5,992   5,107 11,099 3,611,799   3 
Utility vehicle   2,227   3,666   5,943    532,633 11 
Vans   1,819   1,677   3,496    396,906   9 
Pickups   4,184   3,341   7,525    512,457 15 
Other/unknown        59        41      100        7,092 14 
Total 14,332 13,833 28,165 5,060,886   6 
      

Complete Ejection vs. Belt Use
FARS DATA, NOPUS, 19 City and State Survey
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Figure 1.  Belt Use Rates For Fatal And Ejected Occupants. 
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increased seat belt use has not caused a concurrent 
decrease in fatal ejections [7].  The agency has 
observed this phenomenon for many years.  It may be 
due to the continued non-use of belts among drivers 
involved in high-speed crashes where ejection is 
more likely.  Those occupants most likely to be 
involved in fatal crashes are the least likely to use a 
seat belt.  This problem continues to be addressed by 
NHTSA as part of its efforts to increase seat belt use.  
It may also be due to the change in vehicle mix, 
especially the increased presence of sport utility 
vehicles (SUVs) on the nation’s roadways.  SUVs 
have a higher propensity for rollovers, where the risk 
of ejection is higher than that for planar crashes. 
 
Objectives 
 
There are two major research challenges for 
addressing ejection mitigation.  First, since full-
vehicle rollover crash tests are not repeatable events, 
it is necessary to develop component-level test(s) to 
evaluate the performance of potential ejection 
mitigation systems.  The systems must be evaluated 
for occupant retention capability and perhaps for their 
potential to cause other injuries (head, neck, 
laceration, etc.).  For a test to be acceptable, it must 
be shown that good (or poor) performance in the 
laboratory test indicates good (or poor) performance 
in the real world. 
 
The second major challenge for this research program 
is to identify and evaluate potential countermeasures.  
Recently, automobile manufacturers have announced 
plans to provide side air curtains, in conjunction with 
rollover crash sensors, in some of their vehicles.  The 
2003 Lincoln Navigator is now available with such a 
system.  These devices are modified versions of the 
inflatable head protection devices that are currently 
available in many vehicles. 
 
Use of an inflatable system presents an additional 
challenge, in that since it would be dynamically 
deployed during a crash, a rollover sensing system is 
required.  The sensing system must not only predict 
that a rollover will occur, but it must do so early 
enough to allow the inflatable device to deploy 
between the occupant’s head and the side window.  
This is particularly challenging since in many 
crashes, the rollover event is preceded by significant 
lateral vehicle deceleration, which effectively throws 
the occupant toward the window. 
 
 
 
 
 

DYNAMIC ROLLOVER FIXTURE 
 
Description and Operation 
 
Full-scale rollover crash tests are complex and costly 
events, often producing non-repeatable occupant 
kinematics.  Consequently, there exists a need for a 
testing method that can replicate occupant kinematics 
in a controlled and repeatable way.  The Dynamic 
Rollover Fixture (DRF) is a research tool designed to 
produce repeatable, full-dummy ejections in a less 
costly manner than full-scale testing. 
 
The DRF is modified from a previous NHTSA test 
device known as the Rollover Restraint Tester (RRT)  

[8] that models a rollover condition in which the 
vehicle becomes airborne at the initiation of roll, then 
impacts on the roof structure after rotating 
approximately 180 degrees.  The DRF rotates 
approximately one revolution and is brought to rest 
through the application of a pneumatic braking 
system on one end of the pivot axle.   
 
The main features of the DRF consist of 1) the 
support framework, 2) a test platform with a pivot 
axle, and 3) a drop tower and free weight assembly 
(see Figure 2).  The support framework is rigidly 
attached to the floor and braced to minimize any 
movement of the structure.  The drop tower and free 
weight system provides the driving force for the 
DRF.  A cable attached to the suspended weight is 
routed through a system of pulleys and spooled 
around large circular plates attached to the front and 
back of the platform.  The radius of the circular plates 
provides the moment arm for the suspended weight to 
act upon in order to accelerate the platform.  An array 
of nine standard automotive piston shocks is used to 
slow the free weight at the end of the drop.  The 
angular velocity of the DRF can be modified by 
varying the mass (force generating the acceleration) 
and/or the drop height (duration of the acceleration 
pulse) of the free-weight.  For testing reported in this 
paper, both weight and height were held constant 
which generated angular velocities between 330 and 
360 degrees per second. 
 
A test buck was fabricated from a Chevrolet C/K 
pickup cab by dividing the cab longitudinally down 
the center from the firewall to the B-pillar.  The left 
(driver) side was then rigidly attached to the test 
platform.  This particular vehicle model was chosen 
so that the advanced glazing systems developed in 
previous ejection mitigation research [3] could be 
evaluated as to their effectiveness in mitigating 
ejection.  A generic bench seat was used to allow the 
dummy’s initial seating position to vary with respect 
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to the side door/window.  The seat back and cushion 
were fabricated from Teflon, which minimized the 
shear forces on the dummy buttocks and allowed the 
more desired loading on the window area by the head 
and upper torso. 
 

 
Figure 2.  Dynamic Rollover Fixture 
 
For testing reported in this paper, two dummy 
positions were used.  The first position was behind 
the steering wheel.  For the second position, the 
dummy was moved inboard (toward the pivot axle) 
which generated higher contact velocities.  Film 
analysis was used to measure the dummy’s relative 
head contact velocity with the side window plane 
from these two designated seating positions, for both 
the Hybrid III 50th percentile male and 5th percentile 
female dummies.  From the behind the steering wheel 
position, these impact speeds were 14 kmph (9 mph) 
for the 5th female and 18 kmph (11 mph) for the 50th 
male.  From the inboard position, the velocities were 
31 kmph (19 mph) for the 5th female and 29 kmph 
(18 mph) for the 50th male. 
 
The test buck’s lateral position from the pivot axle 
can be adjusted as required.  Since the mass moment 
of inertia of the system is sensitive to the lateral 
positioning of the buck, different dummy trajectories 
and initial vehicle contact points can be obtained.  
Reducing the roll radius increases the initial angular 
acceleration for a given drop weight.  Two positions 

were used in testing to date.  For most of the tests, the 
cab was mounted such that the driver side door 
beltline was 147 cm (58 in) from the pivot angle.  For 
a limited number of tests, the cab was positioned 56 
cm (22 in) closer to the pivot axis to shorten the 
radius of rotation.   
 
The yaw angle between the test buck and test 
platform can also be adjusted to produce different 
occupant-to-window area impact locations.  Rotating 
the buck counter clockwise with respect to platform 
results in dummy contact at the window area near the 
A-Pillar.    
 
The DRF simulates only the rotational component of 
the rollover event.  Because the DRF does not 
simulate the vertical height and velocity component 
of the rollover event, it is difficult to analyze any 
potential change in an ejection countermeasure’s 
performance due to a direct roof impact and the 
resulting deformation that may occur.  In addition, 
because the pre-roll event linear accelerations are not 
simulated, an evaluation of a rollover sensor may be 
limited. 
 
Ejection Countermeasure Candidates 
 
Three ejection countermeasures are being examined: 
two experimental roof rail mounted inflatable devices 
and advanced side glazings developed under previous 
NHTSA research.  The systems are being evaluated 
for their effectiveness both as stand-alone devices 
and as combination systems (air bag plus advanced 
side glazing). 
 
The first inflatable device is the Advanced Head 
Protection System (AHPS) developed by Simula 
Automotive Safety Devices, Inc. (see Figure 3).  This 
device consists of the integration of their Inflatable 
Tubular Structure (ITS) [9] integrated with a cloth 
sleeve.  The sleeve provides additional covering of 
the window area.  Like the ITS, the AHPS is not 
vented and remains inflated for up to seven seconds.  
Although the system used in this testing was tailored 
for the Chevrolet C/K test buck, the AHPS is 
currently available in some vehicles. 
 
The second inflatable device is an experimental air 
bag developed by TRW.  The air bag is fixed to the 
A- and B-pillar at its end points and along the roof 
rail. The system is made of a low permeable material 
liner that allows the unit to remain inflated for more 
than six seconds.  When fully deployed, the air bag 
covers most of the window area (see Figure 4). 
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Figure 3.  Advanced Head Protection System 
(Simula) 
 

 
Figure 4.  Prototype Window Curtain (TRW) 
 
The advance side glazing systems include 
experimental bilaminate glazing, consisting of 
standard C/K tempered glass (4.0 mm) with a 0.9 mm 
plastic film bonded to inner surface, and a laminate 
construction, similar to windshields, consisting of  
two 1.84 mm heat-strengthened glass plys 
sandwiching a 0.76 mm polyvinyl butyral (PVB) 
film.  The entire window edge is encapsulated. For 
the testing described in this paper, door/window 
frame modifications were made to the C-channel 
along the vertical sides (A and B-pillar), and for 
some, modifications were also made to the top and 
diagonal sides. 
 
Test Matrix 
 
A series of tests is being conducted to determine the 
effectiveness of experimental roof rail mounted 
inflatable devices, advanced side glazing, and 
combinations of these systems in retaining occupants 
during rollover type crashes.  The testing is also 
evaluating the countermeasures’ potential for head 
and neck injury.  The matrix of tests conducted and 
reported in this paper is shown in the Appendix. 
 

Unrestrained 50th percentile male and 5th percentile 
female Hybrid III dummies were instrumented with 
6-axis upper neck load cells and tri-axial 
accelerometers in the head.  Tethers were loosely 
attached to the dummy’s spine box and ankles to 
prevent full excursion outside the buck and damage 
to the instrumentation cables.  High-speed cameras 
were rigidly attached to the test buck in front of the 
dummy for a close view of the dummy’s head and 
torso relative to the side window and on the side to 
show the full dummy kinematics.  A Systron-Donner 
roll rate sensor measured the angular velocity about 
the roll axis. 
 
Test Results 
 
General Kinematics  - Dummy kinematics were 
dictated by the actions of gravitational and rotational 
forces.  As the platform rotated through 90 degrees, 
very little movement of the dummy toward the 
“interior” of the test buck was seen.  As the angular 
velocity for the platform increased, the normal and 
tangential accelerations (rotational forces) created by 
the rotational motion began to increase.  The normal 
acceleration caused a centripetal force outward from 
the center of rotation.  As a result of this force, the 
dummy had a steadily increasing tendency to move 
outwards towards the side door/window.  The 
tangential acceleration imparted a force through the 
test buck seat that caused the unrestrained dummy to 
rise from seat as it moved outward.  The dummy’s 
upper portion (head, neck, upper torso) loaded the 
countermeasure, if present, while the lower body 
loaded the door. 
  
Moving the test buck closer to the axis of rotation 
increased the angular acceleration that in turn 
imparted a greater tangential force on the dummy, 
causing the dummy to rise further from the seat.  
Testing with the 5th female dummy at this reduced 
roll axis produced head/torso contact higher on the 
window area resulting in more of the dummy loading 
the countermeasure.  In similar testing with the 50th 
male dummy, the head struck the roof rail prior to 
contact with the countermeasure preventing any 
further outward motion.  
 
Baseline Testing  - Baseline testing was conducted 
with an open side window to determine if the DRF 
could produce fully body ejections.  In testing with 
the buck positioned farthest from the roll axis, film 
analysis showed that the dummy’s lower torso and 
pelvic area loaded the side door while the head and 
upper torso crossed the side window plane between 
90 and 180 degrees from the initiation of roll.  As the 
buck continued to rotate, the lower torso and pelvis 
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slid up along the door and the dummy was fully 
ejected (see Figure 5).  This was the general 
kinematics for the 50th and 5th dummies in both 
seating positions.  When the buck was moved closer 
to the roll axis, the 5th female rose higher out of the 
seat resulting in more lower torso loading of the 
window initially.   Full ejection was eventually  
achieved in this testing configuration, as well.  By 
removing the interior components of the C/K test 
buck, the dummies did not experience random 
movements due to contact accelerations.  As a result, 
the tests exhibited repeatability, thus providing a 
method to evaluate a countermeasure’s ability to 
contain an occupant. 
 

 
Figure 5.  Full Ejection Through Open Window 
 
Inflatable Device Testing  - In the testing of 
inflatable devices reported in this paper, the air bags 
were pre -deployed and their set pressure was 
maintained throughout the test by the use of an air 
reservoir tank mounted on the platform.  Prior to 
contact with the door, the dummy kinematics and 
lower body loading in tests with both of the inflatable 
devices were similar to those described for the 
baseline tests.  At that point, the upper body loaded 
the inflatable device, limiting the dummy’s vertical 
movement toward the roof.  This caused the pelvis to 
load the side door throughout the roll, rather than to 
ride up the door as was seen in the baseline tests.  
The inflatable devices contained the torso, head, and 
neck of the dummy, so complete ejection did not 
occur.  However, both the devices did allow the 
shoulder and arm to escape below the bags, resulting 
in partial ejection.  One example of this is shown in 
Figure 6. 
 
Advanced Side Glazing System Testing  - Limited 
testing  was  conducted  with  stand-alone   advanced 
side glazing systems.  The testing reported here 
involves the laminated candidate with door/window 
frame modifications around the entire periphery, as 

reported in reference 3.  This advanced glazing 
system contained the 50th male and 5th female 
dummies entirely inside the test buck.  Loading of the 
glazing flexed the window frame, producing a gap 
between it and the roof rail, with the gap size 
dependent on the dummy size.  In the test involving 
the 50th male located behind the steering wheel, the 
dummy’s shoulder shattered the glass. However, the 
glazing system remained entirely inside the modified 
door frame, and no tearing of the plastic interlayer 
occurred.  Total integrity of the system was seen (no 
glass breakage) under loading conditions involving 
the 5th female, from both designated seating 
positions.  
 

 
Figure 6.  Partial Ejection Below Air Bag  
 
Combination Systems Testing  - Limited testing was 
also conducted on the inflatable devices used in 
combination with the laminated side glazing 
candidate.  In this configuration, the door/window 
frame modifications involved only the vertical C-
channels at the front and rear.  The top and diagonal 
encapsulated glazing edges were flush up against the 
window frame and could dislodge from the frame 
with direct loading.  Film analysis showed that in 
every test conducted, the dummy remained entirely 
inside the test buck.  Although the shoulder and arm 
escaped under the inflatable devices, the advanced 
glazing remains in the doorframe, preventing the 
upper extremity from passing beyond the plane of the 
window. 
 
Dummy Responses  - Head and neck dummy 
responses are tabulated in the Appendix.  The 
numbers listed are the peak values recorded due to 
contact with the test buck interior compartment or the 
countermeasure, from the initiation of roll throughout 
the engagement with the countermeasure.  Note that 
there were no interior trim components on the test 
buck.  In some cases, higher injury values were 
obtained from contact with the test buck after the 
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dummy rebounded from the countermeasure, but 
those are not include in the table.  The HIC36 and 
axial neck loads (compression and tension) can be 
evaluated against IARVs established in Federal 
Motor Vehicle Safety Standard numbers 201 and 208 
[10,11], respectively (see Table 5). The lateral neck 
loads and moments are used to show trends only, 
since established IARVs do not exist.  The moments 
listed in the Appendix are those measured by the 
upper axial neck load cells and were not translated to 
the occipital condyle.  
 

Table 5 
Injury Assessment Reference Values 

 

 
HIC36 

Upper 
Neck 

Tension 
(N) 

Upper Neck 
Compression 

(N) 

5th Female 1000 2620 2520 

50th Male 1000 4170 4000 

 
Based on the testing reported in this paper, the risk of 
head or neck injuries appears to be relatively low 
when the various ejection countermeasures were 
used.  The highest HIC36 response recorded was 90, 
which occurred in an open window test.  Also, 
tension loads on the neck were quite low, as the 
maximum for all tests was only 35 percent of the 
IARV.  Compression loads on the neck were 
generally somewhat higher, although most were 
below 40 percent of the IARV.  Three of the tests 
with the 5th female exceed this level, recording 
compressive neck loads of 48, 70, and 82 percent of 
the IARV.  Three of the tests with the 50th male were 
above the 40 percent level, although all these were 
below 60 percent of the IARV.  In each of these 
cases, the peak neck load was due to contact with the 
side roof rail of the test buck, while the dummy was 
engaged with the countermeasure. 
 
The presence of a countermeasure generally resulted 
in higher lateral neck loading on the dummy.  For the 
50th male, the lateral shear loads ranged from 290 to 
327 N (65 to 74 lb) in the open window tests, and 
they ranged from 315 to 950 N (71 to 214 lb) in tests 
with a countermeasure.  For the 5th female, they 
ranged from 221 to 329 N (50 to 74 lb) in the open 
window tests, and they ranged from 161 to 1020 N 
(36 to 229 lb) in tests with a countermeasure.  
Similarly, the lateral bending moments for the 50th 
male ranged from 16 to 19 N-m (142 to 168 in-lb) in 
the open window tests, and they ranged from 26 to 61 
N-m (230 to 540 in-lb) in tests with a 
countermeasure. For the 5th female, they ranged from 
14 to 19 N-m (124 to 168 in-lb) in the open window 

tests, and they ranged from 13 to 53 N-m (115 to 469 
in-lb) in tests with a countermeasure.  The highest 
shear load and moment seen for the 5th female both 
occurred in a test from the inboard dummy position 
and into the laminated glazing.  For the 50th male, 
the highest shear load and moment both occurred in a 
test from the inboard dummy position and into the 
TRW air curtain.  As stated previously, due to the 
lack of established IARVs, the risk of injury 
associated with the lateral neck shear loads and 
bending moments encountered in these tests is 
unknown. 
 
GUIDED IMPACTOR 
 
Description 
 
The DRF described in the previous section is a useful 
research tool for evaluating the ejection mitigation 
capabilities of various countermeasures.  It is not 
believed to be a viable test for compliance or 
regulatory purposes, if NHTSA were to pursue a 
regulation in this area.  Therefore, the guided 
impactor developed for use with advanced glazing 
systems is under evaluation as a possible occupant 
retention test for a wider variety of ejection 
mitigation systems. 
 
The details of the development of this impactor are 
contained in reference 3.  In brief, it consists of an 18 
kg mass guided by four rails (see Figure 7).  An 
existing featureless free-motion headform was 
selected for the impactor face.  This rigid headform, 
covered with a headskin, was originally designed for 
the upper interior head protection research program.  
It averages the dimensional and inertial 
characteristics of the frontal and lateral regions of the 
head into a single headform [12].  Since it is a guided 
impactor, only uni-axial motion is measured, and it is 
capable of measuring dynamic deflection during an 
impact.  The propulsion unit is based on a device 
developed by the General Motors Corporation [13], 
scaled up to accommodate the heavier mass.  The 
impactor can be placed inside the vehicle for testing 
the side window areas, and it can be positioned to 
strike different locations in those areas. 
 
Test Matrix 
 
The DRF evaluates the full-dummy occupant 
retention capabilities of ejection mitigation systems.  
Guided impactor tests are conducted to determine if 
they can predict the same performance as the DRF 
tests.  The level of performance measured by the 
guided impactor, though, can vary depending on the 
impact locations and speeds used.  Therefore, a 
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matrix of guided impactor tests was developed which 
compliments the DRF tests described previously (see 
Table 6).  The primary goals of these tests are to 
determine if the guided impactor is a suitable device 
for measuring the occupant retention performance of 
a variety of possible countermeasures, and if it is, to 
measure that performance under various impact 
conditions (location and speed). 
 

Figure 7.  18 kg Guided Impactor. 
 
There was extensive testing of advanced glazing 
systems in earlier stages of this research program, 
and those results were reported in reference 2.  

Several different systems were tested using the 
guided impactor, at two different impact locations, 
and at speeds ranging from 16 to 24 kmph.  In 
summary, the systems evaluated in that study were 
capable of containing the 18 kg mass at speeds up to 
24 kmph, when appropriate encapsulation methods 
and door modifications were used.  The excursion of 
the impactor beyond the plane of the vehicle window 
ranged from about 100 to 250 milllimeters. 
 
Since considerable testing of advanced glazing 
systems has already been done, the current effort is 
focused on the testing of inflatable systems alone and 
in combination with glazings.  Based on that earlier 
work, the current test matrix includes testing at up to 
four impact locations and at impact speeds of 20 and 
24 kmph.  The actual inpact locations have not yet 
been reported, but may include one or both of those 
used in the earlier testing of advanced glazings.  The 
systems that will be tested include those being 
evaluated with the DRF, but will likely include some 
additional systems. 
 
 

 
Table 6. 

Guided Impactor Test Matrix 
 

 Impact Location on Side Window Area 

 1 2 3 4 

 20 kmph 24 kmph 20 kmph 24 kmph 20 kmph 24 kmph 20 kmph 24 kmph 

         
Advanced Glazing         

Systems Only         
         
         

Inflatable Systems          
Only         

         
         

Inflatable Systems          
With Glazing         
(pre-broken)         

         
         

Inflatable Systems          
With Glazing         

(unbroken)         
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Test Results 
 
At this point in time, few of the tests outlined in 
Table 6 have been conducted.  Based on limited 
testing, inflatable systems appear to be capable of 
containing the impactor at 24 kmph, with little 
excursion beyond the plane of the vehicle window, 
when impacted at certain locations.  At other 
locations, such as those not sufficiently covered by 
the air bag, they are not able to stop the impactor 
before the limits of its travel are reached (about 150 
mm beyond the plane of the vehicle window, 
depending on test set-up).  When combined with 
advanced glazings (pre-broken and with only vertical 
edge capture), they may be able to contain the 
impactor at 24 kmph at a larger range of impact 
locations. 
 
These results, when compared to the results of the 
DRF tests, indicate that the guided impactor may be a 
suitable device for evaluating the occupant retention 
capability of a variety of ejection mitigation systems.  
Since the impactor face loads a more concentrated 
area than that of the full dummies in the DRF tests, 
the guided impactor is potentially a more stringent 
test device than the DRF.  The stringency of the test 
can be varied by the selection of impact areas and 
impact speed, as well as by the amount of allowable 
excursion beyond the plane of the vehicle window. 
 
SUMMARY OF FINDINGS  
 
The following is a summary of the findings to date 
from the NHTSA’s ejection mitigation research 
program: 

• Ejection through side windows is a major 
cause of death in automotive crashes.  About 
one-third of all fatalities are ejected, 
accounting for over 10,000 deaths each year.  
Of these, about 58% are ejected through side 
windows. 

• The Dynamic Roll Fixture (DRF) was 
developed as a research tool to produce 
repeatable, full-dummy ejections through an 
open window.  As such, it can be used to 
evaluate the occupant retention capability of 
various ejection mitigation systems.  It also 
allows for the measurement of dummy head 
and neck responses. 

• The DRF produces realistic roll rates and 
occupant-to-glazing impacts speeds.  Roll 
rates up to 360 degrees per second have 
been achieved, which are similar to those 
measured in rollover crash tests.  Impact 
speeds ranging from 15 to 30 kmph can be 

obtained, depending on the dummy size and 
initial position.  These speeds are similar to 
those estimated from film analysis of full-
scale crash tests. 

• The DRF configuration can be varied, along 
with dummy size and initial position, to 
achieve different occupant trajectories and 
occupant-to-window area impact locations. 

• The DRF does not simulate the lateral 
vehicle accelerations often encountered in a 
rollover crash prior to the initiation of the 
rollover event. 

• The inflatable systems show good potential 
for mitigating full-body ejections, although 
they may be susceptible to partial ejection of 
arms below the air bag. 

• The combination of inflatable systems and 
advanced glazings shows good potential for 
mitigating full-body ejections and the partial 
ejection of arms below the air bag. 

• The ejection mitigating systems tested have 
a low potential for producing head injury.  
HIC36 responses in the DRF tests ranged 
from 8 to 90, with the maximum occurring 
in an open window test. 

• The ejection mitigating systems tested did 
not show high potential for producing injury 
due to axial neck loading.  The maximum 
tension load obtained was just 35 percent of 
the IARV, and most of the compressive 
loads were less than 40 percent.  Of the six 
tests that produced responses above that 
level, four were below 60 percent, while the 
other two were 70 and 82 percent. 

• DRF tests with an ejection mitigating 
countermeasure produced maximum lateral 
neck shear loads of 950 N (50th male) and 
1020 N (5th female) and maximum lateral 
bending moments of 61 N-m (50th male) and 
53 N-m (5th female).  Since there are no 
established injury criteria for these 
measures, no assessment of injury potential 
can be made at this time. 

• The guided impactor may be a suitable 
device for evaluating the occupant retention 
capability of a variety of ejection mitigation 
systems. 

• The guided impactor is potentially a more 
stringent test device than the DRF, since the 
impactor face loads a more concentrated 
area than that of the full dummies in the 
DRF tests.  The stringency of the test can be 
varied by the selection of impact areas and 
impact speed, as well as by the amount of 
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allowable excursion beyond the plane of the 
vehicle window. 

• Based on limited tests, inflatable systems 
appear to be capable of containing the 
impactor at 24 kmph, with little excursion 
beyond the plane of the vehicle window, 
when impacted at certain locations.  At other 
locations, such as those not sufficiently 
covered by the air bag, they are not able to 
contain the impactor.  When combined with 
advanced glazings, they may be able to 
contain the impactor at 24 kmph at a larger 
range of impact locations. 

 
ONGOING RESEARCH 
 
The research discussed in this paper is ongoing.  
While a considerable number of DRF tests have 
already been performed, that work will continue.  
The evaluation of full-dummy retention capability 
and injury causing potential of advanced glazing, 
inflatable, and combination systems will continue.  
This will include some testing with belted dummies, 
as well as unbelted. 
 
Much of the effort will be placed on the evaluation 
with the guided impactor, as most of the testing 
shown in Table 6 had not been performed as of the 
drafting of this paper.  The performance of a variety 
of ejection mitigation systems will be examined, as 
measured by the guided impactor, at various impact 
locations and speeds.  This will include evaluating 
systems already in production, such as the 2003 
Lincoln Navigator.  This vehicle is equipped with 
inflatable curtains designed to offer occupant 
protection in rollover crashes, and includes a rollover 
sensing systems to deploy the curtain in the event of 
a rollover.  The vehicle also has laminated side 
windows. 
 
The ongoing research will also examine rollover 
sensing systems.  This includes evaluating existing 
methods and/or developing new methods for 
measuring the performance of the systems, as well as 
studying the actual performance of them. 
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APPENDIX  

* Dummy Positioned Closer to Steering Wheel with 
Foam Block Spacer 

 
 

 Dummy 
Position 

Test 
Number 

 
HIC 36 

Axial 
Compression 
N (% IARV) 

Axial 
Tension 

N (% IARV) 

Lateral 
Shear 

N 

Lateral 
Bending 

N-m 

DRF_20 43 447 (11%) 862 (21%) 327 19 
DRF_29 34 0 (0%) 723 (17%) 290 19 

Behind 
Wheel 

DRF_30 55 0 (0%) 972 (23%) 296 16 
50th  Male 

Inboard DRF_21 No Dummy Response Data 

DRF_38 25 32 (1%) 601 (23%) 221 14 Behind 
Wheel DRF_43 41 51 (2%) 623 (24%) 268 15 

DRF_44 69 0 (0%) 818 (31%) 329 19 

Open Window 

5th  Female 
Inboard 

DRF_45 90 172 (7%) 871 (33%) 307 17 
DRF_17 8 325 (8%) 292 (7%) 638 42 
DRF_32 22 181 (5%) 314 (8%) 643 43 

Behind 
Wheel 

DRF_33 10 282 (7%) 238 (6%) 716 35 
DRF_34 11 730 (18%) 918 (22%) 790 45 

50th  Male 

Inboard 
DRF_35 30 1176 (29%) 1123 (27%) 950 61 
DRF_36 No Dummy Response Data Behind 

Wheel DRF_37 22 617 (24%) 375 (14%) 511 20 
DRF_46 15 697 (28%) 757 (29%) 754 35 
DRF_47 13 614 (24%) 650 (25%) 729 36 

TRW Air Curtain 

5th  Female 

Inboard 

DRF_51* 15 352 (14%) 345 (13%) 668 42 
DRF_68 15 1247 (31%) 409 (10%) 450 26 Behind 

Wheel DRF_69 16 1126 (28%) 427 (10%) 344 31 
DRF_70 19 2203 (55%) 1075 (26%) 315 ?? 60 

50th  Male 

Inboard 
DRF_71 21 2369 (59%) 494 (12%) 388 ?? 52 
DRF_60 10 0 (0%) 283 (11%) 447 29 Behind 

Wheel DRF_61 12 0 (0%) 290 (11%) 491 30 
DRF_62 15 0 (0%) 605 (23%)  586 33  

Simula AHPS  

5th  Female 
Inboard 

DRF_63 20 0 (0%) 537 (20%)  572 35   

Behind 
Wheel 

DRF_72 84 2084 (52%) 364 (9%) 667 49 50th  Male 

Inboard Test Not Yet Conducted 

Behind 
Wheel 

DRF_64 57 895 (36%) 307 (12%) 200 19 

Advanced  Glazing 
(Laminated Glazing) 

5th  Female 

Inboard DRF_67 50 1770 (70%) 909 (35%) 1020 53 

Behind 
Wheel Test Not Yet Conducted 50th  Male 

Inboard Test Not Yet Conducted 
DRF_80 34 310 (12%) 260 (10%) 338 13 Behind 

Wheel DRF_82* 27 345 (14%) 147 (6%) 237 14 
DRF_81 10 731 (29%) 413 (16%) 442 29 

Combination: 
TRW Air 

Curtain/Laminated 
Glass 5th  Female 

Inboard 
DRF_83* 9 1220 (48%) 564 (22%) 630 13 

Behind 
Wheel Test Not Yet Conducted 50th  Male 

Inboard Test Not Yet Conducted 
DRF_84 13 351 (14%) 220 (8%) 317 24 Behind 

Wheel DRF_86* 10 576 (23%) 265 (10%) 161 14 
DRF_85 21 2060 (82%) 525 (20%) 385 22 

Combination: 
Simula 

AHPS/Laminated 
Glass  5th  Female 

Inboard 
DRF_87* 10 743 (29%) 452 (17%) 223 24 
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ABSTRACT

Modal analysis technique is used in order to
characterize the human head-neck system in vivo.
The extracted modal characteristics consist of a first
natural frequency at 1.5 Hz associated to neck
extension and a second mode at 6 Hz associated
with head translation or neck retraction. By
recording experimentally the apparent mass of
dummies head-neck system under the same
experimental condition as the volunteer subjects, it
was possible to compare the human and the
dummies frequency response functions and to
evaluate their bio-fidelity. The evaluation
methodology based on validation parameters
extracted in the frequency domain is firstly tested
on frontal and side impact dummies, Hybrid III and
Eurosid. It was pointed out through their first
natural frequency at around 6 Hz that this dummies
present much too high rigidity for the extension
mode and no retraction mode at all at higher
frequencies. Frequency response analysis in terms
of apparent mass was then performed on three rear
impact dummies, the Hybrid III + TRID-neck, the
BioRID II and RID2 v0.0. TRID showed a slightly
improved extension behavior with a first natural
frequency at 4.5 Hz, but not yet a retraction mode.
Further improvements were detected with the
proposed methodology for BioRID II and RID2
v0.0 which presented very similar behaviors
characterized by a more flexible neck extension
(first natural frequency around 2.5-3 Hz against 1.4
Hz in vivo) and the introduction of the retraction
mode. This second mode however is set at a second
natural frequency of 10 Hz for both dummies
against 6 Hz recorded in vivo, illustrating a much
too rigid head retraction motion. Beside dummy
evaluation this study also gives new insight into
injury mechanisms given that a given natural
frequency can be related to a specific neck
deformation.

INTRODUCTION

Despite advances in safety devices, neck injuries in
motor vehicle accidents continue to be a serious and
costly societal problem. The development of safety

measures to decrease the incidence of these injuries
must be guided by meaningful and reliable injury
criteria. Unfortunately the cervical spine is one of
the most complex structures in the human skeletal
system and its behavior during impact is still poorly
understood. Most injury prevention strategies are
based on results from anthropomorphic test
dummies and computational models. Without
proper parameters for these physical and
computational models, it will not be possible to
advance in the state-of-the-art neck injury
prevention techniques. This was confirmed by
Ishikawa et al. 2000 who demonstrated
experimentally that the identification of the safest
seat against whiplash depended on the dummy used
(Hybrid III or Biorid-P3 in this case). In this
context, seat-headrest optimization becomes
particularly difficult. This study focuses on the bio-
fidelity of human neck surrogates under non severe
rear impact configuration, an acute problem often
considered in the last decade.
Typically dummy neck validation is proposed
against volunteers or post mortem human subjects
(PMHS) by superimposing several recorded
mechanical parameters with the human response.
From our point of view this methodology is limited
because it is very difficult to characterize a multi-
degree of freedom system under impact in the
temporal domain. This difficulties are illustrated by
the large number of dummy evaluation and
comparative studies we can find in the literature.
The number of prototype versions as well as the
contradictions between study conclusions reported
in our discussion illustrate how difficult it is to
explain some phenomenon that are masked in the
time domain. The reason of this situation is that
dummy response is required to remain in corridors
that are often quite large. Initial ramp, local peak or
oscillation can be of great importance but are not
taken into account in this “corridor approach” of the
evaluation process. Another questionable
phenomenon is what does it mean if the dummy
response runs out of the corridor here or there by a
maximum (or minimum) value or a bad ramp of a
given parameter. Another critical issue is that often
studies consider soft seats and flexible thorax
simultaneously with the complex neck behavior
investigation.
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Despite this critical issue, recent research in head-
neck biomechanics has improved our knowledge of
this complex structure. The above limitations are
listed in order to illustrate the need of further
experimental characterization of the neck and new
methods for dummy evaluation. The purpose of this
paper is to apply modal analysis techniques to
characterize the head-neck system in vivo and to
derive a new set of validation parameters which
enables it to evaluate existing dummy necks bio-
fidelity.
Under rear end impact condition, the human neck
has been characterized experimentally by
decelerating a human subject seated in a car seat
with or without a headrest. (Eichberger et al. 1996,
Ono et al. 1997). The loading conditions are
defined by a sled speed (5 to 13 km/h) or more
usefully by T1 vertebra acceleration (2 to 5 g over
80 to 150 ms). The neck response is recorded in
terms of head kinematics such as linear acceleration
(3 to 8 g over 80 to 100 ms). More recently Ono et
al. 2001 suggested characterizing the human
cervical spine by directly loading the head with a
force close to 150 N (over 50 ms) applied
horizontally or vertically to the chin.
In the present study we propose to identify the
head-neck system under similar inputs (150 N;
3Gx; 50 ms) by loading directly the forehead and
recording its kinematics. The originality of our
research is to proceed with a frequency analysis of
the head-neck response rather than a temporal one,
followed by the extraction of the system’s modal
characteristics which are inherent to the system
whatever the loading is. Main advantages of
investigation in the frequency domain is the
extraction of noise from the recorded signals. An
important restriction of the method however is its
limitation to the linear domain. This hypothesis is
acceptable in case of low speed rear impact
conditions as demonstrated in the discussion.
Modal analysis of multi-degree of freedom systems
through punctual and transfer apparent mass or
impedance enable us to extract the structure
deformed mode shape at a given natural frequency,
and this gives us a better understanding of the
dynamic response of the structure.
The experimental modal analysis of the human
head neck system in vivo will provide us with
natural frequencies and mode shapes which must be
reproduced by the dummy head-neck system. In a
first section we present the technique applied to a
single human volunteer subject and we show how
this experiment constitute the biomechanical
background of the proposed dummy evaluation
methodology. Experimental modal analysis is then
applied to five existing dummies under similar
loading conditions as for the volunteer subject. Two
non rear impact dummies (Hybrid III and Eurosid)
are taken into consideration in order to show the
ability of the methodology to detect non biofidelic

dummies under rear impact. Three rear impact
dummies (Hybrid III + TRID-neck, BIORID II and
RID 2 v0.0) are finally evaluated in order to give
new insight in recent rear impact dummy
performance. The discussion tries to put together
the obtained results with those issue from temporal
investigations.

BIOMECHANICAL BACKGROUND AND
METHODOLOGY

Modal analysis of the head-neck system in vivo

As outlined briefly in the introduction, the head-
neck system is firstly characterized in vivo. The
experimental impact device is represented in figure
1. It consists of a simple pendulum (4 kg ; 0.6 m)
which slightly impacts frontally the volunteer’s
forehead with the volunteer seated on a rigid seat
without a head rest. The subject is asked to close
his eyes and to remain totally relaxed in order to
avoid any active muscle contribution. It is
hypothesized that the head motion remains in the
sagittal plane and that the head motion amplitude
remains sufficient small (a few degrees) so that the
two recorded responses i.e. the applied frontal force
and the linear acceleration can be assumed as
unidirectional in the antero-posterior direction.

Figure 1. Experimental test device.

Figure 2. Detail of the 3D accelerometer setup
fitted to the volunteer’s head.
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The head acceleration was measured using nine
accelerometers (Entran EGA ±10 g) arranged in the
well-known 3-2-2-2 configuration as illustrated in
figure 2 in order to calculate the linear component
of the head acceleration at any point. The impulsive
force was recorded using a force sensor (PCB
208A02 11.432 mV/N). Both signals were digitized
via a PXI/SCXI (National Instruments) acquisition
center fitted with a PXI-6070E 12 bit acquisition
card. Signal acquisition was performed under
LabView (NI) program and data processing was
written using Matlab software.
After impact, the transfer function between force
and acceleration was estimated in terms of apparent
mass. Special attention was paid to noise
management, as well as checking of linearity,
ergodicity and the stationary nature of the signals.

Figure 3. Temporal evolution of applied force
and linear acceleration response calculated on

the vertex.

Figure 4. Experimental transfer function of the
head-neck system in terms of Apparent Mass

with 95% confidence interval calculated for 10
impacts to the volunteer subject.

This study focuses on the head-neck frequency
response in the 0-20 Hz range. Typical force and
acceleration response in the temporal domain are
plotted in figure 3. The transfer function between
force and acceleration at point S has been
calculated in terms of apparent mass. The Bode
diagram of the apparent mass is reported in figure 4
and was determined with a coherence function over

0.9 in the 0.6-30 Hz frequency range. This latter
gives the validation domain of the transfer function
and confirms the linear behavior of the head-neck
system for the low energetic loading under study.
For this first result, obtained from ten tests on a
single relaxed subject we observe a first natural
frequency (resonance) at 1.4 Hz illustrated by a
minimum value of the amplitude and a phase shift
from –180° to –32° with a –90° phase at 1.4 Hz.
Furthermore, at 5.9 Hz, a second natural frequency
can be observed with a second amplitude minimum
accompanied by a phase shift. Finally, above 7 Hz
the head-neck system behaves like a single masse
(3.5 kg). A total of six human male volunteers of
very different sizes and masses were tested and lead
to similar results i.e. f1 =1.5 Hz (±0.2 Hz) and f2 =6
Hz (±0.5 Hz). This result is typical of a two degree
of freedom system, so the simplest model which
can simulate this transfer function is a two mass
system connected with a set of springs and
dashpots. This is provided by the classical two
pivots neck model proposed by Bowmann et al.
1972 and Wismans et al. 1986 illustrated in figure 5
with the relevant anatomical data identification.

Figure 5. Anatomic definition and minimum
complexity mathematical model of the head-

neck system needed for a complete experimental
modal analysis.

Mathematical modeling of the neck is not the
purpose of this study but the consideration of the
minimum number of degree of freedom has to be
considered for a complete experimental
characterization. In our case a single punctual
transfer function between acceleration of point S
and the input force F cannot contain all information
relative to a two degree of freedom system. A
second transfer function is needed in order to
extract the deformed shape relative to each
identified natural frequency. The horizontal linear
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acceleration of point OH was selected for this
purpose and the transfer function between this
parameter and the input force was plotted in a
similar way as for point S. The imaginary part of
three transfer functions (S, OH, and the zero transfer
function at point ON) are given in figure 6 in order
to extract the system’s deformed mode shapes. It is
finally a three dimensional representation of this
parameter obtained by including the spatial
dimension between ON, OH and S which permits to
draw the deformed mode shapes of the neck at
respectively 1.4 and 5.9 Hz. This is done in figure
6a where we can observe very clearly that the first
mod at 1.4 Hz is an extension mode and the second,
at 5 Hz a translation mode due to the S shape of the
neck and sometimes called retraction motion.
Figure 6b represents the two shapes schematically,
by plotting the imaginary part of the selected
geometrical point transfer function for the two
natural frequencies.

a)

b)

Figure 6a) Three-dimensional representation of
the imaginary part of the dynamic rigidity
versus frequency obtained by including the

spatial dimension between ON, OH and S. 6b)
Represents the two shapes, by plotting the

imaginary part of the selected geometrical point
transfer function for the two natural

frequencies.

Methodology for dummy necks evaluation

Dummy evaluation is conduced in accordance with
the previous experimental modal analysis of the
human head-neck in vivo. The dummies are tested
strictly under the same conditions as the volunteers.
Firmly fixed on a rigid seat without headrest, their
forehead is impacted with the pendulum as shown
in figure 7. Impact force and head acceleration are

determined at the vertex (point S) and center of
gravity (point OH) of the dummy head. As with the
volunteers, each experiment was run ten times in
order to reduce the Standard Normalized Error
linked to noise and to plot the mean transfer
function and standard deviation with a 95 %
confidence.

Figure 7. Experimental test device for dummy
neck evaluation.

For each dummy, this "mechanical signature" is
superimposed with the one obtained from the
volunteers, in terms of amplitude, frequency and
modal damping. Dummy evaluation is then possible
in terms of amplitude at higher frequencies
expressing head inertial effects, natural frequencies
linked to rigidity, modal damping illustrating the
damping of dummy motion and finally mode
shapes expressing the validity of dummy degrees of
freedom. Global bio-fidelity of the dummy head-
neck system is satisfactorily achieved if:

- the inertial behavior in the 10-20 Hz
frequency range is of the order of 3-4 kg

- a first natural frequency is obtained at 1.5
± 0.2 Hz

- a second natural frequency is observed at 6
± 0.5 Hz

- the mode shape associated to the first
mode is a flexion/extension mode

- the mode shape associated to the second
mode is a retraction (or S shape) mode

- damping of each mode is in accordance
with the volunteer’s damping.

This methodology will hereafter be applied to five
dummies in order to evaluate their bio-fidelity
under rear impact against new validation
parameters extracted in vivo in the frequency
domain.

BIOFIDELITY EVALUATION OF DUMMY
NECKS

In this section five dummy necks are evaluated in
order to illustrate the ability of the proposed
methodology to prove their limited bio-fidelity
under rear impact. Two dummies not specifically
designed for whiplash analysis (original Hybrid III
and Eurosid) and three rear impact dummies
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specially designed to reproduce the human head
neck response under whiplash (Hybrid III + TRID-
neck, BIORID II and RID2 v0.0) have been
compared to the human head-neck system behavior
in the frequency domain.

Frontal and Side Impact Dummies

Hybrid III is a well-known frontal impact dummy
extensively used in standard all through the world.
This dummy was developed by General Motors and
accepted as a standard by NHTSA in 1986. It has
been widely proved and is accepted that its neck is
far too stiff and that it poorly reproduces the human
head kinematics under rear impact. For this dummy
the experimental apparent mass is plotted against
the volunteer in figure 8. If the inertial behavior at
high frequencies is realistic, the first recorded
natural frequency appears at 6 Hz and after this
extension mode no retraction mode is observed.
This result illustrates a much too rigid extension
mode (6 Hz) compared to the extension mode in
vivo set at 1.5 Hz.

Figure 8. Superimposition of the experimental
apparent mass recorded on Hybrid III head-

neck system with the human volunteer response.

Figure 9. Superimposition of the experimental
apparent mass recorded on Eurosid head-neck

system with the human volunteer response.

Eurosid has been developed within the framework
of an EU project as a new tool for side impact
investigation. This dummy has a Hybrid III head
and the neck is made of a rubber block with two

joints at the link with the head and the thorax. The
“mechanical signature” of this dummy is reported
in figure 9 versus the volunteer response. As for
Hybrid III, this dummy shows a too rigid extension
mode (at 5 Hz against 1.5 in vivo) and no retraction
mode. This first analysis on frontal and side impact
dummies illustrates how the developed method can
point out bio-fidelity failure of dummies which
were not designed for rear impact simulation. Let
us now focus on rear impact dummies.

Rear Impact Dummies Evaluation

A total of three rear impact dummies were
investigated in this study according to the
developed methodology. It was observed in the 80’s
that existing dummies present head kinematics
which differs from human volunteer’s head rotation
especially under moderate rear impact (Seeman et
al. 1986, Deng et al. 1989, McConnel et al. 1993,
Scott et al. 1993). In 1992 Svensson and Lövsund
developed a new dummy neck (the RID neck). This
neck presented improved kinematics of the dummy
response in terms of head rotation but further
modifications were needed in order to also
reproduce head translation. Today, after several
dummy versions, a flexible vertebral column has
been added to the neck in order to reproduce T1
rotation accurately. The new name of this rear
impact dummy prototype is BIORID II (Davidsson
1999).
At the same period, Thunnissen et al. (1996)
developed a second rear impact dummy prototype,
called TRID (for TNO-Rear Impact Dummy). The
general building was similar to the BIORID neck
but with a reduction of the number of discs
representing the cervical vertebrae. Extensive
validations has been conducted against new
volunteer tests and response reproducibility has
been improved. New modifications have been
proposed within the framework of the EU project
"Whiplash" (started in 1997) and conducted on the
RID2 v0.0 dummy (2002). His novel neck presents
7 aluminum discs connected with a cable in a
central position as well as external cables which
simulate muscle action. Rubber blocks inserted
between the discs in the rear and lateral position are
specially designed to adjust local stiffness of the
cervical column.
For the three tested rear impact dummies, the
experimental apparent mass is plotted in a Bode
diagram in figure 10, 11 and 12. In this figure, each
dummy response is superimposed to the volunteer
response for bio-fidelity evaluation. It appears in
figure 10 that TRID-neck presents only a slight
evolution compared to original Hybrid III neck and
reproduces only again the extension mode. An
improvement was however obtained with a first
natural frequency at 4.5 Hz against 6 Hz for the
original Hybrid III neck. Nevertheless the TRID-
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neck remains still too stiff in comparison with the
volunteer's first frequency set at 1.5 Hz.

Figure 10. Superimposition of the experimental
apparent mass recorded on TRID-neck with the

human volunteer response.

Figure11. Superimposition of the experimental
apparent mass recorded on BioRID head-neck

system with the human volunteer response.

Figure 12. Superimposition of the experimental
apparent mass recorded on RID2 v0.0 head-neck

system with the human volunteer response.

BIORID II's experimental apparent mass in figure
11 shows an important improvement of neck
flexibility as its first natural frequency is decreased
to 2.5 Hz. Compared to the human neck, it can be
concluded that this dummy neck is still too stiff and
that its motion damping is too low. Concerning the
second mode it is interesting to notice that the

retraction mode exists but at a frequency of 10 Hz
against 6 Hz for the human being.
RID2 v0.0 has a very similar mechanical behavior
to BIORID. His experimental apparent mass is
plotted against the volunteer response in figure 12.
The first mode (extension) is set at 3 Hz which is
still too high compared to the volunteer (1.5 Hz) but
this time with an improved damping. As for
BIORID the retraction mode exists but this second
natural frequency appears at 10 Hz (against 5 Hz
for the volunteer) illustrating a too rigid retraction
degree of freedom, as was the case for BIORID.

DISCUSSION

Discussion of this new dummy neck investigation
approach is suggested at two separate levels which
are the pertinence of the new validation parameters
acquired in vivo and the evaluation of rear impact
dummies.

Arguments and limitations of methodology

The extracted modal characteristics of the human
head-neck system in vivo can, to some extend, be
compared to observations made in the time frame.
Besides the natural frequencies, deformed mode
shapes of the neck have been defined in this study.
The new issue at this level is that the first mode at
1.5 Hz is associated with the neck extension (C
shape) and the second mode at 6 Hz to translation
or retraction (S shape). The fact that his modal
behavior was observed for six very different human
male subjects demonstrates a new result which
could be expressed as “each human adult male has
his own mechanical parameters to present a single
modal behavior whatever his geometrical, mass and
inertial data”. These deformation modes have often
been observed in the literature and it is generally
mentioned that the “S mode” appears before the
neck extension in the time domain (Deng et al.
1987, Kleinberger et al. 1993, Walz et al. 1995,
Ono et al. 1997, Bolström et al. 1997). These
observations are in accordance with our modal
analysis but to our knowledge, no study has clearly
defined under which condition the S shape does
appear or not. The present research shows that S
shape mode is only excited if energy is introduced
in the system around 6 Hz, and this is the case only
if the impact duration is short enough or if there are
high-loading ramps within the loading function.
This finding is in total agreement with
Nightingale’s finding when he investigated the neck
under vertical loading means a multi-body model
restricted to the temporal domain (Nightingale et al.
2000). The main result was that faster loading rates
were associated with higher order buckling modes.
Furthermore, these authors stated that injury
mechanisms may be substantially altered by loading
rates because inertial effects may influence whether
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the cervical spine fails in a compression mode, or in
bending mode in their case. In terms of modal
analysis this statement simply becomes “if a natural
frequency and its mode shape is excited, the related
injury mechanism is potentially present”. This
proves that mode shape and related natural
frequency definition is a step against injury
mechanism understanding, even if motions are
restricted to small deformations. Concerning the
neck under rear impact condition, this statement is
well illustrated by the observation of the “S” shape
deformation in the first phase of the impact,
immediately followed by the extension mode of the
neck in the second phase if the loading rate of the
subject is sufficiently severe (Ono et al. 1997 and
Yoganandan et al 1998). Therefore it is
hypothesized in the present study that experimental
modal analysis of the cervical column will not only
help to characterize the head-neck system, but also
contribute to identify injury mechanisms involved
in specific impact conditions. Therefore this study
gives new insight to injury under rear end impact.
The main discussion concerning the method is the
hypothesis of linearity, due to the assumption made
at the transfer function definition level, but also in
relation to the low impact energy involved in the
experimental impact. It is therefore important to
remember that the methodology is well designed to
describe the human neck and to evaluate dummy
neck behavior for low energy impact, or before
non-linearity due to saturation (hyper-elongation of
ligaments, bone contact, muscle activity) occurs.
Under these restrictions, how can modal analysis
techniques, inform us about the complex properties
of the human and dummy neck?
Let us first recall that linear behavior has
systematically been checked in our experiments
through the coherence function that remains
between 0.9 and 1 for both, the in vivo and the
dummy tests. Resonance frequencies, damping and
mode shapes give the dynamic deformation
initialization that may eventually continue until
non-linearity appears in case of energetic impact.
Moreover it is questionable if the neck has really a
non-linear behavior under low speed rear impact.
Bogduk et al. 2001 as well as Mc Connell et al.
1993, Yoganandan et al. 1995 and Matsushita et al.
1994 mentioned that the head does not rotate
beyond its physiological limits under low energetic
impacts. Injuries are often observed in real world
accidents even in the presence of a headrest, under
low energy, early after the impact, before head
extension occurs, probably before non linear
behavior appears. This illustrates that injury may
appear under small displacement and that future
dummies must be bio-faithfull for such kind of
loading
The main limitation of the present study is its
focusing on mechanical behavior of the neck and
possible neck injury mechanisms, excluding any

investigation of tolerance limits. It must be pointed
out also that this study is restricted to impulse to the
forehead, focusing therefore on rear motion of the
head as it occurs in rear impact configuration.
Finally only adult males have been considered and
muscle action has not been taken into account, so
further research is needed on human volunteers.

Dummy evaluation in the time and frequency
domain

A number of validation and comparative studies of
rear impact dummies are reported in the literature
(Cappon et al. 2001, Kim et al. 2001, Siegmund et
al. 2001). All of them were conduced in the
temporal domain. Main improvement observed
with the rear impact dummies was a more realistic
head rotation then for Hybrid III dummy. This neck
flexibility increasing is illustrated in our analysis by
a decreasing of the first natural frequency. More
closely, Prasad et al. 1997 observed exaggerate
oscillations and a peak head extension duration
which was about 50 ms shorter for Rid2 v0.0 as for
the volunteers. This is confirmed by our conclusion
concerning a still too high first natural frequency
and a too low damping of this dummy neck.
Prasad’s study also shows head acceleration
response of the rear impact dummy shifted about 25
ms earlier in the time frame compared to the human
body. This second observation can be explained in
our analysis by a too high second natural frequency
of the dummy neck. Generally the reproduction of
head translation early after impact is still difficult to
be evaluate against volunteer response in the time
domain and continues to be investigated.
Two recent comparative studies (Prasad et al. 1997
and Philippens et al. 2002) demonstrated that
BioRID and RID2 v0.0 had very similar responses
under moderate impact although BioRID has a
flexible thorax. Prasad et al. 1997 concluded that
Hybrid III is suitable for rear impact testing in the
8-24 km/h rang when Philippens et al 2002 had the
opposite position. Other contradictions were
obtained in the time frame when Philippens et al.
2002 found that for rear impact dummies head
kinematics was acceptable whereas T1 kinematics
was not. It is questionable here how the head can
behave accurately when T1 does not, given that T1
is the input of the head loading. In addition to the
difficulty related to analysis in the time domain
authors too often add complexity by considering
seat and thorax effect to the neck validation. This is
illustrated by Kim et al. 2001 and Szabo et al. 2002.
Ono et al. 2002 compared pure dummy neck
behaviour to volunteer response by impacting
directly the head as defined in Ono et al. 2001.
This study lead to the conclusion that cervical
column of rear impact dummies are still too rigid,
specially at the upper level as it was shown in the
present study concerning the too high first natural
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frequency. Definitive conclusions on retraction
behaviour of the rear impact dummies however
were not drawn.

CONCLUSION

An experimental and theoretical modal analysis of
the human head-neck system under frontal head
impact, simulating low speed rear-end impact
motion, has been successfully conducted and lead
to original results :

1- For the human head-neck system in vivo
the extracted modal characteristics consist
of a first natural frequency at 1.5 Hz
associated to neck extension and a second
mode at 6 Hz associated with head
translation or neck retraction.

2- For five very different volunteer male
subjects similar results were obtained.

3- This set of data constitutes new validation
parameters in the frequency domain
suitable for dummy evaluation under
moderate rear impact.

By recording experimentally the apparent mass of
dummies head-neck systems under the same
experimental condition as the volunteer subjects, it
was possible to compare the human and the
dummies frequency response functions and to
evaluate their bio-fidelity against validation
parameters in the frequency domain. Following
conclusions could be drawn from this study :

4- Hybrid III presents only one natural
frequency at 6 Hz associated to neck
extension which proves his too rigid neck.
No retraction mode was observed.

5- Eurosid is slightly less rigid than Hybrid
III with an extension mode at 5 Hz but
without any retraction mode reproduced.

6- TRID neck presents a limited
improvement of neck extension flexibility
with a first natural frequency set at 4.5 Hz.
Neck retraction mode was still not
observed.

7- BioRID presents two natural frequencies.
The first, associated to extension appears
at 2.5 Hz. This is still too high and its
damping must be increased. The second
mode is a retraction mode but much too
rigid given that it appears at 10 Hz against
5 Hz in vivo.

8- RID2 v0.0 has a similar behavior as
BioRID but with the first mode at 3 Hz
and better damping. The retraction mode is
still set at 10 Hz.

9- BioRID and RID2 v0.0 are the most
biofaithfull rear impact dummies within
the tested dummy sample. Improvement
are however needed in order to reproduce
closer the extension mode and to set the

retraction mode at a realistic natural
frequency.

To the author’s knowledge it is the first time that
modal characteristics of the human head-neck
system are extracted. The results lead to new
dummy evaluation methodology and give new
insight into injury mechanisms given that if a
natural frequency and its mode shape is excited, the
related injury mechanism is potentially present.
Impact characteristics in the frequency domain or
neck loading rate should consequently be managed
to avoid a given neck deformation mode. This
opens up new possibilities for protective system
evaluation and optimization. Consequently, it could
be suggested that we might well suppress or reduce
transmissibility of seat to occupant around 6 Hz in
order to avoid the neck retraction mode.
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ABSTRACT

To date no AIS1 neck injury mechanism has been
established, thus no neck injury criterion has been
validated against such mechanism. Validation
methods not related to an injury mechanism may be
used. The aim of this paper was to validate different
proposed neck injury criteria with reconstructed real-
life crashes with recorded crash pulses and with
known injury outcomes.

A car fleet of more than 40,000 cars fitted with crash
pulse recorders have been monitored in Sweden since
1996. All crashes with these cars, irrespective of
repair cost and injury outcome have been reported.
With the inclusion criteria of the three most
represented car models, single rear-end crashes with a
recorded crash pulse, and front seat occupants with no
previous long-term AIS1 neck injury, 79 crashes with
110 front seat occupants remained to be analysed in
this study. Madymo models of a BioRID II dummy in
the three different car seats were exposed to the
recorded crash pulses. The dummy readings were
correlated to the real-life injury outcome, divided into
duration of AIS1 neck injury symptoms.
Effectiveness to predict neck injury was assessed for
the criteria NIC, Nkm, NDC and lower neck moment,
aimed at predicting AIS1 neck injury. Also risk
curves were assessed for the effective criteria as well
as for impact severity.

It was found that NICmax and Nkm are applicable to
predict risk of AIS1 neck injury when using a BioRID
dummy. It is suggested that both BioRID NICmax and
Nkm should be considered in rear-impact test
evaluation. Furthermore, lower neck moment was
found to be less applicable. Using the BioRID
dummy NDC was also found less applicable.

INTRODUCTION

The safety level of cars has improved considerably
the latest years, especially regarding the risk of severe
injury (Kullgren et al. 2002). The safety regarding
disabling injuries has also improved. However, the
most common example, disability due to a neck

injury classified as AIS1, has increased in terms of
number and risk since the early 80’s (Krafft 1998,
Kullgren et al. 2002). Most occupants reporting an
AIS1 neck injury recover, often within a month while
5-10% sustain permanent disability (Nygren 1984,
Gustavsson et al 1985, Galasko et al. 1996). Although
a small percentage and a low AIS scoring (AIS1), the
disability caused by these injuries corresponds to the
major part of the societal cost and individual suffering
resulting from car crashes (Krafft 1998, Hell et al.
1998). It is important that test methods and tools to
evaluate the risk of these injuries are developed.

Several studies have shown correlation between risk
to sustain an AIS1 neck injury and impact severity
(Krafft 1998, Krafft et al. 2001). Among evaluated
severity parameters, car acceleration levels in the
impact phase seems to well correlate with the risk to
sustain an injury. Based on data from crash recorders,
average acceleration levels for occupants with initial
whiplash symptoms and more long-term symptoms
have been presented (Krafft et al. 2001). The risk to
sustain a long-term injury was approaching 100% at a
car mean acceleration above 7 g, while for a car mean
acceleration below 4g it was zeroing. Such
information is useful in designing test specifications,
and it is important to further analyse injury risks in
rear impacts.

For frontal and side impact situations there are
legislation and consumer tests with standardised crash
test dummies, the HIII and Euro/US-SID, as well as
AIS3+ neck injury criteria, the upper neck forces and
moments (Mertz, 1984) or combinations thereof
(Kleinberger et al. 1998). For rear impact situations
there are no legislation tests nor commonly accepted
AIS1 neck injury criteria. Nevertheless, two rear
impact crash test dummies have recently been
developed, the Biofidelic Rear Impact Dummy
(BioRID) by a Swedish consortium (Davidsson et al
1998) and the Rear Impact Dummy version2
(RID2) by TNO (Cappon et al, 2000). The BioRID, a
completely new dummy with fully articulated spine
(24 pin joints) was developed to mimic volunteer
kinematics. The RID2 is a modification kit
(articulated spine and improved back shape) for the
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50th percentile HIII dummy. Both dummies have been
shown to be more biofidelic in rear impact testing
compared with the HIII dummy (Davidsson et al.
1999, Siegmund et al. 2001, Philippens et al. 2002).
Also, various AIS1 neck injury criteria have been
proposed the latest ten years, for example, NIC
(Boström et al. 1996), Nkm (Schmitt et al, 2002),
lower neck moment (Prasad et al. 1997) and NDC
(Viano and Davidsson, 2001). The NIC considers the
relative horizontal acceleration and velocity between
the bottom (T1) and the top (C1) of the cervical spine.
The Nkm is a combination of upper neck shear and
flexion/extension moment. The NDC is based on the
angular and linear displacement response of the head
relative to T1. Of these criteria, NIC have been
evaluated most thoroughly and have been shown to be
sensitive, in a real-life like manner, to seat structure
characteristics, head-to-headrest distance and crash
pulse (see for example Bostrom et al 1996, Bostrom
et al 1997, Bostrom et al 1998, Eichberger et al 1998,
Kleinberger 2000, Eichberger 2000, Bostrom et al
2000, Eriksson and Bostrom 2002, Hell et al, 2002).
When it comes to evaluation of a large set of
parameters such as crash pulse or head-to-headrest
distance, an effective alternative to mechanical
simulations is mathematical simulations. Eriksson and
Bostrom (2002) showed a BioRID I Madymo model
(Eriksson 2000) to be an effective tool in crash
reconstruction analysis.

To achieve a situation with cost-effective rear-impact
protection-systems in all cars, effective test methods
must be established. A countermeasure evaluation
method normally includes a crash test dummy, crash
pulses and criteria. For a method to be effective, the
method must reflect real life crash situations. A
somewhat unique issue regarding rear-impact test
validation or relevance to real-life crashes is the lack
of well established AIS1 neck injury mechanisms and
precise diagnosis. A strategy, used in this study, to
overcome the involvement of injury mechanisms and
diagnosis, is to correlate/validate simulated AIS1
neck injury criteria to neck injury outcome sustained
by occupants exposed for well documented real-life
crashes.

The aim of this paper was to validate different
proposed neck injury criteria with reconstructed real-
life crashes with recorded crash pulses and with
known injury outcomes. Symptom duration of 110
occupants (whereof 13 sustained injuries lasting more
than one month) were compared with mathematical
(MADYMO) simulations with a BioRID II dummy.

MATERIAL AND METHODS

Real-world data

A data set consisting of real-life rear-end impacts was
used as input for computer simulations. Since 1996
Folksam Insurance Company in Sweden have fitted a
car fleet of more than 40,000 cars, consisting of 7
models of the same make, with crash pulse recorders
aimed at measuring acceleration-time history in rear-
end impacts. All crashes with these cars, irrespective
of repair cost and injury outcome have been reported.
With the inclusion criteria of the three most
represented car models, single rear-end crashes with a
recorded crash pulse, and front seat occupants with no
previous long-term AIS1 neck injury, 79 crashes with
110 front seat occupants remained to be analysed in
this study.

The crash pulse recorder records the acceleration-time
history with a sampling frequency of 1000 Hz in the
impact phase of a crash. Acceleration was measured
in the principle direction of force within +/- 30
degrees. Crash pulses were filtered at approximately
60 Hz. Change of velocity and mean and peak
accelerations were calculated from the recorded crash
pulses. Mean acceleration was calculated during the
main part of the pulse until the acceleration
approached zero. The threshold of the recorder is
approximately 3 g.

The occupant injury status was divided in categories
regarding duration of symptoms; no, initial and
symptoms more than one month. Injury status was
established from telephone interviews. For those
occupants reporting a whiplash injury, follow-ups of
medical symptoms were made at several occasions,
however at least ones after 6 months. Examples of
symptoms are neck pain, headache, dizziness, and
neck stiffness. The numbers of occupants in the three
included car models are presented in Table 1 for the
various injury categories.

The age distribution and gender for the injury
categories can be seen in Table 2. It was a similar
proportion of males and females for occupants with
symptoms more than one month and for all
occupants. Also average age was similar for those
groups. Occupants that reported an AIS1 neck injury
but recovered within a month had lower average age
and higher proportion of females compared to the
other injury categories, see Table 2.
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Table 2. Gender and average age for occupants
with various injury categories

Average age Gender (%)
Male Female

No neck injury 46.8 53 47
Initial symptoms 39.4 32 68
Symptoms > 1 month 47.4 46 54
Total 45.0 47 53

Simulation model

Three seat models were built up in Madymo since the
seats in the three analyzed car models differed in
geometry and stiffness characteristic. The geometries
of the mechanical seats were measured and the
cushion, the seat-back, and the head restraint contours
were implemented into Madymo in order to achieve
correct contact areas between the seats and the
dummy. Also, parts of the seat structures that may
influence on the dummy kinematics during the
crashes were implemented. For each seat model two
mechanical crash tests with the BioRID II were
carried out at ∆v 23 km/h and mean acceleration 4.5
g. The BioRID II was seated in a normal posture and
no seat belts were used. The initial seat back
inclination in the mechanical tests corresponded to a
torso angle at 25° on an H-point mannequin and the
head restraints were placed in their lowest positions.
The spread in the dummy responses within similar
seats were used to establish corridors for the x- and z-
accelerations in the dummy head, C4, T1, T8, L1, and
pelvis, for the y-rotations of the dummy head, T1, and
pelvis, for the seat inclinations and deformations, and
for the dummy upper neck loads. The stiffness
characteristics of the Madymo seat models were then
tuned with the aim to fit the responses from the
Madymo models into the mechanical test response
corridors. Differences between the seats that
influenced on the dummy kinematics were seat-back
height and stiffness characteristic, head restraint
position and stiffness characteristic, recliner stiffness
characteristic, and geometry of the upper seat-back
structure.

All analyzed crashes were reconstructed in Madymo
by exposing the Madymo seat models and a Madymo
model of the BioRID II to the recorded crash pulses.
The Madymo BioRID II (release date Feb. 27 2002)
used was an upgrade of the Madymo BioRID I
(Eriksson, 2002). The Madymo BioRID II were
placed in a normal posture, no seat belts were used,
and the head restraints were placed in their lowest
position with the exception of the seat with the lowest
seat-back where the head restraint was placed 30 mm
upward from its lowest position. For all crashes the
NICmax (Bostrom et al. 2000, however filtered at
CFC180), Nkm (Schmitt et al. 2002), lower neck
moment (Prasad et al. 1997) and NDC (Viano and
Davidsson 2001) were calculated. The BioRID II
accelerations and upper neck loads were filtered
according to Davidsson (1999) for the mechanical
tests and no filter was used for the Madymo
simulations.

Correlation analysis
Injury risk was evaluated by calculating the ratio of
injured occupants and all occupants in intervals of
impact severity or intervals of each neck injury
criterion. Injury risk was calculated for each injury
severity level. Smooth curve fits (see software
KaleidaGraph 2000) were used to visualise changes
in risk for increasing impact severity or injury
criterion. No risk functions were calculated.

To further study how impact severity influenced
injury outcome, and to study how parameters were
correlated, the parameters were plotted versus each
other for the three injury severity levels included.
Also simulated neck injury criteria were plotted
versus measured impact severity.

A new criterion, MIX, based on Nkm and NICmax was
calculated as Eq 1, where NICav is the average NICmax

and Nav is the average Nkm in this sample.

MIX = SQRT((NICmax/NICav)
2+(Nkm/Nav)

2) (Eq 1)

Table 1. Number of occupants in various car models

Total Car model 1 Car model 2 Car model 3
Total D FSP D FSP D FSP D FSP

No neck injury 67 50 17 16 5 20 10 14 2
Initial symptoms 30 20 10 3 3 13 6 4 1
Symptoms > 1 month 13 9 4 3 1 3 2 3 1
Total 110 79 31 22 9 36 18 21 4

D = Driver, FSP = Front Seat Passenger
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An attempt was also made to statistically show how
well the injury criteria explain the risk of sustaining
symptoms for more than 1 month. As a global
assessment of the effectiveness for each criterion to
predict an injury ROC curves (Receiver Operating
Characteristic) were calculated (Bland 2000), where
sensitivity was plotted against 1-specificity. The area
under the curve (AUC) was compared to the null
hypothesis of a 0.5 level for uninformative tests. For a
maximum effective criteria the area should be 1.00. A
95% confidence interval was calculated for each area.

Two sets of thresholds were chosen corresponding to
a sensitivity of 77% (10 occupants out of 13 with
symptoms more than one month) and 92% (12/13).
For each threshold specificity and positive and
negative predictive values were calculated. The
definition of the statistical terms were (according to
Bland (2000));

• Sensitivity – the proportion of injured occupants
above the chosen threshold

• Specificity – the proportion of uninjured
occupants below the threshold.

• Positive predictive value – the proportion of all
occupants above threshold that were injured.

• Negative predictive value – the proportion of all
occupants below threshold that were uninjured.

Note that the sensitivity measures how good the
criterion is at finding an injured occupant and the
specificity to excluding an uninjured. The positive
predictive value is the probability that an occupant
above a threshold is injured. The negative predictive
value is the probability that an occupant below a
threshold is uninjured. 95% confidence intervals were
calculated for the positive and negative predictive
values.

To evaluate correlation between NDC and injury
outcome, vertical versus horizontal displacements and
angular versus horizontal displacement were studied.
According to Viano and Davidsson (2001) occupants
outside boundary lines are exposed to higher risk.
Due to the current definition of NDC, no statistical
analyses or risk curves could be made to compare
NDC with the other injury criteria.

RESULTS

In the real-life data sample the average change of
velocity was 10.0 km/h and the average mean
acceleration 3.5 g. The maximum change of velocity
was 33.2 km/h and the maximum mean acceleration
was 10.2 g. This can be seen in Figure 1 and 2
presenting the number of observations in intervals of

change of velocity and mean acceleration. The
maximum peak acceleration was 21.7 g.
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Figure 1. Number of crashes in intervals of
change of velocity.
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Figure 2. Number of crashes in intervals of mean
acceleration.

A correlation can be seen for risk of both initial
symptoms and for symptoms lasting longer than one
month for all three impact severity parameters
included, see Figures 3, 4 and 5. The risk of
symptoms more than one month was low at change of
velocity below 15 km/h, and at a mean acceleration
below 5 g and at a peak acceleration below 10 g.
Between 5 and 7 g the risk of symptoms more than
one month increased from almost 0% to almost
100%, see Figure 4.
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Figure 3. Injury risk versus change of velocity.



Kullgren 5

0

0,2

0,4

0,6

0,8

1

0 2 4 6 8 10 12

Symptoms < 1 month
Symptoms > 1 month

R
is

k

Mean acceleration (g)

Figure 4. Injury risk versus mean acceleration.
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Figure 5. Injury risk versus peak acceleration

To study how change of velocity, mean and peak
acceleration together influences the injury risk,
Figures 6 and 7 can be studied. Below 3 g in mean
acceleration no occupant with symptoms more than
one month have been found and only one out of 13 of
these occupants had a mean acceleration below 4.5 g.
Similarly, only one out of these 13 occupants had a
peak acceleration below 10 g, see Figure 7.
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Figure 6. Change of velocity and mean
acceleration for occupants in different injury
categories.
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Figure 7. Peak and mean accelerations for
occupants in different injury categories.

In the following three plots, Figures 8, 9 and 10,
NICmax, Nkm and lower neck moment are plotted
against mean acceleration to visualise how these
correlate with injury outcome. Only one occupant
with symptoms for more than one month had a
NICmax below 15 m2/s2, see Figure 8. One of the
occupants with a NICmax above 15 m2/s2 had low
mean acceleration close to 3 g, see Figure 8. The
same crash can also be seen in Figure 9, where the
corresponding Nkm was 0.4. It was also found that
most of the occupants with symptoms more than one
month, 11 out of 13, also had Nkm above 0.98.
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Figure 8. NICmax and mean acceleration for
occupants in different injury categories (the
occupant with a NICmax of 55.5 m2/s2 was excluded
in the plot).
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Figure 9. Nkm and mean acceleration for
occupants in different injury categories (the
occupant with a Nkm of 3.0 was excluded in the
plot).
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Figure 10. Lower neck moment and mean
acceleration for occupants in different injury
categories (the occupants with moment above 30
Nm were excluded in the plot).

The correlation between NICmax and Nkm is shown in
Figure 11. At a given NICmax a large variation in Nkm

was found, see Figure 11. At a NICmax of 16 m2/s2 Nkm

varied from 0.4 to 1.6. The result indicates that you
may sustain a neck injury with long-term symptoms
at both high NICmax and high Nkm.
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Figure 11. NICmax and Nkm for occupants in
different injury categories (the occupant with a
NICmax of 55.5 m2/s2 and a Nkm of 3.0 was excluded
in the plot

According to the AUC calculation it was found that
all criteria were significantly above the 0.5 level for
uninformative tests showing that all criteria can be
used to predict a neck injury with symptoms more
than one month. It can be seen in Table 3 showing the
areas below the ROC-curves (AUC) presented in
Figure 12. However, no conclusive difference was
found for the criteria, except from MIX in
comparison with lower neck moment, see Table 3.
Concerning initial symptoms all criteria were
significantly above the 0.5 level for uninformative
tests except the lower neck moment, which did not
pass the test. Therefore, all criteria except the lower
neck moment can also be used to predict a neck injury
with initial symptoms.
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Figure 12. ROC-curves for NICmax, Nkm, MIX and
lower neck moment (occupants with symptoms
more than one month).
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To further study the usefulness of the included neck
injury criteria, the proportion of occupants with initial
symptoms or symptoms more than one month above
and below a threshold for each injury criteria was
studied, see Table 4 and 5. At a sensitivity of 0.92,
which corresponds to a NICmax-threshold of 15.3
m2/s2 and a Nkm-threshold of 0.48, the probability that
an occupant is injured and correctly classified as
injured was 33% ± 15% for both criteria. The
probability that an occupant is uninjured and correctly
classified as uninjured was 97-100% for both Nkm and
NICmax, see Table 4. At a sensitivity of 0.77, the

probability that an occupant is injured and correctly
classified as injured was 34% ± 17% for NICmax, 77%
± 23% for Nkm and 83% ± 21% for MIX. The
probability that an occupant is uninjured and correctly
classified as uninjured at the sensitivity of 0.77 was
between 94% and 100% for Nkm and MIX, and
between 92% and 100% for NICmax. The lower neck
moment showed lower predictive values for all
sensitivity levels. No significant differences in
predictive values were found between the injury
criteria predicting initial symptoms, see Table 5.

Table 3. AUC for occupants with initial symptoms or symptoms more than one month

Injury criterion AUC Std error P-values 95% confidence interval
Lower bound Upper bound

NICmax 0.893 (0.035) 0.000 0.824 0.963
Nkm 0.944 (0.032) 0.000 0.882 1.000
MIX 0.950 (0.029) 0.000 0.893 1.000

Occupants with
symptoms more
than one month

My 0.702 (0.095) 0.018 0.515 0.889
NICmax 0.737 (0.048) 0.000 0.642 0.832
Nkm 0.776 (0.047) 0.000 0.684 0.868
MIX 0.768 (0.058) 0.000 0.676 0.860

Occupants with
initial symptoms

My 0.564 (0.058) 0.257 0.451 0.677

Table 4. Positive and negative predictive values for occupants with symptoms more than one month

Injury criterion Threshold* Pspecificity Proportion of occupants with
symptoms > 1 month above
threshold
(Positive Predictive Value)

Proportion of occupants not
having symptoms > 1 month
below threshold
(Negative Predictive Value)

Psens = 0.77
NICmax 16.04 0.80 10/29 = 34% ± 17% 78/81 = 96% ± 4%
Nkm 0.9815 0.97 10/13 = 77% ± 23% 94/97 = 97% ± 3%
My 4.34 0.32 10/76 = 13% ± 8% 31/34 = 91% ± 10%
MIX 3.80 0.98 10/12 = 83% ± 21% 95/98 = 97% ± 3%

Psens = 0.92
NICmax 15.30 0.75 12/36 = 33% ± 15% 73/74 = 99% ± 2%
Nkm 0.4809 0.75 12/36 = 33% ± 15% 73/74 = 99% ± 2%
My 3.97 0.26 12/84 = 14% ± 7% 25/26 = 96% ± 8%
MIX 2.32 0.73 12/38 = 32% ± 15% 71/72 = 99% ± 2%

*Thresholds were chosen as the levels for each injury criterion where the proportions of occupants with
symptoms > 1 month where 10/13 and 12/13. This means that the sensitivities chosen were 0.77 and 0.92
respectively.

Table 5. Positive and negative predictive values for occupants with initial symptoms

Injury criterion Threshold**

Psens = 0.79

Pspecificity Proportion of occupants with
initial symptoms above
threshold
(Positive Predictive Value)

Proportion of occupants with
no neck injury below threshold
(Negative Predictive Value)

NICmax 7.67 0.54 34/65 = 52% ± 12% 36/45 = 80% ± 12%
Nkm 0.2805 0.54 35/66 = 53% ± 12% 36/44 = 82% ± 11%
My 3.97 0.27 35/84 = 42% ± 11% 18/26 = 69% ± 18%
MIX 1.17 0.54 35/66 = 53% ± 12% 36/44 = 82% ± 11%

**Threshold was chosen as the level for each injury criterion where the proportion of occupants with initial
symptoms where 35/43. This means that the sensitivity chosen was 0.79%.
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Figures 13 to 16 show neck injury risk for the various
neck injury criteria. At a NICmax of approximately 15
m2/s2 the risk of symptoms for more than one month
was 20%, see Figure 13. For Nkm the corresponding
value was 0.8, see Figure 14, for lower neck moment
5 Nm, see Figure 15, and for MIX 3.2, see Figure 16.

No clear correlation between NDC and injury
outcome could be found, see Figures 17 and 18.
Occupants with symptoms more than one month were
found to have similar combinations of horizontal and
both vertical and angular displacements as the
occupants without symptoms more than one month.
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DISCUSSION

Although the mechanisms causing the AIS1 neck
injuries are not fully known, it is possible to identify
parameters influencing the injury risk. Studies have
shown that the risk to sustain an AIS1 neck injury has
increased since the early 80’s (Krafft 1998, Kullgren
et al. 2002). Since the late 90’s and more frequently
in the beginning of year 2000 whiplash protection
systems have been introduced on the market, see for
example Wiklund and Larsson (1997), Jakobsson
(1998) and Sekizuka (1998). Studies have shown
positive effects of such systems (Viano and Olsén
2001, Farmer et al. 2002). If comparative crash tests
with specific neck injury criteria could mirror these
differences, these criteria could be useful in the
development of new systems aimed at preventing
neck injuries. Such comparative test could be used to
validate, or study correlation with, injury criteria.

There are other methods possible to use to validate
injury criteria. Crash tests with volunteers or PMHS
have been used. However, if volunteer test should be
used to fully validate injury criteria, tests must be
performed at impact severity levels where injuries
occur. In this study dummy readings from crash
reconstruction were compared with real-life injury
outcome, which has the advantage in the way a large
variation in crash type and severity could be covered.
However, such method is useful only if the data and
reconstruction model used is of high quality. In this
study it was clearly demonstrated that the data and
validation method used are applicable.

Although self-reported injury symptoms were used, a
strong correlation between duration of symptoms and
both impact severity and neck injury criteria was
found. If only symptoms verified by a doctor had
been used, a stronger correlation could be expected.

In the real-life data, crash recorders with a trigger
level of 3 g were used. Approximately 40% of all
reported crashes had acceleration levels below 3 g
and therefore no recorded crash pulse. This has been
described by Krafft et al (2002). No occupant with
symptoms more than one month was found in these
crashes. If these low severity crashes would have had
a recorded crash pulse and been included in the data
sample, the negative predictive values would have
been higher. However, the positive predictive values
would most likely not be changed.

Madymo models of seats and the BioRID II were
used to estimate the criteria in the analysed crashes.
Seat models were developed in this study, and the
seat stiffness characteristics were tuned to fit into

response corridors establish from mechanical tests.
However, some responses did not fit into these
corridors. For all seats, the dummy accelerations
fitted into the corridors before head to head restraint
contact, although resulting in lower NICmax values for
the Madymo simulations compared to the mechanical
tests. The head restraint position relative to the
BioRID II head was lower for Car model 1 compared
to the other seats. In the mechanical tests, that
resulted in contact conditions between the head and
the head restraint not likely to occur in real-life crash
since the non-biofidelic lower edge of the BioRID
back head hooked on the top of the head restraint. In
order to avoid this hooking, the head restraint in Car
model 1 was placed 30 mm above its lowest position
in the reconstruction simulations.

The mechanical BioRID II neck consists of vertebrae
connected by pin joints and cables acting as neck
muscles substitutes. These cables are not modelled in
the Madymo BioRID II, which resulted in somewhat
inadequate head and neck rotations, and upper neck
moments. The Nkm values calculated in Madymo
matched those measured in the mechanical test for
Car model I, but were higher for Car model 2 and 3.
Despite the risk of too high Nkm values in the
reconstruction simulations, the conclusions regarding
Nkm as a criterion suitable for predicting AIS1 neck
injuries are likely accurate.

The only parameter that was varied in the simulations
was the crash pulse and the seat. Many parameters
known to influence neck injury risk, such as seat
posture, head twisting, sex, psychosocial factors etc
were not taken into account. Nevertheless, the NICmax

and the Nkm values predicted occupants with
symptoms for more than one month with high
accuracy. Further studies where more parameters are
known and controlled for could be expected to show
higher effectiveness to predict neck injury for these
criteria.

Several studies have shown correlation between risk
to sustain a neck injury and impact severity (Ryan et
al. 1994, Eichberger et al. 1996, Krafft et al. 2002).
Especially acceleration levels in the impact phase
seems to well correlate with risk to sustain an injury
(Krafft et al 2002). In this study it was found that
below 5 g in mean acceleration the risk to sustain a
long-term neck injury seems to be very low. At mean
accelerations above 7 g the risk seems to approach
100%. Furthermore, in the data set with recorded
crash pulses at Folksam no one has to date been found
to have symptoms for more than one month as long as
the mean acceleration was below 3 g. Such
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information is useful in the design of crash tests
aimed at predicting AIS1 neck injuries.

Regarding the plots for NDC (Figures 17 and 18) no
correlation to injury outcome could be seen. An
explanation could be that NDC was developed to
predict AIS1 neck injury when using the HIII
dummy. Although it is necessary with further
analyses, it appears unlikely that a correlation would
be found if using the HIII dummy in the simulations
of the crashes used in this study.

Studying the results in Figures 6 to 9, one could
expect that other parameters than mean and peak
accelerations might influence injury risk. One of the
occupants with symptoms more than one month was
exposed to a low mean acceleration of 3.1 g, not
likely to cause an AIS1 neck injury with long lasting
symptoms. However, in that crash NICmax was above
15 m2/s2, where the injury risk was found to be 20%
in this study, while Nkm was approximately 0.4, where
the injury risk was below 5%.

It was shown that in crashes with resulting NICmax of
approximately 16 m2/s2, Nkm varied between 0.4 and
1.6. Together with the statistical analysis showing
relatively high positive predictive values and very
high negative predictive values for both NICmax and
Nkm, these facts indicate that both injury criteria
separately influences injury risk. Therefore both
criteria could be used to predict neck injury risk. A
first attempt to combine these criteria was the MIX
criteria. It was found to be useful to predict neck
injury, but further studies should be conducted in this
area.

Several studies have shown a higher AIS1 neck injury
risk for females compared with males (Berglund
2002, Krafft 2002b, Langwieder et al. 2002, Otremski
et al. 1989). It is important that critical levels for
preventive measures are based on the most vulnerable
occupants. Therefore risk curves should be calculated
for males and females separately. Due to lack of data
such risk curves could not be calculated in this study.
However, in the results presented in Figures 6-11
both males and females are included, and from these
figures critical levels can be identified taking both
males and females into account.

CONCLUSIONS

Symptom duration of 110 occupants in rear impact
crashes with three car models was compared with
mathematical simulations with the BioRID II. The
inclusion criterion was a recorded crash pulse
(meaning a peak acceleration above about 3g). The
only parameter that was varied in the simulations was
the crash pulse and the seat. That is, the seat posture,
head twisting, sex, psychosocial factors etc were not
taken into account. Nevertheless, the NICmax and the
Nkm values predicted a neck injury with initial
symptoms or with symptom duration of more than
one month with high accuracy. Also, risk curves were
created. Injury risks for various neck injury criteria
were found, which are useful for creating crash pulses
and choosing injury criteria and tolerance levels.

It was found that simulated NICmax and Nkm values for
a normal seated BioRID II exposed for rear impact
crash pulses are applicable to predict risk of AIS1
neck injury. It is suggested that both BioRID II
NICmax and Nkm should be considered in rear-impact
test evaluation.

The findings in this study can be used to design car
crash test specifications aimed at predicting risk of
AIS1 neck injury.
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APPENDIX

Figure 18. Responses from tests with the BioRID II carried out at ∆v 23 km/h and mean acceleration 4.5 g. Black
lines are responses from Madymo simulations, gray areas are response corridors established from mechanical crash
tests.
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ABSTRACT

The draft European Directive on the use of
seatbelts requires passengers of minibuses and
coaches to use the safety systems (seatbelts)
provided. As the wording stands, this requirement
applies to children over 3 years, but the need for
additional protection is not clear. This need has
long been recognised in cars where the
requirements for protection vary according to the
size of child and the characteristics of both the
vehicle and the crash. However, this knowledge
base does not adequately address what means of
protection children need in minibuses, buses and
coaches.

Research has been commissioned by the UK
Department for Transport to determine the
requirements for seatbelts and restraint systems in
minibuses and coaches in relation to children.
Information is being gathered about exposure,
accidents, operational issues of use, practicality and
liability and the fit of existing seatbelt systems for
different age groups of children and particularly
those under 3 years.

BACKGROUND

Children are vulnerable road users, whether as
vehicle occupants or as pedestrians and cyclists.
Their vulnerability is a function of factors
associated with their anatomical, physiological and
psychological development. Children are smaller
than adults affecting how they fit the adult
environment, what they can see, and what forces
they can withstand; their bodies are less well
developed, their bones less dense and strong, their
muscles less well developed in relation to their
body weight; and children’s mental processing
systems are not fully developed, so their abilities to
make spatial, distance and speed judgements are
less accurate than those of adults. These, and all of
the other factors which increase the vulnerability of
children, need to be considered when protecting
them in the road environment.

As passengers of minibuses, buses and coaches,
children are required to exist within an
environment primarily designed to accommodate
adults. There will therefore be some areas where
compromises need to be made in order to address
the needs of the whole population, including the
design of the seat and restraint assembly. The issue
under consideration in this paper is that of child
occupant protection in crash conditions in
minibuses and coaches.

Unlike cars, in which there has been a requirement
for seatbelts to be fitted and used for many years,
the requirement for seatbelts in large passenger
carrying vehicles has only recently become an
issue. Society has become more aware of the need
to improve the level of protection of all road users,
and as large scale improvements have been
achieved, so attention is moving to issues where
smaller improvements are yet to be made. In
relative and absolute terms, as will be discussed
later in this paper, the number of minibus, bus and
coach occupants injured or killed each year is
small. However, there is still an opportunity to
reduce the number of road casualties by addressing
occupant safety within these vehicles.

The EC Common Position on compulsory seatbelt
use (Common Position (EC) No 63/2002) currently
under discussion requires passengers of minibuses
and coaches to use the safety systems provided. As
the wording stands, this requirement applies to
children over 3 years of age, but there is some
concern about the appropriateness of one
seat/seatbelt system for children of all ages, and
whether there is a need for additional protection for
at least some of the younger age group (specifically
children under 3 years) as is the case in passenger
cars. Thus consideration needs to be given to
whether additional protection such as rearward
facing infant carriers, child restraints with an
additional harness and booster seats and cushions
should be used for younger children.
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The need for additional protection for children in
cars has long been recognised, where the
requirements for protection vary according to the
size of child and the characteristics of both the
vehicle and the crash. There is some understanding
of the injury mechanisms, tolerances and criteria of
the different age groups between 0 and 12 years in
cars but this knowledge is not directly transferable
to the situation in minibuses and coaches. The
crash conditions are very different in larger
vehicles and the seating and occupant restraint
systems are not the same. Thus the forces to which
the occupants are subjected can be very different,
with different injury outcomes. However, the
boundaries are becoming less clear. Eight seater
MPVs are becoming more commonplace as family
passenger cars and the similarities between these
and minibuses are probably greater than between
minibuses and coaches, in terms of occupant
protection.

PREVIOUS RESEARCH

In order to establish the scale of the issue it is
necessary to review what is currently known about
the amount of relevant travel undertaken by
children, the accident data and relative risks.

Within the United Kingdom, National Travel
Survey data indicate rates of killed or seriously
injured (KSI) road users by the number of
kilometres, journeys or hours travelled. As shown
in Table 1 bus and coach travel is the safest form of
road transport.

Table 1.
UK National Travel Survey 1999

KSI Rate per 100 million:Mode of
travel

Km Journeys Hours

Car 4 55 171

Van 2 23 80

Motorcyle/
moped

139 1623 5382

Pedal cycle 88 327 1069

Foot 63 50 251

Bus/coach 2 14 35

Rail 0.33 8 16

Water 5 168 90

Air travel 0.007 26 7

The Vehicle Safety Research Centre at
Loughborough University has previously
undertaken two relevant research studies.

The first resulted in a report 'Assessment of
Passenger Safety in Local Service PSVs', and was
undertaken on behalf of the Department for
Transport (DfT). This study assessed the impact of
the Public Service Vehicle Accessibility
Regulations made under the Disability
Discrimination Act (DDA) (1995) and the Disabled
Persons Transport Advisory Committee (DPTAC)
(established under section 125 of the 1985
Transport Act).

The second was an analysis of selected European
data reported in 'Real World Bus and Coach
Accident Data from Eight European Countries', for
Task 1.1 of the Enhanced Bus and Coach Occupant
Safety project (European Commission 5th

Framework Project no. 1999-RD.11130). This
report is a collation of European data that identifies
the important issues in bus and coach occupant
safety. However, there are difficulties in comparing
data from different countries and a lack of detailed
data about accidents involving children.

Both of these studies required the analysis of UK
accident data on minibus, bus and coach accidents.

Whilst it is possible to answer some of the
questions with regard to adults by reviewing
previous research into bus and coach occupant
safety, the research previously mentioned has
identified the general paucity of information
concerning bus and coach crash safety. In
particular there is very little in-depth data
describing the nature of crash injuries and their
causation. Further, many questions with specific
regard to children remain unanswered. A current
research programme being undertaken in the UK
will supply, wherever possible, the additional
information to complete the picture. This UK
research programme is described below.

CURRENT WORK PROGRAMME

The detail of this paper is based on current research
commissioned by the Vehicle Standards and
Engineering Division of the Department for
Transport in the UK. This study, ‘Seatbelts:
requirements for minibuses and coaches’, is a three
year study with 2 modules. The relationship of
these two modules is described overleaf:
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Module 1 Child Protection
Phase 1 Child Protection (M1P1)
Phase 2 Child safety – recommend and
develop cost effective measures (M1P2)

Module 2 Anchorage Evaluation

The contract was awarded to TRL Limited, on the
basis of a joint research proposal submitted by TRL
Limited and the Vehicle Safety Research Centre
(VSRC) at Loughborough University. As the main
contractor, TRL Limited will undertake the
activities in order to recommend and develop cost
effective measures and also to conduct the
anchorage evaluation. As the subcontractor to TRL,
the VSRC will undertake the research in Module 1
Phase 1. Whilst Modules 1 and 2 run in parallel and
are largely independent of each other, within
Module 1 the findings of Phase 1 - child protection
will influence the detail of the work programme of
Phase 2. To this end, the VSRC’s work programme
is being managed in close collaboration with TRL.

The focus of this paper is the research being
undertaken in Module 1 Phase 1 by the VSRC. The
research project started in June 2002 and this phase
is planned to run for 24 months, but with the
intention of reaching working conclusions at 18
months in order that those undertaking Phase 2
have sufficient duration for their activities. To date,
8 months of the project have elapsed and, as such,
methodologies are established, data collection
activities are in place, some data have been
gathered, but as yet, considered analysis cannot be
undertaken or assumptions substantiated.

What follows, therefore, is a discussion of the
methodologies used and, where possible, data are
presented. Many questions remain unanswered, but
indications are given if the authors feel there is
sufficient evidence to do so.

It should be noted that as there is no requirement
for seatbelts to be fitted in city buses and those
where there are standing occupants, these vehicles
will not be included in this study. However, in the
analysis of national accident data 7it is not possible
to distinguish between buses and coaches.

The issues addressed in Module 1 Phase 1, fall into
the following areas of activity with the associated
questions being addressed:

Exposure

How many children travel on minibuses and
coaches? What is the risk of injury to children in
minibus and coach accidents?

Accident scenarios

When children sustain injuries, what is the nature
and severity of those injuries? What are the crash
circumstances in which children sustain injuries?

Injury mitigation

What method of occupant protection affords the
best protection to children? Do such methods of
child occupant protection have injury causing or
exacerbation potential? Are there special issues
associated with children under 3 years of age?

Ergonomics issues

Do the seatbelts on minibuses and coaches fit all
children over 3 years of age properly and all
children under 3 years of age properly? If not,
which children do they fit/not fit properly? What
must be done in order to ensure that those children
whom they do not fit properly are also protected?

Operational issues

Whatever method of occupant protection is
recommended what are the operational implications
that have to be considered? What recommendations
must be made about design, installation,
maintenance, management, use and liability?

Firstly the national accident picture will be
described in some detail and then the other issues
will be described, together with a summary of the
information gathered to date and future plans.

NATIONAL ACCIDENT DATA

British national road accident data, commonly
called 'STATS 19', has been analysed for general
trends in minibus and coach accident
circumstances. The overall criteria for an accident
to be included in these records are that a person
must have been injured in an accident on a public
highway. The accident forms are submitted to the
Department for Transport (DfT) by each of the 50
police forces in Great Britain. This analysis has
been undertaken for the period 1999-2000, in order
to complement that undertaken in the ECBOS
project for the period 1994-1998. The ECBOS
study involved a comprehensive analysis of the
national data, but the passenger population at that
time was almost entirely unbelted. The more recent
years of 1999 and 2000 may include belted
occupants and, whilst this level of detail is not
available it was hoped that there might be trends in
injury severity that can be compared with the
earlier data analysis. A summary of this analysis is
presented in the following figures and tables.
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Figure 1. Distribution of injured passengers (all severities) by mode of transport.

Table 2.
Frequency Of Accidents Involving Multiple Casualties – All Severities

Number of casualties/vehicle – all ages Number of casualties/vehicle – children 12 years
and younger

Minibus Bus/Coach Total Minibus Bus/Coach Total

1 534 10062 10596 1 107 847 945
2 140 1413 1553 2 17 32 49
3 78 452 530 3 9 16 25
4 37 184 221 4 7 5 12
5 33 117 150 5 1 4 5
6 25 52 77 6 2 2
7 16 38 54 7 2 2 4
8 13 27 40 8 1 1
9 10 25 35 9 3 1 4
10 7 14 21 10 1 1

>10 20 89 109 >10 2 2

Figure 1 above shows the distribution of injured
passengers across the different modes of transport,
the data being classified into two groups: those
casualties older than 12 and those 12 years and
younger. Clearly car occupants constitute the
majority for both groups, however in each case 1
out of every 10 injured passengers was travelling
by bus/coach. The number of minibus casualties is
relatively small.

Although minibus and bus/coach accidents occur
infrequently there is a greater potential for higher
numbers of casualties per accident than for other
modes of road transport. Table 2 above shows the
frequency of accident by multiplicity of casualties
at all injury levels whilst Table 3 overleaf shows
the same for killed and seriously injured (KSI)
passengers. These tables illustrate the comparative
paucity of accidents involving multiple child
casualties when compared with casualties of all
ages.
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Table 3.
Frequency Of Accidents Involving Multiple Casualties – KSI

Number of KSI csualties/vehicle – all ages Number of KSI casualties/vehicle – children 12
years and younger

Minibus Bus/Coach Total Minibus Bus/Coach Total

1 87 1374 1461 1 10 54 64
2 27 132 159 2 2 6 8
3 12 36 48 3 3 3
4 4 17 21 4
5 5 18 23 5 1 1
6 2 7 9 6
7 9 9 7
8 2 3 5 8
9 4 4 9
10 1 7 8 10

>10 18 18 >10

Table 4.
Percentage of KSI Casualties - Minbus And Bus/Coach Accidents

12 years and younger Older than 12 years

Minibus 8.98 12.64

Bus/coach 2.89 6.27

Table 4 above gives the percentage of KSI
casualties within each group when the casualties
are grouped by age (child < 12 years or adult) and
vehicle type. The data indicates that for both
minibus and bus/coach accidents, the older age
group have a higher frequency of serious and fatal
injury outcome. This is a significant result at both
the 5% and 10% level in the case of bus/coach
accidents (χ-square = 51.138, p=0.00) but at the
10% level only for minibus accidents (χ-square =
3.413, p=0.065).

The highly significant result for bus and coach
casualties may be explained by the contribution of
elderly people to the casualty population, who have

been shown to be particularly vulnerable on public
transport buses (Kirk 2003).

Considering the severity of injury by mode of
transport and age, figures 2, 3 and 4 overleaf all
indicate an under representation in the age groups
of interest for this study, which are age groups 0-4
years, 5-9 years and part of the 10-14 category.
This, however, needs to set in context with some of
the exposure data being collected.
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Figure 2. Age distribution (%) of fatalities

Figure 3. Age distribution (%) of serious casualties

Figure 4. Age distribution (%) of slight casualties
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Figure 5. Child age distribution all severities

Figure 6. Child severity by age – minibus accidents

Figure 7. Child severity by age – bus/coach accidents
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Considering casualties for children age 12 years
and younger, figure 5, on the previous page, shows
these to be 10 times more likely to be a bus/coach
passenger than a minibus passenger, with the
highest proportion in both cases being for children
of secondary school age. Discounting the single
fatality, the distribution of injured children is an
increasing function of age for minibus accidents
(figure 6) whilst for bus/coach accidents (figure7)
the lowest proportion is found in the 5-9 year age
group. This, to some extent, can be explained by
the inclusion in these accidents of those occurring
on public transport buses where there will be a
number of unrestrained pre-school children
travelling with parents or carers.

Table 5 contains STATS19 data using the variable
‘school pupil casualty’ and shows the number of
casualties occurring to school children either
specifically on journeys to or from school or ‘other
journey’. The counts are given by severity, vehicle
type and school use. There are twice as many slight
casualties when the journey is not to or from school
for both minibus and bus/coach travel. There are
over four times more seriously injured children
when the minibus is not on a journey to and from
school, but the proportions are very similar for
bus/coach travel.

Table 5.
Child Severity By Type Travel To/From School

Number of
casualties

Fatal Serious Slight Total

Minibus –
school

1 4 86 91

Bus/coach
school

0 38 771 809

Minibus -
other

0 18 146 164

Bus/coach
other

1 32 1598 1631

Total 2 92 2601 2695

At a later date all of the accident data presented
here will, where possible, be put in to perspective
using the exposure data also being collected. This
will enable more conclusions to be drawn regarding
the risk of injury by age and mode of transport. As
previously mentioned this travel to/from school
accident data will be of particular importance when
analysed in conjunction with the local education
authority records on transport to and from school.

EXPOSURE

In order to establish the risk of injury to any given
road user, it is necessary to collect exposure data,
that is information about the number of journeys,
the distance travelled, the type of journeys made, in
this case by each of the different ages of children,
in each of the different forms of transport. It is then
possible to set this information against the number
and type of accidents and injuries, in order to
establish the relative levels of injury risk.

A sample area was taken within the county borders
of Leicestershire and Nottinghamshire. These two
counties are adjacent geographical areas with self-
contained local governments, education authorities
and police authorities. It is therefore possible to
relate the data from these authorities to the
National Transport Statistics and STATS19. Using
this geographical area, as far as possible, enables
the collection of data on a manageable scale, whilst
being able to make comparisons.

Within the local area defined above information
has been requested from existing sources
concerned with the transport of children of
different ages. In fact sources that were anticipated
might collect, hold or analyse such data have been
approached, but in reality not all do so.

The main sources that have been approached are
the 2 local education authorities, all the state and
private primary schools (children up to 11 years)
and secondary schools (children 11 years and over)
within the 2 authorities and the PSV operators that
run school bus services for these schools.

In addition, state and private nurseries, playgroups
and play-schemes, other local services and local
youth groups, such as the Rainbows/Brownies/
Guides and Beavers/Cubs/Scouts have been
approached. However, due to the extremely large
number of such organisations, a further division in
area was made, covering a proportion of
Leicestershire and Nottinghamshire, which can also
be defined within the STATS19 dataset.

Finally, national coach operators that run services
to, and through, the larger geographical area
defined have been approached for information.

From all of these organisations the information
requested included quantitative data to enable the
numbers of vehicle and passenger kilometres
travelled to be estimated and qualitative data
concerning the availability of restraints and policies
concerning their use.
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Whilst, ideally, the data should be gathered
according to the age grouping to be used in the
later analysis of accident data, in practise the nature
of the organisations has determined the age
groupings for which data are available. For
example, information from schools, where
recorded, is according to year groups, which
straddle age years. A good example of this is at age
12, the upper age limit of the study. Most (but not
all) children in Leicestershire and Nottinghamshire
transfer from one school to another at the end of
year 6. At some point during their first year at
middle or senior school (year 7) they will have
their 12th birthday. Thus, data needed to be
collected from secondary schools for only some of
this first year group. However, it would be
unreasonable to expect the school staff providing
this data to differentiate between the 11 year olds
and the 12 year olds going on the same school trip,
for the sake of our study.

From the childcare, academic and youth activity
organisations information has been requested for
the academic year 2002-2003 on a term by term
basis. From the operators, information has been
requested from their operating years (whether this
is the financial/tax years or other defined period).

As yet very little data have been collected as the
data process is ongoing. As a consequence there are
insufficient data to be able to make any conclusions
about the frequency and distribution of journeys.

However, the travel statistics provided by the 2
education authorities about transport to and from
state schools will be analysed in conjunction with
the STATS19 accident records for the same areas.
This will provide reasonably accurate information
on injury risk for those journeys to and from
school.

IN-DEPTH ACCIDENT CASES

The Fatal Accident Database, held by TRL
Limited, contains detailed records of fatal crashes.
Examination of this database has commenced to
provide additional information about crash
circumstances. It was anticipated that the very
recent cases in the Fatal Accident Database might
include some child seatbelt related injuries from
minibuses and coaches. However, it was
anticipated that the number of such cases was
likely to be very small, due to the level of restraint
use during the period from which cases are
collected. Cases for the period 1999-2001 have
been requested for review, these amount to a single
bus/coach accident (child aged 12) and 2 minibus

accidents (children aged 6 and 1). More recent
cases may not yet be available from the Fatal
Accident Database and so these will also be
requested from the local police authority.

It was also considered that, if appropriate, data
relating to child seatbelt injury patterns of car
occupants in both the Fatal Accident and the Co-
operative Crash Injury Study (CCIS) databases
might also be reviewed. Whilst the crash
circumstances associated with these injuries may
be substantially different than for coach occupants,
comparisons may be possible between 6-8 seater
MPVs and minibuses. As yet it has not been
decided whether this process will be initiated.

In much the same way as for the exposure
information, the organisations described previously
have been asked for accident/injury records for the
children that have been involved in accidents. The
collection of this information is different than the
journey information, and where records include all
accidents (including trips, bumps, fights, etc), only
injuries resulting from crashes or near misses are of
interest.

In order to supplement the information from LEAs,
schools, childcare organisations and operators, for
this category of information the Vehicle
Inspectorate have also been approached for
information regarding crash circumstances and
injuries sustained. Further data has been gathered
from recent police records of bus and coach
crashes. STATS19 data files from recent years
have been used to identify appropriate crashes and
police, local authority and other available files have
been accessed for further information on relevant
crashes. Recent cases are being followed up as
these have the highest likelihood of involving
restrained children. The cases examined in this
manner may not be available on the Fatal Accident
database as they are either too recent or have not
involved fatally injured occupants.

The definitions of injury severity used in the
STATS19 data are:
Fatal Injury: Includes only those cases where death
occurs in less than 30 days as a result of the
accident.
Serious Injury: Hospital in-patient, e.g. fracture,
internal injury, severe cuts and lacerations,
crushing, concussion or severe general shock.
Injuries to casualties who die 30, or more, days
after the accident from injuries sustained in that
accident.



Grant, 10

Slight Injury: Receive or appear to need medical
treatment, e.g. sprains, bruising, cuts judged not to
be severe and slight shock requiring roadside
attention.

Data are available for Great Britain, which includes
England, Scotland and Wales. Two ‘vehicle type’
codes are available, one for minibuses, the other
includes both buses and coaches but unfortunately
there is no way to distinguish between a local
service bus or coach.

At this stage several cases have been followed up
which involve minibuses where a child was
seriously or fatally. Cases involving buses or
coaches will also be reviewed.

Once the records have been received from the
police, injury information can be requested from
relevant hospitals to complete the investigation.
This process is simplified if permission is obtained
from the casualty or in the case of minors their
parent or guardian.

When these cases are followed up in detail, those
that provide relevant information to the study will
be consolidated and the information passed to TRL
Limited. However, it is worth noting that this
process is not always fruitful. In some cases, on
close examination, the details of the crash are not
the same as presented in the summary, and are not
relevant. Despite this, useful information can be
obtained and the process will be repeated when
STATS19 data for the next year becomes available.

New Investigations

In addition to the consideration of retrospective
accident data records described above new accident
data is being gathered from several sources. The
investigation of current accidents may enable a
more detailed view of the causation of injuries and
the effectiveness of any restraint systems employed
to be obtained.

New in-depth crash injury data will be gathered by
investigating new accidents that occur during the
course of this study. Accident notifications are
being monitored from local police systems, the
Vehicle Inspectorate network, the national and
local media and other studies in child crash injury
causation. Whenever possible vehicles involved in
crashes will be examined and the crash

circumstances analysed, injury information
gathered from hospitals attended by casualties and
supplemented by questionnaire information.

Key data gathered, wherever possible, from each of
the above sources includes:

• Accident scenario

• Direction of impact

• Degree of overlap

• Collision severity

• Mass of collision partners

• Degree of crush

• Other information to support selection of
appropriate crash pulses

• Age, gender and mass of each casualty

• Details of restraint used

• Injury location by body region

• Details of injury type and mechanism

• Influence of vehicle damage and restraint
condition on injuries

This detailed crash information is of particular
importance as the basis of the activities being
undertaken by TRL Limited.

As anticipated, relevant crashes involving
restrained children are proving to be rare events.
These current monitoring procedures will remain in
place throughout the data gathering period of the
project. A case example is given below where the
vehicles involved have been examined, but no
injury information is available at present.

A Ford Transit minibus was involved in a frontal
left side offset collision with a Vauxhall Corsa. The
minibus was carrying five children home from
school. The driver of the minibus is reported to
have leg injuries, his adult passenger seated
towards the rear suffered serious head injuries, and
the children sustained only minor injuries. This
needs to be confirmed through the hospital records
as some heavy contacts associated with some of the
child seating positions were found. Evidence of
seat belt use was found for the driver and all of the
five children, but none for the adult passenger. Two
booster cushions were found in the minibus and
there is evidence to suggest that at least one was
being used, although this has to be confirmed.
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The driver of the Vauxhall Corsa is reported to
have leg injuries whilst the passenger was killed.
Both occupants were belted.

It is anticipated that it will possible to obtain
information about the scene of the crash.
Additional information will be sought about the
occupants of the minibus. Until detailed medical
information is obtained it is not possible to
comment on the suitability of the restraints used by
the children. However, it is anticipated that this
accident case will provide invaluable data to the
study.

ISSUES OF FIT

This part of the study is has not commenced yet but
is now the main priority. The aim is to make an
assessment of the effectiveness of seat belts for
child occupants in minibuses and coaches. In order
to do this it is necessary to establish how current
seat belts fit the child population. Particular
attention will be given to children under 3 years of
age (and equivalent size and weight) as the needs
of this group must be clarified. The seatbelt fit
information is as important an issue for
investigation as obtaining exposure and crash
injury data and such information does not appear to
be available, due to the relatively recent
introduction of seatbelts in minibuses and coaches.

It is proposed, therefore, to undertake a review of
seat belt fit. This review will take the form of user
trials designed to accommodate the main issues of
importance, and will include:

• A range of vehicles – representing those
commonly used to transport child occupants

• Different positions in the vehicle – which may
pose different restraint and use issues

• A range of seat belt installations – 2 point and
3 point belts - with regard to anchorage
locations and geometry

• A range of children ages 0-12 years, taking
account of the relevant anthropometric
dimensions, the requirements for child restraint
use and the issues of attitude, such as 5 year
olds being ‘too old’ to use a booster

• The effects on seat belt fit of the use of a
sample of generic child restraints – such as
rearward facing infant carriers, booster seats
and cushions

• Attitudes and opinions of the participants
(children and adults, whether parents or
responsible adults) to the issues of seat belt
and child restraint use.

This element of the study is essential to the
relevance of the findings of this research
programme. Without knowing how well the range
of existing seat/seatbelt assemblies fit children it
will not be possible to evaluate whether they might
contribute to the injury statistics, and how large
that contribution might be. An assessment of the
size of children who experience poor fit of
seat/seatbelt assemblies is necessary. This
population needs to be considered against a range
of seat/seatbelt assemblies available in the fleet.
Particular attention needs to be given to children
under 3 years of age. In addition the required and
common usage of child restraint systems in cars
need to be considered as it may be that issues of
use and solutions have relevance in determining
solutions in the minibus and coach environment.

The information obtained will then enable suitable
restraint solutions to be proposed and evaluated.
The authors are confident that the programme of
trails will provide this essential information.

OPERATIONAL ISSUES

In addition, consideration is being given to the
operational issues associated with the use of seat
belts and child restraints by child passengers. These
issues are being raised with the Local Education
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Authorities, operators and other stakeholders and
views are invited on such matters as authority,
liability and other practical and procedural matters
which influence the use of seat belts and child
restraints by children. However, as yet it is not
possible to report on these findings.

DISCUSSION

The methodology described in this paper forms the
basis of research funded by the UK Government in
order to better understand the issues of the restraint
of children in minibuses and coaches.

National Accident statistics go some way to
describing the injury situation for children in
minibuses and coaches. However, the statistics do
not provide sufficient detail about the injury
patterns or the extent of seatbelt use or
effectiveness. Indeed, the number of accidents
involving children is small and the number of child
casualties is small. It would appear that children are
slightly less severely injured than their adult
counterparts, and more likely to be passengers on a
bus or coach than a minibus, but the circumstances
of those injuries remain unclear.

It is clear that there is little accurate exposure data
currently available either for adults or children.
Information is currently being collected about the
number and nature of journeys being made by the
different age groups, but there is insufficient to
present here. The authors are confident that the
LEA records of transport to/from school will prove
useful when analysed in conjunction with the
comparable STATS19 accident data.

Analysis of detailed accident case data is possible
in a relatively small number of cases, but as yet
there are very few cases that contain children using
seatbelts or child restraint systems. It is hoped that
sufficient detailed cases will be available to provide
information for the subsequent elements of the
research programme.

The issue of fit of adult seatbelt systems that are
available in the current fleet, for the different ages
of children of interest, has yet to be addressed but
is now a main priority. This evaluation will provide
information that currently does not exist and will
substantially move the discussion about the
appropriate protection of children on minibuses and
coaches forward, particularly with regard to the
restraint of children under 3 years of age.

The operational aspects associated with the use of
seatbelt systems and additional child restraint

systems on minibuses and coaches has yet to be
addressed. Information will be obtained and used to
ensure that the solutions proposed and evaluated
have practical application.

This research programme aims to inform the
vehicle safety world about the protection of
children on minibuses and coaches. The approach
being followed for this research has been described
and the analysis of accident data that has been
undertaken so far have been summarised. The
continuing research will endeavour to answer the
questions raised.

CONCLUSION

At this stage of the research programme initiated
by the UK Department for Transport it is not yet
possible to report on the level of protection that
might be afforded by seatbelts and additional child
restraint systems. However, the authors are
confident that, as the research programme
continues, valuable information will be contributed
to this European debate, specifically with regard to
children under 3 years of age.
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ABSTRACT

At the 2001 ESV-Conference the EEVC working
group on compatibility (WG 15) reported the first
phase of the research work to investigate the major
factors influencing compatibility between passenger
cars. Following this, WG15 performed an interim
study, which was partly subventioned by the Euro-
pean Commission, the results of which are reported
in this paper. In the next phase of work, it is intended
to complete the development of a suite of test proce-
dures and associated performance criteria to assess
the compatibility of passenger cars in frontal impacts

The main areas of work for the interim study were:

- in depth accident data analysis
- the development of methods to assess the po-

tential benefit of improved compatibility
- crash testing.

The accident analysis identified the major compatibil-
ity problems to be poor structural interaction, stiff-
ness mismatching and compartment strength. Differ-
ent methods to assess the potential benefit of im-
proved compatibility were applied to in depth acci-
dent data. Full scale crash testing including a car to
car test was performed to help develop the following
candidate compatibility test procedures:

- a full width wall test with a deformable alu-
minium honeycomb face and a high resolution
load cell wall

- an offset barrier test with the EEVC barrier
face and a high resolution load cell wall

- an offset barrier test with the progressively
deformable barrier (PDB) face.

The results of the interim study will be presented in
detail and the proposed methodology of the next
phase to complete the development of a suite of test
procedures for the assessment of car to car compati-
bility in frontal impacts will be outlined.

INTRODUCTION

Following the introduction of the frontal and side
impact Directives in October 1998, compatibility
offers the next greatest potential benefit for
improving car occupant safety and reducing road
casualties. A Renault study (Steyer et al. 1998) has
suggested that improved compatibility could reduce
the number of serious injuries and fatalities by as
much as a third where a car collides with one other
vehicle.

Continuing the drive of the European Frontal Impact
Directive and EuroNCAP the work performed to date
for frontal impact has focused on the structural
performance of the cars, with the aim of providing a
safe environment in which the restraint system can
operate. This approach is supported by the results of
an accident study (Wykes et al. 1998), which show
that the majority of the serious injuries received by
belted occupants were contact induced as opposed to
restraint system induced. Once the structure provides
a safe environment within which the restraint system
can operate, the next step for further improvement
will be to control the compartment deceleration pulse.
Following this, intelligent restraint systems could
offer a way to cope with higher compartment
decelerations, and give the occupant an optimised
ride-down for a variety of impact severities.

The work performed in the 4th framework
compatibility project has helped to understand
compatibility. It concluded that for frontal impact an
essential prerequisite for compatible cars is good
structural interaction. Once this has been achieved
some form of stiffness matching will be necessary to
ensure that the impact energy is absorbed without
exceeding the strength of the occupant compartment.
The 4th framework project also outlined three
possible test procedures to address these requirements
in order to assess and control the compatibility of
cars in frontal impact collisions. These are:

- A full width barrier test with a small depth of
deformable barrier which uses a high
resolution load cell wall to assess and control
a car.s local stiffness homogeneity. The aim of
this test is to improve the structural interaction
of cars in impacts.

- An Offset Deformable Barrier (ODB) test
with a load cell wall. The aim of this test is to
ensure that the global stiffnesses of cars are
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matched. This test is similar to the current
frontal impact Directive test, except the
Directive test does not require load cell wall
measurements.

- An ODB test at a higher impact speed with a
load cell wall to test the strength of the
occupant compartment. This test would not
require instrumented dummies.

Following the completion of the 4th framework
project, development of the test outlines above and
work to further the understanding of compatibility,
has continued under government funded projects,
mainly in the UK. This work has been reported at
EEVC WG15 meetings and international conferences
(Edwards et al. 2001 and Edwards et al. 2002).

The French, mainly Renault, have also proposed a
test procedure to address compatibility issues
(Delannoy and Diboine 2001 and Diboine and
Delannoy 2002). This is an ODB test, which uses a
recently developed Progressive Deformable
Barrier (PDB). The main aim of this test is to
improve the structural interaction of cars in impacts,
although it does control stiffness as well.

Following further development, it is expected that
these tests should form the basis of future legislation
and / or consumer testing to improve compatibility.
The 5th framework compatibility project, which will
continue this work, is not expected to start until
November 2002. This project was initiated to
continue the development of the tests in the
intervening period. The results and recommendations
from this project will be used as input for the 5th
framework project. A consortium of European
research institutions and a motor manufacturer was
formed from members of EEVC WG15
(compatibility) to participate in this project.
The partners were:
BASt on behalf of Germany.
Fiat on behalf of Italy.
TRL Ltd. on behalf of the UK.
UTAC on behalf of France.

OBJECTIVES

This project concentrates on the further development
of the test procedures described above for frontal
impact compatibility, accident analysis and a benefit
analysis. The objectives of this project are:

- To further develop the crash test procedures
detailed above.

- To perform an analysis to estimate the benefits
of implementing compatibility measures for
frontal impact.

- To perform accident analyses to further aid the
understanding of compatibility and to support
the cost benefit analysis.

EXECUTIVE SUMMARY

Following the introduction of the European Frontal
and Side Impact Directives in October 1998, com-
patibility offers the next greatest potential benefit for
improving car occupant safety and reducing road
casualties. For frontal impact the work performed to
date has focused on the structural performance of the
cars, with the aim of providing a safe environment in
which the restraint system can operate. Having
achieved this, intelligent restraint systems could offer
a way to cope with higher compartment decelera-
tions, and give the occupant an optimised ride-down
for a variety of impact severities.
The work performed in the 4th framework compatibil-
ity project has helped to understand compatibility. It
concluded that an essential prerequisite for compati-
ble cars is good structural interaction. Once this has
been achieved some form of stiffness matching will
be necessary to ensure that the impact energy is ab-
sorbed without exceeding the strength of the occu-
pant compartment. The 4th framework project also
outlined a number of possible test procedures to ad-
dress these requirements in order to assess and con-
trol the compatibility of cars in frontal impact colli-
sions. There are currently four candidate test proce-
dures, which are expected to form the basis of future
legislation and / or consumer testing to improve
compatibility. These are a full width deformable bar-
rier test to assess structural interaction, an ODB test
to control stiffness, a high speed ODB test to control
the compartment strength and a Progressive Deform-
able Barrier (PDB) test to assess both structural inter-
action and control stiffness.

The main aims of this project were:
- To further develop the crash test procedures

detailed above.
- To perform an analysis to estimate the benefits

of implementing compatibility measures for
frontal impact.

- To perform accident analyses to further aid the
understanding of compatibility and to support
the cost benefit analysis.

It is expected that the 5th framework VC-COMPAT
project, due to start in November 2002, should con-
tinue this work. This project was initiated to continue
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the development of the test procedures in the inter-
vening period between the 4th and 5th framework pro-
jects. The work in this project was divided into 3
work packages, namely, accident analysis, benefit
analysis and crash testing.

Accident analysis

Examples of the poor structural interaction, stiffness
mismatching and compartment strength compatibility
problems were observed in the CCIS and Hanover
accident databases for GB and Germany, respec-
tively. For GB, poor structural interaction was found
to be a major problem, with less than 2 percent of the
car to car frontal impact accident cases examined,
showing reasonable structural interaction. For both
GB and Germany, stiffness mismatching and / or
compartment strength was found to be a large prob-
lem. For GB and Germany, indications of the prob-
lem were found in 68 and 43 percent of the cases,
respectively, where it was possible to identify it. For
GB, structural interaction problems were also identi-
fied in some single vehicle accidents indicating that a
benefit from improved compatibility could also be
expected for this type of impact. It should be noted
that structural interaction is the primary problem and
it is not known how much it contributes to the stiff-
ness mismatching and /or compartment strength
problem.

It is recommended that further accident analysis
should be performed to better quantify the magnitude
of the compatibility problems for Germany. For both
Germany and the UK further analysis should be per-
formed in the future to check the conclusions of this
work remain valid, as the vehicle fleet is constantly
changing.

Benefit analysis

Initial analyses to estimate the benefits of improved
car compatibility were performed using GB and
German accident data. Two different approaches
were used. The first aimed to identify the number of
casualties that could be expected to experience some
reduction in injury risk from improved compatibility.
The second aimed to predict the casualty savings
resulting from the improved compatibility of cars.
The second approach was only applied to the GB
accident data.

The first approach, to determine the problem scope,
indicated that a significant proportion of current road
accident casualties would benefit from improved
compatibility. In GB, for car frontal crash victims, it
was predicted that approximately half (45 to 61%) of

the fatalities and 2/3 (66-85%) of serious injuries
would experience some reduction in injury risk as a
result of improved compatibility. In Germany about
half (33-67%) of current frontal crash victims would
experience a reduction in injury risk.

It is expected that improved vehicle compatibility
will result in far better occupant compartment integ-
rity in frontal impact accidents. Thus, for the second
approach it was assumed that improved vehicle com-
patibility would, pessimistically, eliminate injuries
related to either contact with intruded parts of the
vehicle interior, or optimistically, eliminate injuries
related to contact with the vehicle interior whether it
had intruded or not. It was then assumed that re-
moval of these injuries from the existing accident
data would quantify the benefits for the applicable
occupant population. For GB, assuming compartment
integrity is maintained for all impact severities, it was
predicted that fatalities should be reduced by 40 to 60
percent and serious injuries by 11 to 29 percent, for
car to car frontal impact collisions. These predictions
can be regarded as an upper limit as it is unlikely that
compartment integrity could be maintained for high
speed impacts.

It is recommended that that an analysis to estimate
the benefit of improved compatibility, in terms of the
number of lives saved as opposed to the reduction in
injury risk, should be performed for Germany. For
GB, it is recommended that the benefit calculated for
the car to car frontal impacts should be extended to
cover other car accident configurations. Also, once
more is known about the performance of a compati-
ble car the assumptions made should be refined and
the analysis repeated.

Crash testing

For this work package, 6 full width deformable bar-
rier tests, 5 PDB tests, 1 car to car test and 9 EuroN-
CAP load cell wall (LCW) measurements were per-
formed. This is 1 full width test and 2 EuroNCAP
LCW measurements more than originally contracted.
Full width deformable barrier test to assess structural
interaction: Two tests using a Mondeo car were per-
formed to help redesign the barrier face to overcome
the problem of small stiff protruding structures form-
ing preferential load paths. The remaining tests were
performed with an Astra, modified Astra, Laguna II
and Rover 75. Subjective comparison of the results
from the Astra and modified Astra tests showed that
the modified Astra had a more homogeneous LCW
force distribution which is consistent with the better
structural interaction seen in the modified car to car
test. However, the engine subframe to lower rail
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shear connection was not loaded as much in the full
width tests as the car to car tests indicating that the
full width test may not generate as much shear force
across this type of connection as a car to car test. In
the Laguna and Rover tests both lower rails and one
lower rail bottomed out the barrier, respectively, to
perform preferred load paths and apply large loads on
the LCW, which most likely reduced the loads ap-
plied by other structures such as the subframe. Fur-
ther work should be performed to ascertain whether
this probable reduction in homogeneity is representa-
tive of the car’s structural interaction performance in
car to car collisions. Also the question of how far
back a secondary load path can be positioned and still
be able to contribute significantly to improving a
car’s structural interaction performance should be
addressed. It is intended that the LCW results from
the above tests will be used to help develop objective
criteria to evaluate and quantify the changes observed
between different vehicles in future work.

PDB Test to Assess Structural Interaction and
Frontal Unit Energy Absorption PDB tests were
performed with a Mondeo, Range Rover, Astra,
Smart and Volvo S80. It was concluded that the use
of the load distribution measured on the LCW behind
the barrier face did not give an accurate enough indi-
cation of a car’s stiffness homogeneity to be used as
an assessment measure. For the Mondeo test a part of
the barrier remained attached to the car after the test.
This would cause severe difficulties in measuring the
barrier final deformation profile objectively, which
the PDB approach is completely reliant upon. For this
test the version 6 of PDB was used. For the Volvo
S80 and the Smart tests version 7 of the barrier was
used. This new version with a thicker front sheet may
reduce or solve this problem. The PDB barrier was
defined to represent an average car and its stiffness is
such that bottoming out is unlikely, even for large
cars with homogeneous front end. However, on the
Range Rover test this barrier bottomed out. The im-
plication of this should be considered in relation to
current and future regulations and consumer testing.
The test data collected in this project completes a
crash test matrix, which will form a useful data set
for future work to continue the development of the
current assessment criteria.

Car to Car Test The results of the Yaris to Clio
car to car test demonstrated the poor structural per-
formance of the Yaris. It should be noted that both of
these cars had a EuroNCAP 4 star performance rating
with the Yaris rated ‘best in class’. It is recommended
that this car could be used as a possible benchmark to
help verify the full width and PDB tests and set the

limit values for structural interaction performance for
the proposed assessment criteria.

EuroNCAP test LCW measurements The peak
LCW forces measured were within the range meas-
ured for previous tests for vehicles of similar mass.
However, the peak load cell distribution for the SUV
was extremely inhomogeneous as the majority of the
load was applied to a single load cell by the vehicle’s
lower rail. It was observed that the vertical distribu-
tion of the peak cell forces was in some cases influ-
enced by the interaction of the engine and crossbeam
with the load cell wall edge. This observation is im-
portant if it is proposed that the vertical force distri-
bution measured in this test should be used as a crite-
rion to control compatibility, as it may invalidate
such a criterion.

Summary of Conclusions

The conclusions for each of the work packages,
namely, accident analysis, benefit analysis and crash
testing are summarised below.
Accident Analysis
For GB and Germany, it was confirmed that the
compatibility problems for car to car frontal impacts
are structural interaction, stiffness matching and
compartment strength.
Poor structural interaction was seen to occur in a
number of different ways, namely the fork effect
caused by lateral misalignment and under/override
caused by vertical misalignment. Two types of the
vertical misalignment problem have been identified,
static and dynamic. Static misalignment is caused by
an initial geometric mismatch of the vehicle’s struc-
tures. Dynamic misalignment occurs for structures,
initially approximately aligned, deforming to become
misaligned during the impact.
For GB, poor structural interaction was found to be a
major problem. Of the 162 cases examined only 2
had structural interaction that could be described as
reasonable. However, some of the cases had poor
structural interaction caused by low overlap, which
improved compatibility is not expected to address.
100 (62%) cases had structural interaction problems
that improved compatibility is likely to address. For
Germany, it was found that structural interaction
problems could probably only be quantified using
detailed case studies. Unfortunately, unlike the UJK,
detailed case studies were not performed for all the
selected cases. However, it is intended that this
should be done in the VC-COMPAT project.
For GB and Germany stiffness mismatch / compart-
ment strength was found to be a large problem. For
GB, the problem magnitude was quantified by identi-
fying the cases where there was a significant intru-
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sion difference between the colliding vehicles. In the
data sample there were 78 cases where at least one of
the vehicles had intruded and therefore it was possi-
ble to identify an intrusion difference. A significant
intrusion difference was identified in 68 percent of
these cases indicating that stiffness mismatch / com-
partment strength is a large problem. For Germany,
the problem magnitude was quantified by identifying
the cases where one vehicle had injury causing intru-
sion and the other no intrusion. In the data sample
there were 76 cases where at least one of the vehicles
had intruded. From these 76 cases, 33 (43%) had no
intrusion in one vehicle and injury causing indicating
that stiffness mismatch / compartment strength is a
large problem. It should be noted that the extent to
which poor structural interaction contributed to this
problem is unknown.
For Germany, from the 135 accident cases examined
it was found that the 14 MAIS 3+ injuries correlated
well with compartment intrusion, i.e. no MAIS 3+
injuries occurred unless the compartment had in-
truded. This confirms the results of previous studies
that show that intrusion is the major cause of deaths
and serious injuries (Wykes 1998). However, there
was no correlation of MAIS 3+ injuries with the Ve-
hicle Deformation Index (VDI).
For GB, structural interaction problems were also
identified in some single vehicle accidents indicating
that a benefit from improved compatibility could also
be expected in this type of impact.
Benefit Analysis
For GB the potential benefit of improved frontal im-
pact compatibility for car occupant casualties in-
volved in frontal impact collisions was estimated to
be:
• some reduction in injury risk for between 415

(45%) and 567 (61%) fatalities per year (cur-
rently out of 931 frontal impact car occupant fa-
talities per year on average1).

• some reduction in injury risk for between 8216
(66%) and 10470 (85%) seriously injured casual-
ties per year (currently out of 12385 frontal im-
pact seriously injured car occupant casualties per
year on average).

For GB the benefit has been estimated for one par-
ticular type of accident only, namely a car frontal
impact with one other car. For this accident type there
were on average 254 fatalities and 5557 serious inju-
ries annually in recent years in GB. From the analysis
performed, using the assumptions that optimistically
‘compatible’ cars should prevent contact related inju-
ries and pessimistically ‘compatible’ cars should pre-

vent injuries caused by intrusion up to a given impact
severity, the following predictions were made:
• If it is assumed that improved compatibility of-

fers increased protection for all impact severities,
it is predicted that between 102 (40%) and 152
(60%) fatalities and between 587 (11%) and
1605 (29%) serious casualties would be pre-
vented.

• If it is assumed that improved compatibility of-
fers increased protection up to an impact severity
of 56 km/h ETS, it is predicted that between 25
(10%) and 46 (18%) fatalities and between 389
(7%) and 1167 (21%) serious casualties would
be prevented. It should be noted that compatibil-
ity is expected to offer some benefit above an
impact severity of 56 km/h ETS, so these predic-
tions are most likely low.

It should be recognised that much further benefit can
be expected for other accident types, especially car to
vehicle frontal impacts, most likely car frontal colli-
sions with roadside obstacles and possibly for side
impacts as well. The seriously injured casualty cate-
gory defined to the Police’s injury severity rating
covers a wide range of injury severities. It should be
noted that the benefit from, for example, reducing a
MAIS 4 serious injury to a MAIS 2 serious injury is
not accounted for in the analysis performed.
For Germany, the potential benefit of improved com-
patibility for car occupant casualties involved in fron-
tal impact collisions based on accident data for the
year 2000 has been estimated to be:
• some reduction in injury risk for between 9,317

(33%) and 18.736 (67%) seriously injured car
occupants per year, (there were 27,967 frontal
impact car occupant seriously injured casualties
in the year 2000).

An estimate was also made for fatalities. However, it
is possible that this result was not statistically signifi-
cant as the GIDAS database, on which the analysis
was based, contained only 33 fatalities for this impact
configuration. Noting this caveat, the estimate was:
• some reduction in injury risk or for between 287

(14%) and 572 (28%) fatalities per year, (there
were 2,066 frontal impact car occupant fatalities
in the year 2000).

Crash Testing
The conclusions are listed below for each of the dif-
ferent types of tests performed.

Full width deformable barrier test to assess struc-
tural interaction
• Two tests using a Mondeo car were performed to

help in the redesign of the barrier face in order to
overcome the problem of small stiff protruding
structures forming preferential load paths. The
second test demonstrated that the redesigned face
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overcame this problem, whilst still achieving the
aims of the initial barrier face which were:

• To prevent unrealistic decelerations at the front
of the car.

• To attenuate the engine inertial loading
• To have a similar compartment deceleration to

an equivalent rigid wall test.
• The multiple loads of the Opel Astra and modi-

fied Astra could be identified from the homoge-
neity of the load cell wall (LCW) force distribu-
tion recorded in the full width tests. A difference
was distinguished between the Astra and modi-
fied Astra, the modified Astra showing better
homogeneity for the LCW force distribution,
which is consistent with the better structural in-
teraction seen in the modified car to car crash
test. However, the engine subframe to lower rail
shear connection was not loaded as much in ei-
ther of these tests compared to the car to car
tests. This indicates that the full width test may
not generate as much shear force across this type
of connection as in a car to car impact.

• The LCW results from the Renault Laguna II test
showed that the Laguna II did not exhibit good
stiffness homogeneity. This was due to the lower
rails bottoming out the barrier and applying large
loads directly on the load cell wall and the low
loading applied by the centre of the bumper and
subframe crossbeams due to their failure. The
bottoming out of the lower rails formed preferen-
tial load paths, which most likely reduced the
load applied by other structures, such as the sub-
frame. The stability of the lower rails was most
likely helped by the good vertical connections.
The formation of a preferential load path was
also seen in the Rover 75 test, in which one
lower rail bottomed out the barrier.

• Ideally, a test method to evaluate compatibility
needs to be able to deform a car as much as it is
deformed in accidents so that all the possible
load paths and the shear connections between
these load paths are exercised. The tests per-
formed in this project have shown that the frontal
unit deformation achieved may not be sufficient
to adequately check all these load paths and the
shear connections, especially if they are posi-
tioned some distance behind other paths, for ex-
ample, a subframe positioned more than about
150 mm behind the front of the lower rails.

PDB Test to Assess Structural Interaction and
Frontal Unit Energy Absorption It should be noted
that the purpose of the PDB test is to assess structural
interaction and the frontal unit energy absorption up
to an Equivalent Energy Speed (EES) of 50 km/h. An
impact speed of 60 km/h was calculated to give a

vehicle EES of 50 km/h, which takes into account the
energy absorption of the barrier and the vehicle stiff-
ness. A fixed overlap width of 750 mm is used to
ensure that the barrier generates the same load for
cars of different widths.
• The use of the load distribution on the LCW be-

hind the PDB does not appear to give an accurate
enough measure of a car’s stiffness homogeneity
and hence is not worth pursuing further as an as-
sessment method. This is because problems simi-
lar to those encountered with the full width tests,
such load cell bridging caused by the shear
strength of the honeycomb, occur to some degree
with this test. This conclusion is supported by a
separate French study, which found an uneven
load distribution was recorded on the load cell
wall for an impact against the PDB using a trol-
ley with a flat rigid face.

• In the Mondeo test a part of the barrier remained
attached to the car after the test. This would
cause severe difficulties in measuring the barrier
final deformation profile objectively, which the
PDB approach is completely reliant upon. For
this test the version 6 of PDB was used. Version
7 of the barrier has a thicker front sheet, which
may reduce or solve this problem. The lack of
penetration of the barrier front sheet in the test
with the Volvo S80 indicates the improved per-
formance of version 7 of the barrier in this re-
spect.

• The PDB barrier was defined to represent an
average car and its stiffness is such that bottom-
ing out is unlikely, even for large cars with a
homogeneous front end. However, on the Range
Rover test this barrier bottomed out. The impli-
cation of this should be considered in relation to
current and future regulations and consumer test-
ing..

• The Smart is a very light car. It was judged to be
a non aggressive car based on the shape of the
barrier deformation after the impact, even though
its stiffness is very high.

For the Volvo S80 the deformation shape of the PDB
was relatively homogenous, so based on a subjective
assessment of the barrier deformation this car was
judged to be non aggressive.

Car to Car Test
• The Toyota Yaris has a design consisting of one

main load path, the lower rails. The Renault Clio
has a multi-level load path design. Examination
of the cars prior to the test showed that there was
good structural alignment between them, which
indicated that good structural interaction between
the lower rails might be expected. However, poor
structural interaction was seen in the test caused
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by dynamic effects. When the Toyota Yaris
lower rail impacted against the Renault Clio one,
the Yaris lower rail bent upwards resulting in
poor interaction with the Clio structure. As a re-
sult of this the Yaris occupant compartment in-
truded significantly and became unstable. The
Clio compartment performed well without sig-
nificant intrusion.

• A comparison of the relative performance of the
Yaris and Clio in the car to car test and the Eu-
roNCAP tests based on the intrusion measure-
ments showed that the Clio performance was
slightly worse in the car to car test compared to
the EuroNCAP test. In contrast, the Yaris per-
formance was significantly worse in the car to
car test. It is believed that the main reason for
this difference was the change in the structural
performance of the Yaris, namely the lower rail,
caused by poor structural interaction, which in
turn was a result of the Yaris having a design
based on a single main load path.

EuroNCAP test LCW measurements
2

• LCW measurements were taken for 10 vehicles
varying in mass from 1245 to 2060 kg. The peak
load cell wall forces measured for the vehicles
tested were between 400kN and 500kN, which
was within the range measured for previous tests
for vehicles of similar mass.

• By using data from accelerometers mounted on
the vehicle the contributions of the LCW force
from the deceleration of the transmission pack-
age (mechanical forces) and occupant compart-
ment (structural forces) were calculated. The
force from the deceleration of the occupant com-
partment was typical between 60 to 70 percent of
the global peak force recorded by the load cell
wall.

• The vertical distribution of the peak cell forces
varied from test to test. Examination of the vehi-
cles post test indicated that this distribution was
in some cases influenced by the interaction of the
engine and crossbeam with the load cell wall
edge. This observation should be taken into ac-
count if it is proposed that the vertical force dis-
tribution measured in this test should be used as
a criterion to control compatibility, as it may in-
validate such a criterion.

• Although the peak force applied by the body on
frame SUV was less than some large family cars,
the peak load cell force distribution measured
was extremely inhomogeneous as the majority of

the load was applied to a single load cell by the
vehicle’s lower rail.

Recommendations
The recommendations resulting from each of the
work packages, namely, accident analysis, benefit
analysis and crash testing are listed below.

Accident analysis

For Germany, it is recommended that further analysis
should be performed to quantify the magnitude of the
structural interaction problem. For both Germany and
the UK, it is recommended that further accident
analysis should be performed in the future to check
that the conclusions of this work are still valid, as the
vehicle fleet is constantly changing. Additional acci-
dent variables such as improved deformation meas-
urements and harmonised impact severity measures
would help future analyses.

Benefit analysis

In order to obtain a more complete benefit estimate
for GB, it is recommended that a similar benefit
analysis to that performed for the car frontal impact
with one other car or van type of accident should be
conducted for other car frontal impact accident types.
For Germany, it is recommended that an analysis to
estimate the benefit of improved compatibility, in
terms of the number of lives saved as opposed to the
reduction in injury risk, should be performed.
The benefits predicted are largely dependent on the
assumptions made for how ‘compatible’ cars will
perform. Hence, it is recommended that once more
about a ‘compatible’ car’s performance is known, the
assumptions made should be refined and the analysis
repeated.
Crash testing
It is recommended that principles on which the full
width and PDB tests are based should be validated,
i.e. for the full width test is the homogeneity meas-
ured on the LCW representative of a car’s structural
interaction potential and similarly for the barrier de-
formation measured in the PDB test.

For the full width test objective assessment criteria
require development. At present differences in the
performance of the vehicles are based on subjective
analysis of the load cell wall force distribution. Crite-
ria should be developed to evaluate and quantify the
changes observed between different vehicles. This
will require additional crash test data to be generated
from a larger range of vehicle designs to validate the
procedure and set definitive limit values.
For the full width test for the Laguna and Rover 75
tests preferential load paths were formed because the
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lower rails bottomed out the barrier. This most likely
reduced the load carried by other structures set fur-
ther back in the car, such as the subframe, resulting in
the reduction of the homogeneity of the load recorded
on the wall. A study should be performed to address
the following questions:
• Does the current barrier design give a representa-

tive homogeneity measure for cars with high lo-
cal stiffnesses?

• Approximately, how far back can a secondary
load path be positioned from the front of the
main load path and still be able to contribute sig-
nificantly to improving a car’s compatibility?

For the PDB test the current assessment criteria re-
quire further development. At present these criteria
are based on the shape of the barrier face final defor-
mation. A formula has been developed to assess the
barrier deformation in terms of its height and depth,
but limit values for these parameters still need to be
defined. The test data collected in this project com-
pletes a crash test matrix, which will form a useful
data set for future work to continue the development
of the current assessment criteria. However, further
data will be required to validate the procedure and set
definitive limit values.

The current PDB barrier face is based on the stiffness
of a small to medium European car. The suitability of
the current barrier face design should be considered
in terms of its likely effect on the future vehicle fleet
design and the vehicle classes which are likely to be
included in future regulatory and consumer testing.
An example of a parameter that should be investi-
gated is the stiffness distribution between its upper
and lower sections.
The Renault Clio to Toyota Yaris crash test demon-
strated the poor structural interaction performance
and possibly low compartment strength of the Toyota
Yaris. It is recommended that this car could be used
as a possible benchmark to help verify the full width
and PDB tests and set limit values for structural in-
teraction performance for the proposed assessment
criteria following verification of the Yaris compart-
ment strength.
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ABSTRACT

In this paper accidents with mopeds and mofas in
the Netherlands are analysed. The moped and mofa
accidents were collected from 1999-2001 in the
police regions Rotterdam-Rijnmond and The
Hague in the Netherlands. This took part in the
framework of a European Motorcycle in-depth
study (MAIDS), funded by ACEM (the
representing body of European motorcycle
manufacturers) and the EU. For MAIDS, five
European countries collected in total 1000
motorcycle and moped/mofa accidents, as well as a
control group of another 1000 motorcycles and
mopeds/mofas.
For this study a total of 113 moped and 21 mofa
accidents (all Dutch), of which the rider was
injured, were analysed. Standard statistical analysis
techniques including regression techniques were
used to find the over and under represented factors
in technical aspects and human factors with respect
to the control group. Also specific items like motor
power enhancement, no drivers license
requirements, young un-experienced riders and the
specific status of mopeds in traffic may lead to
more accidents than necessary.
Accident and injury causation and differences in
occurrences are outlined. Important factors in
moped and mofa accidents are discussed in detail.
Recommendations are given for primary and
secondary safety enhancements.

INTRODUCTION

Moped and mofa riders are a vulnerable group of
road users, which internationally get little attention,
while the number of mopeds is increasing in the
ever more dense city traffic. Mopeds are powered
two-wheelers with a maximum speed limit of 40
km/h in rural areas and 30 km/h in urban areas.
Mofas are powered two-wheelers with a maximum
speed limit of 25 km/h. Moped riders are obligated
to wear a helmet but for mofa riders a helmet is not
required. Several interesting topics related to
moped and mofa accidents can be investigated. In
accident causation, specific aspects as motor power
enhancement, risk taking behaviour of the in
general young riders and often illegal driving
speeds, may provide interesting results. In injury
causation the injury reducing effect of helmets and
clothing can be investigated.

In this paper the data collection method, analysis
methods, analysis results, discussion and
conclusions are presented.

METHOD

Data collection

Data collection took place in the framework of a
European Motorcycle in-depth study (MAIDS).
MAIDS is an in-depth accident collection project
funded by ACEM (the representing body of
European motorcycle manufacturers) and uses an
international harmonised methodology for
motorised two-wheeler accident analysis, that was
developed by an OECD technical working group
[1]. For MAIDS, five European countries collected
in total 1000 motorcycle and moped/mofa accidents
with an injured rider, as well as a control group of
another 1000 motorcycles and mopeds/mofas. For
this paper 113 moped and 21 mofa accidents with
an injured rider were analysed. The control group
consists of 104 mopeds and 47 mofas. All these
accidents were collected in the Netherlands from
September 1999 – October 2001 in the police
regions Rotterdam-Rijnmond and The Hague in the
Netherlands.
The police informed the Dutch Accident Research
Team (DART) of every motorcycle and moped
accident in which the rider was injured. Every nth

accident was investigated, where n was kept
constant for 24 hours. The accident scene was
visited within 24 hours after the accident occurred.
Environmental, technical and human factors were
investigated and injury data was collected from the
hospital and the victim interviewed after the
victim’s permission.

Statistical Methods

For the data analysis SPSS [2] was used. Frequency
counts, together with cross tabulations gave
interesting high frequencies and over and under
representations. When a Chi – square test detected
a significant difference, the adjusted residuals (ar)
were inspected for under and over representation.
The adjusted residuals are a measure for the
difference between the observed and expected
count. Values well above 2 or below –2 identify
cells that depart markedly from the model of
independence, (may be interpreted as z-scores, and
identify significant deviations). Regression
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techniques – General Linear Model (GLM) and
Logistic Regression (LR) – were used to
investigate in what way the confounding factors
influenced (injury) causation and accident
configurations.
In a number of cases box-plots are shown. In figure
1 an explanation is given for the used symbols.

RESULTS

In this paragraph results are presented for accident
configurations, accident causation, rider influences
and injury causation. In total 134 accidents are
selected of which 113 moped accidents and 21
mofa accidents.
In the rest of the paper the mopeds and mofas are
abbreviated to MC and the opposing party, the
other vehicle to OV.
Firstly accident configurations are discussed.

Accident configurations

It can be seen in figure 2 that the configurations are
quite various. No differences in accident
configurations between mopeds and mofas were

observed. In 19% of the cases the paths of the MC
and the OV are perpendicular and both vehicles
are going straight ahead. In 17% of the cases the
OV and MC are coming from opposing directions,
and the OV turns in front of the MC. Head-on
collisions are observed in 13% of the cases. The
category other (10%) is a summary of a number of
the in total 20 categories.
Looking at the involved other vehicle types, it is
found that in certain accident configurations certain
vehicle types are over represented.

On the intersections, with both paths
perpendicular, the only two trams in the

database are involved; passenger cars are the most
frequent impact partner (72%), but not significantly
over represented.

In the configuration OV
turning left in front of MC,
MC perpendicular to OV

path, passenger cars are over represented (ar=2.6,
n=12).

In head-on collisions other mopeds
and mofas (90%) are strongly over

represented (ar=7.4, n=9); almost all these
accidents occurred on a bicycle/moped-path open
for both directions. In two cases the MC was

travelling the wrong way and in
6 cases (33% of all head-on
collisions, ar=5.3) the MC was

negotiating a (small) bend.
In the category MC overtaking OV while OV
turning right, passenger cars are the most frequent
impact partner (82%), but not significantly over
represented (ar=1.6, n=9).
Three trucks were found as a collision partner in
this study. In two cases the MC came from the
same direction and passed the truck while the truck
turned left in one case and right in the other case. In
the third case the truck came from the opposing
direction and turned in front of the MC. The
number of truck accidents is too small to base any
conclusions on, however one would not expect
them to be (statistically) in the category where the
MC passes the truck from behind, based on pure
chance.

Accident causation

The cause(s) of the accident were determined by
the accident investigators and are per definition
subjective. One of three levels of certainty could be
specified for a determined cause - very certain
(95%), reasonably certain (80%-95%), possible
influence (less than 80% certain). In this paper only
the most certain cause and the determined primary
cause were taken into account, to discuss only the
most important factors. If other less certain factors
were of real influence, they are most likely found in
over representation of objective measures (e.g. was
a view obstruction present, instead of was a view

figure 1  Box-plot explanation (source: [2]).
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obstruction a cause). No difference is made
between the primary accident cause and most
important contributing factors as coded in the
OECD-methodology, but both are considered to be
equally important. This is a valid choice, because
the selection of the primary accident cause is in
practice frequently very arbitrary. In figure 3 it is
shown what causes are determined when also
taking into account the less certain causes. It can be
seen that relatively more frequent an MC-other
failure, roadway maintenance or design defects and
view obstructions are included as less certain
causes.
For the remainder of this paragraph, the accident
types were divided in single-accidents  (16) and in
accidents in which a moving OV was involved
(118). In the latter scenario the OV driver also
could have had influence on the cause of the
accident, while in the first selection only the MC
and environment could have had influence.
In figure 4, the difference between these two
selections is shown. It can be seen that for single
accidents, very different causes are coded than for
accidents with OV involvement (the higher

percentages and peaks are due to the absence of
OV involvement). Especially interesting is the
category MC – other failure, which includes
alcohol use. Alcohol use was coded in five cases
(31%) of the single accident cases and pre-
occupation (using mobile phone, looking around,
etc.) in 19%. Alcohol use for the MC driver was
not found in accidents with OV involvement.
Temporary traffic obstructions (4 cases), adverse
weather (2), and animal involvement (2) induce the
high frequency of the category other.
In accidents with OV involvement (similar to the
95 – 100% certainty), it may also be observed that
an OV – perception failure (48%) is most
frequently coded, followed by an MC – unsafe act
(33%), MC – perception failure (29%) and view
obstruction (22%). For these four categories it was
looked at the other contributing factors in these
accidents. This is shown in figure 5.
     OV – perception failure (figure 5a) – The most
frequently coded failure is an OV – perception
failure (the other vehicle overlooked the MC). In
28% (16 cases) an OV – perception failure was
coded as the only certain (95% certainty) cause. In
the remaining 41 cases, this failure is most
frequently also combined with an unsafe act of this
OV (32%). A view obstruction and an MC – unsafe
act (24%) are second most frequent, where MC –
unsafe acts are less pronounced than in the overall
accident contributing factors. The OV – unsafe act
is relatively over represented.
Compared to accidents in which the OV –
perception failure was not coded as a certain cause
the following factors were over represented (more
present than expected by pure chance):
• background had negative effect on MC

conspicuity (ar*=2.5, n=14)
• OV – traffic scanning error (ar=5.8, n=51)
• The traffic control is more frequently violated

(ar=2.1, n=14), compared to accidents where
an OV – perception failure was not a cause.
When a traffic control was present (51 cases),
it was most frequently a traffic light (39%).
However, yield signs are over represented
(ar=2.3, n=9) compared to other causes.

Under represented are (less present than expected):
• MC – major unsafe act (ar=-4.1, n=8),
• MC – traffic scanning error (ar=-4.1, n=11)
• MC – view obstructions (ar=-3.4, n=18),
• MC – faulty traffic strategy (ar=-3.5,n=8),
• MC – unusual speed (ar=-2.0, n=6),
• MC – position in traffic (ar=-2.6,n=3),
• OV – stationary view obstructions (ar =-3.4,

n=11).
• The traffic controls on the path of the MC are

never violated (ar=-4.1), but are equally
frequent present in cases where the OV –
perception failure was not present.

                                                          
* see statistical methods
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figure 3  Accident contributing factors in moped
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of the cases a certain cause was determined and
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total is higher than 100%.
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OV –speed compared to other traffic was not a
significant factor.
     MC – unsafe act (figure 5b) – The second most
frequently coded cause is the MC – unsafe act,
which most frequently may be interpreted as the
MC driving too fast for the situation or making a
manoeuvre that is unsuitable for the situation or
illegal. An MC – unsafe act was never coded as
only certain cause. In figure 6 it may be observed
that the travelling speed of the MC is frequently
higher than in accidents without an MC – unsafe
act. This difference in travelling speed is however
not significant in many cases.
Looking at figure 5b, it can be seen that an MC –
decision failure (33%) and a view obstruction
(28%) are most frequently also coded as a cause of
the accident and that these causes are over
represented with respect to the general distribution.
An MC – perception failure is coded in 28% of the
cases and an OV – perception failure in 26% of the
cases.
Significantly over represented in accidents where
an MC – unsafe act was a cause compared to
accidents where an MC – unsafe act was not a
cause are:
• MC – unusual speed compared to other traffic

(ar=5.7, n=18)
• MC – traffic scan (ar=3.8, n=24),

• MC – traffic strategy (ar=3.3, n=19),
• MC – attention failure (ar=3.2, n=6)
• MC – traffic knowledge (ar=2.6, n=8).
• Accidents with an MC – unsafe act occurred

more frequently on a location with a traffic
control (traffic light) present (ar=2.1, n=11).

• In the cases where a traffic light was present
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(45), it was violated more frequently (ar=3.1,
n=12), than in accidents without an unsafe act
as cause.

• View obstructions (stationary or mobile) were
also significantly more present.

In the 39 cases in which a major unsafe act was
coded for the MC driver (32% of all accidents with
OV involvement), this was considered to be a
certain accident causing factor in 74% (29) of these
cases. In case of a moderate or minor unsafe act,
this was only in 31% coded as a certain cause.
During the gathering of the accidents it was found
that riders, who were legally guilty of causing the
accidents were less reluctant to co-operate. It might
therefore be the case that MC – unsafe acts are
under represented.
     MC – perception failure (figure 5c) – Not
significantly less coded than the previous cause, the
MC – perception failure is coded in 29% of the
cases. The MC driver overlooked or did not notice
the OV. In four cases this was coded as only certain
cause of the accident. In the remaining 25 cases an
MC – unsafe act is very pronounced as contributing
factor (44% of the cases). This relation was also
found, looking at the MC – unsafe act as main
cause.
     View obstruction (figure 5d) – Fourth most
frequent, coded in 22% of the cases, is a view
obstruction. In three cases it was coded as the only
certain accident causing factor. In the remaining 25
cases, perception and unsafe acts play an important
role. An MC – unsafe act is coded in 44% of the
cases and an OV – unsafe act in 24%. An OV –
perception failure was coded in 40% and an MC –
perception failure in 20% of the cases.

Rider influences

Within the MAIDS study a control group of MC
riders was obtained by interviewing riders at petrol
stations. These petrol stations were selected
randomly in the accident collection area and were
visited at random days and hours, to obtain a
general population of MC riders. 104 moped and
47 mofa riders were interviewed in this control
group. In this paragraph differences between the
riders of the accident population and the riders of
the control group are outlined. General variables
like age, length and weight, experience do not
differ and are very similarly distributed. When
comparing the previous traffic violation
convictions (see figure 7) it was found that the
group with two or more previous violation
convictions in the accident cases (26%) is
approximately the same as the control group (24%).
However, in the selection were the MC committed
an unsafe act in the accident causation (see
previous paragraphs), the percentage of previous
violations is significantly higher (42%) and also

over represented with respect to the control group
(ar=2.4, n=13).
When looking at the previous accidents in the last
five years, approximately the same trend is
observed (see also figure 7). In the accident
selection 20% had two or more previous accidents
and this is over represented with respect to the
control group (ar=2.5, n=21). In the selection where
an MC – unsafe act was coded as cause, this is even
more the case: 26% (ar=2.2, n=8). In the control
group only 12% had more than two accidents.
Looking at the control group, the number of
previous accidents and previous violations are
highly correlated (p<0.01). Based on the number of
previous accidents, a good prediction can be made
of the number of previous violations. The other
way around is less certain, but it may be said that
the probability to be involved in an accident is
significantly higher with more than two previous
traffic violation convictions on record (p<0.05).
The factors age, experience and the number of
kilometres driven per year (GLM was used) were
taken into account and did not have a significant
influence, but did reduce the overall significance of
the model (p<0.1).

Alcohol is consumed in both the accident and
control population in about 5% of the cases, but in
the accident cases the alcohol consumers are more
frequently significantly impaired (57%; ar=3.5,
n=4). Drugs use is more frequent in the control
population, in 8.6% of the cases (ar=2.6, n=13).
There is no significant difference between the
accident population and the control group with
respect to modifications made to the MC. In both
cases approximately 40% of the MC has after
market equipment or tuned parts which can make
the MC faster (engine, driveline, intake filter,
carburettor, exhaust system, cylinder, ignition
system or transmission ratio).
     Collision avoidance – In 52 (39%) accident
cases a collision avoidance attempt was made. In
the remaining 61% of the cases, no avoidance
action was taken. The most frequent collision
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avoidance actions attempted by the MC rider were
braking (83%) or (in combination with) swerving
(40%). In most of the cases the taken action was
found to be appropriate by the investigators.
However, the execution of the action was often
poor (40% of the cases) and most frequently
reaction failures (9 cases) and loss of controls (5).
In the majority of the cases the investigators found
that there was inadequate time available to
complete the avoidance action (64%).

Injury data

After the victim agreed to participate in the study,
injury data was obtained from the hospital or rider,
and coded as Abbreviated Injury Scores (AIS). In
Table 1 it can be seen that in the majority of cases
the maximum sustained injuries for a victim are of
MAIS 2-. In 8 accidents the obtained injuries were
fatal and in 8 accidents to severe trauma with long
hospitalisation (more than two weeks) and 50% of
the hospitalised victims remained in the hospital for
more than 4 days.
MAIS3+ injuries were mainly injuries to the lower
extremities (33%) and injuries to the head (28%).

Injuries to the head are cerebrum contusions (6),
hematoma (3), unconsiousness (2), epidural or
extradural (2), neurological deficit (2) and skeletal
fractures (6). Injuries to the upper (9) and lower
(23) extremities are all fractures. Thorax injuries
are lung, liver and spleen contusions (3),
lacerations (6) and multiple rib fractures (1).
Figure 8 shows the hospitalisation time in days vs.
the maximum sustained injury level. It can be seen
that from AIS 3+ the number of days hospitalised
vary greatly.
In the following paragraphs the injury causation is
further outlined. Firstly the relationship injury type
– cause is outlined, and secondly the relationship
injury level – collision speed.
     Injury type vs. injury cause – Table 2 shows
that MC rider injuries are mainly due to contact
with the environment (The 47% is made up of 25%
asphalt and 14% concrete pavement and 8% other).
Nine injuries were caused by indirect contact (an
injury caused by contact at another body location)
and for 20 injuries the cause was unknown. Indirect
injuries are mainly due to impact with the
environment (3) and OV – side (3). In case of
injury causation due to the environment, the moped
or mofa in 9 cases (4%) also (possibly) caused the
injury (two injury causes).
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Figure 8  MAIS level vs. hospitalisation time in
days.

figure 9  Mean AIS level vs. contact location.
OV – undercarriage is not shown, because this
was one case with MAIS 5.

Table 1.
Distribution of sustained maximum AIS for the

MC rider

Maximum AIS

45 33.6 34.1 34.1

47 35.1 35.6 69.7

29 21.6 22.0 91.7

6 4.5 4.5 96.2

4 3.0 3.0 99.2

1 .7 .8 100.0

132 98.5 100.0

2 1.5

134 100.0

MAIS level
1

2

3

4

5

6

Total

Missing

Total

N % Valid %
Cumulative

%

Table 2.
Injury causation

236 44.9 46.6 46.6

67 12.7 13.2 59.9

63 12.0 12.5 72.3

14 2.7 2.8 75.1

109 20.7 21.5 96.6

4 .8 .8 97.4

4 .8 .8 98.2

9 1.7 1.8 100.0

506 96.2 100.0

20 3.8

526 100.0

Contact location
Environment

MC

OV - Front

OV - Rear

OV - Side

OV - Top

OV - Undercarriage

Indirect injury

Total

Unknown

Total

N % Valid %
Cumulative

%



Vries, Y.W.R. de, 7

Injuries caused by the environment generally have
a lower AIS score, and a significantly lower score
than injuries caused by the OV – front (see figure 
9). In injuries caused by the front of the OV (63
injuries), in a number of cases also contact was
made with the MC (10%) or environment (8%).
Contact with the OV – side is combined with
environmental contact (11%) and MC contact
(8%). In the rest of the OV – side selection, this
was the only contact location.
     Injury level vs. collision speed – The impact
speed of the MC was reconstructed according to
international guidelines. The mean reconstructed
impact speed of mopeds (32 km/h, SD=13 km/h) is
- as was to be expected - significantly higher than
the mean impact speed of mofas (23 km/h,
SD=11km/h). The sustained injury levels do not
differ significantly between moped and mofa
riders.
The impact speed of the MC is used and does not
include the speed of the other vehicle. Because the
MC rider is very frequently launched and does not
hit a vehicle, the rider continues in the direction of
travel with approximately the same speed. In the
cases where the rider hits the side of the other
vehicle, 50% of the impacts are perpendicular and
the speed of the OV is again of little or no
influence. In the cases where the impact is not
perpendicular, the median impact speed of the OV
is only 13 km/h. In the previous paragraph it was
shown that most injuries are caused by the
environment (asphalt or concrete). It therefore
seems a valid assumption to use the MC – impact
speed, not including OV – impact speed. This being
the case, single and OV – involved accidents may
be analysed together. In future publications other
collision speed measures will be investigated.

In figure 10 the maximum AIS level of the MC

rider vs. the reconstructed MC impact speed is
shown. A significant correlation between MAIS
level and MC – impact speed (p<0.01) was found.
A higher impact speed leads to more severe
injuries.
Looking at the maximum AIS injury sustained at
the head and face, it can be seen in figure 11 that
the impact speeds for helmet wearers is generally
higher than for non-helmet wearers, while looking
at the same AIS level. This means that wearing a
helmet decreases the injury to the head. The
observed difference is not found to be significant,
which is very likely due to the low number of
AIS3+ injuries, where the difference seems to be
increasing. It may also be observed that AIS3+

injuries to the head are also sustained at relatively
low speeds when no helmet is worn, while for
helmet wearers the impact speeds have to be higher
to sustain severe injuries.
For the type of clothing (light, heavy or special) no
differences could be found in injury levels.
Analysis of the total data set of EU accidents might
lead to more insights in this area.

DISCUSSION

In this discussion, several interesting topics are
treated further. Two main causes – OV-perception
failure and MC-unsafe acts – and injury causation
are discussed in more detail.

OV – perception failure

An interesting observation is that an OV –
perception failure is the most frequently coded
certain accident cause, where an OV – unsafe act
(32%) is also frequently present, while MC –
unsafe acts are less frequently coded (24%) in this
selection. Therefore the actions of the other vehicle
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figure 10  MC impact speed vs. MAIS level, in
moped / mofa accidents. Shown are means,
standard deviations, outliers and the number of
cases.
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are most frequently accident causing. In this
selection the OV driver was over represented in
traffic scanning errors, while the MC was riding on
a right-of-way road, and generally less speeding
compared to accidents with another causation. It is
interesting to note that view obstructions were
significantly less coded than for other causes, but
that the visual background had more frequently a
negative effect on the MC conspicuity (ar=2.5,
n=14).

MC – unsafe act

The causes MC – unsafe act, MC – perception
failure, and view obstruction are frequently coded
together. The speed, traffic scan and traffic strategy
of the MC rider are unfit for the situation, certainly
when also view obstructions are present (over
represented compared to other causes).
Two or more previous traffic violations and two or
more previous accidents are significantly more
present in accidents where an MC – unsafe act
occurred. It is therefore reasonable to suggest
letting previous convictions count (after the 2nd

violation) when a new violation is committed and
to increase for example fines in this case. Taking
away license points, from the moped/mofa
certificate might be another option. As illegal
driving of mopeds, without a certificate already
occurs frequently, this last option might not work
very well.
Even though no difference was found between the
accident population and the control group with
respect to the tuning of the MC, MC riders - who
committed an unsafe act - seemed to be driving
faster (and over the limit) more frequently than
those that did not commit an unsafe act.

Injury causation

Most injuries are caused by the environment (road),
which is also one of the least dangerous. A
significant correlation is found between MC impact
speed and the maximum sustained injuries. When
looking at injuries on the head, wearing a helmet
seems to reduce the probability on a severe injury.
When no helmet is worn, also more severe injuries
occur at lower speeds (25 - 30 km/h). The
relationship is not found to be significant. With this
information no recommendation can be given about
helmet wearing for mofa riders, as their travelling
speed should be below 25 km/h. Analysis of the
whole European data set might give more insights
in this matter. For the type of clothing no effects
could be detected.

CONCLUSIONS

General

• 134 Dutch moped / mofa accidents and a control
group of 151 riders were analysed as part of 1000
cases in the MAIDS project.

Configurations

The most frequent accident configurations are:

• MC
OV

• 
orOV

MC
OV

MC

: passenger cars over
represented.

• 
MC OV

: other mopeds /mofas over represented,
MC frequently negotiating a bend

Causation

• The most frequent causes are
1. OV – perception failure (48%)
2. MC – unsafe act (33%)
3. MC – perception failure (29%)
4. View obstructions (22%)

• Most accidents seem to be very frequently
caused by the actions of solely one of the
involved parties, either by a perception failure or
an unsafe act.

Rider influences

• Previous violations and accidents are more
present in the accident population than in the
control group, especially in the cases where the
MC committed an unsafe act (see figure 7).

• When having two or more previous violations on
record the probability for the MC rider to get an
accident increases. The possible compensating
effects of experience, age and driving frequency
are taken into account.

• In the accident population, alcohol users were
frequently more drunk (significantly impaired)
than in the control group, but the number of
alcohol users do not differ significantly. Alcohol
use was found only in single accidents in this
study.

Injuries

• Almost 70% of the injuries are MAIS 1 or 2.
• MAIS 3+ injuries are mainly injuries to:

- lower extremities (33%)
- head (28%)

• Injuries caused by the environment are one of the
least severe and significantly lower than injuries
caused by the OV – front.
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• A significant relationship exists between the
maximum sustained injury and the MC – impact
speed.

• Safety helmets seem to reduce the maximum
sustained head injury. The effect is however not
significant.

• An effect of the type of (protective) clothing at
these speeds was not found.

Recommendations

• Analysis of the whole MAIDS database may give
more insights in ‘not yet’ significant effects and
national differences. The effect of helmets might
be more pronounced. Also an effect of helmets at
lower speeds might be found.

• Better theoretical or practical education of MC
riders to make them aware of their behaviour and
the consequences is recommended. Because of
frequently found poor execution of evasive
manoeuvres, it might also be recommended to
give moped riders a practical exam before
allowing them to ride a moped or mofa.

• Increase fines when multiple violations are on
record, because more than two previous
violations on record increase the probability to be
in an accident.

• Because the negative effect of the background on
MC – conspicuity was over represented in
accidents with OV perception failures, it might
be recommended that MC – riders increase their
conspicuity (e.g. wear brighter clothing). In the
development of future sensor systems in cars,
also attention should be given to this group of
vulnerable road users.
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ABSTRACT

The introduction of European legislative and
consumer crash testing requirements in the late
1990s has resulted in marked changes in the design
of vehicle structures and restraint systems. Crash
tested vehicles in the range of New Car
Assessment Programmes typically show reduced
injury assessment values from the dummies and
lower levels of intrusion, particularly in frontal
impacts.

This paper examines real-world accident data to
evaluate the changes that have taken place in car
performance and the circumstances of injury in
order to evaluate what new priorities there are in
car occupant protection. Comparisons are made
between older cars, built between 1991 and 1996
and newer cars, built up to 2000.The main
conclusions are:-

• The rate of fatal driver injury in newer cars is
24% below that for the older cars;

• More car occupants now die in side impacts
than in frontal impacts, 27% of these are
seated on the far side of the vehicle;

• The numbers of fatalities in collisions with
roadside objects virtually equals those killed in
car to car impacts;

• The collision severities of fatal frontal impacts
have not increased and there is little
justification to raise crash test speeds;

• The collisions severities of fatal side impacts
remain substantially above crash test speeds;

• Rear seat-belt use is low amongst fatally or
seriously injured rear-seat passengers, this
group is likely to receive the greatest benefit
from belt reminder systems

BACKGROUND

The European Directive (96/79/EC) for frontal
protection based on an offset deformable barrier
crash test requirements was passed in December
1996. The Directive for side impact protection
(96/27/EC) based on a mobile deformable barrier
test had been passed in May 1996. The front and
side impact protection

requirements will apply to all new vehicles in
Europe from October 2003. In the meantime the
EuroNCAP consumer tests have been implemented
using enhanced injury assessment criteria and
modifiers based on the vehicle responses. The
EuroNCAP frontal crash test is based on a 64 kph
collision with the barrier, above the impact speed
in the Directive, the side impact is at the same
speed as the Directive. Injury assessment criteria in
EuroNCAP are graded down to an equivalent 5%
risk of injury for the highest levels of performance
compared with a typical 50% injury risk within the
Directives.

The first launch of EuroNCAP tested vehicles, in
the small car category covered 6 models of car of
which 1 attained only 1 star and the remainder 2
stars. In the most recent launch of Phase 11, in
2002, there were 18 models of which 4 reached 5
stars, 11 reached 4 stars and only 3 reached three
stars. This corresponds to a dramatic increase in
the overall levels of occupant protection as
measured by EuroNCAP and in the year 2001 over
66% of new cars sold were 4 star vehicles with
25% 3 star vehicles.

To date over 200 cars have been assessed within
the EuroNCAP programme and it is necessary to
assess the degree to which the numbers of fatal and
serious injuries have changed as a result of
EuroNCAP as a measure of its real world success.
A review of the crash conditions under which these
injuries are sustained provides an indication of the
benefits of further developments in the test
procedures. This paper addresses both of these
issues.

NATIONAL ACCIDENT TRENDS

The UK, like many other countries, maintains
annual counts of the numbers of casualties in
crashes. This data shows a steadily decreasing
trend in car occupant fatality numbers since 1990
and is shown for the territories of Great Britain in
Figure 1 against an index of 100 set for 1990. This
shows that fatally injured car occupant numbers
had declined by 30% by the year 2000.
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Figure 1. Trends in fatality reduction, 1990 – 2000.

Although motorcyclist fatalities had increased over
the same period the numbers of fatalities in other
motorised vehicles (trucks, buses, vans) and adult
pedestrians had decreased to a greater extent. In
this dataset injuries are classified according to
whether they are fatal (died within 30 days),
seriously injured (a fracture or an overnight
hospital stay) or slightly injured.

These changes in fatality numbers are a
consequence of a variety of factors that include
improvements in vehicle safety but also include
road safety measures, changes in driver behaviour,
changes in patterns of vehicle use and increased
use of vehicles. Indeed it is arguable that the road
users showing the greatest decreases have had the
smallest improvement in vehicle safety and that
road safety measures have been very influential.

A more accurate assessment of the effects of
improved vehicle design are observed by selecting
the cars that were involved in crashes during a
single year and examining the patterns in injury
rates between cars of different design years. The
GB data records uninjured drivers of vehicles but
only records injured occupants in other seat
positions, this makes it possible to calculate fatality
and injury rates for drivers alone. Figure 2 shows
the proportion of car drivers that were either killed
or seriously injured in cars of each manufacturing
year during 2001 while Figure 3 shows the
equivalent distribution for fatalities alone. Cars
built in the years 1991 to 1995 were classified as
“older cars” while those built between 1996 and
2000 were classified as “newer cars”.
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Cars manufactured in the period 1996 to 2000
showed a rate of driver serious or fatal injuries that
was 11% below that of cars built in the first part of
the decade. This substantial reduction was
exceeded by the reduction in fatally injured
drivers, shown in Figure 3.

The group of newer cars showed a reduction in
fatality rate that was 24% below that of the older
cars. The proportions of drivers that were killed
reduced from 0.39% of the total driver population
to 0.30%. Driver populations for each model year
of car ranged between 14,345 and 23,186 and of
the 1023 drivers that died in GB in 2001 there were
334 (33%) that were in vehicles manufactured
before 1991.

The GB STATS 19 data includes an assessment by
the police officer regarding the first point of impact

on the vehicle, although there is some imprecision
over the classification this can give an indication
over the relative priorities. It should be noted that
the low accuracy means that the data is not directly
comparable with the detailed CCIS data, analysed
in this paper.

Figure 4 shows the distribution of first point of
impact for each model year represented in the 2001
data file.

The older cars, with manufacturing year from 1991
to 1995, showed an average of 61% of first impacts
to the front of the car and 34% to the sides. The
newer cars had a lower rate of front impacts (54%)
but a higher rate if side impacts (40%). The
average number of side impact fatalities rose from
22 to 26 per year in contrast to the number of front
impact fatalities which dropped from 39 to 34 per
year.
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UK CO-OPERATIVE CRASH INJURY
STUDY DATA

The UK Co-operative Crash Injury Study (CCIS)
data is an in-depth sample of crash examinations
conducted in a representative range of locations
within the UK. A well controlled case selection
procedure is utilised that ensures that all crashes
investigated involve a vehicle, currently aged
below 7 years old, that is towed from the scene of
the crash and involves at least one injured
occupant. The relationship between the crash
sample and the regional crash populations are well
defined. Full details of the procedures are available
on the website (http://www.ukccis.org.uk).

The CCIS data covering crashes investigated
during the period February 1996 to May 2002 were
analysed and the cars selected were registered for
use between 1991 and 2000. A total of 11181 sets
of occupant details were analysed, of which 9582
had full injury data available and complete
accompanying vehicle examination reports. The
cases were divided into a group of “Older cars”
manufactured between August 1991 and July 1996
(5170 casualties) and “Newer cars” manufactured
between August 1997 and February 2001 (4412
casualties). The distribution of vehicle ages for the
casualties is shown in Figure 5.

Occupants in the more modern cars who did not
have a steering wheel airbag in front of them were
generally seated in the passenger seats.

WHAT ARE THE OCCUPANT
CHARACTERISTICS WHEN INJURIES DO
OCCUR?

The characteristics and actions of occupants of
each seat position can affect injury outcomes
considerably. The high occupancy rate of the
driver means that safety technologies are applied
there first, correspondingly the rear seat positions
tend to have the least advanced systems.
Additionally driver characteristics such as age,
gender or seat belt use can also affect injury
outcome, particularly when protective systems are
optimised for a small spread in user characteristics
rather than the complete population.

Changes in Seat Position

Improvements in car occupant protection have
been principally directed towards front seat safety.
The EU Directive and EuroNCAP both use two
adult front seat dummies but no adult rear
dummies. Figures 6 and 7 show the occupant
injury severities for each seat position for belted
and unbelted occupants respectively.
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Figure 6. Injury severity: Belted occupants.
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Figure 7. Injury Severity: Unbelted occupants.

The comparisons for belted occupants indicate no
statistically significant changes in maximum AIS
levels for occupants in each seating position.
Overall belted front and rear passengers show
marginally lower rates of injury in newer vehicles
although the overall injury for drivers has
increased. Closer examination shows that the
percentage with fatal injuries has remained
virtually unchanged for drivers and front
passengers, it has decreased for rear passengers but
this is not a statistically significant difference at the
5% level. Unrestrained occupants show a different
pattern and in each case the rate of injury has
increased in the newer cars. These changes are not
statistically significant except for rear seat
passengers where the injury rate increased from
81% to 87% and fatalities increased from 3% to
11%, (χ2 = 9.5, sig=2.4%, 3 degrees of freedom).

Changes In Occupant Factors

Restraint Use. The use of front seatbelts in
the UK has remained high at over 90% since
legislation in 1983. In 2001 the front seat occupant
restraint use rate on the road was 92% and 59% for
rear passengers. Figure 8 below shows the patterns
of restraint use within the two age groups of car for
occupants with all levels of injury severity. Belt
use is determined by inspection of the restraint
system for characteristic marks, in lower speed
collisions the energies may be insufficient to leave
these marks and in these cases belt use is unknown.
A range of restraint usage rates is therefore shown
for each group of car occupants to reflect this
uncertainty.
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Figure 8. Seatbelt use, all casualty severities.

There was very little change in restraint use rates
for each seating position between the two age
groups of vehicle, with the levels for both front
seat positions remaining between 70% to 90%.
Rear seat restraint use was lower being between
30% to 75%.

In crashes unrestrained occupants are likely to be
over-represented due to their increased injury risk

and this is observed in the UK CCIS data of fatally
injured casualties in Figure 9 overleaf.

Belt use rates amongst fatalities are maintained at
levels broadly between 70% and 80% for front
occupants, these levels are slightly below those for
all severities of injury. The in-depth data indicates
that the rates for rear seat occupants are reduced in
the group of newer cars, falling from between 50%



Thomas, 6

and 75% to between 23% to 42%. Out of the total
CCIS sample there were 483 casualties that
sustained MAIS 3+ injuries in the newer vehicles
and the numbers that were unbelted are shown in
Table 1 below.

The number of unbelted rear occupants that were
unbelted was between 31 and 40 while the
comparable number of unrestrained front
passengers was between 15 and 24.

Occupant Age. The regulation and design of
restraints, seats and interior packaging is generally
based around the needs of the 50%ile adult male
occupant as represented by a mid-size male
dummy. Nevertheless the vehicles in the crashes
covered by the in-depth data have occupants with a
wide range of characteristics. Figure 9 below

shows the distribution of median ages of the
occupants in each seating position together with
the upper and lower quartiles. All are occupants of
the newer cars.

The median ages of drivers and front passengers
was similar at 36 and 31 years although front
passengers exhibited a wider range of ages than
drivers. Rear seat passengers were substantially
younger with a median age of 17 years. Fatally
injured occupants showed little difference in age
distribution from occupants with all severities of
injury except for front passengers, when fatally
injured they had a median age of 52 years and an
upper quartile of 64 years.

Table 1.
Numbers of unbelted occupants in newer cars with Maximum AIS >= 3

Seat Position Belted Unbelted Unknown Total

Drivers 244 57 40 341

Front Passengers 61 15 9 85

Rear Passengers 17 31 9 57

Total 322 103 58 483
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CHANGES IN CRASH CONFIGURATION

The Front and Side Impact protection Directives,
introduced in 1996, came into effect at slightly
different times and were interspersed with the first
round of EuroNCAP testing. These tests had been
preceded by rigid barrier offset frontal crash
testing conducted in Germany. There is a question
as to the degree to which the improvements in
protection under the tested conditions also give
improvements under other conditions so this
section examines the CCIS data for any changes of
the conditions under which life-threatening injuries
are sustained.

Impact Directions

Impact direction is defined by the principle
direction of force applied to the vehicle within the
most severe impact, this is classified according to
90º intervals. The distribution for occupants with
all severities of injury is shown in Figure 10.

The distributions show very little difference in
impact direction between occupants of older and
newer vehicles in crashes in which injuries of all
severities are sustained. The dominant impact
direction remains a frontal collision that is
experienced by over 50% of occupants. The
numbers of occupants experiencing side impacts
remains similar at 10% – 12% and there are very
similar proportions of casualties on the struck and
non-struck sides.

When fatalities alone are examined substantially
fewer casualties are observed in frontal collisions
while struck-side occupants form a greater part of
the group. Frontal impacts accounted for 53% of
all severities of injuries but only 37% of fatalities
in new cars. In contrast only 23% of casualties of
all severities were injured in side impacts but this
increased to 45% of fatalities, overall more
casualties were killed in side impacts than in
frontal impacts.

The proportion killed in frontal impacts decreased
by 5% in the newer vehicles with an additional
decrease of 3% in sideswipe collisions. In contrast
the proportions killed as struck-side occupants
increased from 27% to 33% in the newer cars. If
improvements in the levels of protection applied
equally to all impact directions then the
distributions would be unchanged. The reduced
proportions of frontal impacts and increased
proportions of side impact indicate that protection
has been differentially improved in frontal impacts
compared with side impacts. This does not mean
there has been no improvement in side impact
protection but the amount of improvement in
frontal collisions is not matched in side impacts.
The priority impact direction for improvement in
the newer group of cars remains the protection of
both struck-side and non-struck side occupants.
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What Are The Collision Partners?

Collision partners are classified by the nature of
the striking object, the distribution is shown above
in Figure 11.

The data shows some changes in the proportions of
each impact direction between the older and the
newer cars. The proportion injured in impacts with
other cars has reduced by typically 8% while
impacts with roadside objects have increased by
9%. Proportions in impacts with trucks or buses
are unchanged between the two groups of vehicles.

In the group of newer cars, car-to-car collisions are
the most common group of collisions when all
casualty severities are examined accounting for
over 50% of casualties. In comparison, impacts
with roadside objects cause 25% of injuries and
impacts with trucks or buses at 15%. The group of
fatally injured occupants in newer cars shows a
different pattern. 35% are killed in impacts with
cars while 33% are killed following a collision with
a roadside object, usually a tree. Collisions with
trucks or buses account for a further 27% of
fatalities in newer cars.

This data indicates that the levels of protection in
car-to-car collisions have increased more than in
collisions with other collision partners.

Collision Severities

The CCIS is a retrospective crash investigations
study that examines damaged vehicles a few days
after the crash to take advantage of the efficiencies
of retrospective sampling. Skid marks and other

traces that are often used to calculate collision
severities are therefore unavailable so the Study
has to utilise damage based methods of calculation.
Nevertheless the accuracy of these methods is well
documented for modern vehicles (Lenard et al,
2000) and they have been shown to under-estimate
frontal delta-v by between 5% and 10% in frontal
collisions and by 6% in side collisions. The same
methods were used to estimate delta-V in frontals
collisions and impact speed in side collisions
within the CCIS case material. The median and
quartile delta-V in frontal impacts is shown in
Figure 12 for casualties of all severity, casualties
with MAIS 3+ injuries and for fatalities. The
median values are shown together with the
quartiles.

Figure 12 indicates that the collision severities in
which occupants of newer cars are injured are
typically slightly below those for the older designs
of vehicle. The median delta-V for all casualty
severities was 33kph in older vehicles compared
with 30kph in newer vehicles. Amongst fatalities it
was 60kph in older vehicles against 53kph in newer
cars. This does not indicate that the levels of
frontal protection have decreased so that more
injuries are sustained at lower collision severities,
indeed it might be anticipated that the median
delta-V might increase as protection levels are
raised for lower severities. Instead the above
analysis has indicated that there are other
characteristics of the crash that have changed in
priority in response to improved levels of crash
protection in the current range of European crash
conditions.
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Figure 13 compares the typical delta-V in frontal
collisions with the conditions of the EU frontal
impact Directive and the EuroNCAP test condition.
The impact severity of the Directive, at 56kph, is
above the median delta-V for casualties of all
injury severities and for those with an MAIS of at
least 3. The EuroNCAP severity at 64kph is now
above the 75%ile of the group of fatalities. Only
15% of fatal casualties in frontal impacts
experienced delta-V above 64kph in new cars
compared with 44% in older cars.

Side Impacts

Delta-V is less of a relevant measure of collision
severity in side impacts so the impact speed was
calculated within the CCIS data, still using damage
based methods. The range of impact speeds for
struck-side occupants is shown in Figure 14.

Impact speeds for each level of injury changed
only marginally between older and newer cars but
in all cases the median severity slightly increased.
The overall pattern remained unchanged.

In contrast to the situation for frontal impact the
crash test speeds of both the Directive and
EuroNCAP can be seen to be low compared to the
crashes where life-threatening injury is sustained.
Amongst newer vehicles the impact speed of the
test conditions is slightly above the median values
of crashes where all severities of injury are
sustained at 51kph while the median severity
experienced by casualties with MAIS 3+ injuries
was 55kph. Fatal injuries were sustained
substantially above the test speeds and only 15% of
those struck side occupants that died in newer cars
experienced collision severities below that of the
test conditions.
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DISCUSSION

National accident data provides a general overview
of trends and priority areas and in the GB data it
demonstrates a steadily decreasing number of car
occupant fatalities that fell by 30% over the
decade. This decrease is a result of vehicle safety
changes, road safety improvements, changes in
road user behaviour such as drink/drive and
increased use of cars. The precise part that is due
to improvements in vehicle safety cannot be
determined using the available data but the 24%
reduction in driver fatalities in the newer cars
indicates that a large portion of the saving is due to
vehicle safety measures. This demonstrates the
casualty reduction potential of vehicle based
passive safety measures against the background of
a well-developed road safety infrastructure. Much
of this improvement is coincident with the
increased crash protection requirements of the
Directives and the UK Government initiated
EuroNCAP and these have to be seen as a major
driving force in the safety improvements.

The analysis of the CCIS data showed little change
in the rates of injury for belted occupants in newer
cars compared with the older car group. This
apparently contradicts the view that car design has
increased the levels of protection available.
Previous research conducted using the CCIS
database (Kirk et al, 2002, Frampton et al, 2002)
has demonstrated that injuries to the head and face
have markedly reduced as a result of airbags and
improved restraint systems, however there have
been no changes in injury rates to other body
regions and both chest and lower extremity injury
rates have remained virtually unchanged.
Assessments of overall injury severity, such as the
Maximum AIS or the national police injury
severity, will not reveal the detailed reductions in
particular injuries that have taken place.

The statistically significant increase of injury rates
for unbelted rear seat occupants with any severity
of injury is unexpected and requires closer
examination before it can be understood more
fully. Restrained rear seat occupants have not
historically been exposed to intrusion related
injuries in older cars in frontal collisions so
improvements in front end structure will not
automatically provide an injury reduction benefit.
Any increase in stiffness may increase deceleration
levels and these are likely to affect unrestrained
passenger injuries, alternatively an increase in
front seat stiffness as part of a package to reduce
soft tissue neck injuries may also serve to increase
rear seat occupant injury rates. A closer scrutiny is
required before any of these possibilities can be
confirmed.

The levels of seatbelt use in Europe are frequently
assumed to be high in comparison with levels in
the US and different philosophies have developed
in response to this. The US regulation still retains a
requirement for inflatable restraint systems to
provide some protection for unrestrained
occupants of cars under FMVSS 208. There is no
consistent measure of seatbelt use for the EU as a
whole but in 1996 the European Transport Safety
Council estimated the level was 80% (ETSC,
1996). In the US front seatbelt use is now 75%
(NHTSA, 2002). Nevertheless the EU does not
formally have a requirement for any protection of
unbelted front occupants either as part of a
Directive or within EuroNCAP. Instead the
approach has been to encourage increased use of
seatbelts using seat belt reminders. These are
systems intended to increase the levels of belt use
in cars by raising the awareness of the driver to
unrestrained occupants in the car using visual and
auditory signals. Additional encouragement of
course will also derive from the nature of
enforcement of the regulations in member states.
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The CCIS data analysed in this paper demonstrates
that unrestrained car occupants still form a
significant part of the fatal injury group, even in a
high restraint use territory such as the UK.
Between 12% and 20% of the occupants of newer
cars that sustained MAIS 3+ injuries were unbelted
drivers and this highlights the need for measures to
increase driver seatbelt use. However in the UK
data there were more unbelted casualties with these
injuries seated in the rear seats than in the front
passenger seats and it has to be considered that in
the UK there would be greater casualty reduction
as a result of seat belt reminder systems in the rear
seating positions than in the front passenger seats.
In the most recent EuroNCAP test launch, number
11, there were 18 vehicles tested and of these 9
were fitted with seatbelt reminder systems. None
had systems that were operational in the rear
seating positions. It is anticipated that all territories
would show the greatest numbers of unrestrained
occupants to be drivers and these must remain the
priority.

The distribution of occupant ages for each seating
position identifies the need for restraint design to
take account of the specific needs of the seat
occupants. In newer designs of car front seat
passengers tend to be substantially older than those
in the rear seats. With a median age of 50 years
front passengers are frequently within the age
groups likely to be affected by osteoporosis,
particularly those that are killed in crashes. The
design of restraints for this group does not appear
to be clearly based on the needs of the more
vulnerable car occupants.

The changes in the direction of crashes for those
that died indicate the success of the EuroNCAP
programme to improve frontal crash protection.
The proportion of fatalities that were involved in
frontal collisions fell by 8% with a corresponding
increase in side impact proportions. The
opportunities for improved side impact protection
are inherently lower than in frontal impacts due to
the more restricted space available for
countermeasures. Nevertheless the newer vehicles
did not exhibit the same degree of improvement in
side impacts as in frontal collisions and, with more
fatalities in side impacts than in frontal impacts,
side impacts now take a higher priority. In
particular the reduction of injuries to non-struck
side occupants remains an important, unaddressed,
issue of side impact protection. In newer cars, 26%
of all side impact fatalities were seated on the non-
struck side, confirming the earlier results of
Frampton (Frampton et al, 1999).

The improvement in side impact protection may be
lower than expected as a result of the crash speeds
involved in fatal collisions. The 50 kph impact
speed of the test procedures is lower than nearly all
fatal casualties experienced and below more than
half of MAIS 3+ casualties. The Preliminary
Regulatory impact analysis for FMVSS 214
(NHTSA 1988) identified that the median impact
conditions for serious injury crashes had the target
car travelling at 17.5 mph and the bullet car at 35
mph. Other studies have repeated these results that
were summarised in the review of the EU Front
and Side Impact Directives (Edwards et al). New
technical solutions may now be available to
address this significant part of the road casualty
problem either by improving passive protection or
by new technical active safety measures.

In contrast the collision severity in the frontal
crash tests was more typical of the delta-V
assessed in fatal collisions. The median delta-V for
MAIS 3+ frontal collisions was 46 kph in the
newer cars, slightly below that of the severity of
the EU Directive while only 15% of fatally injured
occupants were in collisions with a higher severity
than the EuroNCAP test condition. These collision
severities are known to be under-estimated by 5% -
10% so the in-depth crash injury data gives little
indication that frontal crash test severities need to
be raised. This conclusion is in some ways counter-
intuitive since it might be anticipated that an
outcome of the EuroNCAP frontal test would be to
prevent fatalities at all lower speeds leaving only
those killed in higher severities. Instead the crash
injury data identifies that the risk of fatalities has
decreased in those crashes represented by the test
and that the remaining group is different from the
test in other ways such as the nature of the
collision partner.

SUMMARY

The improvements in vehicle safety that have
occurred as a result of the EuroNCAP consumers
tests and the Front and Side impact Directives have
resulted in major improvements in the safety of
cars, reducing the risk of fatal injury by 24%.
There are still opportunities to increase the levels
of protection further by the mitigation of higher
speed side collisions and improving the protection
in impacts with roadside obstacles.
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ABSTRACT 
 
For most of the current vehicles on the road – safety 
has been developed with the predominant focus of 
offering the best crash protection to occupants 
possible. With a soon to be introduced vehicle, a 
new philosophy has been applied. Additional 
options have increased performance of electronic 
devices. Concepts have been developed in which 
safety measures are applied throughout all relevant 
phases of the vehicle in traffic. 
With future vehicles it is BMW`s intention to 
enhance safety in all relevant phases in a well-
balanced way for drivers, passengers as well as 
other participants in real world traffic. Examples of 
relevant phases are: cruising and dynamic driving, 
critical situations and pre-crash phases, occupant 
protection in case of an accident and finally the 
post-crash phase. 
 
INTRODUCTION 
 
Today and in the past, vehicle safety has mainly 
been associated with passive safety performance. It 
is the predominant discipline of safety and a matter 
of global competition. Although passive safety has 
improved tremendously over the last decades, 
fatality and serious injury rates are still high 
throughout the world (Figure 1, 2). Increasing 
traffic densities and total miles driven per year 
absorb the passive safety improvements in regards 
to accident figures. 
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Figure 1. Fatalities in road accidents 
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Figure 2. Injuries in road accidents 
 
One should bear in mind: With established 
consumer tests like IIHS, Euro NCAP, US NCAP, 
Japan NCAP and Australian NCAP (which are well 
received by the public) the general vehicle passive 
safety performance considerably exceeds current 
legal requirements. For example, European legal 
requirements would receive a 1.3 star rating by 
Euro NCAP standards. However, current state of 
the art rating is a 4 star rating. Today more and 
more vehicles are even achieving the highest 
scores, with 5 stars. This shows one important trend 
in automotive business: it’s not just legislation but 
mainly a private/public partnership, which paves 
the way to successful results. This proactive 
industrial behavior leads to intense collaborations 
between legislative parties, consumer organizations 
and the automotive industry. 
 
The introduction of driver and passenger airbags in 
the 80’s, thorax airbags and head protection 
systems as well as active roll-over systems for 
convertibles in the 90’s lead to revolutionary 
improvements regarding passive safety. In the 
future it is expected that mainly evolutionary 
improvements will take place within this discipline. 
On the other hand legislators are striving to 
significantly reduce fatality rates: Europe 50% by 
2010, Japan 1,200 (approximately 10%) by 2010 
and the USA 9,000 (approximately 20%) by 2008. 
It is doubtful that these challenging targets will be 
achieved through passive safety measures alone. 
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The prospects for this discipline are expected to be 
evolutionary rather than revolutionary. 
 
However, there is some chance to move 
significantly towards these targets by changing the 
focus from passive safety to overall vehicle safety. 
Improved sensors, processors and general electronic 
capacities lead to a wide range of possibilities to 
fight the causes of accidents. The ultimate target of 
the future should and will be the assistance given to 
the driver in order to avoid critical situations in 
daily traffic. 
 
PHILOSOPHY OF VEHICLE SAFETY 
 
Vehicle safety does not merely start when the 
accident occurs. Future philosophies should take 
measures for accident avoidance and accident 
mitigation into consideration. A phase model, 
which covers all situations of vehicle use, provides 
a basis for this concept: 
 
1. prior to driving 

2. driving phase (cruising as well as dynamic 
driving) 

3. warning phase (critical situation in progress) 

4. correction phase (assistance of the vehicle given 
to the driver in order to correct the critical 
situation) 

5. pre-crash phase (make use of the milliseconds 
prior to a potential crash) 

6. crash phase (passive safety discipline) 

7. post-crash phase (assistance to rescue services 
and operations) 

 
Results from accident research (source: BMW 
Accident Research) lead to the following main 
accident contributors of fatalities and severe 
injuries (Figure 4): 
 
• accidents due to lack of distance 

• coming off the road including roll over 

• exceeding physical boundaries 

• intersection accidents 
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Figure 4. Contribution of accident types 
 
These four main root causes for accidents exceed 
80% of the accident scene in Germany. These 
categories can be sub divided into second source 
categories in order to evaluate potentials of detailed 
active safety counter measures. 
 
In combining phases and fatality/injury 
contributors, several counter measures can be 
highlighted: 
 
Phase 1: prior to driving 

• an array of information regarding the target route, 
traffic situation, general vehicle status 
information 

• assistance regarding optimum seating position, 
mirror adjustment and seatbelt use 

• potential theft and car jacking notices 

Phase 2: driving phase 

• a variety of stress release suggestions, Human 
Machine Interface issues 

• concentration on the main task – the driving 
process 

• advanced visibility 

• automatic cruise control and heading control 

• brake and suspension support  

Phase 3: warning phase 

• a variety of assistance possibilities to make 
critical situations predictable – priority setting 
information fed 

• feed-back of critical vehicle and driving 
configurations 

Phase 4: correction phase  

• active vehicle support (suspension, breaks, 
steering) while keeping the driver autonomous 
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• consideration of light control (blinding by light, 
drastic light changes entering and leaving tunnels 
etc.) 

Phase 5: pre-crash phase 

• prepare passengers and vehicle for a potentially 
up coming crash (amongst others re-adjustment 
of seating position and belt configuration) 

Phase 6: crash phase 

• all structural and passive vehicle safety device 
measures protect passengers and other road users 

Phase 7: post-crash phase 

• useful information passed on to rescue services 
for higher efficiency in the rescuing process. 

 
Balancing all phases thoroughly, and not merely 
focusing on a single phase, vehicle safety will 
exhibit the best possible overall performance. The 
future will be in an advanced combination of active 
and passive safety. Taking into consideration the 
real world critical situations and accident scenarios 
by the frequency of their occurrence, the before 
mentioned governmental targets might be achieved 
even without strict enforcement by legal 
regulations. 
 
Some advanced technologies to manage frequently 
occurring critical real world situations (defined in 
the phase model above) will be evaluated in the 
following paragraphs.  
 
ACCIDENT AVOIDANCE 
 
Human Machine Interface 
 
HMI - Human Machine Interface, includes all 
incoming and outgoing media systems within the 
interior of the vehicle. HMI encompasses the 
operation of all primary functions (e.g. steering 
guidance, driver assistance), secondary functions 
(e.g. entertainment, navigation, communication, 
climate control) as well as their feedback signals. 
Operating the vehicle should not overload the 
driver, nor should it be undemanding due to high 
automation of the interior functions. If this is taken 
into consideration the HMI will add an important 
contribution to active safety. 
 
For the first time the BMW-distinctive driver 
oriented operating system has been changed from 
the ground up with the introduction of the iDrive. A 
decisive reason for this has been to create a sound 
operating-concept. Despite an increase of individual 

features within the dashboard, the actual control 
elements for the system have not increased. 
 
The main external iDrive characteristics are the 
high position of the monitor on top of the 
dashboard as well as the rotary-/push controller 
found in the center console of the vehicle. The 
display is easily visible for the driver, who 
therefore is not forced to take the eyes off the road 
to receive information from the display. Due to 
ergonomically optimal positioning of controls and 
displays, a clear spatial division is created between 
the primary functions (“driving”) and secondary 
functions (“comfort”), see figure 5. 
 

 
 
Figure 5. Spatial division of controls and displays 
 
To follow the philosophy “eyes on the road, hands 
on the wheel” BMW will implement an optimized 
version of the intuitive iDrive-concept in its new 
generation of vehicles. This will further reduce the 
danger of distraction due to operating dashboard 
controls. The new system permits operation of the 
internal functions via voice control. Enlarging the 
text font and changing the display layout create 
visual improvements. This is made possible by the 
so-called trans-reflective technologies, which 
utilize the incident light to heighten the contrast. 
 
Adaptive Headlights 
 
Adaptive headlights are currently being introduced 
to the market as an additional innovative driver 
assistance system. Pivoting headlights ensure a 
clear safety advantage during night cornering and 
poor visibility. 
 
Today’s Bi-Xenon headlight systems have a light 
distributor, which achieves a compromise for 
different types of roads. Particularly on country 
roads, long-distance visibility is a foundation for 
good visual guidance and thus safe driving. The 
immediate recognition of objects and other traffic 
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members is consequently a contribution to active 
vehicle and road safety.  
 
Pivoting headlights will provide additional safety 
benefits. In comparison to the so-called turning 
light, which merely offers an additional static light 
distribution, the adaptive headlight offers a flexible 
light distribution. This feature adjusts to the curving 
radius of the road. Via a control unit, which can 
symbolically be imagined as the “eye” of the 
system, the vehicle electronics constantly evaluate 
the steering angle, yaw rate and speed. Based on 
this information the pivoting Bi-Xenon-Modules 
are controlled by stepping motors (Figure 6). 

 
 
Figure 6. Control of Adaptive Headlights 
 
The Bi-Xenon-Modules, which include low beams 
as well as high beams, represent the mechanical 
base component of the adaptive headlight. A 
turning mechanism enables the Bi-Xenon-Modules 
to rotate horizontally. 
The modules are capable of directing the light 
distribution up to 15 degrees to either side and so 
adapt to the light- and speed situation- dependent 
on the steering commands of the driver. 
 
The Adaptive Headlights are activated in the 
automatic driving light mode via the light sensor. In 
the manual driving light mode the pivoting function 
is deactivated and the low beams resume their 
original position, pointing straight. 
 
The software and control algorithms needed for this 
technique are BMW inventions, which can be 
applied quickly and flexibly to different vehicle 
models and variations of headlights. 
Xenon’s well-known dynamic light range regulator 
ensures that the new Adaptive Headlights do not 
blind oncoming traffic. 
Due to legal reasons the headlights of a parked 
vehicle with tires turned to roadside, must be aimed 
straight-ahead (this is due to the potential danger of 

blinding oncoming traffic). When backing a vehicle 
the adaptive headlights are also deactivated. 
 
In summary, the Adaptive Headlights are based on 
horizontally pivoting Bi-Xenon-modules and 
function as low beams as well as high beams. Since 
the steering commands of the driver are directly 
transmitted to the control unit the headlights 
actively follow the curve and illuminate the routing 
of the road earlier. This feature provides the driver 
with significantly better road lighting within curves 
of the road (Figure 7). Consequently the driver can 
assess the segment of the lane ahead more safely. 
This is a visible advantage for active safety and 
vehicle control. 

 
 
Figure 7. Road illumination in a curve 
 
Adaptive Brake Lights 
 
Many rear-end collisions could be avoided if the 
driver of the following car was offered an easy-to-
interpret brake signal, which informs the driver of 
the intentions of the preceding car. As a result, 
BMW has scientifically developed a brake intensity 
display. This new display, called Adaptive Brake 
Lights, is a combination of size-, positioning and 
brightness changes within the tail light unit. 
 
Available for all new BMW vehicle generations, 
the dual-stage display is offered in the US and 
Canada first. The introduction to several other 
markets is currently suffering from legislative 
restraints. The Adaptive Brake Lights enable the 
following driver to differentiate between normal 
braking- and emergency braking situations. This 
function is controlled by vehicle deceleration, speed 
of vehicle as well as the ABS-signal. 
 
While braking, the brake light is illuminated in the 
tail light unit. During the braking process the 
vehicle speed is measured by the ABS-sensors, thus 
the vehicle deceleration is also measured. This 
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information is accessible to the light controller via 
the internal bus system for processing and 
controlling the brake lights. 
 
The evaluation of the vehicle signals leads to 
following two stages of the brake light display 
(Figure 8): 
 
• Stage 1, regular braking: deceleration up to 

5m/s², conventional brake lights 

• Step 2: emergency braking: deceleration of over 
5m/s² or ABS-activation, making use of the 
remaining taillights with a higher light intensity, 
so that a dynamic enlargement of the illuminated 
area is being generated. 

 

 
 
Figure 8. Two stages of brake light display 
 
To summarize: the Adaptive Brake Lights are a 
new safety feature, which work as a preventative 
method to reduce rear-end collisions. It will offer 
benefits for the BMW driver as well as following 
members on the road. The Adaptive Brake Lights 
make use of the conventional signal shape and 
reinforce this function by adding the same function 
in a dynamic manner. The introduction of the 
system is currently limited to the US and Canadian 
markets. The date of implementation for European 
and other markets is currently unknown, however 
an approval for the European market is presently in 
progress. 
 
Active Steering 
 
BMW’s Active Steering system is a major step 
ahead in the steering system development. It 
consists of a conventional hydraulically supported 
rack and pinion steering gear. Apart from that, a 
planetary gear with an electric motor has been 
installed between power steering valve and pinion. 
 

One of the main innovative Active Steering feature 
is the so-called variable steering ratio, which 
adjusts the actual steering ratio according to vehicle 
speed and steering wheel angle. The result is 
reduced steering efforts and significantly increased 
handling at any speed lower than about 120kph. 
Due to the fact that the steering wheel angle 
requirement in normal driving situations is less than 
90° (see Figure 9), the gearbox shift paddles and 
any multi-functional switches integrated in the 
steering wheel are easier to handle. 
 

 
Figure 9. Variable steering ratio and steering effort  
 
By means of this planetary gear, any steering angle 
can be added to the driver’s input transferred via 
the steering column. Consequently, the Active 
Front Steering will be able to increase or reduce the 
driver’s steering wheel angle and it could even 
apply a steering angle at the front wheels without 
driver interaction (e.g. parking maneuvers).  
 
Figure 10 shows the load transfer from steering 
wheel (left) to the rack and pinion gear (right). Note 
that input and output shaft are not directly coupled 
to each other, but only by the planetary gear. In 
case of a severe system failure the spindle mounted 
on the motor’s drive shaft will be mechanically 
locked in order to maintain a sole mechanical 
steering mode. 
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Figure 10: Active Steering planet gear (section) 
 
Furthermore, the Active Steering system consists of 
a separate ECU containing a motor controller and a 
second controller, which runs the system’s 
software. All software modules, which could cause 
a system failure, are being calculated continuously 
on both processors. The ECU is integrated into the 
vehicle’s ACN network in order to communicate 
with other ECU´s such as the DSC vehicle 
dynamics controller and several signal transducers, 
which are commonly used by different systems. 
 
All Active Steering functionalities are designed to 
support the driver and to increase vehicle safety and 
driving pleasure. The system is not intended (and 
not designed) to replace the driver and his 
responsibilities. 
 
Finally, the Active Steering’s driver-independent 
steering action can be used to stabilize the vehicle 
in transient driving situations such as severe lane 
change maneuvers. Naturally, a front axle steering 
input cannot compensate under-steer, but it can 
significantly reduce over-steering tendencies and 
dampen heavy yaw oscillations, which most drivers 
find hard to control.  
 
The system’s performance can be shown in a severe 
lane change proving that the driver’s steering effort 
is being reduced both by the variable steering ratio 
and the yaw rate controller. However, the Active 
Steering’s stabilizing effect is limited to a certain 
degree in order to avoid drivers feeling restricted 
while controlling their vehicle. 
 
Consequently, the Active Steering cannot and is not 
designed to maintain driving stability in all 
situations. Therefore a vehicle dynamics controller 
based on individual wheel braking is still required. 
However, the Active Steering makes controlling the 
vehicle easier for the driver. 

ACCIDENT MITIGATION 
 
The systems described in the previous paragraph 
exemplify clearly BMW’s measures to prevent 
accidents. There will be still situations in which 
traffic accidents are inevitable. In these situations, 
modern Passive Safety systems can help to avoid or 
to mitigate bodily harm to the vehicle occupants 
and other road users, during the crash and in the 
rescue phases. 
 
In the future, Passive Safety will remain an 
important factor within the overall Safety Concept 
of BMW. Herein BMW’s offer a maximum of 
occupant and partner protection, which reaches 
levels beyond the legal requirements. This goal has 
been set not only by standard crashes but also by 
experiences derived from research of real world 
accidents. 
 
Advanced Occupant Restraint System 
 
This requirement can be illustrated as an example 
of the development objectives dealing with the 
latest FMVSS208-demands. 
 
The recently revised US legislative standard 
FMVSS 208 “Occupant Crash Protection” 
primarily addresses additional requirements for 
small adults as well as the minimization of injury 
risk due to airbags, especially for children. Also, it 
includes an intensification of crash conditions for 
belted and unbelted occupants. The biggest 
challenge of the front airbag development can be 
derived from the two last mentioned specifications: 
high airbag performance to restrain the unbelted 
occupant and low airbag performance to fulfill the 
Out-Of-Position requirements. 
 

 
 
Figure 12. OOP situation (3yr.-child; head on IP) 
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In regards to the OOP-requirements, one thing was 
clear right from the start: an airbag cannot be made 
compatible to a rearward facing child seat (RFCS). 
Thus the development goal was to suppress the 
airbag deployment in such an OOP situation 
(12mth.-Crabi in RFCS). In the other OOP-
configurations with the 3yr-child, 6yr-child, and 
5%-female dummy, an ignition of the airbags with 
the lowest possible aggressiveness was the target 
(Ò Low Risk Deployment; LRD). To avoid any 
risks of losing restraint performance due to the 
OOP specifications, the objective was set to provide 
for unbelted occupants an adequate restraint system 
even in low-speed crashes (dv<20mph). As a result 
of these new aspects, an innovative frontal occupant 
restraint system was developed. Its actuator- and 
sensor-based components are optimally adjusted to 
one another. Two examples out of these 
technological areas are described in the following 
paragraphs. 
 
LRD-Airbags 
 
The first OOP tests according to the 208-
requirements have proven that a compliancy with 
conventional module designs is not possible. To 
closer isolate the major influencing factors many 
testing sequences were performed externally as well 
as internally. In the fact, 350 tests were conducted 
in the year 2001. 
 
Two areas have to be taken into consideration 
within the range of these tests: airbag module 
design (Figure 13) and the airbag module 
surroundings (Figure 14). Both areas are equally 
important.  
 

 
 
Figure 13. Airbag module design 
 
A key factor in designing airbags is the bag folding 
method. At deployment, airbag modules with 
conventional folding method thrust forward a 
compact bag packet in the direction of the 

occupant. If the occupant’s position is very close to 
the airbag module, a large amount of energy is 
transferred onto the OOP-occupant (so called 
punch-out effect). The advanced folding method, 
which will be implemented in future BMW airbag 
systems, reduces the chances of injury significantly 
in OOP situations. It enables the airbag to unfold 
laterally from the beginning thus reducing the 
transfer of forces and momentum noticeably. 
 
Splitting and on-set characteristics of the gas 
generator were used as an additional measure, 
intended to reduce the aggressiveness of the airbag. 
The application of dual stage gas generators enables 
a reduction of the relevant LRD generator 
performance of up to 50%. Proportionally to this 
result the injury risk to the OOP-occupant is 
reduced. How adequate restraint protection (even 
when depowering in the low-speed crash range 
[dv<20mph]) for unbuckled occupants of different 
weight categories can be achieved, is explained in 
chapter OC-3. 
 

 
 
Figure 14. Airbag surroundings 
 
An optimal LRD arrangement for both above 
mentioned factors still does not guarantee OOP-
compliancy. To achieve this compliancy, the 
surroundings of the airbag module must be taken 
into consideration. Important factors are the module 
position (e.g. top mount of passenger airbags; 
Figure 15), the angle of airbag deployment, as well 
as the design of the airbag module cover For 
instance, a multiple tear-off solution avoids 
interaction between the cover flap an the occupant 
in extreme OOP situations. High load values can so 
be prevented. 
These findings were first implemented in the new 
BMW Z4 design of the steering wheel and 
dashboard. 
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Figure 15. Top-mount position of airbag module 
 
As mentioned before, of particular importance for 
the fulfillment of the new 208-requirements is the 
ability to guarantee automatic activation/ 
deactivation of the airbag dependant on the type of 
occupation on the passenger seat. 
 
OC-3 System 
 
This is the task of the OC-3 system. It enables a 
classification of the occupant in the front passenger 
seat for a safe deactivation of the airbag in presence 
of an infant in a RFCS and activation of the airbag 
for adults starting with the 5%-f. Accordingly the 
airbag-off warning lamp is activated. 
 

 
 
Figure 16: OC-3 mat 
 
The underlying concept of the OC-3 system is a 
pattern recognition method. This pattern 
recognition uses a mat with a sufficient amount of 
sensor cells, which contain pressure sensitive ink. 
When force is applied to the seat surface the 
electrical resistance of the ink changes. The OC-3 
mat (Figure 16) is integrated into the top and sides 
of the passenger seat. Resistance values in each cell 
are measured and processed with a suitable 

algorithm. The result is a pattern, which can be 
classified according to legal requirements (Figure 
17). 
 

 
Figure 17: Pattern recognition (e.g. RFCS; 5%-f) 
 
In addition, the OC-3 system opens another 
potential: it presents the possibility of 
differentiating between the occupant classes 5%-f 
and 50%-m. This function can be used to further 
improve restraint system of both unbuckled 
occupant classes in a low crash speed: LRD airbag 
performance for the 5%-f (as required by the 
FMVSS 208), higher airbag performance for the 
50%-m percentile to avoid contact with dashboard 
or windshield (Figure 18). 
 

 
 
Figure 18. Simulation of low speed crash / 50%-m 
 
Due to the crash-severity distribution (approx. 90% 
all frontal collisions are low-speed-crashes up to 
dv<20mph) and the partially low belt-use rate 
BMW is certain that this system development will 
bring enormous benefits in real-world crashes. 
 
An additional and important topic within the overall 
safety concept of BMW is the evolution of today´s 
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ACN function. It supports the rescue services in the 
Post-Crash Phase. 
 
Automatic Crash Notification 
 
ACN is an automated emergency program to notify 
rescue personnel immediately after an accident. In 
the Post-Crash phase, time plays a major factor in 
reducing the rescue time for occupants. Experts 
often call this the “golden hour”. It is the hour after 
the occurrence of a serious car accident, in which 
immediate medical aid is most vital for survival.  
 
One glance into the US accident databases FARS 
and NASS makes clear how crucial this topic is. 
Police registered approximately 6,279,000 
accidents in the US in 1999. 3,236,000 of the 
occupants were injured, 250,000 suffered severe 
injuries, and 41,611 received fatal injuries. It is 
estimated that about half of the occupants with fatal 
injuries die before they reach a hospital. The time 
span between the accident and hospitalization takes 
longer than 45 Minutes for ca. 45% of all fatally 
injured individuals. 25% take even longer than 60 
minutes (FARS 1999). This problem becomes more 
obvious in rural areas, where 60% of all fatal 
accidents occur (FARS 1999/2000). Based on these 
figures, the potentials for enhanced treatment of 
seriously injured individuals in car crashes were 
analyzed in several studies by the NHTSA. 
According to these studies, 17% of all trauma 
related deaths might be prevented, in rural areas 
even up to 27% of fatalities. A further potential 
means the reduction of painful and cost intensive 
long-term injuries. ACN can be of important 
assistance to these goals. 
 
BMW Assist 
 
BMW offers its customers the ACN function in all 
vehicles equipped with BMW ASSIST, a package 
including navigation and telecommunications. The 
ACN function is triggered by severe accidents with 
airbag deployment or heavy rear-end collisions 
(Figure 19). In a scenario such as this, 
automatically the vehicle identification number and 
the GPS position is transmitted to the BMW 
ASSIST emergency call center. An immediate 
voice link is created. Provided that the situation is 
confirmed to be serious, the BMW ASSIST 
emergency call center immediately alerts rescue 
services. Hence, the rescue measures can begin 
immediately. 
 

 
 
Figure 19: ACN communication procedure 
 
An emergency call system only makes sense if it 
works reliably. Therefore, BMW vehicles with 
BMW ASSIST will be equipped with additional 
back-up components. This includes a crash-safe 
battery, an additional speaker, as well as an 
emergency call antenna mounted in the vehicle’s 
interior.  
 
Based on the basic functions described above 
BMW continues to develop the ACN - Advanced 
ACN. 
 
Advanced ACN 
 
The objective of the Advanced-ACN development 
is to be able to transmit more vehicle data than has 
been done previously and so achieve higher 
efficiency in the rescuing process. Primarily this 
extra information should enable all rescue parties 
involved to further improve the decision making 
process in regards to rescue, transport and treatment 
of the injured individuals. 
 
In the course of working with leading research 
institutes (William Lehman Injury Research Center 
in Miami as well as George Washington 
University) guidelines have been developed to 
closer define the new ACN system. Additional 
support has been given to this project by surgeons 
from the Ludwig Maximilian University of Munich. 
A major part of this research was to identify 
relevant ACN data. The results can be divided into 
two groups: data for emergency workers to initiate 
appropriate rescue measures quickly and data for 
medics and orthopedic surgeons to predict 
probability of serious injuries. 
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During the course of this study a prioritization of 
gathered data was produced. Here is an excerpt of 
the most important data: 
 
• Accurate information about crash location: 

GPS coordinates; direction of travel, … 

• Vehicle status: 
Submersion, fire, fuel leakage, … 

• Occupant status: 
No. of occupants, occupant ejection, … 

• Risk of severe injuries: 
Crash severity/direction/type, belt usage, … 

 
Concluding the study, the benefits of various 
scenarios of implementation were estimated based 
on real-world crash data. With the information 
deduced from these studies BMW will present in 
new vehicle generations with an expanded ACN- 
package. 
The Advanced ACN transmits more supplementary 
crash related data than the basis data of the original 
ACN did, for example the severity of a crash or 
occupancy of the passenger seat. This is made 
possible by cross-linking the safety electronics with 
the telecommunications system. Once the data is 
received by the BMW ASSIST emergency call 
center the information is immediately evaluated and 
transmitted to the appropriate rescue services. A 
schematic representation of this sequence can be 
viewed figure 19. 
 
BMW will continue developing the ACN in 
increments. The foundation to continue this 
research project with the William Lehman Injury 
Research Center has been already set. The 
utilization of the ACN data offers a vast potential to 
estimate the risk of serious and time critical injury 
to the occupant. An algorithm to make this possible 
is currently in its testing phase. 
 
Naturally, to make use of the potentials offered by 
advanced ACN technology, an area wide 
infrastructure for rescue and treatment services 
must be established. This also includes nationally 
standardized data-protocols between the ACN 
service centers, 911 call centers and the emergency 
medical services. 
 
CONCLUSION 
 
The contributions of Passive Safety, as well as 
already introduced Active Safety features, like 
advanced braking, suspension and visibility systems 
led to remarkable results in reducing the numbers of 

fatalities and injuries in daily traffic. Nevertheless, 
it is of major public and industry interest to achieve 
further significant reductions of these figures 
throughout the world. The increasing performance 
of affordable electronics, like processors, sensors 
(e.g. infrared systems) amongst several other 
developments of accident avoiding features, opens 
the door to additional and statistically noticeable 
contributions. While vehicle safety has mainly been 
perceived to be Passive Safety in the past, an 
overall safety approach covering all phases from 
prior-to-driving to post-crash will be the new 
measure for evaluating vehicle safety performance 
in the future. 
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ABSTRACT

Over 1,000 in-depth, On-The-Spot (OTS) crash
investigations have been carried out in the UK since
this project was first announced at the 17th ESV
conference in Amsterdam. The UK government
funds two teams whom routinely attend the scene of
road crashes within 15 minutes of incidents
occurring. This paper presents an overview of
progress to date. The OTS methodology is described
and crash examples presented that outline the vehicle,
human and highway factors, which are all addressed
by the study. This ambitious work is undertaken to
allow research to be conducted that will investigate
the causes of crashes, their subsequent injuries and
the associated societal costs. It is recognised that
only through a detailed knowledge of these complex
casual factors will effective countermeasures be
developed and ultimately successfully applied to
improve road transport safety.

INTRODUCTION

Approximately 3,500 people are killed and 40,000
seriously injured every year in the UK as a result of
road traffic crashes. The UK government has set
targets to engineer a substantial reduction in the
injuries and loss of life that result from road crashes
by the year 2010. Specifically, by the year 2010,
compared with the average for 1994-98, the targets
for casualty reductions are (Department for
Transport, DfT):

• A 40% reduction in the number of people killed
or seriously injured in road accidents;

• A 50% reduction in the number of children killed
or seriously injured; and

• A 10% reduction in the slight casualty rate,
expressed as the number off people slightly
injured per 100 million vehicle kilometres.

In order to develop effective strategies and
countermeasures to reduce road crashes and injuries,

knowledge of their causes is required. The best
source and quality of information is only available at
the scene of crashes, minutes after they have
occurred. Such, so called, in-depth On-The-Spot
(OTS) crash studies, utilise a team of trained Crash
Researchers to conduct investigations before the
“volatile” evidence has been removed. It is
recognised that there are many benefits from
collecting crash data simultaneously at the accident
scene. In-depth crash investigations are essential for
understanding what happens in the real world. Also,
much of the information necessary to understand
complex road safety questions is found only at the
scene.

The OTS investigations allow this “perishable”
accident data to be gathered. This includes
information relating to trace marks on the highway,
pedestrian contact marks on vehicles, the final resting
position of the vehicles involved, witness interviews,
weather, visibility and traffic conditions. The
evidence collected in these vital minutes post the
traffic collision allows the investigating team to have
a significant amount of knowledge of events before
and after the crash. This is used where possible to
create a detailed reconstruction of the events leading
up to the crash.

This breadth and quality of data then allows a large
range of independent and dependent factors to be
considered when the investigated crashes are
analysed. For example, a research question
concerning the cause of pedestrian injuries when in
collision with car front structures would rely on
detailed knowledge of the cause of injury, (vehicle
part or highway), impact speed, actions of pedestrian
(walking, running) the relative kinematics and so on.
A large amount of this information would also allow
analysis of the preventable nature of the collision.
For example, what would the driver and pedestrian
have seen from their respective viewpoints given
their relative travelling speeds and position and
known impact point.
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Further research questions concerning factors such as
the length and type of journey prior to the collision,
the highway geometry, the relative crash and
subsequent injury severity and so on, are all
addressed in the methodology of the project.

Many authors have documented similar studies that
are concurrent or have been undertaken historically.
In summary, in-depth crash investigations involving
scene attendance have been conducted in the UK
since the early 1960s. Starks and Miller began crash
investigations at TRL, formerly the Transport Road
Research Laboratory - TRRL, (DSIR, 1963).
Mackay subsequently founded the Accident Research
Unit at the University of Birmingham (Mackay,
1969) and established a multidisciplinary team that
researched the causes of crashes, the causes of
injuries and vehicle crashworthiness. Mackay
recognised the need for engineers, medical
practitioners and human behavioural scientists jointly
to investigate the complex disciplines of accident
prevention and the biomechanics of injury.

Further notable work by Mackay and Ashton (Ashton
et al. 1977) expanded the University of
Birmingham’s expertise and focused on at the scene
examination of pedestrian crashes. Research from
this study included a correlation of vehicle design,
impact velocity and injury pattern factors. At this
time a team at the TRRL also conducted on-the-spot
accident investigations (Sabey et al., 1975) assessing
factors that included the causes of crashes. Sabey et
al. went on to quantify the role in road accidents of
environment, vehicle and human factors.

The current OTS project is collecting data that will,
amongst other things, allow the findings of previous
work to be evaluated for modern roads, vehicles and
traffic conditions. It has been 20 years since detailed
in-depth accident data was collected at the scene in
the UK.

There are a number of on going OTS road accident
investigation studies and some harmonised
methodologies available throughout the world
(STAIRS, 1998, OECD, 1999). In planning,
designing and implementing the UK’s OTS project
the researchers sought to establish harmonisation
with these projects wherever possible. In Europe, in-
depth accident databases include the GIDAS project
(Otte 1997) and the work of INRETS (Girard, 1993)
in currently examining crash causation in Salon de
Provence and pedestrian injuries in Lyon. The
European Accident Causation Study (EACS) is
jointly funded by the European car constructors
(ACEA) and the European Commission to study

vehicle, road, traffic and human behaviour, together
with some attention to the causes of injuries. EACS
functions in addition to a number of independent
studies conducted by several of the motor
manufacturers.

OTS METHODOLOGY

Hill et al. described the OTS methodology in their
2001 ESV paper. The following section is included
to give a brief review of the operating procedures and
to highlight areas of development.

Objectives

OTS accident data collection has been established
with the following objectives;

1. To establish an in-depth research database of a
representative sample of road crashes in the
United Kingdom.

2. To investigate the causes of crashes and injuries.

3. To assist in the development of accident and
injury countermeasures.

The OTS project is sponsored by the UK
Government’s Department for Transport (DfT) and
the Highways Agency (HA), which is an Executive
Agency of the DfT. Two teams undertake OTS
investigations in England; the locations of the two
studies are shown in Figure 1. Five hundred crash
investigations and the associated follow-up
reconstruction work is undertaken per year.

Figure 1. Locations of OTS Investigation Teams.

The Vehicle Safety Research Centre (VSRC) at
Loughborough University covers the South
Nottinghamshire area in the East Midlands. This
includes the city of Nottingham, with an urban
population of approximately 267 thousand people.
The VSRC’s OTS team is based at a police station in

VSRCVSRC in Nottinghamshire

TRLTRL in Thames Valley Region



Cuerden Pg 3

the city of Nottingham to allow efficient travel to the
scene of crashes.

Figure 2. The VSRC investigation team at work.

The Transport Research Laboratory (TRL) base their
OTS team at a police station between Maidenhead
and Slough, which is central to the road network
within the sample area of the Thames Valley region.
This is located in the South East of England.

Figure 3. The TRL investigation team at work.

Figure 4. TRL catchment area.

The catchment areas have fixed geographical
boundaries, which enable a sample of crashes to be
investigated from within a known population. The
areas covered by OTS are completely identifiable by
details from local police injury-accident reports, so a
clear statistical link is possible. The TRL and VSRC
catchment areas are shown in Figures 4 and 5
respectively.

Figure 5. VSRC catchment area.

The OTS crash investigation areas were chosen
carefully to ensure that when combined they
represented a reasonable estimate of the UK’s crash
experience, in terms of:

• Road types and environments
• Time of day and year
• Vehicle involvement
• Casualty characteristics

The two sample areas are different in terms of crash
involvement and associated characteristics. The
VSRC region is more concentrated around an urban
city, whereas the TRL area has a greater mixture of
towns and rural environments. The difference in road
types and socio-economic characteristics of the two
regions ensures the teams jointly investigate a
representative collection of crashes.

The OTS teams work alongside the Nottinghamshire
and Thames Valley Police forces and include a
serving police officer on each team who ensures a
secure, direct link with the local police command for
immediate crash notifications. The efficient and
timely notification of crashes is essential for the
project to work. Both teams utilise police radio and
computer Command and Control systems to ensure
immediate response to pertinent incidents. All
reported crashes of all severities (including damage
only) that occur on public roads within the catchment
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area when the teams are ‘on-call’ are investigated
where practical.

The two OTS teams use a rotating system of shifts
which have been specially devised to ensure that each
part of the day and night is covered by the ‘on-call’
periods. The plan also ensures that the days covered
change so that, at the end of the year, the total cases
can be statistically weighted to provide frequency
estimates that are representative of the complete year.

Specially marked, highly conspicuous response
vehicles are used and driven by the trained police
drivers. These officers are also highly experienced
and extremely knowledgeable road traffic accident
investigators.

Data gathered at the scene focuses on:

• All types of vehicles (including damage, failures,
features fitted and their contribution).

• The highway (including design, features,
maintenance and condition).

• The human factors (including drivers, riders,
passengers and pedestrians and, where possible,
data on the training, experience and other road
user aspects that might have influenced the cause
of the crash).

• The injuries sustained.

Further work is necessary after a crash scene has
been attended. Information from witnesses not fully
questioned at the scene and casualty details are
collected where appropriate. The characteristics of
those involved in the crash are obtained via
questionnaires or interviews. In addition, when
possible reconstruction work is undertaken to
document the events that lead to and follow the crash
scenario. Casualty injury information is collected
from hospital records, coroners’ reports and
questionnaires sent to survivors. The casualties’
injuries are coded using the Abbreviated Injury Scale
(AIS, AAAM 1990 Revision).

The OTS project requires careful planning and
organisation to ensure that the logistics of the
investigations and subsequent completed reports are
documented fully in the electronic database.

The OTS Database

A full OTS protocol was developed over some two
years of preparation in the UK as defined by Morris

et al. (1999). This protocol was based on specialist
modules prepared by the VSRC at Loughborough
University, TRL and The University of Birmingham.
The protocol includes a comprehensive system of
fields and forms, which define the OTS database,
allowing results, and conclusions to be noted for the
full range of vehicle, highway and human factors
encountered on UK roads. TRL has developed an
operational database, which allows the complex data
collected from all OTS investigated road traffic
accidents to be recorded in an electronic format. The
nature of the study has required an ‘interactive’ data
structure where all road users, irrespective of class
can be related to one another and their associated
crash circumstances (scenes). The hierarchy of the
database is as detailed below:

• Scene – Information relevant to the location and
environmental conditions (Including traffic
density, weather etc).

• Approach – The details of the intended direction
of travel of the crash partner (road type,
condition, view etc)

• Vehicles – The type of vehicle, nature of
damage, number of collisions, state of
roadworthiness and so on.

• Humans – The characteristics of those involved
in the collision (driver, passenger, gender, age,
presence of alcohol etc)

• Injuries – Detailed information coded to
AIS1990 for all injured casualties. Injuries are
also correlated to their cause.

The Interaction Codes – Cause(s) of the crash

An innovative system has been developed by TRL
for the OTS project to define the cause(s) of the
crash. This so-called ‘Interaction’ coding system
allows each active road user to be classed by seven
different sub-categories. An active road user is
defined as anyone who contributes to a crash or is not
a passive bystander. Vehicle passengers are rarely
contributory. Active road user behaviour could be
described as walking into the road or driving the bus
that failed to stop at the give-way junction. The sub-
categories that comprise each active road users’
‘Interaction codes’ are:
• Legal – to the team’s best interpretation not just

related to prosecution (e.g. Disobeyed signs or
markings or was legally unfit to drive due to
alcohol).

• Perception – Expecting, looking, planning (e.g.
Did not look for other vehicle or saw but did not
perceive a hazard).
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• Judgement – Understanding, deciding, acting
(e.g. Interpreted information incorrectly from a
road sign or travelled excessively close too).

• Loss of Vehicle-control – For example, due to
excessive braking or excessive cornering.

• Conflict – Interpersonal communication (e.g.
adopted a path conflicting with that of another
road user or behaved aggressively towards
another).

• Attention – For example, suffered a distraction
due to a mobile phone or was distracted by
another road user.

• Impairment – For example, suffered illness or
impairment due to fatigue.

Therefore, every active road user is considered
against the seven sub-categories and attributed a set
of Interaction codes describing their actions that
contributed towards the cause of the collision. It is
rare for an individual to have more than three codes.

The Interaction sub-categories and examples given
above are only a brief overview of the coding system
to give an insight into the detailed nature of the data
available.

More information on OTS can be accessed from
www.ukots.org.

SUMMARY OF CRASHES INVESTIGATED

OTS crash investigations started in late 2000 and
under the current phase of the project will continue to
mid-September 2003. This first phase of the project
will yield a database containing some 1,500 crashes.
At the time of writing this paper early analysis of
OTS data is providing useful results.

Crash Injury severity Number Percentage
Fatal 43 4 (7)
Serious 120 11 (20)
Slight 448 41 (73)
Damage Only 472 44
Total 1083 100
Please note the values in the parenthesis represent
the percentage of injury crashes.
Table 1. OTS Investigations by injury severity

Tables 1 and 2 summarise the investigated crashes by
both OTS teams at mid-January 2003.

Vehicles are always examined at the scene of the
crash and in some circumstances follow-up
examinations are conducted when a more thorough
evaluation is required. This may be due to lack of

available time at the scene, or when particularly
complex damage or potential failures may be present

Number of Vehicles
Vehicles
Involved

RAGB (2001) OTS 2001 &
2002

Pedal cycle 19,497
(5%)

47
(2%)

TWMVs 30,084
(7%)

101
(5%)

Cars 321,900
(77%)

1,495
(79%)

Buses or
coaches

11,521
(3%)

22
(1%)

Light Goods
Vehicles

18,314
(4%)

92
(5%)

Heavy Goods
Vehicles

14,813
(4%)

106
(6%)

Other/ Not
known

3,944
(1%)

27
(1%)

Total 420,073
(100%)

1,890
(100%)

Table 2. OTS vehicles involved by type

Approximately one hundred crashes involving
pedestrians have been attended at the time of writing.
This is an example of a casualty type where the two
teams have different rates of inclusion due to the
different areas sampled.

OTS Team Number
VSRC 67
TRL 30
Total 97

Table 3. Number of pedestrian casualties in the
study (at mid-January 2003).

In Great Britain in 2001 there were 3,450 fatalities,
37,110 seriously and 272,749 slightly injured
casualties due to road accidents (RAGB 2001), or
1%, 12% and 87% respectively. Therefore, at first
glance it is evident that OTS is slightly over sampling
fatal and serious crashes. However, given a known
population of crashes from the catchment areas, any
such bias can be investigated and accounted for by
use of statistical weighting procedures. Fatal crashes
generally require more time to investigate and
manage by the local emergency services, giving a
wider time-window for an OTS team to attend and
record valuable data. This greater time and resource
often produces more detailed information.



Cuerden Pg 6

Table 2 details the investigated OTS vehicles by type
versus the National figures from Road Accidents
Great Britain 2001. There is a reasonable similarity
between the national breakdown and those from OTS,
both are dominated by car involvement. The
inclusion of damage only crashes will effect this
comparison as shown in the table, but is easily
corrected by only including police reported-injury
crashes for statistical comparisons. Similarly, Figure
6 presents the TRL crash investigation rate by time of
day of crash, which compares well with the national
statistics.

Figure 6. Time of day of OTS crashes
investigated.

OTS CRASH EXAMPLES

The rest of the paper presents five examples of OTS
crashes investigated by the VSRC and TRL teams.
The examples are set out to summarise the findings
and highlight the benefits of the on-scene
examination process. Due to the space available it is
not possible to document all the data recorded for the
crashes presented.

Example 1

In December 2002, TRL attended the scene of non-
injury multi-vehicle crash at 6:43am, some 13
minutes after it was reported to the police. The
incident occurred in Berkshire on a two-lane dual
carriageway bridge deck approximately 100m before
the road classification becomes a motorway. The
approach was a long sweeping left-hand bend and it

was dark. The road temperatures prior to and on the
bridge were 0°C and -4°C respectively. This
presented motorists with a typical example of
localised icing of a bridge deck when the approach
was not icy. The OTS investigation was able to
determine the circumstances in detail and the key
collisions are outlined below:

1) The driver of a Fiat Punto was unfamiliar with
the area and intended to leave the road and join
another major road. As she negotiated the
sweeping left-hand bend, a sign came into view,
which detailed an upcoming exit slip road. Her
reaction was to apply the brakes to slow and
allow more time to read the sign. The brakes
were applied whilst she was on the bridge deck
on a patch of so called ‘black ice’. She lost
control of the Punto and collided with a Vauxhall
Corsa van travelling in the lane to her offside.
Both vehicles successfully came to rest on the
hard shoulder.

2) Approximately two minutes later, the driver of a
Vauxhall Corsa travelling the same route saw the
amber flashing hazard lights on the hard shoulder
and braked. Unfortunately, the brakes were
applied whilst passing over the ice on the bridge,
he subsequently lost control of his car and
collided with the stationary Corsa van parked on
the hard shoulder.

3) A Mazda and Renault travelling in lanes one and
two respectively approached the previous crashes
and upon seeing the hazard ahead, the Renault
driver applied his brakes, lost control upon
passing over the ice and collided with the Mazda.
The vehicles rotated and come to rest against the
crash barrier on the hard shoulder facing the on-
coming traffic.

Figure 7. Resultant position of the Renault and the
Mazda, neither vehicle has any major structural
damage.
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4) A driver of a second Mazda swerved to avoid
debris in the carriageway and collided with a
Vauxhall Omega.

5) The driver of a Volkswagen Polo travelling in
lane two saw a car’s headlights shining in his
direction up ahead. He braked and the vehicle
travelling behind collided into the rear of him.
The Polo rotated and had impacts with two other
vehicles.

Figure 8. The Volkswagen Polo came to rest
straddling both lanes of the carriageway. The
Rover which avoided the collision can be seen to
the right of the picture.

6) A Rover driver saw crash (5) happen ahead of
him and swerved to his off side, coming to rest
close to the central crash barrier on a grassed
area.

The final rest positions of the vehicles were recorded
and the participants interviewed on scene.

Figure 9. A sketch of the final rest positions of all
the vehicles involved.

Crash summary and causation:
Of the twelve drivers involved eleven of them travel
this route regularly. They had all been driving more

cautiously due to the adverse weather. However this
level of caution had decreased upon entering the dual
carriageway, as they assumed it would have been
gritted. Three of the drivers were aware that there is
a greater risk of ice formation on bridge decks, not
one of the drivers were actively aware that they were
travelling on to a bridge prior to the accident despite
regular use of the road.

Although none of the sixteen vehicle occupants was
injured the disruption caused was none the less costly
and time consuming. Twelve vehicles were involved,
six of which needed recovery. Six police officers
were occupied with managing the scene and a major
road was shut for two and half hours through
morning rush hour. All of the collisions involved
‘glancing’ impacts without any major structural
damage to the vehicles involved. It could be
reasonably argued that these minor impacts were due
to the relative positions of the vehicles on the
highway. Had the timing of the impacts been slightly
different, the impact severity could have been more
severe and that would undoubtedly have increased
the risk of more serious injures.

Primarily the weather conditions, specifically the ice
on the bridge deck caused the crash. The crash could
have been prevented if the road had been gritted more
effectively to prevent the formation of ice. Other
factors were considered to be road layout and
visibility.

Example 2

At 7:53am on an October morning in 2001, the
VSRC OTS team attended the scene of a car to
motorcyclist impact that had occurred at 7:46am.
The crash location was on a major road into
Nottingham City centre. Due to the traffic
congestion at this peak travel time it was the police’s
priority to remove the vehicles from the carriageway.
In such circumstance it is only by prompt attendance
on scene that valuable data can be recorded.

A Volkswagen Polo driver had travelled 50m from
her home and was stationary, intending to turn right
at a give-way junction from a minor street onto a
main road. The traffic flow in the direction she
wished to travel was heavy, the traffic flow in the
direction that she intended to cross was light.

A bus came to rest at the bus stop prior to the
junction on the opposite side of the carriageway and
subsequently created a break in the traffic flow from
that direction. However, the Polo driver failed to
give way to the traffic travelling from the right and
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pulled out colliding with a motor scooter travelling
across her path.

An interview with the driver revealed that she had
been travelling for only a few minutes and just prior
to the crash was focusing her attention on the
congested lane into which she intended to join. She
claimed to have glanced to her right and believed the
carriageway to be clear before she pulled out. The
motorcyclist suffered minor injuries.

Figure 10. Scene Plan showing direction of travel
for both vehicles

Figure 11. Direction of travel of the motorcyclist
can be seen as a dried area upon a wet bonnet.
Condensation upon the windscreen is also visible

The external surface of the car's bonnet and internal
surfaces of the windscreen and side windows were
covered with condensed moisture. This is a common
phenomenon on early mornings in damp weather
conditions and the driver had not attempted to clear
the moisture from the glazing before starting her
journey. The moisture was seen to limit the driver's
vision through front and side glazing.
Upon inspection of the vehicles, it was possible to

identify the respective motion and position of the
motor scooter and car at the point of impact. The
rider of the motor scooter impacted the bonnet of the
Polo and removed condensed water from the surface,
leaving the diagonal line from the front offside corner
to the rear nearside base of the windscreen (Figures
11 and 12). Such perishable data and information
such as the rest position of the motorcyclist would be
lost if it were not for such rapid on scene attendance.

Crash summary and causation:
Several causation factors were identified, the driver
of the Polo’s failure to prepare the car safely for the
journey, her lack of observation of other road users,
and the conspicuity of the scooter rider, who was
dressed in dark clothing.

Figure 12. Investigators on scene sketch of
contacts and damage

Example 3

On a Sunday afternoon in early January 2002, the
TRL OTS team attended the scene of a two-car
collision. The weather conditions were fine and the
road comprised of two lanes and was straight. The
vehicles were found as detailed below (Figure 13).

Figure 13. Rest positions of the vehicles.

N
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The Peugeot 309 was travelling in a southeasterly
direction and the Vauxhall Corsa was travelling in the
opposite direction. Debris in the carriageway was
found at the point of impact on the northwesterly, or
Corsa’s lane. The 22-year-old female driver of the
Peugeot 309 admitted to being distracted by the
passenger in her car. Upon realising that a vehicle
was stationary ahead of her, she braked and lost
control of the vehicle. It is believed that she swerved
whilst braking and that the wheels were not locked.
The 309 rotated clockwise and the veered onto the
opposite lane. The front of the Corsa impacted with
the front passenger door area of the 309.

Figure 14. Emergency services attending the
scene

The uninjured driver of the 309 was a regular user of
the car and “quite familiar” with the road. She was
approximately 30 minutes into a planned one-hour
journey time. She estimates to have been travelling
at 40 to 50mph prior to braking.

The male 21-year-old front passenger sustained
fractures to his left leg and left wrist. Further soft
tissue injuries were also reported. The injuries were
attributed to direct contact with intruding passenger
door structure.

The 17-year-old learner driver of the Corsa only had
a provisional driving licence and was therefore
driving under supervision. She had however used the
car frequently prior to the crash and knew the road
well. She was 20 minutes into a planned 40-minute
journey at the time of the crash. She estimates her
travelling speed just prior to the crash to have been
40mph and no avoiding action was taken (steering or
braking).

The driver of the Corsa sustained fractured ribs with
a haemo-pneumothorax and other soft tissue injuries
associated with the seat belt webbing. The 55 year-
old female front passenger sustained fractures to
bones in her left wrist, right ankle, sternum and
thoracic spine. She describes herself as bracing

before the impact. There was no intrusion to the
Corsa’s interior.

Crash summary and causation:
All four occupants claimed to have been wearing seat
belts and there was evidence found upon inspection
of the vehicles, which supported this. The collision
was caused primarily due to the inattention of the
driver of the 309 not realising vehicles ahead of her
were slowing or stationary.

The lack of reaction to avoid the collision by the
driver of the Corsa was due to her inexperience. Her
colleague had time to brace herself physically and it
was thought a more experienced driver might have
had time to apply the brakes given the nature of the
road and the likely time available.

Example 4

The VSRC OTS team attended a crash that occurred
at 14:00hrs in November 2000. The crash location
was a single carriageway in an industrial estate. Some
building work was being carried out on the site,
which resulted in contamination of the road surface
with soil.

Figure 15. Contamination of road surface with
soil.

An 18-year-old male was driving a Citroen Saxo,
with 2 passengers. The driver often used the
industrial estate as a short cut. The car drifted onto
the opposite carriageway as it travelled around a
sweeping right hand bend. Upon approaching the
junction the driver attempted to move back onto the
correct side of the road, using a combination of
steering and braking. Due to his excessive speed and
the greasy road surface the driver lost control. The
vehicle mounted the grass verge to the near side and
rolled through 360° coming to rest on its wheels.
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As the vehicle rolled the unrestrained rear seat
passenger was ejected, either through the sunroof or
the rear hatch. The driver and the front seat
passenger were both restrained and suffered only
minor injuries, the ejected occupant died as a result of
multiple injuries.

Figure 16. Scene plan, including calculated
minimum speeds.

On scene attendance by the OTS team and
Nottinghamshire police enabled detailed
reconstruction of vehicle speed and motion. This was
achieved by use of volatile trace marks left in the
mud on the highway surface and on the grass verge,
and the rest position of the casualty. From the on
scene investigation contributory factors were
considered to be excessive speed and contamination
of the road surface.

Information gathered after the accident highlighted
the young age and relative lack of experience of the
driver. The possibility of peer pressure coupled with
an increased likelihood of risk taking behaviour due
to recent alcohol consumption – although the driver’s
alcohol level was below the legal limit when tested –
were also taken into consideration.

Crash summary and causation:
The crash highlighted the very high risk of injury if
occupants are ejected from a vehicle. The use of
seatbelts would almost certainly have prevented the
ejection and, given the other two occupants’ slight
injuries, saved the life of the deceased.

Figure 17. Final position of Saxo.

The excessive speed and relative lack of experience
of the young driver caused the crash. The
contaminated road surface would have made the
driver’s attempted manoeuvre more difficult to
complete successfully.

Example 5

In late October 2001 at midday, the TRL OTS team
attended the scene of a single vehicle crash. A Ford
Cougar travelling on a motorway with three lanes in
each direction had left the carriageway to the
nearside. At the point where the Cougar is known to
have left the carriageway, the road is a long sweeping
left-hand bend. The road and weather conditions
were all described as good and the traffic density was
light.

Figure 18. View of motorway, looking in the
direction that the Cougar approached from.

The car drifted towards the central reservation and
struck the barrier. The driver over corrected making
the car yaw and subsequently leave the motorway,

Safety Fence/

Barrier
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narrowly missing a safety fence (shown in figure 18)
and travel down a grass embankment. There were
tyre marks on the road surface after the impact, which
indicated that the car had exceeded the critical speed
for completing the intended manoeuvre without
losing control.

The involvement of any other vehicle was
disregarded following an examination of the car and
witness evidence. There were four occupants in the
car and a female rear seat passenger complained of
neck pain. The remaining occupants reported no
injuries.

The 48-year-old male driver and his passengers had
all just returned from holiday via a long plane
journey (over 7 hours). He had been driving for
approximately 30 minutes before the vehicle struck
the central barrier.

Crash summary and causation:
The investigating team believed the cause of the
crash to have been that the driver fell asleep at the
wheel. However, although the driver admitted to
being tired, he did not state that he fell asleep.

Figure 19. Ford Cougar as found by OTS team at
the bottom of a steep embankment

Fatigue is one of the causes of crashes that we have
identified in association with crashes on motorways
or other long uncomplicated highways. The
background information such as the driver’s
whereabouts and previous activities in the 24-hours
prior to the crash can help identify possible causes
such as fatigue, in-depth data is essential to be able to
reach these conclusions.

SUMMARY

The UK’s On-The-Spot project has been researching
the causes of road traffic crashes and the associated
injuries for over two years. More than 1,000 crashes
have been investigated and documented by the
project.

The study successfully collects evidence from the
scene of crashes that provides information on factors
relating to vehicles, highway and human issues. OTS
accurately records what has happened and then,
where possible through reconstruction expertise
identifies why the crash and injuries occurred. The
project is relatively new, but already has a significant
database of road traffic crashes that can be analysed.

The database is able to identify the frequency of
crashes caused by one or a combination of factors
and therefore future effort will be targeted at the most
frequent and harmful events witnessed by the study.
Continued work to ensure that the data collected are
representative of the UK experience will ensure that
any countermeasures developed based on OTS
research will have a national relevance.

The study does not just consider the cause of crashes.
Important data which details the types and
mechanisms of injury sustained, especially by
vulnerable road users, will enable future engineering
countermeasures aimed at reducing injuries should a
collision occur to be tuned to the real world
experience.

To conclude, the On The Spot study is a major
contributor in helping the UK Government meet it’s
casualty reduction targets by developing an in-depth
understanding of accident causes and consequences.
The project also aims to give new insights for future
vehicle research into effective active and passive
safety technologies
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ABSTRACT

Different side impact dummies and procedures are
currently used for the US and Europe/Japan. To
harmonize the side impact dummy, WorldSID
development was initiated under ISO in 1997. Also,
ES-2, an improved version of Eurosid-1, was
introduced after SID-IIs, the small side impact dummy.

Side impact dummies are designed and developed
based on the ISO TR9790 requirement to provide good
biofidelity rating. Even using the same ISO
requirement, the existing dummies have different
designs and different performances.

Understanding the response characteristics of
dummies is important for vehicle development. In this
study, response characteristics are studied under the
various impact conditions for available side impact
dummies. Comparisons between the different dummies
in same conditions were made understand different
characteristics of each side impact dummy. Full
vehicle tests and sled tests are conducted and results
are evaluated using DOE (Design of Experiment)
method.

SIDE IMPACT DUMMIES

It has been already well known from other research
reports that current available side impact dummies
have different designs, instrumentations, injury
criterion, and structural configurations. In this study,
the following four dummies; SID, EUROSID-1, ES-2
and SID-IIs, were evaluated. Explanations for each
dummy were summarized below.

SID

SID is regulated dummy in FMVSS214, dynamic side
impact protection, in the United States. SID-H3, SID

with Hybrid III head and neck, was used in this study.
Acceleration based injury criteria, TTI (Thoracic
Trauma Index), was used for thoracic injury, which
came from long historical studies in the United States,
in this dummy. SID does not have a monitoring
capability for abdomen injury.

EUROSID-1

EUROSID-1 is regulated in Europe and Japan.
Thorax injury criteria is measured by rib deflection.
Major concerns were reported that “rib binding” or
“back plate loading” made the measurement results
smaller in some impact conditions.

ES-2

ES-2 was proposed for a research dummy as
improved version of EUROSID-1. Various evaluations
are now being conducted to confirm possibility to
regulate in the United States or Europe.

SID-IIs

SID-IIs is the only one small-size (5th female) dummy
among available side impact dummies. This dummy is
more biofidelic than other mid-size (50th male)
dummies as seen in Table 1 below. SID-IIs is still
under developments and to be upgraded to get better
durability. SID-IIs of the level B was used in this study.

Table 1.
Biofidelity comparison on ISO/TR9790

Dummy Rating

SID (-H3) 50th male 2.3

EUROSID-1 50th male 4.7

ES-2 50th male 4.6

SID-IIs 5th female 7.2

IIHS (Insurance Institute for Highway Safety) had
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announced to use SID-IIs for its new side impact
assessment test which simulated small occupants
protection in the SUV to vehicle side impact. The first
series of evaluation had already been conducted in
November 2002.

DUMMY RESPONSE EVALUATION IN SLED
TEST

The response characteristics of each side impact
dummy were evaluated in HYGE sled. Main purpose
of this series of tests was to make the dummy
characteristics be able to explain by using some kind of
parameters.

Test Method

Simulated interior was set on the HYGE sled. The
different trim layout and stiffness were used as
parameters to understand the response characteristics
of each dummy under different dynamic loading
condition. The main effective parameters were chosen
as shown in Figure 1 and Table 2. And, each
parameter was leveling appropriately as shown in
Table 3. According to this method, called DOE, the
results of test were able to be evaluated statistically.

Table 2.
Control parameters for sled tests

A Armrest Height

B Gap between Thorax and Abdomen PAD

C Gap between Abdomen and Pelvis PAD

D Thorax PAD Stiffness

E Abdomen PAD Stiffness

F Pelvis PAD Stiffness

Table 3.
Test parameter matrix

Level
Parameter

1 2 3

A [mm] Low Mid High

B [mm] Small Mid Large

C [mm] Small Mid Large

D [Pa] Soft Mid Hard

E [Pa] Soft Mid Hard
C

on
tr

ol
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ra
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F [Pa] Soft Mid Hard

Injury Criteria

Each dummy adopted different injury criterion. To
evaluate performance equally, the measurements were
normalized by regulated limits for each dummy.

For thoracic injury, TTI was used for SID-H3 and
RDC (Rib Deflection Criteria) was used for
EUROSID-1, ES-2 and SID-IIs. For abdominal injury,
APF (Abdominal Peak Force) was used for
EUROSID-1 and ES-2, RDC (Rib Deflection Criteria
for abdomen) was used for SID-IIs. For pelvic injury,
in spite of using PSPF (Pubic Symphysis Peak Force)
for EUROSID-1, ES-2 and SID-IIs, pelvic G
(acceleration) was used to compare directly for all
dummies.

Table 4 shows evaluation criterion in this sled tests.
The values inside “[ ]” are for normalizing, which are
based on each regulation. The columns of SID-H3
abdomen and EUROSID-1 pelvis are blank. Because
SID-H3 doesn’t have instrumentation for abdomen,
EUROSID-1 was missed pelvis G data in some tests.

C

B

H.P

D

E

F
A

�

Figure 1. HYGE Sled Overview.
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Table 4.
Evaluating Injury Criteria

SI
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3
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SI
D

-1
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D
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Is

Thorax
TTI
[85]

RDC
[42mm]

RDC
[42mm]

RDC
[34mm]

Abdomen -----
APF

[2.5kN]
APF

[2.5kN]
RDC

[32mm]

Pelvis G ----- G G

* [ ]: Normalizing Values

Discussion

Thorax: Figure 2 shows “The effect plot”
for Thorax with selected Ato F. The vertical axis shows
normalized injury criteria and the horizontal axis
shows parameters and their levels.

EUROSID-1 and ES-2 responses relative to
parameters A to F are almost the same. B (the gap
between thorax and abdomen PAD) and D (thorax pad
stiffness) are especially sensitive to these dummies.
For example, if B gets larger, thorax injury get reduced.
The responses of between EUROSID-1 / ES-2 and
SID-IIs shows similar tendency.

SID-H3 shows different responses from other
dummies. It has high sensitivity for D (thorax PAD
stiffness), but not much influenced by other
parameters.

Abdomen: Figure 3 shows the responses of
the abdomen except SID-H3 dummy. The constitution
of graph follows Figure 2. Dummy response for
parameter A (the height of abdomen PAD), SID-IIs
shows opposite trend to that of EUROSID-1 and ES-2.
This is assumed that the lower seating height of SID-IIs
caused the different loading mode from mid-size
dummies.

SID-IIs, EUROSID-1 and ES-2 has the same
tendency to B (the gap between thorax and abdomen
PAD) and E (the abdomen PAD stiffness).

Pelvis: Figure 4 shows the pelvis
responses of SID-IIs, ES-2 and SID-H3. To evaluate
the responses of pelvis region, the pelvis G was used.
EUROSID-1 was excluded in this evaluation as
mentioned above.

Figure 4. Effect Plot means responses of
Pelvis Region.
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Figure 2. Effect plot means responses of
Thorax Region.
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Figure 3. Effect plot means responses of
Abdomen Region.
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The pelvis G is sensitive for F (pelvis PAD stiffness).
ES-2 has unique response for B (the gap between

thorax and abdomen PAD). If B gets larger, the injury
level of pelvis gets lower. This is assumed that the
harder abdomen construction of ES-2 propagates the
force well.

Summary of Sled Tests

Dummies with different structure designs tend to
show different response characteristics due to the
different load path in the body.

The dummy size difference tends to show different
response characteristics by chosen parameters. And, it
is assumed that size difference causes different loading
mode.

FULL-SCALE TESTS

The full-scale tests were conducted in three test
procedures. An overview of this test program is given
in Table 5. The purpose of this study was to evaluate
the each dummy performance in the same test
condition.

Table 5.
Overview of full-scale tests

Test Procedure Dummy

1
SINCAP(FMVSS214)

@54.7km/h
SID-H3 vs. ES-2

2 EuroNCAP(EC54)
@50km/h

EUROSID-1 vs. ES-2

3 IIHS SUV side impact
@50km/h crabbed

SID-IIs vs.
EUROSID-1

SID-H3 vs. ES-2 in SINCAP

To compare SID-H3 with ES-2, the full-scale test was
performed in SINCAP procedure. Since each dummy
had unique injury criteria for thorax, two methods were
used to evaluate the results.

One method was evaluation by TTI in Table 6. The
other method is comparison with injury criteria
normalized by regulatory limits as shown in Table 7.

Table 6.
Evaluating injury criteria following SINCAP

SID-H3 ES-2

Rib UPR G

Rib LWR G
Thorax
(TTI)

Spine LWR G

Pelvis Pelvis G

Table 7.
Evaluating injury criteria in each regulation

SID-H3
(SINCAP)

ES-2
(EuroNCAP)

Thorax
RDC

[42mm]

Abdomen

TTI
[85]

APF [2.5kN]

Pelvis
Pelvis G

[130]
PSPF
[6kN]

* [ ]: Normalizing Values

Results: Figure 5 is the comparison of TTI.
The vertical axis shows G and the lateral axis shows
injury index of each seating position. It was revealed
that two dummies had quite similar injury criterion in
both TTI and pelvis G within both seating positions.

Figure 6 shows the comparison with injury criterion
normalized by each regulatory limit. TTI of SID-H3
and APF of ES-2 were described dot line as reference
in Figure 6.

Figure 5. Test results for comparison of SID-H3
and ES-2 in SINCAP criteria.
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It is observed that injury criteria in the driver are
almost same in both dummies, however injury levels in
the rear occupant are lower for the thorax and higher
for the pelvis with ES-2 than those of SID-H3. This
could be attributed that the rear door intruded obliquely
into the occupant.

Discussion: Figure 7 shows that typical
relationship on the driver Rib LWR G and RDC LWR
of ES-2. On the other hand, Figure 8 shows that there
was very small RDC LWR in spite of Rib LWR G level
on the rear occupant. This data assumed that the
direction of impact was different from that of rib
deflection.

Figure 9 and Figure 10 show the typical relation
between Pelvis G and PSPF of ES-2 on the driver and
rear passenger. The higher PSPF of ES-2 on rear
occupant assumed to cause loading into the femur.
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Figure 8. Lower rib G and deflection of ES-2 on
rear occupant seat.
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Figure 7. Lower rib G and deflection of ES-2 on
driver seat.

Figure 9. Pelvis G and Pubic Force of ES-2 on
driver seat.
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Figure 10. Pelvis G and Pubic Force of ES-2 on
Rear Passenger seat.

Figure 6. Test Results for comparison of
SID-IIs in SINCAP and ES-2 in EuroNCAP
criteria.
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EUROSID-1 vs. ES-2 in EuroNCAP

The design intention of ES-2 is to solve major
concerns, in particular “flat-top” rib deflection and
“B/P (back plate) loading” into the spine. The response
characteristics between EUROSID-1 and ES-2 had
been studied and resulted as almost same through sled
tests. To compare the performance difference between
EUROSID-1 and ES-2, full-scale tests were performed
in EuroNCAP procedure.

Results: Figure 11 shows the results with
normalized injury criteria. RDC of ES-2 measured
much higher than that of EUROSID-1 in spite of
similar values for HPC, APF and PSPF. B/P force was
remaining high as same level as EUROSID-1.

Discussion: ES-2 has a newly designed rib
modules which intend to solve “flat top” issue by
eliminating rib binding. And, it has a new B/P which
intend to eliminate the unsuitable load path to the
spine.

Despite of reshaping, B/P force was remaining still
high as seen Figure 12. The smaller B/P had resulted
just short time delay on loading. Considering these
results, the increase of the RDC was caused by
resolving “flat top”. And, its issue was solved by the
elimination of rib binding.

Figure 13 and Figure 14 shows the comparison of rib
deflection and that “flat-top” was eliminated.

SID-IIs vs. EUROSID-1 in SUV Side Impact

The purpose of this test was to evaluate the
performance of different size dummies in same
condition. This full-scale side impact tests were
performed in IIHS side impact procedure with SID-IIs
and EUROSID-1. The MDB striking condition was
selected crabbed to match the early stage of IIHS study.

Figure. 12 Back Plate Force.
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Results: Figure 15 shows the comparison
of the each injury criteria. The criterion are normalized
by regulatory limits and IARV. SID-IIs injury criterion
tends to show higher than those of ES-2 due to the
vulnerable properties of small female.

High HIC was observed in SID-IIs by the direct
contact with MDB surface, which caused from SID-IIs
lower seating height.

SID-IIs abdomen injury showed greater increase from
EUROSID-1 more than thorax, which was assumed by
the structural difference of abdomen between
EUROSID-1 and SID-IIs.

Only PSPF of SID-IIs was lower than EUROSID-1.

Discussion: Figure 16 is the comparison
between pubic force and pelvis G of SID-IIs. The same
comparison of ES-2 is shown in Figure 17.

As shown in Figure 16, the pubic force data is
negative during the impact. The validity of this data is
suspect.

CONCLUSION

To summarize these studies, following conclusions
are made;

As different response characteristics are observed in
dummies with different structure designs and
instrumentation, using one design with highly
biofidelic dummy and adequate injury criterion is
extremely beneficial to evaluate reasonable occupant
protection performance.

From this reason, the delivery of WorldSID is highly
anticipated and further research of response
characteristics of side impact dummy would be
reported after the delivery.
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ABSTRACT

New technologies are becoming available to reduce
the frequency of crashes. They may be vehicle
based or road based and will involve a variety of
levels of information provision to drivers and
increasing levels of control over the vehicle.
Vehicle systems under development include
Intelligent Speed Control, Lane keeping, Adaptive
Cruise Control, night vision, driver drowsiness
detection while road based systems include
information services and signalling. Systems
development is made on the basis of technological
factors, experimental studies and human factors
approaches. While improved safety is a prime
objective of a number of these systems, there are
currently few methods available to systematically
assess the in-depth application of the technologies
in specific accident situations.

The paper reports on a new methodology for
vehicle and traffic simulation that reproduces the
drivers’ and vehicles’ actions in the period leading
to a crash. Autonomous driver agents are used to
simulate the observations, behaviour and decision
making of the driver while vehicle dynamics
modules and road modules place the driver within
the traffic and road context. To enable virtual
drivers to emulate some of the unpredictable
behaviour of their human counterparts, each driver
agent has the capability to perceive their
environment, make decisions based on what they
‘see’ and take appropriate actions. So far, several
aspects of the model have been validated against
experimentally derived data.

The model has been used to simulate the pre-crash
events leading to cases examined within the UK
On-the-Spot Accident study. Case studies are
presented and other applications of the simulation
methodology relating to driving simulators, virtual
road design and other transport applications will
also be discussed. The oral presentation will
include video run throughs of real-world scenarios
and their simulations.

INTRODUCTION

Each year there are over 40,000 traffic fatalities on
the roads of the 15 member states of the EU, when
under-reporting is taken into account the numbers
of injured exceed 3,500,000. The costs to society
are immense, quite apart from the pain and
suffering the economic penalty to the EU is
166,000,000,000 Euros, exceeding the annual
budget of the European Commission (ETSC, 2001).
The importance of reducing the impact of road
crashes is increasingly widely recognised and the
European Commission has adopted a target of a
50% reduction in fatalities by 2010. This
ambitious target is being addressed at national and
European levels by a variety of methods including
improvements in vehicle safety, road infrastructure
design, and road user behaviour. In particular
active safety technologies are being developed that
may have the potential to provide further crash
reductions although there is much development
needed (ETSC, 2001), (Sferco et al., 2001), (Noy,
2001), (Najim et al., 2001), (Carsten and Tate,
2001). These systems will be simple in operation
in the early stages, providing driver support under
relatively straightforward driving conditions.
Despite this they may be complex technically due
to the demanding nature of the traffic, vehicle and
road user system within which they must operate.

New technical objectives are identified through the
use of both national level and in-depth accident
data that can give relatively unambiguous
descriptions of the circumstances of accidents and
the nature and causation of injuries. Typically an
understanding of the events before and during a
crash is gained by the use of detailed reconstruction
techniques that use physical evidence from the
scene and vehicles to simulate the vehicle
movements and final rest positions of the crash
participants. Nevertheless, although these methods
are capable of providing an accurate picture of the
events of the crash they do not explain the reasons
for those movements, neither do they offer much
potential for evaluating accident risk should any
factors contributing to the crash be changed.
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A new On-The-Spot (OTS) accident research
project is now underway in the UK with funding
from the Department for Transport and the
Highways Agency (Hill et al, 2001). The project
has the following objectives:

• To establish an in-depth research database of a
representative sample of road accidents in the
United Kingdom.

• To better understand the causes of crashes and
injuries.

• To support the development of
countermeasures.

This project enables expert investigators to attend
the scene of an accident within 15 minutes of the
incident occurring, which allows the collection of
accident data that would otherwise be quickly lost,
figure 1.

Figure1. Rapid response is essential.

There are teams at the VSRC in the Midlands of
England and TRL in the South. In-depth crash
investigations are essential for understanding what
happens in the real world. Also, much information
necessary to understand complex road safety
questions is only found at the scene of the crash,
and is lost once the accident scene is cleared. OTS
investigations obtain this “perishable” accident data
by prompt attendance at the scene to gather
information including trace marks on the highway,
pedestrian contact marks on vehicles, the final
resting position of the vehicles involved, witness
interviews, weather, visibility and traffic
conditions, figure 2.

Projects such as OTS are significant in developing
refined procedures for gathering and reviewing
information about real-world incidents, leading to
new opportunities to identify the relative influence
of various factors in many accidents. These
opportunities are further enhanced through the use
of computer-based simulation. This can be applied
to both normal driving and pre-crash events, taking
account of human behaviour, the road and traffic

environment, and the dynamic characteristics of
vehicles. Such simulation tools have wide-ranging
applications, including reconstruction of individual
incidents, analysis of parametric changes in the
crash environment, assessment of new vehicle
and/or infrastructure based safety systems and
driver education/training.

Figure 2. An OTS incident plan.

The following sections provide a brief overview of
key simulation methods, leading into discussion of
a simulation tool being developed at Loughborough
University. Progress in this development is
highlighted through two case studies before
exploring avenues for further work.

DRIVING AND TRAFFIC SIMULATION
METHODS

A broad range of driver and traffic related
simulation tools now exist, primarily intended to
develop deeper understanding of normal driver
behaviour, vehicle interactions and consequent
traffic flow (SMARTEST, 1997). The majority of
these tools conveniently achieve this by combining
the concepts of driver and vehicle into a single
entity that can perceive, decide and act within a
geometric road network model. A smaller number
of simulation tools make a clear distinction
between the driver and the vehicle, creating
opportunities to additionally explore various
aspects of their interaction. Vehicle models in such
software typically represent kinematic behaviour,
calculating position, velocity and acceleration. In
those simulators that use a distinct driver model,
such models typically employ Artificial
Intelligence techniques, such as fuzzy logic (Wu et
al., 1998). or rule - based methods (Wood and
Arnold, 1997) to capture key elements of decision
making. A fundamental feature of the fuzzy logic
approach is its ability to succinctly represent
observations of real-world driver behaviour in a
compact analytical process. In contrast, rule-based
methods are prescriptive and require similar
experimental observations for their validation
rather than their development. Very few existing
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simulation tools provide facilities for detailed
definition of the highway environment, primarily
due to their focus on understanding key features of
normal driving in representative circumstances.

Within the context of these alternative approaches,
figure 3 shows the primary elements of a
simulation tool, ‘Synthetic Driving Simulator (SD-
SIM)’, being developed at Loughborough
University (Dumbuya and Wood, 2003). The most
novel feature of this tool is that it is based on clear
distinctions between drivers, vehicles and the road
network, allowing the software to act as a
‘framework’ that can accommodate varying levels
of detail to match the needs of different
applications.

The Intelligent Virtual Driver model shown within
figure 3 is concerned with perception of the
driver’s environment, decision making and action
execution. Perception currently involves vision of
the local traffic environment, allowing estimation
of other vehicles’ speeds and relative positions.
Perception can, however, be extended to include
visual and auditory perception of the vehicle
interior, for example in the use of telematic
systems, along with mechanical perception of
forces imposed on the driver by vehicle movement.
Decision making within the driver model uses a
small number of rules, each having a weight or
importance factor. These weights, along with
parameters in some of the rules, can be adjusted to

characterise a wide spectrum of driver behaviour.
The outcome of decision-making is the intention to
change vehicle speed and/or direction. This is
enabled by the Execute Action Model, which
provides an interface from the driver to the vehicle.

Work funded by the UK Highways Agency is
currently underway to integrate a model of vehicle
dynamics within the framework, providing an
alternative to the existing vehicle kinematics
model. This will not only allow significantly
enhanced vehicle behaviour, but will also allow this
behaviour to be sensed by the driver, as previously
mentioned. A further implication of introducing
realistic vehicle dynamics is that it creates the need
for accurate highway definition. This is, firstly, to
ensure that simulation results are not contaminated
by poor modelling, for example unrealistically
sharp changes in gradient leading to fictitious
suspension behaviour and, secondly, to capture key
factors, such as friction due to surface condition.

To make this broad ranging functionality easily
usable, it is essential to have a convenient means of
defining the characteristics of drivers, vehicles and
the highway. This is achieved through the Scenario
Modeller, in figure 3. It is also essential that
simulation results can be interrogated in various
ways to obtain maximum insight, through the
Animation Visualiser.

Figure 3. Functional structure of SD-SIM.
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CASE STUDIES

Two case studies are briefly presented, one
concerning normal driving and the other
investigating an accident. The first, shown in
figures 4 and 5, involves interaction between three

vehicles on a flat 3-lane road and demonstrates how
raw simulation results (a) can be viewed as
qualitative movies (b) and quantitative charts (c).
Figure 5 also indicates that qualitative visualisation
extends to viewing scenarios from multiple
viewpoints, including those of individual drivers.

Figure 4. Both qualitative and quantitative visualisation are important.

Figure 5. Multiple qualitative viewpoints can be explored.
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The second case study concerns a collision between
a Ford Sierra and Land Rover Freelander
investigated by the OTS team at the VSRC. The
incident took place in the dark on a Winter evening
and the road was a single carriageway subject to
the 60 mph (96 km/h) National speed limit. The
incident plan shown in figure 6 indicates that the
Sierra and Freelander approached from left and
right, respectively. Intending to overtake other
traffic, the Sierra driver moved out into the path of
the Freelander and the vehicles collided. Other
road users reported that Sierra driver had been
driving erratically for some distance prior to the
impact, having steered the vehicle from kerb to
median line on several occasions and made a series
of erratic overtaking manoeuvres. Witness and
damage evidence suggest that the Sierra’s approach
speed was probably between 60 and 75 mph (96 –
120 km/h). Little is known about the driving style
of the Freelander upon approach. The driver
claimed not to have seen the Sierra move out into

his path, and subsequently took late avoiding action
that included heavy braking. Tyre marks were
caused by wheel lock up on braking, and these
allowed the vehicle to be accurately placed on the
road at that point. The Freelander’s approach
speed, suggested from witness and damage
evidence, was around 50 to 65 mph (80 – 104
km/h). In developing the simulation, parameters
controlling the driver vision model were adjusted to
reflect local lighting conditions. Investigation data
was used to interpret the drivers’ behaviour prior to
impact in terms of the rules, weights and
parameters in the previously discussed driver
model. This was done iteratively, comparing
simulation results with investigation data. Figure 7
shows (a) a frame from the OTS location video,
along with (b), (c), (d) frames recorded from
various viewpoints in the incident simulation.
Figure 8 provides quantitative examination of the
simulated incident.

Figure 6. An Incident Plan Describing the OTS Case Study.

Figure 7. Qualitative views of the incident.

(a) Video footage of the location. (b) A driver’s view prior to crash.

(c) Eye level view of the crash scene. (d) Ariel view of the crash scene.
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Figure 8. A quantitative view of the simulated incident.

DISCUSSION

SD-SIM is at a relatively early stage of
development, but is already proving valuable in
several types of analysis. An important aspect of
this has been the initial concept of creating an open
‘framework’ software design. This not only allows
progressive improvement of constituent models,
but also maintains a balanced view of the need to
model drivers, vehicles and road networks as
separate interacting elements. More generally,
simulation technology, exemplified here by SD-
SIM, has a variety of applications that increase the
understanding of accident causation and permit a
quantitative prediction of relative accident risk.
Application areas extend from the reconstruction of
specific crash events, to the parametric evaluation
of vehicle and highway based accident avoidance
measures:

Crash Reconstructions

Classical accident reconstruction techniques use
residual traces and damage to evaluate the pre-
crash dynamics of the vehicles involved. The SD-
SIM tool additionally enables the particular
characteristics of the drivers to be modelled within
a realistic traffic context. For example the
simulation has the potential to reflect levels of
intoxication, impaired vision or reaction times of
the driver. Visualisation software is widely
available that demonstrates the vehicle kinematics
from a variety of fields of view but these do not
generally take account of visual defects of drivers
or the conspicuity of other road uses.

Parametric Studies

An accident simulation that is based on realistic
driver, vehicle and traffic characteristics holds the
possibility of being used for parametric studies to
evaluate the probability of alternative outcomes in
different circumstances. For example if an aspect of
the dynamic characteristics of the vehicle are
judged to have increased the risk of a crash then the
simulation can be modified to assess the likelihood
of a crash. The characteristics of the specific
drivers involved can be replaced using multiple
driver agents representing the complete range of
driver attributes in the proportions observed on the
road. Absolute estimates of risk of a crash can then
be obtained by driving these simulated vehicles
repeatedly through the crash environment.
Alternatively, proposed changes to existing road
features (possibly following an accident at a
specific location) may be evaluated before
implementation. This simulation-based approach
has the potential to become a central road safety
engineering tool.

Active Safety Systems

New technology systems are being developed that
may be vehicle or highway based that utilise
information from road or vehicle sensors to reduce
the risk of a crash. Already systems such as
Electronic Stability Control and night vision
enhancement are available on cars. Other systems
include brake assist, lane departure, automatic
cruise control and systems to detect an imminent
collision. The simulation of realistic traffic can be
used to evaluate the human factors aspects that may
limit the effectiveness of the systems. For example
the vision module within the simulation can be set
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to the characteristics of a vehicle with and without
night vision and the benefit assessed for a range of
drivers to enable risk evaluations, the availability of
a range of driver profiles will support the
assessment of the system with regard to typical
drivers, including varying propensity for higher
risk taking. Such evaluations would not be practical
under real-driving conditions.

Driving Simulators

Driving simulators are widely available and they
have increasing complexity to reproduce the
dynamic motions associated with driving scenarios,
sophisticated visualisation technologies are used to
provide a convincing sense of reality to simulator
users. Typically a road environment is programmed
although video recordings of real-roadways may be
used. The behaviour of other road users though is
not simulated within conventional systems, in
particular the unpredictability of a normal traffic
mix is difficult to reproduce in a simulator. The
driver agents within SD-SIM can be used to direct
the movements of other vehicles so that a range of
traffic conditions are simulated. Driving simulators
are increasingly being used to evaluate the abilities
of people who may be elderly or have had
impairing illnesses. Using the models within SD-
SIM these drivers can be placed in increasingly
demanding driving situations and their performance
compared with the normal driving population.

Education And Training

Simulation provides a novel opportunity to
influence accident statistics through enhanced
driver education, particularly applied to learners
and those convicted of driving offences. A key
element of this is the flexibility of qualitative
visualisation, enabling a scenario to be seen from
various viewpoints. Such scenarios could be
simulations of real world situations originally
captured on video, or could be entirely fictitious,
allowing incorporation of significant risk.

CONCLUSIONS

Computer-based simulation offers a new
opportunity to reduce the frequency and severity of
road traffic accidents, with associated reductions in
human trauma and economic consequences. In
addition to its use in accident analysis, this paper
has highlighted a range of safety related
applications in which simulation can make an
important contribution. Underpinning various
simulation tools, key modelling techniques have
been identified that support representation of
drivers, vehicles and road networks, allowing the
detail within each to be matched to the needs of
different applications.
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ABSTRACT

The bus driver is a key person is an accident, he is
skilled, he knows what to do, he can operate the
systems in the bus, he can help to the passengers,
but their fatality/injury risk is 10-100 times higher
than that of the passengers. Nowadays there is no
international regulation providing any protection
for the bus drivers in case of frontal collisions.
Based on the technical analysis of real bus head on
impacts this paper tries to collect the major issues
which may help to develop international regulations
in this subject. These are:

• the major accident types, endangering the
driver compartment (DC)

• the possible standard accidents which could
be the basis of an approval test

• the survival space for the driver, other re-
quirement

• static or dynamic tests? Impact loads (force,
energy)

• possible approval test methods
The paper refers to a practical solution, which can
help to protect the driver: the principle of the safety
platform. A rigid (in its plane) platform is used in
the DC with a soft, deformable connection to the
frame of the DC. The driver seat, the steering col-
umn is fixed to this platform. On the effect of the
horizontal impact load the safety platform is pushed
back in the DC together with the driver seat and
steering column providing the required survival
space for the driver.

1. ACCIDENT ANALYSIS AND STATISTICS

The most frequent accident of buses is the frontal
collision (head on impact) Many statistics have
been already published in this subject, which prove
that the rate of the frontal collision is 50-60% re-
lated to the total number of accidents. It is very
difficult to compare the different statistics, because
the basis of their collection and evaluation is differ-
ent. Some of them considers only those accidents,
in which:
a) bus occupants were killed
b) bus occupants were injured
c) people were killed (or injured) involving the

partner vehicles and pedestrians, too.
The statistics show that there are two kind of dan-
gerous bus accident:
− the rollover, which is rather rear (2-6%) but it

has a very high rate of fatality (and injury)
− 

− the frontal collision which happens very often,
therefore the total number of fatalities and inju-
ries is high.

A Hungarian statistics covers 1803 bus accidents
during the years 1978-82 involving all the events
where people were injured (or killed), see version
“c” [1] Only 13,3% of the total number represents
collisions with other heavy vehicles or rigid obsta-
cles. Considering the collisions with cars and vans,
too (altogether 41%), in this sample the head on
impact has a rate of 57,2% A statistics from Spain
from the years 1984-88 showed that the 50% of the
coach accidents (505 events) in which people were
killed (see version “c”) were simple head on colli-
sion and considering the multiple frontal collisions,
too, this rate is 61% [2] Another, newer Spain sta-
tistics from the years 1995-99 – involving 1962 bus
accidents – the rate of the frontal impact is 50%.
The frontal collisions of buses may be categorized
on different ways [4] One major category – may be
the most important one – is the partial impact on the
driver compartment (DC) This partial impact rate is
roughly half of the total head on impacts (25-30%)
and the dynamic impact load on the DC can be
different:
• Having a certain angle (20-45o) related to the

longitudinal centre plane of the bus (see Fig.1.)
Practically it means that the side corner of the
front wall is hit by the impact load in a certain
direction

• Offset impact on DC but parallel to the longi-
tudinal centre plane (see Fig.2.) The final “re-
sult” could be very similar wheatear the impact
load has a certain angle or its is parallel to the
centre plane. The partial impact load can in act
on DC in its total height, or mainly below the
windscreen.

• Partial impact with pole like object (see Fig.3.)
This is a special kind of impact because of the
special object.

The accident statistics underlines a very important
problem: the dangerous position of the bus driver in
case of frontal collision. There are some statistical
data from which this evidence may be proved. Ta-
ble 1. summarises earlier data about the
driver/passenger injury rate (D/P) supplemented
with Spanish [2] [4] [5] and UK [8] data. To get
these D/P injury rates from the general statistics, as
a first approach we assumed that the average pas-
senger capacity of a bus (coach) is around 50 and
the buses involved in these accidents were nomi-
nally (fully) loaded. In other words that means 1
driver belongs to 50 passengers. Determining the
D/P injury rates it was assumed that the injury
probability of all the passengers is equal in case of
frontal collisions. Only Japanese data were avail-
able specifically for bus frontal collisions, too. The
other three statistics involves all type of bus
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Fig.1. Partial impact on DV under an angle of 40o

Fig.2. Offset partian impact on DC

D/P injury rata Table I.

Type of injury All type of bus accident Frontal collisions only
Japanese Spanish German U.K. Japanese

6:1Fatality
Serious injury
Light injury

83:1
13:1
7:1 2:1

8:1
10:1
6:1

5:1
4:1
3:1

125:1
18:1
4:1

Total number of
casualties

4800 2400 4500 234.616 3200

Time of observation 1992-94 1984-88 1979 1971-92 1992-94

accidents, nothing detailed data about frontal colli-
sions. The Japanese figures show that the serious
driver’s casualties are caused mainly by the frontal
collisions. The extremely high D/P rate in fatalities
is due to the relative low number of the fatalities in
these Japanese statistics. In this case one or two
events can strongly influence the D/P rate. The D/P
injury rate for frontal collisions may be estimated
from the D/P rate of all accidents using a multiplier
of 1,5. This seems to be a realistic value. The con-
clusion of these figures is that the driver’s danger is

very high in case of frontal collision, the D/P fatal-
ity rate is between 10-100 and the D/P rate of seri-
ous injury could be in the range of 8-20. On the
other hand the driver is a key person in the case of
an accident. He has to control the bus after the
frontal collision to avoid more dangerous situations,
he is the only skilled person who knows what to do,
he can help to the passenger to evacuate the bus if it
is necessary, etc. So the driver’s protection has a
first priority.
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Fig.3. Partial impact with pole like object

2. PROTECTION OF THE DRIVER IN THE
DRIVER’S COMPARTMENT.

Thinking about an international safety regulation
for driver’s protection in case of bus frontal acci-
dent the following problems should be considered
and discussed:
• which are those realistic accident situations in

which the driver shall be protected, in which a
certain survival space shall be assured, or in
other words standard accident(s) shall be de-
termined

• how to define a survival space in the DC, into
which no structural elements penetrate during
the standard accident. The difficulty is caused
by the steering wheel and column, because they
are already in the possible survival space be-
fore the collision.

• how to keep the driver in the survival space
during the standard accident(s).

• how to avoid unacceptable high biomechanical
loads on the driver during the standard acci-
dent(s)

• how to derive good approval test (or tests)
from the standard accident(s). Good approval
test means relative simple, not to expensive,
repeatable test method

To apply a partial impact load on the DC raises an
important problem: the position of the DC in height
(related to the road level) may vary in a wide range
in the different bus constructions. Fig.4. shows
examples including low-floor (LF) buses (and dou-
ble decker coaches) where this position is low and
high decker coaches (HD) as the other extreme. The
position of the DC may be characterized by the
height of its floor level (h) just under the driver
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Fig.4. Different positions of the driver compartment

Fig.5. Position of minibus driver compartment Fig.6. A bus without front wall after head on collision

seat, which could be different from the floor level
of the passenger compartment if there is an elevated
platform in the DC. Fig.4. shows a range h=550 –
1300 mm. If we are generally speaking about buses,
the minibuses should be also considered, where h =
250 – 300 mm is a realistic figure (See Fig.5.) Be-
longing to the height position of the DC two other
constructional features shall be considered, too:
- the stiffness (load bearing capability) of the DC

is much higher – with one or two orders – un-
der the floor level than above it. This is due to
the longitudinal beams of the underfloor struc-
ture, the bumper system, the reinforced brack-
ets of the steering and suspension systems and
the floor structure of the passenger compart-
ment in the front overhang, which is rigid in its
plane. All of these structures and structural
elements are in or below the floor level. This
can be seen on Fig.6. The bus had a frontal col-
lision and the reparation of the damage is just
started. The first step was to cut down the
damaged front wall. The dense, compact struc-
ture below the DC floor is well illustrated on

the picture. The stiffness of the underfloor
structure depends on the height position of the
DC (h) and roughly it can be said that bigger
height stronger, stiffer structure. Above the
floor level only the front wall can offer resis-
tance to the dynamic impact load and if the DC
has a side door, the side wall cannot support it.

- The stiffness of the DC depends on the direc-
tion (angle) of the impact load. Generally it can
be said that bigger impact angle results less
stiffness.. This statement has a stronger validity
if the impact load is acting above the floor
level and there is a side door on the DC.

3. APPROACHING THE BASIC REQUIRE-
MENTS

3.1. Standard accident situations.

To define appropriate accident situations – in which
the protection of the driver shall be assured – is not
too easy. The main mechanical parameters to be
considered are the impact energy, the impact force
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and the belonging deformation. First of all it is
necessary to emphasize that in the case of a dy-
namic partial frontal impact on the DC of a bus,
having a certain impact speed, the total kinetic
energy is not absorbed by the DC itself. The follow-
ing situations and energy conditions could be con-
sidered as standard collisions:
a) Colliding a car, or van under a certain angle.

The bus pushes this vehicle and the kinetic en-
ergy of the collision is absorbed - beyond the
deformation of the DC – by the further motion
of the vehicles (braking, friction work, etc.)
and the deformation work of the car or van.

b) Having a frontal collision with another similar
heavy vehicle (having a certain angle or offset
in the collision) Both vehicles get structural de-
formations and have further motion with
changed direction absorbing the kinetic energy
of the collision.

c) Rushing offset into the loading platform of a
truck from the back. Both vehicle get structural
deformation and the truck is pushed away.

d) Hitting a rigid wall (or wall like object) under a
certain angle. The bus is running away with a
changed direction while the DC is deformed.

e) Hitting a pole-like object, the pole itself ab-
sorbs a certain energy and also the bus may
have certain further motion when the pole
breaks down.

The certain angle could be in the range of 0-45o,
meaning that the dynamic impact load is acting at
the corner of the front wall. The conclusion of this
brief analysis shows that although the energy ab-
sorbed by the DC depends on the masses of the
vehicles (objects) being involved in the collision as
well as on the relative impact speed, but this func-
tion is not a well defined equation. In the case “a”
and “c” the impact on the DC is limited to a certain
area according to the extension of the partner vehi-
cle. In case “b” and “d” the impact force is distrib-
uted along a total height of the DC and it could be
represented by a large rigid plane. In case “e” the
impact force is acting along a vertical line.

3.2. Survival space

The concept of survival space is used in the ECE
Reg.29. for the driver [7] and also in Regulation 66
(Required strength of bus superstructure in case of
rollover accident). The definition, given in the re-
vised version of Reg.66. is the following: “Survival
space means a space to be preserved in the passen-
ger’s and driver’s compartment to provide better
survival possibility for passengers, driver and crew
in case of rollover accident.” On the basis of this
definition, considering the usual structural deforma-
tions in a rollover accident, the survival space has
been geometrically specified. In the case of frontal
collision, involving the DC, the definition of the
survival space described above should be extended.

The consideration of this extension is based on the
fact that this survival space shall be preserved only
for the driver, who is a key person in an accident,
he can help to the passengers to avoid the panic, to
help in evacuation, etc. So the definition could in
this case: “Survival space means a space to be pre-
served in the driver’s compartment to provide high
level survival probability for the driver (without
serious injury) in case of standard frontal collision
as well as to provide easy way to leave the DC after
the collision.”. In other words it means that no
structural parts may intrude into this space as con-
sequence of the collision, and obstacles – caused by
structural deformations – shall not prevent the
driver in leaving the DC. Fig.7. shows modern, up
to date DC arrangements with inner doors which
could be blocked by structural deformations. It is
clear that if these doors are blocked, it is very diffi-
cult to leave the DC, even if a certain survival space
remains for the driver after the collision. The vol-
ume of the survival space depends on the extent of
the driver’s body (e.g. 95% representation of the
drivers population) and also on the restraint system
(seat belt) which allows a certain, limited motion
for the driver. The major difficulty when defining
the survival space is caused by the steering column
and wheel. These structural elements are already in
every survival space before the collision, but their
deformation and displacement can cause tragic
injury to the driver. (This is illustrated on Fig.1.,
Fig2 and Fig.3.) Beyond the steering wheel and
column, the dashboard, the instrument panel, the
waistrail under the windscreen, the foot plate with
the pedals may penetrate into the survival space. A
certain proposal has been already presented for this
survival space [3] but it should be developed be-
cause it does not fully cover the definition given
above.

3.3. Restraint systems for the driver

To keep driver in the survival space in frontal colli-
sion needs the use of restraint system. This system
to days is a 3pt seat belt which is fixed to the
driver’s seat. Hopefully in the future airbag system
will be developed for bus drivers, too. There is no
international regulation for driver’s seat equipped
with seat belt, no international requirements how to
check the biomechanical limit loads on the driver.
One solution could be the extension of ECE Reg.80
(Strength of bus passenger seats and their anchor-
ages in case of frontal collision) to the driver’s
seats, too. There are two different philosophies to
protect the driver in the DC:
− to keep the driver in the survival space and

develop a strong DC preventing large scale de-
formations and any structural intrusion into the
survival space
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Fig.7. Modern DC arrangements with inner side doors

− together with the structural deformation of DC,
to pull out the driver from the deformed zone
of the DC In this case the restraint system, the
biomechanical loads shall be adjusted to this
situation. This philosophy leads to the concept
of the safety platform, which is a rigid in its
plane. The driver seat and the steering column
(together with the steering wheel) is fixed to
this safety platform. When the dynamic impact
force acts on the front wall causing structural
deformation, the rigid safety platform is pushed
back in the DC, together with the driver seat
and the driver, providing the survival space.
Dynamic pendulum tests proved that this con-
struction works well [1].

4. POSSIBLE APPROVAL TEST METHODS

The international passive safety regulations are
based on the approval test(s) and the belonging
requirements. Therefore it is interesting to consider
the possible test methods, their geometrical ar-
rangements and the belonging questions.

4.1. Static or dynamic test?

First of all it shall be said that both kind of tests are
used in different passive safety regulations.
The statistic tests are much simpler, less expensive
and they are applicable mainly when components,
structural parts or units are tested. Static test is used
e.g. for the approval of front underrun protective
devices of heavy trucks. [6] Fig.8./a shows a static
test of a waist rail under the windscreen of a bus,
simulating a pole type intrusion. The position of
this element in the DC structure can be seen on
Fig.9/b. (after a pendulum impact test) Fig.8/b
shows this waistrail part after a real frontal collision
with a pole.
The dynamic test of the DC may have different
versions:

• Collision test with complete vehicle against a
fixed, rigid barrier having a prescribed geome-
try

• Hitting the DC by a moving trolley with a
prescribed geometry

• Hitting the DC by a pendulum with a pre-
scribed geometry

In these last two cases theoretically the DC can be
hit on complete vehicle, too, but considering the
cost and repeatability requirements the test of a
fixed DC seems to be more appropriate. The pendu-
lum test is already used in the international practice
to approve the strength of truck cabs [7]. Fig.9/a
shows the arrangement of a pendulum impact test
of a bus DC, which is fixed to the ground. Fig.10
gives the geometry of this pendulum test.

4.2. The position and direction of the impact

If the goal is to specify approval test for all kind of
buses, including minibuses, too (see Fig.5) different
pendulum tests should be specified:
• For small buses (minibuses) saying that if the

total width of the bus is smaller than e.g. 1,8 m,
the pendulum impact test shall be extended to
the whole front wall (see Fig.11) if the impact
direction is parallel to the longitudinal centre
plane of the bus.

• For bigger buses only a partial impact test
could be used as specified on Fig.9 and Fig.10.

The direction of the impact, the angle of the impact
force should be the responsibility of the Technical
Service, (TC) they can decide this impact parame-
ter. TC may study the structure of the DC, the con-
struction as a whole and choose the most dangerous
impact angle. On the other side it means that only
one impact approval test is needed. Fig.12 shows
the arrangement of a pendulum impact test having
an angle of 45o.
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Fig.8. Static test of the waistrail of a DC under the windscreen

Fig.9.Pendulum impact test of DC

The impacting surface of the pendulum shall be a
rigid plane. The dimensions of this plate as a mini-
mum could be 700*700 mm, but as a maximum
1000*1800 mm may be also considered. The height
position of the impacting surface is a sensitive
question. There are three major possibilities to
determine the height position of the impacting sur-
face (the position of its lower edge):
− related to the nominal ground level on which

the bus stands. The DC also has a height posi-
tion above the ground level so their relative po-
sition is unambiguously determined

− related to the R point of the driver seat.
− related to the floor level of the passenger com-

partment at the front door (or in the front over-
hang)

Fig.10. Geometrical arrangement of the pendu-
lum impact test

The basic question to be studied and decided: which
part of DC’-s front wall shall have a certain
strength and energy absorbing capability? The
whole structure below the windscreen, or only its
“soft part”: below the windscreen but above the
floor level of the passenger compartment in the
front of the bus. The answer may be derived from
the standard accident accepted for the safety
evaluation of the DC. If the standard accident (off-
set or angled) involves collisions with:
a) rigid walls, wall like objects (fences), bigger

cars, vans, front wall of other heavy vehicles
b) trucks, lorries running into the rear part of their

loading platform
c) both cases “a” and “b”
d) pole like object
the solution should be different. Simulating case
“a” the pendulum shall impact the whole DC struc-
ture below the windscreen, in case “b” only the
“soft part” of the front wall shall be tested. The
most general solution – see case “c” – could be a
combination of an impact test on the whole DC
structure together with an additional static test on
the “soft part”. Case “d” needs a special test, it can
be either dynamic or static. This analysis shows that
the optimum solution needs three different, inde-
pendent approval tests to protect the driver in the
case of a partial head on impact: a pendulum impact
test and two additional static test. The position of
the loading devices and the direction of the loads
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Fig.11. Pendulum impact test on small buses

Fig.12. Pendulum impact test with an angle of
45o

shall be determined by the Technical Service con-
ducting the approval tests.

4.3. Energy conditions

Let us consider two kind of bus frontal collisions.

If a smaller vehicle (car, van, limousine, etc.) hits
the DC of a standing bus, the energy to be absorbed
by the DC (without damaging the survival space) is:

( )c1mv
2

1
E 2 −= …1

where: m is the mass of the impacting (smaller)
vehicle, v is its impacting speed and c is an energy
factor showing the ratio of the energy dissipation
(energy absorbed by the distortion of the smaller
vehicle, by the further motion of both vehicles, by
oscillations in both vehicles, by elastic deforma-
tions in both vehicles, etc.)
If a bus having a mass M hits a rigid wall with a
speed V, assuming that there is no energy dissipa-
tion, all the kinetic energy is absorbed by the DC
structure, we can determine an equivalent impact
speed, assuming the same energy absorption ex-
pressed in Equ.1.

)c1(
M

m
vV −= …2

Assuming that c=0,5, Fig.13/a shows the equivalent
bus impact speeds for different mass ratios. Table

II. gives some ideas about the possible masses. The
mass ratio m/M=0,19 on Fig12/a represents the
situation when we compare a loaded van to a
loaded large bus. Fig.13/b gives an idea about the
order of the energy to be absorbed by the DC if it is
hit by a loaded van, having different impact speeds,
and assuming again that c=0,5. The pendulum im-
pact test described on Fig.10. represents an energy
input of 40 kJ. This energy was used only for test-
ing the “soft part” of the DC. The required pendu-
lum energy in the approval test of truck driver’s cab
is 30-45 kJ depending on the total mass of the
truck. [7]. These considerations and figures are
good milestones to specify in the future the pendu-
lum impact tests of bus DC.

Fig.13. Energy conditions of DC impact

Vehicle masses Table II

m[kg] M[kg]
Light, small car 1000
Heavy, big car 2000
Loaded van 3500
Small, loaded lorry 5000

loaded minibus 2.500
loaded small bus 5.000
empty large bus 10.000
loaded large bus 18.000

5. CONCLUSIONS

• The bus drivers have a vulnerable position in
the DC, when the bus is involved in a partial
head on impact. International regulation is
needed to protect the seriously endangered
drivers.

• The first step on the way to prepare an inter-
national regulation is to determine standard
accidents and to find good definition for the
survival space in which the drivers have to
be protected.

• The approval tests may be derived from the
standard accident situations. Three kind of
(independent) approval tests seem to be
needed to solve this problem: one general
pendulum impact test, one pole-like intrusion
test and one test on the “soft part” of the DC.
These last two tests could be static loading
test.

• The energy conditions of the approval tests
(e.g. energy input, produced by the pendu-
lum, energy to be absorbed by the DC, etc.)
may be also derived from the accepted stan-
dard accidents.
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ABSTRACT

Annually within the European Union, there are
over 40,000 road accident fatalities and 1.6 million
other casualties and the majority of these are either
the occupants of cars or are in collision with a car.
The European Commission now has competency
for vehicle-based injury countermeasures through
the Whole Vehicle Type Approval system. As a
result of this, the Commission has recently
recognised that casualty reduction strategies must
be based on a full understanding of the real-world
accident data in conditions broadly representative
of the European Union and that vehicle safety
countermeasure effectiveness must be properly
evaluated.

To this effect, a new study known as PENDANT
(short for Pan-European Co-ordinated Accident and
Injury Databases) commenced in January 2003.
This study is developing a co-ordinated set of
targeted, in-depth crash data resources to support
European Union vehicle and road safety policy.
Over the course of the next three years, around
1100 investigations of crashes involving injured car
occupants will be conducted in eight EU countries
to a common protocol. The data will be further
enhanced by the linking of hospital and police
information to provide additional data on the trends
and injury patterns of over 60,000 road users of all
types.

This paper describes the methodology and purposes
of the study and expected impact within the
European Union. It is expected that the end result
of the study will be a co-ordinated system to inform
European vehicle safety policy in a systematic
integrated manner. Furthermore, the results of the
data analyses will provide new directions to
develop injury countermeasures and regulations.

INTRODUCTION

Annually within the European Union, there are
over 40,000 road accident fatalities and 1.6 million
other casualties. Such accidents cost the
Community over 160 billion Euros annually. If the
additional road toll of approximately 23,000
persons killed each year in the EU’s associated
states were to be taken into account, the annual
socio-economic cost would be around 250 billion
Euros.

The majority of those killed or injured are either
the occupants of cars or are in collision with a car.
Recently, there has been recognition of a need to
reduce the numbers of those killed and seriously
injured on the roads across the EU. In 2002, the EU
adopted as a target a 50% reduction in fatalities by
the year 2010.

Since the Maastricht Treaty was formalised in
1992, the European Commission has assumed
competency for vehicle-based countermeasures
through the Whole Vehicle Type Approval system.
However, casualty reduction targets and strategies
need to be based on a full understanding of the real
world in conditions that are representative of the
EU as a whole. Accident studies are an essential
part of this process. However, harmonisation of
general activity within the EU has historically been
limited by language and cultural differences.
Therefore approaches to accident study
methodology differ somewhat between member
states.

Until now, there has been no co-ordinated EU
mechanism available to the Commission to provide
a suitable resource with which to support new
safety actions and to provide feedback. A major
gap concerns the availability of Pan-European data
on injuries and their causation for qualitative and
quantitative support for European policy although
such an approach was proposed by Thomas et al
(1996).

Recently, as part of the harmonised approach to
accident data collection, as from the 1 January
2003, the Pan-European Co-ordinated Accident and
Injury Databases (PENDANT) study commenced
in Europe. The study will provide new levels of
vehicle crash and injury data to support EU vehicle
and road safety policy formulation by developing
two new European data systems and development
of accident data collection protocols. Whilst the
study concentrates solely on protection of vehicle
occupants, it is expected that the infrastructure that
is being developed for the study will be used to
study protection of other road users such as
pedestrians and motorcyclists.



METHODOLOGY

Essentially, the PENDANT study is divided into
three programmes of activity and these are now
considered in turn.

Work Package One - Development of accident
investigation tools and procedures

The Purpose of this programme is to develop
methods to ensure that in-depth accident and injury
data collected by several organisations is directly
comparable. In particular, two tasks address the
harmonisation needs of the fundamental crash
parameters of collision severity and injury outcome
required for Work Programme two and three
described below. The remaining task addresses the
need for new analytical methods to ensure accurate
casualty reduction estimates from the
geographically distributed datasets developed in
Work Programmes two and three. This Work
Programme is divided into a number of tasks as
follows.

Task One

The STAIRS Project (Thomas et al, 1996)
identified a lack of harmonisation over collision
severity assessment as a major limitation regarding
the comparison of crash test speeds with real
crashes. The objective of this task is firstly to
develop methods and guidelines for the
reconstruction of road traffic accidents to be used
by the different research groups who will perform
these types of reconstructions in Work Programme
two.

Secondly a database will be developed which
includes the main information about available
public domain crash tests (for example, Euro-
NCAP). This database will provide available
information about the acceleration characteristics
of the vehicles, occupants and injury criteria as
well as intrusion data with well-documented
photographs for deformation assessment.

Thirdly, methods will be developed for determining
the comparability and accuracy of reconstruction
methods. The desired results of such a
reconstruction are the determination of (pre-) crash
speeds, the speed changes caused by the crash (∆v)
and the energy dissipation from the deformation
during the crash (EES, EBS) of all involved
vehicles as well as avoidance considerations like
avoidance speed, deceleration or reaction time.
Furthermore, the work will be linked to other
existing studies. The methods assessed will
comprise all of those routinely used in the studies
including scene-based, energy-based and crash
recorder-based methods. The relevance of each
measure for each collision type will be defined.

The applicability of the various methodologies will
be validated on existing results of a sample car to
car crash test as well as on test results which are
already available, like the EuroNCAP crash tests
(for absolute comparison) and real world crashes
(for relative comparison). Computational methods
will provide further verification of the
methodologies and analytic methods will be
developed to estimate the normal confidence limits
of each technique.

Specific reference will be made to the use of smart
technologies to collect and retain information about
the crash (“Black boxes”, “crash recorders”). The
Task will examine current capabilities and identify
the main obstacles to their wider implementation.

Task Two

Measurements of injury outcome are the second set
of fundamental crash parameters accompanying
collision severity estimates. This task addresses the
accepted injury scale measuring threat to life
(Abbreviated Injury Scale) and makes
recommendations for harmonised application to in-
depth injury data and improved relevance to field
data.

The methods used will include a review of injury
coding methods, identification of the limits of the
available scales, identification of areas of
divergence in application and develop proposals for
improved methods. These proposals will be
incorporated within the injury scaling conducted
within programmes two and three.

Task Three

Policy decisions over the relative benefits and costs
of different casualty reduction methods rely on
comparable estimates of injury and casualty
reductions in the crash population. This task will
develop and validate a harmonised analytic
procedure that has general applicability to both
injury and accident causation countermeasures. The
methods will utilise the data collected in
programmes two and three as well as available
accident data to predict casualty reductions for the
EU based on the prevailing accident and injury
distributions. The methods will include engineering
assessments of the effectiveness of the technologies
under well-defined conditions that will then be
expanded to the full range of crash circumstances
seen in the real world.

In a first step, a statistical analysis will be
performed to compare the casualty of single
accidents of cars with and without Electronic
Stability Programme (ESP). In a second step the
most well documented 30 (if available) single car
accidents with cars not equipped with ESP will be



identified by the first analyses from the in-depth
database collection in programme two. These
accidents will be additionally investigated and
reconstructed. In comparison, each case will be
simulated with the assumption that the cars are
equipped with ESP. The differences regarding
accident avoidance or severity as well as reduction
of injury risk will be investigated and the
effectiveness will be documented.

The influence of engineering countermeasures will
also be investigated using a general simplified
multi-body car model for the collision phase which
will be used to predict the acceleration,
deformation and intrusion behaviour of the cars
involved in a real world accident. The possibility of
adapting this multi-body model to specific car
makes and models will be explored. The validation
of these models will be based on the crash test
database developed in task 1. The simulation
results of this new tool can then be used as input
for occupant simulation to predict injuries or the
effect of engineering countermeasures on the injury
risk of the occupants. Statistical methods will be
developed to relate the individual injury reductions
to the complete crash population.

Work Package two – Development and analysis
of a representative in-depth crash injury
database for car occupants and pedestrians

This work package brings together the resources
and infrastructures of existing accident and injury
investigation groups to build a demonstration
European Crash Injury database. There will be
capacity for continuation after the completion of
the main project such that a central European
resource to inform road and vehicle passive safety
decisions and policy-making will be available. It is
directly complementary to Work Programme three
and will utilise the results of Work Programme one.
When established this database will be used to
examine the injury prevention priorities for future
action and to provide feedback to casualty
reduction measures such as the EuroNCAP rating
system.

The objectives of the Work Programme are:

1. To enhance the STAIRS methodology (Ross et
al, 1998) to develop a dictionary of data fields
for both passive and active safety;

2. To develop a system to investigate the causes
of injuries based on the STAIRS methodology
in eight countries;

3. To develop a standardised, demonstration
database system to facilitate data entry and
combined analysis;

4. To investigate at least 1100 accidents
involving injured car occupants and compile
the data into the database;

5. To analyse the composite database and identify
priorities for future European regulatory and
other action.

This Work Programme is based around the main
data collection and database construction activity
and contains the supporting tasks necessary to
ensure that data is consistent and validated to the
levels specified in the STAIRS study. The level of
detail recorded for each case will be considerable
as the STAIRS protocol specified 400 variables
covering accident, vehicle, casualty and injury
attributes. These will be included in the dataset
together with the relevant CAREplus fields for
each crash so the resulting database will have a
substantially greater level of detail than CARE.
However, where possible, the common data
element definitions used in CARE will be used in
the data elements of the PENDANT database.
Furthermore, PENDANT will propose a list of
common data element definitions to be used in the
CARE system. The groups collecting the crash
injury data cover northern, middle and southern
Europe to give a representative range of accident
conditions. A special feature of the data will be the
case selection methodology that will be targeted to
cover newer vehicles to give data that has most
value for regulation and safety countermeasures,
unlike most other systems. Furthermore, crashes
will only be included in the sample if they involve
an injured car occupant. The data collected will be
analysed using the procedures developed within
STAIRS to give results that are representative of
the European crash population. The European
organisations responsible for accident data
collection are as shown in table 1 and the
geographical locations shown in figure 1.



Table 1.
Partners Involved in PENDANT Project

Organisation EU country
represented

VSRC,
Loughborough University
(PENDANT Co-ordinators)

United
Kingdom

Medical University of Hannover Germany

INRETS France

Chalmers University Sweden

INSIA Spain

Turku University Finland

TNO Netherlands

Technical University of Graz Austria

Figure 1. Geographical Location of PENDANT
Data Collection Centres.

Each team will collect the same data using the
same selection criteria and protocols. The data will
be fully compatible with the STAIRS protocols
although the precise data collection methods will
vary according to local requirements.

The database will provide the key tool for entering,
validating, accessing and analysing the data
collected. Database development will take place
over two phases, phase 1 will provide a basic data
system that permits each team to enter, modify and
store the data. The second phase will be the
analysis system that will evaluate and check the
data and provide a mechanism for analysis.

Work Package three – Harmonisation of
Hospital Data-bases

The objectives of the Work Package are: -

1. To review existing hospital data systems in
three countries with regard to comparability of
approach, commonalities and strengths of each
dataset;

2. To specify common data elements and sampling
requirements to support interpretation of the co-
ordinated datasets involving details of over
60,000 casualties;

3. To specify appropriate analytic methods to
facilitate co-ordinated analyses within the
constraints of confidentiality of personal
medical information;

4. To analyse the databases and identify priorities
for future European regulatory and other action

This Work Programme uses pre-existing hospital
based data and links it to other data such as police,
demographic or economic data to develop a new
level of detail and case numbers. The available data
comes from three sources in France, Netherlands
and Spain and covers all road user types.
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Figure 2. Level of Data in PENDANT Study.

The database will directly complement both the in-
depth data (high detail but fewer cases) and the
CARE data (low detail but many cases – figure 2).

Together the three countries’ datasets provide a
well co-ordinated European accident and injury
database system. Each provides a complementary
perspective on accident and injury causation.

In many countries, both on the national level and in
regional and local areas, accident data are already
available from medical sources, such as hospital-
based data. This type of data covers relevant injury
data (both in terms of description of the injuries
and in terms of injury severity), treatment data and
some general accident data of traffic casualties
admitted to hospitals. By linking or matching these
data to national (police based) accident data, other
detailed and relevant accident data become
available for analysis purposes. Further matching to
relevant vehicle data enables the user of these data

to study the full spectrum of traffic-accident data
(general data, injury data, and vehicle data).

Normally, the number of cases in a hospital based
data sample is far more than those from in-depth
sources. Furthermore, completeness and
representativity of hospital-based data can be more
simply achieved than in case of in-depth data. The
relevant injury data from these sources are
normally already available in formats complying
with international standards, such as ICD-codes
and AIS-codes, the latter being the preferred format
for use in analyses and comparison with results of
in-depth studies. For this reason, an attempt will be
made within this programme to link the available
hospital data (in Work programme 3) with the in-
depth crash injury data (collected in Work
Programme 2) in a uniform way although there are
a number of considerations that need to be made
including compatibility of the databases. The
hospital data is available from the following
sources (see Table 2).

Table 2.
Hospital Data Sources

Source Typical number of casualty
records per year

Years of data

INRETS, France

MUH, Germany

IMSP, Spain

11,000

40,000

17,000

Since 1996

Since 1992

Since 1997



Task One – Review of Existing Systems
The similarities and differences between the three
hospital based systems will be reviewed. Key
aspects include:

1. Identification of the system (system
identification properties, such as
name/acronym, owner/institute and general
description of the system, including area
covered and history)

2. Structure (structural properties such as annual
number of cases, main features of the system)

3. Sampling and selection criteria

4. Methodologies (how the data are gathered, what
protocols are used, which classification systems
are applied)

5. Content (listing of data elements, variables and
their definitions)

6. Application (List of publications concerning the
systems, results of analyses based on the data,
their representativeness etc.).

The opportunities from differences and similarities
of approach will be identified together with the
implications for comparative data analysis.

Task Two – Data Protocol Development
A harmonised set of data fields will be specified to
facilitate analysis based on new transformation
rules developed for each dataset. Where
information is available from the linked police data
this dataset will include the fields specified within
CAREplus so as to improve compatibility with the
wider EU databases.

A special feature will be the development of
harmonised statistical approaches to match police
and other data to the hospital data. Probabilistic,
direct matching by identifier, manual and other
methods will be assessed to specify the prime
requirements for the process to result in optimum
matching accuracy and efficiency. The three
partner countries have the data (hospital data and
police data) available for analysis as separate
annual data sets. The linking to each other (and the
linking to vehicle registration data) is a specific
item for which the infrastructure (method) has
already been developed, but for which this method
has to be applied to the data of recent years in this
EU-project.

Task Three – Data Analysis
The three datasets will be analysed to support the
policy and non-regulatory decision making of the
Commission. Precise subjects will be specified at

the time of analysis with the support of the EC but
are expected to address issues such as the trends
and patterns in the injuries of vulnerable road users,
the association between specific vehicle models
and injury (quantification of the “EuroNCAP
effect” for example) as well as other issues which
border onto a public health dimension.

Special consideration will be given to ensure that
observed differences between datasets are not
artefacts resulting from different procedures but
represent true differences in injury causation.

DISCUSSION

The growing demand for greater mobility in
European society has made individual
transportation an essential feature of modern living.
The motorised transport of people and goods has
grown to such an extent that 2,500 billion
kilometres are covered every year by motor
vehicles on European roads. With this traffic
increase, the risk of becoming involved in a serious
accident has also risen. As already stated, in the
fifteen member states of the European Union, each
year there are more than 40,000 people killed and
1.6 million injured, which represents an
unacceptably high burden on Europe’s society and
economy. The impact of road accident casualties is
a major public health problem for Europe.

The PENDANT project will contribute to better
protection of road users, in particular car
occupants. It is expected that the PENDANT
project will have a wide-ranging effect on scientific
and technological prospects in a number of areas. It
is hoped that there will be considerable
improvements in the understanding of the causation
of injuries to all road users in real-world crashes.
The investigation relationship between the injuries
themselves and the loads applied should provide
new information relating to the design of crash test
dummies and their instrumentation. The
knowledge of the real-world performance of
existing safety systems should help to improve the
safety benefit of new generations of technology, it
will also support the development of new methods
to assist crash test procedures and ensure good
crash performance in the laboratory means good
performance on the road.

It should be remembered that the growth of the
European Union with inclusion of ten new
accession countries (Czech Republic, Hungary,
Poland, Malta, Cyprus, Slovenia, Slovak Republic
and the three Baltic States) means that in years to
come, data collection should be expanded to a
number of other Centres to maintain representivity
of the European situation. Furthermore, whilst at
present, the study is limited to investigations of



passenger vehicle crashes, it is hoped that other
types of crash investigations involving pedestrians
in particular can be incorporated into the
PENDANT infrastructure.

The automotive industry has a corresponding
responsibility to reduce the individual suffering as
well as costs for society. By developing products
and methods that will reduce the risk of injuries,
significant benefits could be achieved in terms of
reduced injury costs and suffering.
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ABSTRACT

Recently, the crash-safety measures against the bus
crew and the passengers came to be requested by the
rise of demands for the crash-safety performances of
automobiles.
In Japan, the guideline for the bus crash test was
worked out in 1999. We started the research for the
further safety of bus passengers. We are examining the
bus crash safety which considers the actual situation of
the bus where the seat belt wearing is not obligation
for bus passengers. Sled tests of which the test
parameters were seat belt, seat interval, and posture,
etc. were done, the following conclusions are
proposed.
The first row passenger: Three point seat belt
effectiveness.
The second row and further back passenger:
Improvement of two point seat belt effectiveness.
In this report, the test results, the consideration result
of the current standard seen from the viewpoint of
international harmonization, and the current research
activities are described.

1. INTRODUCTION

Japan faces a grim situation in which approximately
9,000 persons are killed yearly in traffic accidents.
Investigations of safety measures to reduce the number
of fatalities are currently moving ahead in many
quarters [1]. Recently, the primary focus to improve
bus safety in Japan has been crash-safety measures for
passengers in frontal collisions. In 1997, the guidelines
were worked out to measure quantitatively the
effectiveness of passenger protection measures for a
large bus by crash testing [2].
Currently, we are working on passenger protection,
focusing on the installation of various equipments
attached to the seat and seat back. Some parts of our
study were presented in 2001 ESV [3].
Here we report the current problem and measures
based on sled-impact experiments simulating the bus
passenger seat as a result after that, as well as

coordination trends and problems for international and
Japanese standards.

2. BUS ACCIDENTS IN JAPAN

In Japan, head-on and rear-end collision accounts for
67% of the serious accidents involving large buses.
Most injured passengers seated in the first row were
injured by the partition. Furthermore, around 50% of
the passengers seated in the second and subsequent
rows were injured by hitting the seat back in the row in
front of them [4]. In Japan, bus passengers are not
legally required to wear seat belts. The seat belt
utilization rate probably does not exceed 10%,
although there is no data to quantify the seat belt
utilization by bus passenger in Japan.
We must therefore assume such a utilization rate to
examine the bus occupant protection during accidents
in Japan.
To examine accident injuries based on the current
seat-belt utilization, we conducted a sled test that
simulated the bus passenger seat. The test results
indicated that further seat-belt improvement is
necessary. We examined crash safety with regard to
such improvements and report the results in the
following.

3. SLED IMPACT TESTING

3.1 Sled test method
In the tests, a sled simulating a bus passenger cabin

(see Fig. 1; partition, service box, and first- and
second-row seats) is launched at high speed, and the
force of impact on various parts of seated dummies
(Hybrid-III) is measured. The sled-launching curve is a
guideline related to collision testing that Japan has
developed (delta-V, a 35 km/h, full-wrap frontal
impact). The test parameter are type of seat, seat belt,
seat-belt anchor position, seating posture and seat belt
type (see Table 1). In addition, we examined ECE R80
[5] from the viewpoint of international standardization
by sled impact testing.
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Figure 1. Test situation

Table 1. Test parameters

velocity (delta-V) 35km/h (guideline), 32km/h (ECE R80)

seat belt type 2-point ELR, 2-point fixing, 3-point ELR

seat belt anchor position standard (60deg.), modify (45drg.)

seating position first-row, second-row, auxiliary seat

seating posture normal, safty

Test parameter

Figure 2. Sled acceleration curves

3.2 Experiment results
Figure 2 shows the acceleration curve of the sled.
The acceleration curve for ECE R80 is somewhat
more severer than the regulation acceleration corridor.
However, the speed difference before and after the
collision (delta V) was assumed to be 32 km/h, the
same as for the ECE R80 standard.
Figure 3 shows one example of the dummy behavior
captured by high-speed video camera.
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0msec 20msec 40msec 60msec

80msec 100msec 120msec 140msec

160msec 180msec 200msec 220msec
Figure 3. Example of dummy behavior

(a) normal (b) safety (second row) (c) safety (first row)
Figure 4. Seating posture

In the test, the sled is launched from the right side of
the photograph and travels to the left side. The
dummy in the first row (right side of the photograph)
is wearing a three-point ELR seat belt wearing in the
standard posture. The passenger on this side of the
second row (left of the photograph) lowered the seat
back of the front seat to a reclining position and is
wearing a standard ELR two-point seat belt in the
standard posture. The passenger further away is
seated in an assistance seat peculiar to Japan and is
wearing a two-point fixed seat belt. The seat interval
is assumed to be 860mm. Seating posture is shown in
figure 4.
The current seat belt anchor position is 45 degrees
from the H-point and rotates 60 degrees from the
H-point (see Figure 5). Figure 5. Seat belt anchor position
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Figure 6. Example of electrical response data

Figure 6 shows the electrical response data for each
part of the dummy at the time measured in Figure 3
(first row dummy; wearing three-point ELR seat
belt).
The acceleration of the head begins to rise after about
25msec. About 25msec after the sled launch, the
femur load is negative due to inertia force. A high
peak load due to compressive force has not yet been
generated because the femur does not collide with the
partition until later.

3.3 Current occupant protection
The injury severity based on the current two-point
seat belt is plotted in a radar chart and shows in
Figure 7.

Figure 7. Comparison of HIC and maximum
values according to 2-point seat belt type

(first-row occupant)

The HIC value of the passenger wearing
the two-point fixed type seat belt in the
first row is especially high. This shows
that the protection when the head collides
is insufficient (depending on the dummy
behavior), even though a protection pad
has been added to the partition.

3.4 Seating posture
The injury severity when the occupant takes the
safety posture based on the current two-point seat
belt is plotted in a radar chart and shows in Figure 8.

Figure 8. Comparison of HIC and maximum
values classified by sit-down posture

(second -row occupant)

HIC and injury values have become small by taking
the safety posture. Therefore, the safety posture is
effective to the injury reduction for two point seat
belt. In Japan, the bus passenger does not have the
obligation that the seat belt wears. We think the
energy-absorption in the seat back of the front seat to
be important about the non-belted passenger.
Therefore, we think that the effectiveness
improvement of two point seat belt is also important.
It has been understood that the safety posture is
effective to the improvement of the effectiveness of
two point seat belt.

3.5 Investigation of seat-belt improvement
The injury ratings of the dummy when a three-point
seat belt is used for the first row are plotted in a radar
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chart and shown Figure 9.

Figure 9. Comparison of HIC and the
maximum values when wearing the 3- point seat

belt and 2-point seat belt (first-row occupant)

Use of a three-point seat belt prevents head collision
with the partition for first-row passengers, and HIC
decreases.
Next, the injury ratings for second-row occupants
wearing a two-point seat belt with a different seat belt
anchor position, the present two-point seat belt, and a
three-point seat belt are plotted in a radar chart and
shown in Figure 10.

Figure10. Comparison of HIC and the
maximum values for 2-point seat belt anchor

position etc. (second-row occupant)

Wearing a three-point seat belt reduces the head
injury of the second-row passenger. However, a
two-point seat belt with a different seat belt anchor
position is an effective second row seat restraint
system. We think that the occupant protection
improves because changing the seat belt anchor

position increases the seat belt effectiveness. Then,
we want to adopt two-point seat belt, considering the
seat belt wearing situation etc. in the second or
subsequent rows.
The protection of seat-belt wearing occupants is
improved based on the experimental result as
follows.
For first-row passengers, install and use a three-point
seat belt.
For passengers seated in the second or subsequent
rows, improve protection by modifying the two-point
seat belt anchor position.
In addition, when colliding, the safety posture
increases the effectiveness of the seat belt.

4. STUDY FOR INTERNATIONAL
HARMONIZATION

ECE R14 has been accepted for regulation in Japan
to support international harmonization. Three-point
seat belts must therefore be installed in buses.
However, bus passengers in Japan are not required to
wear seat belts. Therefore, protective measures based
only on seat belts are not enough. Adopting
energy-absorption devices such as seat backs in the
row in front is important for bus passenger safety.
Based on the sled test, a three-point seat belt should
be installed for passengers in the first row, and an
improved two-point seat belt should be installed for
passengers in the second and subsequent rows. ECE
R80 and ECE R14 should thus be adopted.

Here, ECE R14 and the Japanese regulation, which
is the standard for bus seat belt anchors, are
compared in Table 2.
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Table 2 Comparison of ECE R14 and the Japanese regulation

ECE R14 Japan ECE R14 Japan
Lap belt 7400±200N 2940N 4500±200N 2940N

Shoulder belt 4500±200N 2940N
C.G load M×6.6 �735+M/2�*4N M×6.6 �735+M/2�*4N

2-Point 3-Point

Belt type

��� �����

	�
����

� �� �����

	�
����

������������

Table 3 Comparison of the ECE R80 dynamic test and the guideline in Japan

Test condition

Velocity
(km/h)

HIC
Chest

3msecG
Femur load

(kN)

ECE R80 30 - 32 500 30 5

Guideline 35 1000 60 10

FMVSS 208
etc.

48 1000 60 10

Evaluation value

In the sled test, we apply a load of ECE R14 or more
to the seat belt anchor for the bus seat; the seat belt
anchor was not damaged in the sled test.
Next, the performance requirement for a dynamic test
of the ECE R80 and the guideline of the collision test
in Japan are compared in Table 3 with respect to bus
passenger safety.
The test condition of the guideline is 35 km/h, which
corresponds to the 95%ile of the bus accidents in
Japan. ECE R80, however, specifies 32 km/h, which
is lower than the guideline. The injury criterion of the
guideline (HIC, chest acceleration, and femur load)
adopts the same rating as general crash test methods
such as FMVSS208 [6]. The injury criterion of ECE
R80 is half that adopted in general crash test methods.
The testing condition and the injury criterion differ in
the guideline that Japan formulated and ECE R80.
The guideline and ECE R80 must be harmonized for
adopting ECE R80. The sled test executed in Japan
was based on ECE R80. The present seat satisfies the
injury criterion adopted in the guideline. However,
the present seat does not satisfy ECE R80 because

HIC exceeded the criterion (see Figure 11).

Figure 11. HIC and the maximum values
when testing it with ECE R80
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HIC is an algorithm (shown in formula 1) that
simulates a head tolerance curve [7], and the
proportional index of the acceleration of the 2.5th
power.

5.2

12
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1
)( 
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−= ∫

t

t
dt

tt
ttHIC α

(1)

Generally, HIC1000 is assumed to be an index
that evaluates the level of the concussion generated.
For instance, HIC can be related to the probability of
death [8]. HIC is thus an index for which it is
dangerous to exceed a certain level (see Figure 12).
The level is not HIC 500 but HIC1000.

Figure 12. Relation between HIC and the
probability of death

Testing conditions corresponding to the 95%ile of
bus accidents were established as a guideline, and the
possibility of injury is appreciable. The bus passenger
injury to which almost all bus accidents are assumed
by the criterion of HIC 1000, chest acceleration
60G-3msec, and femur load 10kN is appreciable. On
the other hand, it is necessary to clarify the injury
level for a range of accident assumptions that can be
evaluated based on ECE R80. It is therefore
necessary to examine the validity of the testing
conditions and the injury evaluation level to adopt
ECE R80.

5. SUMMARY

Based on the sled tests simulating the bus passenger

seat to improve the safety of bus passengers, it will
be useful to study the current bus passenger seat to
improve the seat belt.
Future studies will focus on the following.

Seat belt for bus passengers
1) We must adopt a three-point seat belt for
first-row passengers to reduce head injuries.
2) We should also optimize the two-point seat belt
anchor positions etc. for passengers in the second
and subsequent rows.

International harmonization
It is important to advance the harmonization of bus
crash-test guidelines and ECE R80, and to consider
additional safety requirements for bus passenger
safety.
However, it is necessary to reconsider injury criterion
such as HIC in ECE R80 considering the human body
tolerance.
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ABSTRACT 

Characteristics of cars, such as mass and age, play a 
significant role in crash severity, but their effect are 
difficult to quantify because of the great number of 
factors altering the outcome of a real world 
accident. In order to focus on the crashworthiness 
of cars, we examine risk factors of severity suffered 
by the drivers involved in two-car accidents 
recorded by the police between 1996 and 2000 in 
France. From them, we build three matched case-
control studies where both drivers have different 
severity levels: killed or injured vs. uninjured; 
severely injured vs. slightly injured; and killed vs. 
injured. Odds-Ratios are estimated by conditional 
logistic regression. 
The risk of being injured decreases with the weight 
of the car, coming to six times lower when driving 
a 1200 kg or more car compared to a 800 kg or less 
car. The risk of being killed rather than injured 
increases with the age of the car, reaching the 
highest value of height when comparing 1990 or 
before cars to the most recent ones. As expected, 
highest risks of death or injury are shown for side-
impacted cars, seat belt wearing is confirmed as 
being very protective and drivers of vehicles with 
frontal airbag are less often injured. The risk of 
being injured or killed increases with the age of the 
driver, and is higher for women. These 
characteristics of drivers are associated with both 
their way of driving and their capacity to withstand 
an impact, and it was then necessary to adjust our 
estimates on them. 
Our results show that recent cars provide a better 
protection, but confirm that the compatibility of 
cars with each other according to their weight is a 
big issue. It also corroborates the necessity of 
adaptative safety devices for taking the 
characteristics of a car occupant into account. 

INTRODUCTION 

For a car occupant involved in a road traffic crash, 
the outcome depends on the strength of the impact, 
the capacity of the car to protect them against this 
strength, the capacity of the occupant themselves to 
withstand the impact and the efficacy of the rescue 
organisation and the post trauma medical care. The 
strength of the impact, i.e. the energy disseminated 

inside the vehicle, depends on crash conditions, i.e. 
mainly on directional forces, involved masses and 
decelerations (and hence on speeds of vehicles at 
the time just before collision). 
The key issue when we are specifically dealing 
with factors linked to vehicle crashworthiness or 
relative frailty of its occupants, is to succeed in 
measuring these factors under non-experimental 
conditions while at the same time taking the 
strength of the impacts into account. Outside of 
using controlled experimental conditions, this 
target is impossible to reach but we can come close 
to it by comparing victims involved in the same 
accident. To this end, we choose to examine 
differences of severity suffered by the drivers of 
two cars which collide with each other. The basic 
idea is that these pairs of drivers have suffered 
impact's strength much closer on average than 
drivers involved in different accidents. This is also 
true for the rescue intervention and the post trauma 
medical care. The examination of within pairs 
differences allows one to highlight the influence of 
some characteristics of the driver and their car on 
their condition after the crash. These same 
characteristics are also examined for a second kind 
of accident: those involving a single car. This 
additional analysis allows a clearer interpretation of 
the results for the first kind of accident, we can 
discuss on the one hand what is purely due to the 
driver's resistance and their car in terms of its 
secondary safety, and on the other hand what is 
more the result of their behaviour. 
The aim of this research is to underline the 
differences in vulnerability of car drivers according 
to their age and gender, and according to some of 
the characteristics of their cars which are linked to 
their crashworthiness. 

MATERIALS AND METHODS 

Data 

The study uses road traffic injury accidents 
recorded by police forces between 1996 and 2000 
in France. Data computerized from these police 
records includes information on accident 
characteristics (location, date and time, weather 
conditions, type of collision, type of road, traffic 
conditions, roadway condition), vehicles involved 
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(category, age, car model identification number, 
impacted obstacle) and people involved (age, 
gender, occupational group, seat belt use). Contrary 
to similar data records in some countries, no 
estimates concerning energy equivalent speed or 
change of velocity during impact (Vallet et al. 
1999) are provided. 
Every person involved in a road accident is likely 
to be either killed, immediately or within the six 
days following the crash, or severely injured, i.e. 
whose health state requires more than six days of 
hospitalisation, or slightly injured, i.e. whose health 
state requires some medical care but no more than 
six days of hospitalisation. The data collection 
process also records non injured people since they 
were occupants of a vehicle involved in an injury 
accident, i.e. with at least one injured people. As 
every vehicle has a driver (the case where a parked 
vehicle is crashed into by another vehicle is 
separately recorded), we always know their 
characteristics even if he is not injured, which is 
more questionable for other car passengers. 
From our five observation years, we firstly select 
all accidents involving two cars (and only two), 
without any involved pedestrian. Among them, we 
select accidents where both drivers have different 
severity levels. Hence we build three matched case-
control studies: the first one with a killed or injured 
driver as the case and a non injured driver as the 
control; the second one with a severely injured 
driver as the case and a slightly injured driver as 
the control; and finally the third one with a killed 
driver as the case and an injured driver as the 
control. The resulting three accident samples do not 
overlap one another and allow us to examine the 
consistency of the results according to the observed 
severity level. This sample selection process leads 
us to exclude each accident in which the two car 
drivers have the same severity level. In this way, 
we are able to estimate the risk of being injured 
(rather than uninjured) even from our injury 
accident recording. This matching process, widely 
used in the biomedical area (Breslow & Day 1980), 
was firstly used for road accident studies by 
Hutchinson (Hutchinson 1982) and Evans. (Evans 
1986) Cummings recently summarized the relevant 
statistical analysis methods available (Cummings et 
al. 2002). 
A second analysis is carried out for accidents 
involving only one vehicle, always focusing on the 
driver. As only injury accidents are recorded, 
uninjured drivers are recorded only if there is an 
injured or killed passenger inside the car. Hence the 
previously used criteria "injured/uninjured" could 
be biased. Furthermore, police records tend to 
under-estimate non-fatal accidents when there is no 
third party (Laumon & Martin 2002). Consequently 
we only focus on the risk of being killed rather than 
injured in single-car accidents. 

Statistical analysis 

Concerning the three matched case-control studies, 
Odds-Ratios (OR) are estimated by the ratios of the 
two types of discordant pairs for the univariate 
analysis (Mantel & Haenszel 1959), and by 
conditional logistic regression for the multivariate 
analysis. The models are fitted with STATA 
(STATA 1999) and SAS Software (SAS 1999) 
after a data transformation explained by Holford 
(Holford et al. 1978) and Hosmer (Hosmer & 
Lemeshow 2000). The tables show OR maximum 
likelihood estimates and their 95 percent 
confidence intervals. Every quantitative variable is 
cut into n values, introduced in the regression as (n-
1) dummy variables and tested as a whole by 
comparing the likelihood of the two corresponding 
nested models (McCullagh & Nelder 1989). 
Concerning the single car accident analysis, OR are 
estimated with an unconditional logistic regression, 
with the same coding and test process. 

Available variables 

The severity difference between the drivers is 
examined according to three characteristics: on the 
one hand gender and age (divided into three age-
groups), and on the other hand the safety belt 
wearing. Cars are characterized by their first 
registration year. Each car model is also identified 
by a vehicle identification number necessary for 
French administration approval, but this number is 
not always available and sometimes wrong when 
compared to a reference list. As this specific 
information is missing for about one in two cars, 
this means that this information is only available on 
average for one in four two-car crashes. Therefore 
this leads to present two levels of analysis, the first 
one with the first year of registration only to 
characterize the car, and the second one with 
additional information available through the vehicle 
identification number, such as the weight, the 
power or the engine capacity, but for a smaller 
number of observations. 
Lastly, even if the matching process leads to equal 
accident conditions, it is still necessary to take the 
main impacted location on each car into account. 
This variable is cut into four categories: front 
impact (front, front right or front left impact), right 
side impact, left side impact (driver side in France) 
and rear impact (rear, rear right and rear left 
impact). In the end, the driver airbag equipment is 
known for a very low number of cars, but we test 
its effect and discuss this extra device for the two 
kinds of accidents in the corresponding sub-
samples. 

RESULTS 

Among the 633,590 injury accidents recorded in 
France by the police between 1996 and 2000, 
153,722 are two-car accidents. Drivers have 
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different injury severity levels for 97,153 of these 
accidents, which gives information for the matched 
data analysis. After removing observations with 
missing values (mainly because of seat belt wearing 
variable), the analysis is performed on 61,515 
accidents in which a single driver is injured, 6,337 
in which one driver is severely injured and the 
other one slightly injured and 2,546 in which one is 

killed and the other one injured. The distribution of 
these factors is shown in table 1 for all cars and 
drivers involved in two-car crashes. Distributions 
of variables are very similar in the three nested 
samples except for the first registration number for 
the most recent cars, which is due to a change in 
the codification of Vehicle Identification Numbers 
in July 1997. 

Table 1. 
Distribution of some characteristics for drivers and cars involved in two-car accidents, 

percentages, France, 1996 to 2000 
   All drivers  Matched drivers 

with different 
outcome (1) 

(1) and  
known car 

characteristics 
   % (N=307,444) % (N=194,305) % (N=89,233) 
Car 1990 or before 38.8 38.9 42.8 
 

First registration year 
1991-1992 13.5 13.4 16.4 

  1993-1994 13.1 13.0 15.5 
  1995-1996 14.8 14.8 16.9 
  1997-1998 10.0 10.1 6.6 
  1999-2000 4.1 4.1 0.6 
  Unknown 5.7 5.7 1.2 
 Front 69.9 69.7 70.8 
 

Main impact location 
Rear 13.4 13.3 12.2 

  Right side 5.4 5.1 5.4 
   Left side 7.6 8.2 8.8 
 Car weight Less than 800 kg 21.7  22.4 
  [800-1000 kg[ 41.6  40.9 
  [1000-1200 kg[ 23.4  23.1 
  1200 kg or more 13.1  13.5 
Driver Age (years) 18-44 67.6 67.1 66.8 
  45-64 23.9 24.2 23.7 
  65 and more 8.5 8.7 9.5 
 gender Males 68.7 67.7 66.6 
  Females 31.3 32.3 33.4 
 Seat belt wearing Yes 81.4 81.1 83.7 
  No 4.4 4.7 4.8 
  Unknown 14.2 14.2 11.4 

 
The model shown in table 2 includes all factors 
significant as a whole, as well as the age-gender 
interaction which is significant except for the 
sample comparing fatalities and casualties.  
Comparing cars from and before 1990, we observe 
that the risk of being injured decreases with the age 
of the car. This trend is sharper when we consider 
the more severe outcomes. Hence, the risk of being 
killed is about five times lower for a driver of a 
post 1998 year car, hitting (or being hit by) a pre 
1991 year car.  
For these two-car accidents, table 2 shows that the 
risk of the driver being injured is the lowest in the 
case of a front impact, chosen as the reference 
level. Let us note that this does not mean in any 
way that a front to front accident causes less severe 
consequences than an other kind of accident. The 
percentage of two-car accidents with at least one 
killed driver is greater than 4.3% for a front to front 
impact, 5.3% for a front to side impact, and slightly 

less than 1% for a front to rear impact. However, 
when impact locations are different, the probability 
to be injured or killed is lower for the front hitting 
car driver. The risk of being injured is higher for a 
rear impact. It is also higher for a side impact, 
especially for the driver side. The risk of being 
killed is very high in the case of a side impact. 
The interpretation of gender and age effects on the 
outcome is more complex because of the significant 
interaction between them. Concerning men, the risk 
of being injured increases with the age. This 
gradient is sharper for the risk of being killed, and 
the risk of being severely injured instead of slightly 
injured. Same trends are observed for women, but 
starting from a higher reference level. Compared to 
young men, the risk of being injured is four times 
higher for young women, the risk of being killed is 
around one and a half times higher and the highest 
risk (9.7) is for women aged 65 years or more. 
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Table 2. 
Two-car accidents – risk estimates of being injured instead of uninjured, severely injured instead of 

slightly injured, killed instead of injured. OR and 95% Confidence Intervals estimates with conditional 
logistic regression, France, 1996 to 2000 

Matched data  Injured/uninjured Severely/slightly 
injured 

Killed/injured 

  N=61,515 N=6,337 N=2,546 
   OR 95% C.I. OR 95% C.I. OR 95% C.I. 
Car 1990 or before 1  1  1  
 1991-1992 0.92 0.88, 0.95 0.64 0.57, 0.72 0.71 0.56, 0.90 
 

First 
registration 
year 1993-1994 0.79 0.58, 0.82 0.61 0.54, 0.69 0.51 0.41, 0.65 

  1995-1996 0.72 0.69, 0.75 0.50 0.45, 0.57 0.38 0.30, 0.48 
  1997-1998 0.62 0.59, 0.65 0.36 0.31, 0.41 0.21 0.16, 0.58 
  1999-2000 0.56 0.52, 0.60 0.30 0.24, 0.38 0.19 0.12, 0.30 
 Front 1  1  1  
 Rear 2.06 1.98, 2.13 1.30 1.06, 1.60 3.09 1.72, 5.54 
 

Main 
impact 
location Right side 1.39 1.32, 1.48 2.47 2.07, 2.94 12.13 8.33, 17.7 

   Left side 2.48 2.36, 2.60 4.06 3.45, 4.79 13.56 9.04, 20. 3 
Drivers Males 18-44 years old 1  1  1  
  45-64 years old 1.02 0.98, 1.06 1.27 1.13, 1.42 1.75 1.41, 2.17 
  65 or more 1.70 1.61, 1.79 2.95 2.50, 3.47 5.20 3.82, 7.09 
 Females 18-44 years old 3.94 3.80, 4.09 1.55 1.40, 1.72 1.49 1.20, 1.84 
  45-64 years old 3.96 3.76, 4.14 2.53 2.16, 2.96 2.96 2.16, 4.06 
  65 or more 4.92 4.48, 5.41 7.12 5.23, 9.68 9.76 5.58, 17.1 
 Yes 1  1  1  
 

Seat belt 
wearing No 5.89 5.41, 6.41 3.23 2.66, 3.92 7.46 5.43, 10.3 

Table 3. 
Two-car accidents – risk estimates of being injured instead of uninjured, severely injured instead of 

slightly injured, killed instead of injured. OR and 95% Confidence Intervals estimates with conditional 
logistic regression, France, 1996 to 2000. Model taking account of car weight 

Matched data  Injured/uninjured Severely/slightly 
injured 

Killed/injured 

  N=18,990 N=2,723 N=1,047 
   OR 95% C.I. OR 95% C.I. OR 95% C.I. 
Car 1990 or before 1  1  1  
 1991-1992 1.06 0.98, 1.13 0.75 0.62, 0.90 0.77 0.50, 1.17 
 

First 
registration 
year 1993-1994 1.01 0.93, 1.08 0.83 0.69, 1.01 0.63 0.42, 0.96 

  1995-1996 0.99 0.92, 1.07 0.67 0.55, 0.81 0.60 0.40, 0.91 
  1997-1998 0.90 0.81, 1.01 0.62 0.46, 0.83 0.32 0.17, 0.61 
  1999-2000 0.93 0.67, 1.29 0.53 0.23, 1.21 0.12 0.01, 1.12 
 Front 1  1  1  
 Rear 2.16 2.01, 2.31 1.30 1.11, 2.32 2.77 0.97, 7.92 
 

Main 
impact 
location Right side 1.35 1.21, 1.50 2.47 2.50, 4.42 16.50 8.11, 33.5 

  Left side 2.60 2.38, 2.84 4.06 4.08, 7.02 19.79 9.70, 40.4 
 Weight Less than 800 kg 1  1  1  
  [800-1000[ 0.57 0.54, 0.61 0.47 0.39, 0.56 0.45 0.29, 0.69 
  [1000-1200[ 0.34 0.32, 0.37 0.22 0.18, 0.28 0.12 0.07, 0.20 
   1200 and more 0.16 0.15, 0.18 0.11 0.08, 0.15 0.04 0.02, 0.07 
Drivers Males 18-44 years old 1  1  1  
  45-64 years old 1.27 1.18, 1.36 1.61 1.33, 1.94 3.60 2.36, 5.50 
  65 or more 1.71 1.55, 1.87 2.92 2.21, 3.86 10.24 5.60, 18.7 
 Females 18-44 years old 3.45 3.22, 3.69 1.68 1.42, 2.00 1.52 1.03, 2.34 
  45-64 years old 3.80 3.44, 4.18 2.63 2.04, 3.39 3.51 1.95, 6.33 
  65 or more 3.91 3.30, 4.64 5.37 3.34, 8.62 6.99 2.57, 19.0 
 Yes 1  1  1  
 

Seat belt 
wearing No 5.98 5.07, 7.04 3.89 2.84, 5.33 8.83 4.87, 16.0 
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Finally, as expected, non-restrained drivers are five 
times more often injured than restrained ones, and 
more than seven times more often killed. The value 
of the risk of being severely injured rather than 
slightly injured is curiously lower. 
In order to be more specific about involved cars, 
we use the vehicle identification number available 
in the data records. Due to missing values, this 
leads us to deal with three sub-samples with 
respective sizes of 18,990, 2,723 and 1,047 
accidents. The OR estimates after introducing the 
same previous variables are very stable and the 
corresponding table does not show added value 
compared to table 2. This stability is going to allow 
us to attribute possible changes to the factors we 
are going to add, and not to the lower number of 
usable observations due to the inclusion of these 
factors. 
Among the three additional factors available 
through the vehicle identification number, with the 
same additional parameters number included in the 
model and using the maximum likelihood as the 
statistical criteria, the car weight is the one most 
associated to the severity. This upper statistical 
significance was expected because the weight is 
associated both with the car speed capability and 
also with the dispersion energy impact capacity. 
The new model estimates are shown in table 3. 
As expected, all OR estimates are very close to the 
previous values, except for the first year of 
registration variable. The car age is no more 
significant according to the injured/uninjured 
criteria, but stays significant for the other severity 
criteria. The risk of being injured is six times lower 
for the driver of a car weighing more than 1200 kg, 
compared to a car weighing less than 800 kg 
involved in the same two-car crash. The risks of 
being severely injured or killed are much higher. 
Finally for the two-car crashes analysis, we 
consider the effect of a front airbag, which is 
becoming more and more available on the French 
market. From the technical information of the car 
manufacturers, we have identified models with 
front airbag or not for the most common cars. This 
information is known for 15% of crashed cars. 
Among them, 2,541 cars are equipped with a front 
airbag. This characteristic is introduced in the 
previous logistic model and the sample size is 
reduced to 1,977 accidents with drivers injured or 
not (the two other samples are too small to be 
statistically relevant). The risk of being injured, 
adjusted for all the other factors, is significantly 
lower when the car is equipped with an airbag 
(OR=0.56, 95% C.I.: 0.37, 0.83). This decrease is 
higher when we consider the sub sample with only 
the 902 front to front impacts (OR=0.40, 95% C.I.: 
0.21, 0.75). 

Additional analysis 

In order to be able to have a clearer interpretation 
of the results shown in table 3, we select single-car 
accidents. The results shown in table 4 are fitted 
with unconditional logistic regression for the 
29,794 single-car accidents. In order to take 
accident circumstances into account better (which 
was previously useless because of the matching 
process), we fit the model to the road type 
(motorway, main road, minor road, street) and the 
narrow fixed obstacle impact (tree, pole) in 
addition to the same previous factors. 
The age of the car has no significant effect on the 
severity. The risk of being killed is greater for 
higher weight vehicles. It is higher for side impact 
than for front impact, and much lower for rear 
impact (but this is a very rare case). The risk 
increases with the age of the driver, and is lower for 
women drivers. The seat belt wearing appears 
markedly protective. The front airbag device has no 
significant effect on the 9,178 single-car accidents 
for which this information is available. 

Table 4.  
Single car accidents: Risk for the driver to be 

killed according to some characteristics. 
Confidence Intervals estimates with 

unconditional logistic regression, France, 1996 
to 2000 

 Killed/injured  
 N=29,794 

   OR 95% C.I. 
Car ≤ 1990 1  
 1991-1992 1,08 0.96, 1.22 
 1993-1994 1.01 0.90, 1.15 
 1995-1996 1.05 0.93, 1.20 
 1997-1998 1.06 0.89, 1.28 
 

First 
registration 
year 

1999-2000 0.73 0.39, 1.37 
 Front 1  
 Rear 0.74 0.58, 1.03 
 Right side 1.74 1.48, 2.04 
 

Main 
impact 
location 

Left side 2.87 2.50, 3.29 
 ≤ 800 kg 1  
 

Weight 
 [800-1000[ 1.16 1.03, 1.31 

 [1000-1200[ 1.31 1.14, 1.50 
  ≥ 1200 1.29 1.09, 1.52 
Driver gender male 1  
  female 0.67 0.60, 0.74 
 18-44 1  
 

Age 
(years) 45-64 1.21 1.17, 1.26 

  ≥ 65 1.30 1.26, 1.35 
 Yes 1  
 

Seat belt 
wearing No 5.00 4.54, 5.26 

Also adjusted for road type and fixed obstacle impact. 
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DISCUSSION 

In traffic safety research, it is usual to classify all 
factors liable to change the occurrence or the 
outcome of a crash under three categories, either 
human, vehicle and equipment, or environment. 
Each of these factors is chronologically categorised 
as pre-crash, crash, or post-crash, giving a 3x3 
matrix defined by Haddon (Haddon 1972). The 
comparison between single and two-car accidents 
leads to some considerations on the driver's 
behaviour in the pre-crash period, and the outcome 
is dependent on the possible time of hospitalisation 
in the post-crash period. However, our study 
mainly focuses on the crash period about the 
human , and vehicle and equipment characteristics. 
Our results are based on police record data, which 
is known to be incomplete when compared with 
hospital based data (Laumon & Martin 2002). 
However, fatal accidents are quite well recorded in 
France as in other developed countries (Elvik & 
Mysen 1999) and our comparison between single 
and two-car fatal accidents should not be biased 
according to the outcome used. The fact that some 
discrepancies exist concerning the estimation of the 
length of hospital stay used to classify the level of 
severity (Laumon & Martin 2002) should not cause 
a bias either, as there is no reason that this could 
systematically and differently affect the two drivers 
involved in the same crash. 
Road accidents identified as suicides are excluded 
from police records, but hidden suicide intentions 
could be wrongly included especially for single car 
accidents. No data is available but some authors 
(Ahlm et al. 2001; Hernetkoski & Keskinen 1998) 
estimate the proportion of hidden suicide among 
accident data comprised between 2 and 8%, with a 
majority of male drivers. This could bias our 
estimates for single car accidents, but probably not 
in a significant way. 
The comparison between the severities suffered by 
the two drivers involved in the same accident 
highlights the differences in crashworthiness of the 
cars and in relative fragility of the drivers for 
(almost) the same impact. It then appears that, in 
the case of a collision between two cars, the 
heaviest one provides the best protection. This 
parameter has been shown more statistically 
relevant than the engine capacity and the power, 
which was expected as the impact energy 
dissipation is closely linked to the weight (Evans & 
Frick 1992; Evans & Frick 1993; Thomas & 
Frampton 1999). Because of the characteristics of 
cars associated with weight, such as stiffness, 
structure and geometry, we think that differences of 
severity observed are due to better protection of the 
driver of the heavier car but also to an increased 
risk for the driver of the lighter car. Our results, 
which take age and gender of the drivers into 

account in real world accidents, confirm this 
problem of compatibility between cars evaluated by 
many experimental and observational studies 
(Edwards et al. 2001; Gabler & Hollowell 2000; 
Zeidler & Knoechelmann 1998). 
 
Besides, cars seem to better protect their drivers 
when they are recent. This result was expected, as 
the recent developments of structures of cars focus 
on the increase of the impact energy absorption 
capacity, on the minimization of intrusion 
phenomena and on the improvement of their safety 
equipment (which allows car occupants to tolerate 
the fact that car structures are more and more stiff). 
However, it is important to point out that these 
changes have resulted on average in an increase in 
car weight, which is also due to comfort equipment 
(air conditioning, soundproofing), anti-pollution 
devices (catalytic converter) or increase in engine 
power. This positive correlation possibly makes the 
car age effect on the risk of being injured 
disappear, but the effect of the car age and the 
weight are still significant for the risk of being 
killed rather than injured, or severely injured rather 
than slightly injured, which shows that both are 
simultaneously important. The observed "dose-
response" effects, for the car age and its weight as 
well as for the severity criteria, are a strong 
argument to the results value, even if car 
characteristics are only defined by rough proxy 
variables.  
Furthermore, the impact location allows us to better 
take into account the impact configuration. In the 
case of a front to rear impact, the consequences are 
more severe for the leading car, in accordance to 
the study of Khattak (Khattak 2001). In the case of 
a front to side impact, the risk of being killed or 
injured is much higher for the side impacted driver, 
especially for their side. Further work is needed to 
measure a possible change in time for this kind of 
impact, but secondary safety engineers know that 
side impact improvements are very difficult to 
obtain. 
On the other hand, no difference appears due to the 
age of the car for single-car accidents, but the most 
severely injured drivers are more often in the 
heaviest cars. However, the examination of this 
type of accidents does not allow us to distinguish 
between the part of the severity due to the car's 
capacity to protect its driver and the part due to 
impact conditions, especially the running speed just 
before the crash (and hence linked to the way of 
driving). 
 
The differences in the results for the two types of 
accidents concerning the male and female drivers 
can be explained in a similar way: the risk of being 
killed rather than injured is shown lower for 
women than for men for single car accidents. This 
could be due partly to higher impact speeds for 
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male drivers, which are not considered enough in 
the logistic model by the simplistic road type 
effect. On the contrary, by adjusting for the 
impact's strength, the matched study on the two-car 
crashes highlights the higher fragility of women, 
varying according to the severity criteria 
considered and the age group. This difference has 
been shown by many authors from fatality accident 
records (Evans 2000; Foret-Bruno et al. 1990; 
Mannering 1991). For the particular women group 
aged 18-44 years, the high value for the risk of 
being injured could be due either to an 
overestimation of their injury severity by the 
police, or to the consequence of an underestimation 
by men of the same age group of their own 
condition (Arènes et al. 1997). This higher frailty 
of women can be explained by biomechanical 
considerations, such as a lower capacity to endure 
impacts, which has been experimentally shown for 
instance for thorax bones (Foret-Bruno et al. 1990), 
or by the differences in mass or stature. 
Osteoporosis could be another explanation of the 
higher relative risk for older women, but further 
study is needed to estimate its real effect, with 
more specific information on bone fracture 
occurrence. The fact that no significant interaction 
between seat belt wearing and gender has been 
shown is contrary to the hypothesis that the 
difference in seat belt wearing habit could be an 
explanation of the difference in frailty between 
genders. Compared to men, women, on average, 
drive smaller cars and more often in urban areas. It 
is then essential to take these factors into account to 
show the real difference between men and women, 
which has been done with the design study and the 
multivariate analysis. 
Concerning the age effect, the significant age-
gender interaction leads to two separate Odds-
Ratios for men and women. The severity increase 
according to age, shown by many authors (Evans 
2000; Li et al. 2002), is confirmed for the two 
genders, and is highest when considering the risk of 
being killed. It is important to point out that driver 
age and gender effects shown in this study do not 
concern effects of these factors on the probability 
to be involved in an accident, as this is dependant 
from the exposure (kilometres driven), the road 
type or the driving behaviour (running speed, risk 
taking, etc.). These aspects have been studied by 
other authors (Claret et al. 2002; Dellinger et al. 
2002; Li et al. 1998; Massie & Williams 1993; 
Perneger & Smith 1991) in order to measure the 
global effect of these factors on the road safety. 
 
Even if the quality of the seat belt wearing 
information is known as being far from perfect, the 
seat belt effect is indisputable for the two types of 
accidents, as widely shown in many papers 
(Chipman et al. 1995; Cummings et al. 2001). 
Finally, even though the information on airbag 

equipment is often missing, the vehicles equipped 
with an airbag are shown to give better protection, 
in accordance again with many studies (Barry et al. 
1999; Braver et al. 1997; Evans 1989). This benefit 
is shown higher for front to front impacts, which 
was expected, as front airbags are made to expand, 
above some deceleration threshold, in case of a 
frontal impact and not for a side impact. This result 
is interesting, as it is shown for equivalent impact 
conditions between two vehicles, but the available 
information is not specific at all, as we do not know 
if the airbag really expanded during the crash. More 
than the airbag effect, it is better to interpret it as a 
global effect for an airbag equipped car, since this 
equipment has often been put in at the same time as 
vehicle structure changes were made. 
To sum up our results, modern cars seem to offer 
better protection to their drivers, and probably to all 
their occupants, but this improvement is only 
shown for the comparison of drivers involved in the 
same collision and not for the single vehicle 
accidents. A lot of authors have described changes 
in the behaviour of people driving potentially safer 
cars, or driving in safer traffic conditions (Fosser et 
al. 1999; Martin 2002). Many drivers keep their 
perceived risk constant, which can cancel (and even 
inverse) the potential benefit brought by vehicle 
and infrastructure improvements, because of an 
increase in running speed or a lower attention level. 
This homeostatic risk phenomenon could widely 
explain the observed differences between the two 
kinds of accidents. 
 
If recent cars seem to provide a better protection, 
the compatibility of cars with each other is shown 
as a big issue, as the lighter car is very 
disadvantaged compared to an heavier one in the 
case of an accident. The observed severity is higher 
for male drivers and heavier cars in single vehicle 
accidents, when the matched two car accidents 
study shows that men are more impact-resistant and 
that heavier vehicles offer a better protection. Thus 
we could think of an ideal scenario which could 
minimize the consequences of an accident: a driver 
having the "young man crashworthiness", driving 
on average more like a woman than a man, with a 
modern (but light) car. The change in driver 
behaviour, especially for a more accurate risk 
perception and speed adjustment is the most 
difficult objective to achieve. For lack of 
improvement of car drivers physical resistance, car 
manufacturers still have to be encouraged to 
continue theirs works towards adaptative safety 
devices, such as "intelligent" expanding airbags or 
seat belts able to take the characteristics of a car 
occupant such as their weight or their seat position 
into account. 
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ABSTRACT 
 
The improvements of car safety have focussed from 
frontal to side protection during the 90ies. 
Currently rollover protection is one of the ongoing 
next steps. Existing and modified hardware like 
seat belts with pretensioners and side airbags are 
able to protect car occupants in rollover crashes 
well. Enhanced safety hardware products and 
strategies are in production and under further 
development. 
 
To integrate rollover protection into a car safety 
system the trigger philosophy is one of the key 
points. Full-scale rollover crash tests provide basic 
information about the function of sensors and 
algorithms to trigger the relevant protection 
devices. After optimising these devices full-scale 
tests show the behaviour and possibilities to tune 
the protection performance parallel and in addition 
to numerical simulations. Several rollover test 
procedures are established and in use. The official 
FMVSS-208 rollover is supplemented by some 
other rollover tests like cork screw, embankment, 
curb trip and sandpit rollover. The aim is to test the 
behaviour of the protection system and its 
components in critical roll and no-roll situations – 
from some technical points of view and in 
correlation to relevant real world accident 
scenarios. 
 
This article gives an overview of real world 
accident scenarios and shows statistics based on 
literature reviews, federal statistics and DEKRA´s 
accident research. Rollover tests conducted by 
DEKRA and other test facilities by order of OEM’s 
and suppliers are shown. Purposes, advantages and 
disadvantages of the tests are discussed. 
 
Additional information from AUTOLIV about 
rollover protection hardware and trigger strategies 
complete this discourse. 
 
INTRODUCTION 
 
The safety of cars has been improved with the focus 
on frontal impacts first. During the 90ies, side  

protection became more important. Ongoing next 
steps to improve vehicle safety will lead to an 
enhanced overall safety to protect occupants and 
other road users as good as possible in several types 
of all relevant real world accident scenarios. The 
ultimate goal is given by “vision zero” [1]. Among 
the next steps, which are not only a vision but 
already reality, is rollover protection. Existing and 
especially tuned safety features like seat belts with 
pretensioners and side airbags are able to protect 
occupants in rollover crashes well. With ongoing 
first steps it is possible to use this hardware for 
extra benefit. For this, it is necessary to activate 
these protection systems right in time also in 
rollover crashes. For further improvement of 
rollover protection, some hardware modifications 
or supplementary developments could be helpful. 
 
To integrate rollover protection into a vehicle safety 
system, one key point is the trigger philosophy. 
Some theoretical models to find and describe 
trigger algorithms exist. Full-scale rollover tests 
and accident simulations are necessary in parallel to 
numerical simulations to validate the basic 
theoretical models and their application to a 
particular vehicle. Full-scale tests can also 
complement existing virtual rollover test scenarios 
(Airbag 2002, Krabbel, G). This field of research 
and development is relatively new. To cover the 
relevant scenarios that have been defined so far, 
several test procedures are established and in use. 
The official FMVSS-208 rollover has been 
supplemented by some other tests with different 
kinematics and trigger circumstances. As shown in 
this article, so called corkscrew, embankment, curb 
trip and sandpit rollover are in use. These samples 
of different tests provide basic information about 
how sensors and algorithms can trigger the relevant 
protection devices in principal and how robust the 
trigger can be generated. It is also tested whether 
the protection hardware works as designed and if 
there are any possibilities of enhanced tuning. 
 
As in real-world rollover crashes, the test scenarios 
show a large variety of the kinematics before and 
after rollover. Usually there is a tripping phase 
before, an airborne phase during and a ground  
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impact after the rollover. This can be repeated some 
times. The triggering criteria, car damages and 
occupant injuries (or dummy loads) are often 
different in similar scenarios. Real-world accident 
studies for Europe show the majority of car 
occupants after a rollover slightly or even 
uninjured. US studies contrarily show a higher rate 
of severely injured or killed car occupants after 
rollover. This can be explained by different types of 
vehicles and belt use rates. Ejected occupants have 
the highest risk of being severely injured or killed 
in a rollover crash. 
 
REAL-LIFE CRASH INVESTIGATIONS 
 
A literature review showed, that rollovers did 
always occur and became object for accident 
research. Huleke et al. (1973) and Hight et al. 
(1972) studied rollover crashes on US roads in the 
early 70ies. Some fundamental knowledge was 
found at that time. For example, the investigations 
showed, that only 2 % of non-ejected occupants 
were critically injured or killed (AIS 5+). Contrary 
to the 47 % of critically injured or killed occupants 
which have been ejected. 
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Figure 1.  Shares of critically injured or killed 
(AIS 5+) vehicle occupants in rollover crashes 
separated into ejected and non-ejected 
occupants (Huelke et al. 1973, Hight et al, 1972) 
 
The situation on German roads has been analysed 
by Otte (1989). He discovered, that in 202 rollover 
crashes with 35 % of the occupants belted, only 
4 % were critically injured or killed. This is similar 
to the outcomes for a group of 5,149 non-rollover 
accidents with 40 % of the occupants belted and 
only 4 % of them critically injured or killed, 
Figure 2. 21 % of the occupants involved in 
rollover crashes were uninjured (AIS = 0). The 
share of uninjured occupants in the non-rollover 
group is more than doubled with 56 %. 
 
Another 30 German rollover crashes were analysed 
by Miltner and Wiedmann (1997). These crashes 
occurred at speeds between 55 and 180 kph 

involving 79 passengers. 41 (52 %) of them were 
belted and 38 (48 %) were not. 10 (24 %) of the 
belted and 22 (58 %) of the unbelted occupants 
suffered fatal injuries, Figure 3. Amongst the belted 
occupants 2 (5 %) were ejected. Contrary to this, 
the share of ejected occupants was 26 (68 %) for 
the unbelted occupants. 
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Figure 2.  Shares of uninjured and AIS-classified 
injured occupants in rollover crashes and non-
rollover crashes in Germany (Source: OTTE, 
1989) 
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Figure 3.  Shares of killed and survived car  
occupants in 30 German rollover crashes with 79 
occupants involved (Miltner and Wiedmann, 
1997) 
 
New results regarding rollover crashes in the USA 
are provided via internet by the NHTSA (see 
Figure 3). The National Automotive Sampling 
System (NASS) reported, that there were 3.4 
million light vehicle tow-away crashes per year 
from 1995 to 1999. The share of rollovers is 7 % 
among these accidents. The Fatality Analysis 
Reporting System (FARS) indicates 31,921 vehicle 
occupants killed in total in 1999, 31 % of them in 
rollover crashes. This confirms the higher relevance 
of rollover amongst the severe crashes. 
 
The share of rollovers did not only depend on the 
severity of the crash. The type of vehicle is also a 
determining issue. FARS reported for the year 
1999, that 22 % of the car occupant fatalities 
occurred in rollovers. With 47 % this share is 

   *N = 41 
** N = 38 
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significantly higher for occupants of  LTVs (pick 
ups, sport utility vehicles and vans), Figure 5.   
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Figure  4.  Shares of crash types for light vehicle 
crashes from US National Automotive Sampling 
System (NASS) and from US Fatality Analyses 
Reporting System (FARS) 
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Figure 5.  Shares of occupant fatalities for 
different crash types separated for cars and 
LTVs (pickups, sport utility vehicles and vans) 
reported from US Fatality Analyses Reporting 
System (FARS 1999) 
 
It was detected, that the share of rollover fatal 
crashes among the LTVs is the highest for SUVs 
(63 %) followed by pickups (43 %) and vans 
(41 %). Figure 6 gives an illustration of this, 
compared with the share of 22 % fatal rollover 
crashes for cars. 

Figure 6.  Shares of occupant fatalities for 
different crash types separated into cars, vans, 
pickups and  SUVs from US Fatality Analysis 
Reporting System (FARS, 1999)  

Some information about the situation in Australia is 
reported by Rechnitzer and Lane. 19 % of the fatal 
crashes on Australian roads (paved and unpaved) 
involve a rollover. Rollovers are mainly single-
vehicle accidents in Australia. They occur 
predominantly on rural roads at high speed and at 
night. 
 
ROLLOVER CRASH CHARACTERISTICS 
 
Rollover crashes are complex events. They are 
influenced by the road and vehicle characteristics as 
well as by the interaction of the driver and the 
environmental factors. It is an actual task of the real 
world accident research to describe rollover crashes 
with the relevant characteristics and items. Because 
rollover is a world-wide subject, the used 
systematic to investigate rollovers needs to be 
harmonised world-wide, too. The following 
description shows a few insights into one example 
of a case collection that is currently build up at the 
DEKRA Accident research.  
 
The crash occurred on a German Autobahn. A car 
collided with another car. The speed was 
reconstructed in the range of 120 to 140 kph. After 
the initial collision the car skidded and got off the 
road. After 50 m the car collided with the 
embankment and hit a noise-protection wall. After 
this second impact the car skidded back on the road 
and reached its final position after approx. 90 m 
(see figure 7). 
 

Damaged noise-protection wall

0 m 25 m 50 m 75 m
Collision with other car
beginning of tire traces
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Get off road
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Figure 7.  Course of a rollover with a car 
colliding with another car and then with a noise 
protection wall on a German Autobahn 
(DEKRA database) 
 
The rollover was caused by the impact on the noise-
protection wall. In its final position, the car lay on 
its roof and burned out (see Figure 8). All 3 car 
occupants were killed. 
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Figure 8.  Additional illustration of the rollover 
crash shown in figure 7 with tire marks in 
direction to the noise-protection wall and the 
burned-out vehicle (DEKRA database)  
 
Otte (1989) found out, that 50 % of the rollover 
crashes examined by his team occurred on straight 
roads and 33 % in a curve, Figure 9. 
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Figure 9.  Road characteristics for rollover 
crashes (Otte, 1989) 
 
To describe and study the kinematics of rollover 
crashes, several points must be considered. A 
simplified view of the relevant motion sequences 
for a rollover is given in Figure 10.  
 

Triggering? Number of rolls? Final position?

 
 
Figure 10.  Some points of interest to describe 
rollover kinematics 
 
One important question deals with the cause of a 
rollover. Here the crucial event is the trigger. First 
analyses from DEKRA´s rollover-crash database 

show, that from a total of 58 vehicles involved in a 
rollover crash 18 (31 %) of them had no impact 
before the first rollover. 35 (60 %) of the vehicles 
had one impact and 5 (9 %) had two impacts before 
the first rollover (Preßler, 2002). 22 (55 %) of the 
40 pre-rollover impacts occurred with another 
vehicle, 17 (43 %) with a fixed obstacle and 1 
(3 %) with other objects (see Figure 11. Preßler, 
2002).  
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Figure 11.  Absolute frequencies of pre impacts 
of vehicles before rollover (Preßler, 2002) 
 
For the rollover crashes examined by Otte (1989) it 
was found, that 65 (58 %) were caused by skidding 
only, 36 (32 %) resulted from a collision with 
another car, 2 (2 %) from a collision with an object 
and 9 (8 %) of the cases the cause for the rollover 
was braking or others influences, Figure 12. 
 
 Collision with car: 36 (32 %) 

Collision with object:   2 (  2 %) 
Skidding only: 65 (58 %) 
Braking/others:   9 (  8 %) 

32% 2% 
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Figure 12.  Causes of rollovers (Otte, 1989)  
 
Under given circumstances the occurrence of a 
rollover depends also on various roadside 
conditions. Figure 13 gives a schematic overview. 
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Figure 13.  Schema of roadside conditions that 
influence the triggering of a rollover 
 
Dynamic conditions depending on forces, momenta 
and speeds are at least crucial factors for the 
triggering of a rollover, figure 14. These parameters 
also influence the kinematics after the initiation of a 
rollover. 
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Figure 14.  Dynamic parameters to describe 
conditions at triggering 
 
When a trigger is given and the rollover occurs, the 
car can only tilt to the side or run into one or more 
rolls. The final position could be on the wheels, on 
the right-hand or left-hand side or on the roof. This 
may influence the damage of the car and the 
rescuing of the occupants after the accident.  
 
First analyses of DEKRA´s rollover-crash accident 
database show the final position of most vehicles 
either laying on the roof or standing on its wheels, 
Figure 15 (Preßler, 2002). The reconstruction of the 
number of rolls is very difficult and remains often 
unclear especially for multiple rolls.  
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Figure 15.  Absolute frequency of the orientation 
of the vehicle in final position after rollover 
crashes (Preßler, 2002) 
 
In addition to the kinematics and with regard to the 
occupant protection, it is interesting to know how 
the car is damaged and how the occupants move, 
receive impacts and suffer injuries during the 
rollover. For example Miltner and Wiedmann 
(1997) reported, that ejected occupants mainly 
suffered injuries at their body and spine. Occupants 
which remained in the car suffered injuries mainly 
at their head and extremities, Figure 16. 
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Figure 16.  Most severe injured body regions of 
car occupants after rollover crashes separated 
into ejected and non-ejected (Miltner and 
Wiedmann, 1997)  
 
ROLLOVER CRASH TESTS 
 
Berg et al. (1992), described hardware rollover 
crash tests which were conducted in the 80ies in 
particular to reconstruct accidents. At the present 
time some more relevant variations of real-world 
rollovers have to be constituted for the development 
of occupant protection. The following gives an 
overview of some of the tests that have been carried 
out by DEKRA by order of OEMs and suppliers 
since the last few years. 
 
Embankment tests (see Figure 17) deliver basic 
information. Acceleration and roll-rate signals are 
superposed by vibrations and noise, very similar to 
real-world off-road scenarios. The robustness of the 
algorithms of the triggering devices can be 
analysed. Such tests are run with realistic behaviour 
of car and occupants under given off-road 
circumstances. The vehicle is leaving the road into 
the embankment under different slope angles with 
or without steering. The reproducibility of such 
tests is low, because the roll triggering depends on 
the car’s own behaviour, the ditch configuration 
and the approach angle. 
 

 

 

 
Figure 17.  Embankment rollover test 

N = 58
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A special ramp is necessary to run the so-called 
corkscrew rollover, (see Figure 18). Such a test is 
useful for scenarios with slow roll motion around 
the longitudinal axis of the car. This test helps to 
develop the triggering algorithms for belt 
pretensioners and head protection systems in slow-
roll events similar to high-speed real-world 
rollovers on rural motorways. The results of the test 
depend on the corkscrew ramp which has to be 
defined properly. 
 

 
Figure 18.  Corkscrew rollover test 
 
Also close to real-world scenarios is a curb-trip 
rollover after pre-sliding of the car (see Figure 19). 
Such a test is useful for sensor and algorithm 
development for medium roll conditions. The 
sideways movement of the occupant’s head and 
torso during the car sliding before the wheel impact 
on the curb is of interest for the development of 
head protection systems and belt pretensioners. The 
reproducibility of such tests is low and depends on 
both, the kinematics and the car’s own behaviour 
(e.g. stability of the wheels and axles) 
 

 
Figure 19.  Curb-trip rollover test 
 
To date, the only rollover test procedure for cars 
embodied in law so far is the so-called “FMVSS-
208 rollover” (see Figure 20). To run this test, a 
sled is used. The car on it is inclined under 23°. The 
test velocity is 49 kph. This test is useful for sensor 
and algorithm development under high roll 

conditions around the longitudinal axis of the car 
without velocity component in longitudinal 
direction. The number of rolls can vary from 1 up 
to 3 or more under the same conditions. 
 

 

 
Figure 20.  FMVSS-208 Rollover 
 
A sandpit rollover has also a lateral movement 
only. The car stands on a sled and slides sideways 
into a sandpit (see Figure 21). This test is useful for 
sensor and algorithm development for low-roll 
conditions and helpful to develop triggering 
algorithms for head protection systems and belt 
pretensioners. The roll conditions depend on the car 
velocity and the consistency of the sand in the 
embankment. 
 

 

 
Figure 21.  Sandpit rollover 
 
Hardware rollover test results are not only useful 
for the development and validation of triggering 
algorithms. The conversion of kinetic energy during 
the roll (provoked by friction between the sandpit 
and the vehicle) into deformation energy results in 
multiple structure damages. These damages can be 
studied, as described in principle by Friedewald 
(1994). The schema is shown in Figure 22. Only a 
small amount of kinetic energy is converted into 
deformation energy in contrast to frontal or side 
impact crashes.  
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Figure 22.  Schema to describe absorption of 
energy during rollover (Friedewald, 1994) 
 
The car is mainly damaged in the roof area during 
the rollover. Friedewald (1994) proposed a roof 
deformation type classification as shown in 
Figure 23. For example, there can be longitudinal 
folds in the roof, collapsed pillar(s) or a totally 
crushed down roof. Not all of these deformation 
types lead to a significant reduction of the life-
saving internal space. Not only the ground impact 
phases during rollover, but also the car body 
structure influences the pattern of roof deformation. 
Friedman and Nash (2001) reported that some 
weak, antiquated roof designs contribute to severe 
head and neck injuries. 
 

 
 
Figure 23.  Schema to describe roof deformation 
pattern as proposed by Friedewald (1994) 
 
Experiences with the roof-deformation schema 
proposed by Friedewald and the use of DEKRA´s 
rollover database have led to a modification. The 
separation of the roof into the front and the rear 
area was considered to be useful (Preßler, 2002). 
Results are shown in Figure 24. Often there was no 
roof deformation. Deformations of type 3 and 5 
were the most frequent ones among the front 
deformations and the types 3, 4 and 5 were found as 
the most frequent ones  among the rear area 
deformations. 
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Figure 24.  Modified roof area deformation 
separated into front and rear (Preßler, 2002) 
 
Mostly Hybrid-III-dummies are in use to represent 
the occupants at rollover tests. This dummy type 
has been developed for frontal impacts and its 
biofidelity is not satisfying for lateral loads. But 
partial ejection (for example arms passing through 
open side window) can be observed by using this 
dummy that is equipped with upper extremities. 
Some tests are run with side impact dummies 
(which are not equipped with arms) to study lateral 
loads to head and neck. 
 
NUMERICAL ROLLOVER SIMULATION AS 
PREPARATION FOR REAL CRASH TESTS 
 
As a service provider for the automotive industry, 
the DEKRA crash test centre performs the 
described crash test configurations including the 
embankment rollover, curb-trip rollover, “FMVSS 
208 rollover” rollover into sandpit and the so-called 
cork-screw rollover. The vehicles are mostly 
irreversible damaged during the described tests. 
That’s why the virtual simulation in the forefront of 
real crash tests gains more and more importance. 
One important aspect to implement the simulation 
procedures is to find out the border between the roll 
and no-roll event with a less number of real world 
tests. The second important reason for simulation is 
to reduce the number of the used test vehicles.  
 
The hardware tests play a significant role for the 
automobile manufacturers regarding the stability of 
the passenger cab. However, the border between the 
roll and no-roll event is very important for the 
OEM to determinate the algorithms for the 
protection devices. Regarding these arguments, the 
software PC-Crash is a sufficient instrument to 
simulate these rollover crash tests. A sample of 
valid basic numerical simulation models has been 
developed by DEKRA for each of the described 
rollover crash tests (Hey, 2003). Figure 25 shows 
an example. 
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Figure 25.  Comparison of a real world rollover 
crash test with a PC-Crash-simulation  (Hey, 
2003) 
 
PC-Crash comes with a large vehicle database 
including basic parameters of a large variety of 
existing vehicles. The further properties of the real 
world rollover crash tests like the sandpit or the so-
called cork-screw-ramp are not part of the program 
PC-Crash. These parts have to be generated 
additionally (Hey, 2003). Figure 26 shows the 
different final test positions after the sandpit 
simulation with modifications to the test velocity. 
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Figure 26.  Influence of the velocity to the 
maximum roll angle φ at a simulated sandpit 
rollover 
 
Up to a velocity of approximately 36 kph there is a 
no-roll event, in the range of approximately 37 kph 
to 44 kph the vehicle reaches a 90-degree end-
position and beyond approximately 45 kph the 
vehicle reaches its final position laying on the roof.  
 
After the numerical simulation the program can 
generate different diagrams, e.g. a path-time 
diagram or a speed-time diagram. Figure 27 shows 
the roll rate during the simulation.  

 
 
Figure 27.  Diagram of the roll rate at a virtual 
simulated sandpit rollover  
 
The diagram from a real world rollover crash 
(figure 28) shows the same characteristic as the one 
from the numerical simulation. Therefore the 
simulation with PC-Crash is an adequate instrument 
to predict the behaviour of the vehicle in a real 
world crash test. 
 
 

 
Figure 28.  Diagram of the roll rate at a real 
world sandpit rollover crash test 
 
Another important and interesting aspect is the 
possibility to generate a small movie from the 
simulation, figure 29. This feature enables inspect 
the motion sequence of the test in advance and 
gives the opportunity to get a rough impression of 
how the details of the rollover could look like. 
 

 
 
Figure 29.  Simulated motion sequence of a 
virtual sandpit rollover crash test 
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PROTECTION OF OCCUPANTS 
 
An effective rollover occupant protection system is 
based on minimisation of compartment, intrusion 
that could occur at several impacts of the car on the 
ground. Within the compartment the occupants 
have to be retained in their seats. Impacts, 
especially of the head with corresponding loads of 
the neck have to be cushioned and (partial or full) 
ejection has to be prevented. In this context the 
seatbelt plays a significant role. Supplementary 
devices such as pretensioners, load limiters and 
energy absorbers can improve the basic protection. 
In the future a high-integrated rollover occupant 
safety system may include inflatable head restraints 
and side window curtains, seatbelt pretensioners, 
seatbelt super-pretensioners, seatbelt retractor 
locks, active roll bar, pop up headrest or enhanced 
support structure for convertibles, rollover 
prevention techniques and serial data 
communication for post collision controls (Gopal 
et al., 2001). To activate reversible or irreversible 
protection systems, integrated algorithms have to 
interpret different signals from several sensors. 
 
Figure 30 gives an impression of an existing Total 
Safety System. Today, conventional restraint 
systems like seat belts, front and side airbags (see 
Figure 31) combined with advanced systems are 
able to give the occupants “all around” safety in 
rollover crashes, too. For the right choice of the 
elements of such a protection system, it is necessary 
to know what happens to the occupants during the 
relevant rollover scenarios. 
 
Knowledge from real-life accidents, full-scale tests 
and numerical simulations have lead to the 
following requirements of a state-of-the-art rollover 
protection system: Occupant protection is necessary 
up to 10 seconds after the rollover starts. Later on, 
if rescue of the occupants is necessary, it should not 
be hindered by components of the protection 
system. Ejection and leaning out of occupants and 
their extremities have to be avoided. Interaction 
between the occupants could also be an important 
issue. 
 

 
 
Figure 30.  Total Safety System 

 

 

 
 
Figure 31  Different side airbags provide 
protection during rollover 
 
This leads to a strategy of vehicle occupant 
protection with chosen system elements: 
 
- Occupants must be fixed in the seats 
- Possible loads to head and neck have to be 

reduced 
- Preservation of distance between interior and 

occupants is necessary 
- Interaction between occupants with corresponding 

injury risk has to be limited 
- Possible intrusions into the compartment 

especially by the roof have to be prevented 
 
The occupant protection system must be activated 
immediately after the beginning of inclination in 
order to guarantee its live-saving effect during the 
rollover. An algorithm only using the vehicle’s 
inclination angle or angular rate will not fulfil all 
requirements.  
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The AUTOLIV algorithm gains the decisive 
milliseconds by taking account of the speed of the 
vehicle. Another input of the algorithm is the 
rotation rate around the longitudinal axis and the 
lateral and vertical acceleration. The AUTOLIV 
algorithm consists of two main functions: The 
rotational energy criterion (REC) and the initial 
kinetic energy criterion (IKEC), Figure 32. 
 
The Rotational Energy Criterion (REC) recognizes 
primarily ditch and ramp-type rollover. It provides 
a threshold value for angular velocity at a given 
inclination of the vehicle. If the threshold is 
exceeded, a trigger signal is given. 
 
The Initial Kinetic Energy Criterion (IKEC) 
recognizes primarily the soil and curb trip rollover 
types. It provides a threshold value for the angular 
velocity, depending on the vehicle speed. The 
higher the speed, the lower the threshold. A trigger 
signal is generated if the threshold is exceeded. 
Additional conditions, based on lateral acceleration, 
help to stabilise this criterion. 
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Figure 32.  Schema for an advanced rollover 
trigger algorithm 
 
CONCLUSION 
 
After improving car safety in frontal, side and rear- 
end crashes, currently rollover crashes are on focus 
to give “overall protection” to the occupants. To 
protect vehicle occupants in rollover crashes, 
existing hardware like seat belts with pretensioners 
and side airbags are useful, too. Some enhanced 
protection equipment will supplement these 
“classic” protection systems in the future. 
 
Rollover is on world-wide focus of accident 
research. The used systematic should be 
harmonised to reach more compatible results also 
for the relevant details. Looking to real-world 
rollover crashes a large variety of characteristics 
depending on vehicle behaviour and roadside 
conditions can be seen. Rollover crashes occur as 
single accidents at high speed on road or off road or 
after a collision with an opponent or obstacle even 
in low speed crashes. Unbelted occupants are most 
endangered to suffer severely or fatal injuries after 
ejection. But in some cases, belted and not or only 
partially ejected occupants suffer severe or fatal 
injuries during a rollover, too. 

To develop and validate state-of-the-art protection 
systems several rollover full-scale test procedures 
are necessary and in use. Protection strategy and 
system components for occupant protection during 
a rollover have to prevent partial or total ejection 
and injury-critical loads especially to the head and 
neck of the belted occupants. It has to be tested 
weather the sensors and algorithms trigger the 
components of the rollover protection systems right 
in time. This depends on the roll conditions that 
could be fast or slow, with or without transversal 
movement, with tripping phases, airborne phases 
and ground impacts. The performance of the car 
body to ensure the survival space within the 
compartment is also amongst the points of interest. 
To minimise the number of conducted hardware 
tests and used test vehicles it is advantageous to 
accompany those tests with virtual pre-simulation. 
 
Even in a rollover crash basic protection is given by 
a worn safety belt, which especially prevents 
ejection. Therefore belt wearing is absolutely 
necessary for vehicle occupants. This should be 
pointed out again. The actual enhanced 
supplementary rollover protection systems and 
those to come cannot work as effective as they are 
designed and developed for without the use of the 
safety belt. 
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ABSTRACT

The Japan Automobile Manufacturers Association, Inc.,
(JAMA) and the Japan Automobile Research Institute
(JARI) are collaborating to develop a biofidelic
pedestrian legform impactor because the current major
pedestrian legform impactor, the Transport Research
Laboratory (TRL) legform impactor, lacks biofidelity.
JAMA and JARI have been developing a biofidelic
legform impactor since 2000. This report introduces
the JAMA-JARI legform impactor ver. 2002. This
version has two major improvements: it properly
simulates human bone flexibility and human knee joint
characteristics.
The above improvements are quite important for
ensuring biofidelity of the legform impactor.

INTRODUCTION

In 1994, the European Experimental Vehicles
Committee Working Group 10 (EEVC/WG10)
proposed a pedestrian legform impactor [1]. The
impactor was proposed to assess the car-induced
damage to a pedestrian leg in car-to-pedestrian impacts.
However, the developed legform impactor, the
Transport Research Laboratory (TRL) legform
impactor, does not simulate human bone flexibility and
its knee joint is composed of a steel bending plate.
These characteristics are quite different from human
characteristics. EEVC/WG17 modified the TRL
impactor but just added a damper to reduce the
impactor knee shearing vibration [2].

The TRL legform impactor’s lack of the biofidelity
caused the leg response to differ from that of a human
leg [3][4][5]. Trials were proposed to obtain a
transfer function between the TRL legform impactor
and the human leg [4][5]. However, the transfer
function may not apply to all impact situations,
especially for different bumper heights.

The Japan Automobile Manufacturers Association, Inc.,
(JAMA) and the Japan Automobile Research Institute
(JARI) decided to develop a more biofidelic legform
impactor that does not need a transfer function and can
be used for most pedestrian leg impact situations.

This report introduces the latest JAMA-JARI
developed legform impactor and shows its validation
test results.

SPECIFICATIONS OF THE JAMA-JARI
BIOFIDELIC LEGFORM IMPACTOR

The first version of the JAMA-JARI legform impactor
was developed in 2000 (JAMA-JARI legform
impactor ver. 2000) [6]. The first model introduced a
knee ligament restraint system using the Polar
pedestrian dummy knee ligament system. It's
response was more biofidelic than that of the TRL
legform impactor, but its bone part was still rigid so
the impact energy tended to concentrate in the knee
joint.

In 2002, JAMA and JARI developed a new legform
impactor that had the knee ligament restraint system,
was much more compact than ver. 2000, and had bone
flexibility in the tibia and femur. Figure 1 illustrates
the JAMA-JARI legform impactor ver. 2002. Its
length and weight of the tibia and femur were the same
as the TRL legform impactor because the values were
derived from human data. However, the knee joint
system and the bone flexibility differed considerably
from the TRL impactor.

Femur
(Flexible)

Tibia
(Flexible)

Knee
spring

Knee
ligaments

JAMA-JARI legform impactor
ver.2002

Knee Joint
(Knee ligament restraint system)

Figure 1. Overview of the JAMA-JARI legform
impactor ver. 2002.
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VALIDATION METHODOLOGY

The authors validated the impactor under quasi-static
and dynamic loading conditions in the tests below.

• Quasi-static Bone Bending Test
• Quasi-static Knee Bending Test
• Dynamic Bone Bending Test
• Dynamic Knee Bending Test
• Dynamic Knee Shearing Test

The quasi-static bone bending test result was compared
with Yamada [7], and the quasi-static knee bending test
result was compared with Ramet et al.� [8]. The
dynamic bone bending test result was compared with
Nyquist et al. [9], and the dynamic knee bending and
knee shearing test result was compared with Kajzer et
al.� [10]. The quasi-static knee shearing test was not
performed due to time constraints.

RESULTS

Quasi-static Bone Bending Test

Figure 2 depicts the states of the quasi-static bone
bending test. It is clear that the femur and the tibia of
the new legform impactor can be bent against the
lateral force. Figure 3 compares the bending
characteristics of the legform impactor and PMHS. In
the initial and intermediate loading phase, the legform
bone bending characteristics are quite similar to the
PMHS data. However, there were differences in the
ultimate loading phase. The legform bone parts
increase the bending force linearly relative to the bone
deflection but the PMHS bone does not. The legform
bone parts are composed of a Fiber Reinforced Plastic
(FRP) and it has a wide range of the elastic region,
however, the human bone has a narrow range of the
elastic region, transit to the plastic region after around
the 7 mm deflection in Figure 3. In order to simulate
the plastic region phenomenon of human bone, the
legform impactor must use a material which has a
narrow range of elastic region not like FRP for its bone
parts. The legform impactor must simulate the human
bone bending characteristics yet must have durability
for the impact test. If the bone parts break in each test,
they will have to be repaired each time. The TRL
legform impactor knee joints must be repaired after
each test, so testing is expensive. Furthermore, the
authors found that the plastic phenomenon does not
significantly affect the bending curve in dynamic
testing, so we kept the elastic material for the bone
parts.

(1) Femur Bending Test

(2) Tibia Bending Test

Figure 2. Quasi-static Bone Bending Test.
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Apply a
Pulling Force

Bending

Knee Fixation

Quasi-static Knee Bending Test

Figure 4 presents the states of the quasi-static knee
bending test. The knee parts were fixed by a fixation
device, and a bending moment was applied using a
long bending lever arm. Figure 5 compares results of
the knee bending characteristics for the JAMA-JARI
legform impactor and PMHS, as well as the TRL knee
joint stiffness. The JAMA-JARI legform impactor
knee bending characteristics are comparable to PMHS
characteristics.

The TRL legform knee is quite stiff compared to the
PMHS knee, i.e., stiffer than the JAMA-JARI legform
impactor. The TRL legform impactor uses a steel
bending plate, therefore, its moment-angle response in
the initial phase is too stiff. The bending stiffness in
the plastic bending phase is set at around 400Nm, and
Kajzer et al.'s data support this value [11]. However,
the authors believe the human knee bending stiffness is
not so high even under dynamic loading conditions.

Kajzer et al. stated that the knee joint bending stiffness
is calculated using their PMHS test data (knee support
force (Fk), trochanter support force (Ft), length from
knee joint level to knee support (lk), and length from
knee joint level to trochanter support (lt)), but they did
not show their equation clearly. It seemed that the
high bending moments were derived from the formula,
|Ftlt|+|Fklk|, but it is quite incomprehensive. If the test
is assumed as a simple, two point supported, pin end
and roller end, bar bending test, the maximum bending
moment should be generated at the knee support,
|Ft||lt-lk|, and the bending moment at the knee joint level
should be |Ftlt|-|Fklk|. The formula, |Ftlt|+|Fklk|, leads to
a bending moment more than two times higher than the
maximum at the knee support, therefore, the equation is
inappropriate. Even when a built-in end is assumed at
the trochanter support, the moment at the knee joint
level should not be |Ftlt|+|Fklk|. The authors therefore
concluded that their formula, i.e., the high bending
moment, is simply incorrect.

Figure 4. Quasi-static Knee Bending Test.

Figure 5. Comparison of the Quasi-static Knee Bending Characteristics between the
JAMA-JARI Legform Impactor, TRL legform Impactor, and PMHS
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Dynamic Bone Bending Test

Figure 6 describes the states of the dynamic bone
bending test for the tibia. Nyquist et al. conducted
dynamic bone bending test to the tibia. Authors
conducted the same test for the tibia part of the
JAMA-JARI legform impactor. Nyquist et al.
conducted impact test on the tibia with the fibula and
flesh part. The JAMA-JARI legform impactor does
not have the fibula part because including it leads to a
very complex construction for the legform impactor.
Furthermore, a fibula fracture alone does not cause
serious injury to the pedestrian. It is therefore, the
tibia fracture assessment is set as a first priority and
concentrated the tibia bending responses. The
JAMA-JARI impactor retained the flesh part
characteristics by using Memory foamTM as in the TRL
legform impactor. We conducted the bone bending

test with flesh buffer between the legform bone parts
and the ram, and examined the total response of the
tibia part of the JAMA-JARI legform impactor.

Figure 7 compares the results of the dynamic bone
(with flesh) bending characteristics for the
JAMA-JARI legform impactor and PMHS. The
initial slope is less than that of the PMHS, but the
second slope is quite comparable. The initial slope is
determined by the flesh and fibula part, suggesting that
the Memory foamTM is slightly softer than the
combined PMHS flesh and fibula. The second slope
is primarily determined by the tibia bending stiffness,
so the bone parts of the impactor compare favorably to
the PMHS characteristics. The flesh part should
exhibit much stiffer characteristics, but the tibia parts
can remain as they are.

Figure 6. Dynamic Bone Bending Test.
-Tibia- .

Figure 7. Comparison of the Dynamic Bone Bending Characteristics between the
JAMA-JARI Legform Impactor and PMHS.
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Dynamic Knee Bending Test

Figure 8 details the states of the dynamic knee bending
test comparing the JAMA-JARI legform impactor and
the TRL legform impactor. The bending angle of the
TRL legform impactor is smaller than that of the
JAMA-JARI one. Figure 9 compares the dynamic
knee bending responses of the JAMA-JARI legform
impactor, TRL legform impactor, and PMHS. As for
the TRL legform impactor, the impact force is quite
high and the knee bending angle is less than that of the
PMHS. On the other hand, the JAMA-JARI legform
impactor response is comparable to that of the PMHS.

TRL impactor bone parts do not deform in the test.
This means the impact energy concentrates on the knee
joint, i.e. the knee joint is subject to larger bending
moment. However, the generated bending angle is
lower than that of the PMHS one. It means clearly
that the TRL knee joint has inappropriate knee joint
stiffness.

It is true that the initial phase of the bending angle of
JAMA-JARI impactor is also lower than the PMHS
corridor, however, the difference is lead by the fresh
characteristics. Therefore, it can be modified by using
another material for the fresh part.

Figure 8. Dynamic Knee Bending Test.

Figure 9. Comparison of the Dynamic Knee Bending Characteristics between the
JAMA-JARI Legform Impactor, TRL Legform impactor, and PMHS.
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Dynamic Knee Shearing Test

Figure 10 presents the states of the dynamic knee
shearing test comparing the JAMA-JARI legform
impactor and the TRL legform impactor. The TRL
legform impactor can only move its knee shear spring
inside the femur. The total kinematics around the knee
is thus quite different from that of the JAMA-JARI
legform impactor.

Figure 11 compares the dynamic knee shearing
responses of the JAMA-JARI legform impactor, TRL
legform impactor, and PMHS. On the TRL legform

impactor, the impact force response is extremely high
and the knee shearing displacement is quite low. It
means the TRL impactor is quite stiff not only for
bending but also for shearing. And the rigid bone also
may affect the difference from the PMHS response. As
for the JAMA-JARI legform impactor, only the
unloading curve after the initial loading of the impact
force differs from that of the PMHS. In that phase,
however, the shearing displacement already reached to
the injury level. Therefore, authors believe the
difference does not affect to the proper ligament injury
assessment.

Figure 10. Dynamic Knee Shearing Test.

Figure 11. Comparison of the Dynamic Knee Shearing Characteristics between the
JAMA-JARI Legform Impactor, TRL Legform impactor, and PMHS.
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DISCUSSION

The JAMA-JARI legform impactor (ver. 2002)
achieved high biofidelity not only at the component
parts level but also at the assembly level. The TRL
legform impactor cannot simulate bone flexibility and
has a very stiff knee joint; therefore, its biofidelity is
quite low. It may be possible to improve its knee
bending response by using softer bending material for
its knee joint, but the lack of bone flexibility is a fatal
flaw in properly estimating bone fractures. Proper
bone fracture assessment is required because the
current accident data show high rates of bone fractures
with quite low rates of knee ligament injuries. The
TRL legform impactor is barely able to assess upper
tibia fractures by using a built-in accelerometer, but it
is quite difficult to assess the severity of bone injuries
in other locations. Even if accelerometers are
installed in other bone locations, the output differs
significantly from the PMHS response [4]. Moreover,
using a flexible legform impactor that can generate the
proper acceleration at all bone location, bone fractures
can be assessed by measuring the strain on a flexible
leg (bone severity can be assessed directly).
Therefore, the JAMA-JARI legform impactor which
has flexible bone has a high potential for producing
proper pedestrian leg injury assessments. JAMA and
JARI will therefore continue to develop a flexible
legform impactor.

CONCLUSIONS

1. JAMA-JARI legform impactor ver. 2002 has high
biofidelity at both the component and assembly
levels.

2. JAMA-JARI legform impactor ver. 2002 has a
high potential for producing proper pedestrian leg
injury assessments.
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Abstract 

 
Throughout the last decade a number of advanced system concepts for improving safety, 

efficiency, environmental compatibility and comfort of driving have emerged. One of these, 

Automatic Collision Avoidance Systems (ACAS) aims to help drivers to avoid accidents by 

alerting them to a potential collision and initiating braking.  This paper assesses the safety 

effects of ACAS by examining driver response during emergency braking situations. 

A series of emergency braking tests were undertaken on a test track.  Six subjects (each with 

at least five years driving experience) were asked to follow a special ‘dummy’  vehicle and 

drive the TRG instrumented vehicle.  The dummy vehicle, a lightweight trailer unit designed 

to withstand impacts safely, was then subjected to brake to a stop from three speed levels (60, 

45 and 30 mph) with decelerations which varied between 0.65g and 0.95g.  The TRG 

instrumented vehicle enabled detailed information to be collected on driver responses such as 

relative speed, spacing distance, pedal movement, speed and deceleration levels.  

The data analysis has showed that drivers are likely to initiate their braking before the time to 

collision (TTC) reaches 4 seconds.  Consequently, an autonomous ACAS with a 4 seconds 

TTC threshold would not give warning that could help drivers reducing their response time.  

Moreover, headway was found to be the main safety factor that ensures drivers would avoid 

collision.  
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Introduction 

Rear-end collisions between vehicles are a major road safety concern in many countries.  

Many drivers, follow other vehicles with short headways which leave little safe margin to 

avoid collision if the lead vehicle brakes unexpectedly and/or sharply.  During the last decade 

the concept of the Advance Collision Avoidance System (ACAS) has been introduced to 

improve road safety.  Such systems aim to help drivers to avoid accidents by alerting them to 

a potential collision, and sometimes initiating a braking response.  Defining thresholds to 

distinguish between safe and unsafe driving situations is a key factor in the design of any 

ACAS system.  The Time-To-Collision (TTC), i.e. the time that would take a following 

vehicle to collide with a leading one, if the current relative speed was maintained from the 

given headway, has been widely regarded to be a potential parameter to be used as a 

threshold measure (Minderhoud & Bovey, 2001)6.  Van der Horst (1991)11 suggested a TTC 

value of 4 seconds to distinguish between safe and uncomfortable situations on the roads.  

This was supported by Farber (1991)2.  However, Nilsson et all (1991)7 produced subjective 

ratings indicating that a 4 sec. threshold may be “too short”, form an experiment to compare 

three collision-avoiding systems based on a TTC criteria in a car-following task.  Hirst and 

Graham (1997)3 found that a TTC value of 3 seconds sometimes ‘missed’  critical situations, 

although the number of false alarms was reduced.  Hogema and Janssen (1996)4 studied 

driver behaviour during approaches to a back of queue situation for non-supported and 

automatic cruise control ACC supported drivers in a driving simulator experiment.  They 

found a minimum TTC value of 3.5 seconds for non-supported drivers and 2.6 seconds for 

supported drivers.  However, the 2.6 seconds value was regarded as a safety concern.  

Recently, Sultan et all (2002)10 analysed driver behaviour during normal car-following 

situations, i.e. The process when a driver follows a leading vehicle by sustaining comfortable 

relative speed and headways). A decrease in observed absolute minimum TTC values was 

found with the decrease in the speed . 

The TTC incorporates two main factors in driver behaviour, the relative speed (DV) and the 

relative distance (DX) to a preceding vehicle. However, it does not take into account that it 

takes longer to decelerate from a higher speed for the same level of deceleration, and thus, the 

use of a constant TTC threshold to distinguish between safe and unsafe situations may be 

inappropriate.  Also, in emergency situations drivers may behave in different ways to normal 

driving situations. 
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Following the above argument, Perron et all (2001)8 studied driver behaviour in emergency 

situations and suggested the use of brake pedal speed combined with other parameters, to 

trigger potential ACAS systems.  They also reported that 50% of drivers did not step on the 

brake pedal strongly enough to avoid collision with a decelerating vehicle.  Another warning 

algorithm for ACAS was  developed by Burgett et all (1998)1, in which the lead vehicle 

deceleration, the  relative speed, the spacing distance and the speed level were used to 

instigate a warning based on two preset calibration parameters: reaction time (RT) and 

maximum braking level (DCmax).  This algorithm was tested by Richard and Daniel (2001)9 , 

who reported that a reaction time of 1.5sec and a 0.75g braking level would probably trigger 

a warning for between 4% and 0.5% of deceleration events in urban driving conditions. 

 
This paper examines driver behaviour in emergency braking situations in order to assess the 

safety benefit of an autonomous ACAS warning system that could uses either a TTC 

threshold or the RT and DCmax threshold.  Further discussion indicates areas for future 

consideration in the design of ACAS. 

Experimental Design and Data Collection 

Acquiring data on driving behaviour during emergency braking can be a very hazardous task. 

Subject safety is a major concern and equipment damage is very costly in terms of time and 

money.  In this study, these considerations were largely overcome by using a towed trailer 

representing a dummy vehicle (Surrogate Vehicle). It is a half body vehicle made of 

Fibreglass supported by an aluminium truss structure that is able to collapse in a collision.  

The surrogate vehicle is pulled by a lead vehicle using a 10m long collapsible telescopic tube 

supported by a stabilising wheel, see Figure 1.  The data was collected using the TRG 

instrumented vehicle (IV) which is equipped with several devices to measure the motion of 

the vehicle itself and the motion relevant to adjacent vehicles, in this case the surrogate 

vehicle. Other equipment monitors the behaviour of the subject in the driving seat.  The 

relative speed, spacing distance, speed level, deceleration or acceleration and pedal 

movements were recorded on the IV hard disk with a 10 Hz frequency.  Also, video footage 

was recorded from four different cameras: front, rear, steering wheel and driver’ s head.  

Figure 2: shows the TRG instrumented vehicle and the position of its sensors and 

instruments. 
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Figure 1: The Surrogate vahicle 

 

 
Figure 2:  The TRG instrumented vehicle 
 

Several subjects were asked to drive the TRG instrumented vehicle on a test track and follow 

the surrogate vehicle at a what they individually considered to be comfortable following 

distance.  The test track was two miles long with two straight sections which were long 

enough to perform emergency braking and wide enough to allow steering to avoid collision in 

the case the subject felt the need to do so.  In order to familiarize subjects with the IV, each 

was asked to drive the IV from the University campus to the test track (approximately 60 

miles).  However, no information was giving to the subjects regarding the dummy vehicle 

and the experiment objectives and purpose.  Each experiment was started with four laps 

where the subject was asked to drive alone and perform several emergency stops from 

different speed levels (60, 45, 30 mph) to give an understanding of the instrumented vehicle 

braking capability.  At the end of these laps the surrogate vehicle joined the track and the 

subject was asked to follow it at what he or she considers a safe spacing distance.  Some off  

20 laps of the experimental course were made, which included three emergency braking 

events from three different speed levels, i.e. 60, 45 and 30 mph.  The lead vehicle was asked 
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to brake very hard to stop, and deceleration rates of between 0.65g and braking level 0.95g 

were achieved.  Efforts were made to distribute the emergency braking events over the 

experiment course to avoid driver anticipation of when they would be undertaken.  Subjects 

were asked several questions regarding there anticipation, speed level and braking level after 

each event.  In total  six subjects, each with at least five years of driving experience, were 

asked to perform the experiment and all tests where carried out in the daylight and in dry 

weather.  In most cases, drivers were able to brake and stop behind the surrogate vehicle, 

however, in some cases the driver had to avoid collision by steering away and once a 

collision took place.  Following each experiment, the instrumented vehicle data was filtered, 

smoothed and prepared for the analysis.  Table 1 presents the collected kinematic parameters 

used for each emergency braking event. 

 
Parameter Description Unit 
Elapse Time the accuracy in one thousand of a second sec 
Leading vehicle speed the dummy vehicle speed m/s 
Leading vehicle Acceleration (+) �DFFHOHUDWLRQ�ZKLOH��-) �GHFHOHUDWLRQ m2/s 
Relative distance The spacing between the leading and following vehicle m 
Relative speed (+) �2SHQLQJ��	��-) �&ORVLQJ m/s 
Following vehicle speed The instrumented vehicle speed m/s 
Following vehicle acceleration (+) �DFFHOHUDWLRQ�ZKLOH��-) �GHFHOHUDWLRQ m2/s 
Throttle pedal movement in percentage to the maximum allowed movement % 
Brake pedal movement in percentage to the maximum allowed movement % 

Table (1): The kinematic parameters presented in the final data file. 

Although the number of emergency tests is not sufficiently large to give conclusive evidence 

about how drivers behave in emergencies, the detail on each event is substantial and may be 

taken as an indication.  To enable comparisons of driver behaviour to be readily made during 

emergency braking, several action points were defined, they are: 

1- The leader starts braking. 

2- The follower responds by lifting his or her foot of the throttle pedal. 

3- The follower starts braking by putting his or her foot on the brake pedal. 

4- The leader reaches  maximum deceleration. 

5- The follower reaches maximum deceleration. 

6- The TTC reaches its minimum value. 

A set of plots for different parameters from the same emergency braking event and the above 

described action points are shown in Figure 3. 
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Figure 3: Three graphs showing kinematics parameters during an emergency braking incident 
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Assessing ACAS  

  The two stages that summarise the action of an ACAS, are: 

x To initiate a warning to the driver about potentially dangerous situations. 

x To undertake initial braking to minimise the risk of a collision before the driver starts 
to respond.      

Initiating a warning is the crucial stage, as an ACAS cannot start to respond until a danger 

threshold is passed, and drivers also need such warnings to shorten their reaction time.  In 

order to assess the benefit of ACAS, two theories of collision warning were tested and 

assessed for the extent to which they could successfully give advance warning to a driver.   

1- The Time To Collision Theory: 

In the literature several researchers had considered time to collision (TTC) as a potential 

parameter to distinguish between dangerous and safe situations.  Therefore, the TTC values 

were gathered for all subjects at the action points 2, 3 and 6 and compared to proposed TTC 

thresholds from the literature.  The TTC values at action points 2, 3 and 6 with respect to 

speed are shown in Figure 4.  The data has shown the TTCmin (action point 6) had an average 

value of 2.4 sec and the effect of speed was not clear (r2 = 0.34).  It is interesting to note that 

all subjects had started their response with a TTC over 4 sec (a threshold which was proposed 

by Van der Horst (1991)11 and supported by Farber (1991)2).  However, the results agree 

better with Nilsson et all (1991)7 who suggested that a 4 sec TTC is too short for a warning 

threshold.  Only twice did a driver respond with a TTC of less than 4 second. 
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Figure 4:  TTC values at action points 2,3 and 6 with respect to speed. 
 
The data also implies that an ACAS system with a four second TTC threshold will be at least 

0.5 second late in giving a warning to drivers.  The lag time between the moment when 
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drivers started their response and TTC reaching 4 sec is shown in Figure 5.  Ideally, an 

ACAS system should give an early warning to a driver, but the problem is that a higher TTC 

threshold of say 7 or 8 sec will result in a high percentage of false alarms. This could irritate 

drivers and result in the ACAS being switched off.  In conclusion, the time to collision could 

be used to describe critical and dangerous car following situations, but an ACAS using TTC 

as a main parameter in its warning algorithm may not have a noticeable safety benefit as 

drivers should start their responses earlier. 
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Figure 5: The lag time between action point 2 and the moment when TTC is equal to 4 
second with relation to speed. 
 
2- The Reaction Time and Maximum Braking Theory: 

This theory has been suggested by Burgett et all (1998)1. It uses all available kinematic 

parameters such as spacing, speeds and deceleration or acceleration from both the leading and 

following vehicles to initiate a warning.  The warning criteria can be summarised as: 

x The leader continues to decelerate at the current rate to a stop. 

x The following vehicle maintains the same constant speed until the driver responds to 
the warning by applying the brake. 

x The time required for an inattentive driver to respond to a warning by applying the 
brake pedal is 1.5 sec. 

x The alerted driver needs to brake at a constant deceleration rate of 0.75g. 

x The minimum distance between the vehicles during or after braking is two meters. 

The above assumptions were incorporated into an equation, which then used to determine the 

Virtual Warning Instigation Moments (VWIM) in our experiments.  Next, the time lags 

between the time when drivers started to respond (action point 2) and the VWIM were 
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determined, see Figure 6.  The data has shown that the above algorithm is much better in 

comparison to the TTC theory as the average lag time was found to be -0.2 sec and not 

influenced by the speed level.  Non-the-less, drivers reacted more quickly than the proposed 

algorithm in most of the tests.  This could be explained by the drivers being more alert during 

the experiment.  The main question that needs to be answered is whether or not such an 

ACAS would have an added safety benefit?.  During our experiment some critical incidents 

were observed.  More than once, a driver avoided collision by swerving and, in one case, a 

collision took place between the IV vehicle and surrogate vehicle.  Although, the number of 

these critical incident is small  they may give us an insight about the benefits of ACAS.  The 

data showed that the ACAS would give a warning before drivers would normally start their 

response, although the warning lag was found to be within only 0.5 sec, a time which is 

insufficient to lead to faster drivers’  response.  Nevertheless, an ACAS coupled with braking 

system should give a safety gain.  
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Figure 6: The lag time between the action point 2 and the moment of VWIM for an ACAS. 

Discussion and Conclusion 

The above tests have shown that ACAS cannot rely on a simple TTC threshold for collision 

warning instigation.  A successful ACAS has to be more complex, assessing a range of 

kinematics parameters with the lead vehicle, especially its deceleration.  However, that may 

still not be of benefit as drivers were able to respond early and outperform the ACAS in many 

cases.  Therefore, ACAS should include some type of technology to support drivers during 

their braking.  The way an ACAS could support a driver during emergency braking and after 

starting his or her response is still unclear.  The data has shown that subjects were able to 
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make use of all available brake ability of the IV , activating ABS braking and pressing the 

brake pedal all the way down.  In the accident case the subject responded with a 0.8 sec 

reaction time and was pressing the brake pedal fully within 0.7sec from the moment he 

started to lift his foot from the throttle.  However, the test driver did not steer away to avoid a 

collision, but instead stayed frozen as if bracing for the accident.  Similar observations with 

regard to reaction time were noticed during the cases where drivers had to avoid collision by 

swerving.  The problem lays in the time to collision at the moment when a driver starts his 

response, the lower the TTC the more serious the situation.  The TTC can be calculated from 

the following formula:   

sec)/(
)(

*1(sec)
mDV

mDX
TTC �                DX: The spacing distance.  &  DV: The relative speed] 

If we assume that both vehicles have nearly the same speed when the leader starts to brake, 

then the relative speed value at the moment the follower starts responding will be influenced 

by two parameters:  

(i)- the deceleration of lead vehicle.  

(ii)- the driver reaction time. 

 Drivers have no control over the lead vehicle deceleration, and reaction times are more to do 

with driver anticipation and, in the case of alert drivers, a one sec covers 75% of reaction 

times (Johansson and Rumer, 1971)5.  Therefore, the main factor which could contribute to 

increase safety during emergency braking is spacing distance over which drivers have full 

control.  However, consideration of the spacing distance alone is not enough for safety, the 

higher the speed the longer the stopping distance.  Instead,  the time headway has to be 

considered as it incorporates both speed and spacing distance.  The data has shown that the 

shorter the time headway at the start of the incident the higher the ratio between the follower 

and leader maximum deceleration. The relation between the time headway and the 

(DC_Fmax/DC_Lmax) ratio is shown in Figure 7 .  
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Figure 7: The relation between the time headway and the ration (DC_Fmax / DC_Lmax). 
 
In conclusion,  an ACAS could always contribute to increase drivers awareness if it has the 

right collision warning formula, and should never encourage drivers to have shorter time 

headways when they follow other vehicles.  However, further research and testing need to be 

undertaken to fully understand drivers and how future ACAS could interact with drivers, 

leading into less rear collision and safer roads.  
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ABSTRACT

During the last years vehicle rollovers have become a
major issue to the public interest, the U.S.
Government and related organizations (NHTSA).
Investigations were conducted by several
organizations to analyze the reasons for vehicle
rollovers and the measures to reduce the rollover risk.
One major outcome of the studies was that vehicles
with a small track width and a high center of gravity
were especially prone to rollover accidents. As a
consequence a “star rating” was defined to give the
end consumer a guideline in judging the rollover risk
for specific vehicles.

The paper focuses on modern active and passive
Safety Control Systems that are able to avoid critical
rollover situations and to protect the occupants of the
vehicle. In the first part of the paper, the current
technologies are described:

- Active Safety Systems
- Passive Protection Measures
- Systems which are able to lower the Center

of Gravity, and
- Tire Pressure Monitoring Devices

In addition, an overview of future technologies will
be presented:

- Lane Keeping Devices,
- Lane Departure Warning Systems and
- Tire Status Detection Systems.

Today, most systems are used stand-alone. From
integration and networking of the systems, new
functions and synergies will be realized. These new
opportunities will be covered at the end of the paper.

1. INTRODUCTION

Rollover crashes are one of the most significant
safety problems for all classes of light vehicles
especially light trucks (pickups, sport utility vehicles
and vans). In terms of fatalities per vehicle, rollovers
are on second place, only catched by frontal crashes

in their level of severity. Light trucks, especially
sport utility vehicles, have a very serious focus on the
rollover problem. Most rollovers result from vehicle
leaving the lane and tripping. On-road untripped
rollovers due to vehicle maneuvering are responsible
for only a small portion of the rollover safety
problem. Less than 10 percent of all rollovers are on-
road untripped events. Even though this is a small
part of the overall rollover crash problem,
considerable attention is given to this problem by the
automotive industry working with high effort on
rollover safety. Untripped rollovers are considered to
be preventable by an appropriate safety standard. But
also tripped rollovers can be reduced by a significant
number when active safety systems are installed into
passenger cars with the today’s available technology
and with the performance increased by network
functions.

In this way technical evolution in automotive
engineering concerning safety aspects leads to a
vehicle equipment, which lowers the risks of a crash
(active safety systems) and as well avoid the negative
impacts of a crash or reduce the degree of the effects
(passive safety systems). The automotive industry
works with high pressure developing the safety-
increasing potential of the technical equipment.

2. INVESTIGATIONS/RESULTS

In several countries intensive research work was done
in the recent years to analyze the rollover causes.
Mainly in the U. S. the NHTSA (National Highway
Traffic Safety Administration) did a lot of pioneering
work [1,2] which at least influenced the legislation
(Tread Act). This package of regulations is one of the
biggest which occured in regard to traffic in any
country of the world. But also in other countries, like
in Germany intensive work was done by Prof.
Langwieder [3], Director of the "Institute For Vehicle
Safety" in Munich and by the car manufacturers (e.g.
DaimlerChrysler [4]).

Fig. 1 shows that rollover causes combined with the
driving situation and the drivers reaction can lead to a
real rollover where - if it is already in process - only
passive safety systems can prevent the passengers
from serious injuries. The rollover causes can be split
into the categories vehicle defects, driving faults, and
3rd party negligences. After all investigations [1],
results show that the vehicle speed has the highest
impact (s. Fig. 2), but also alcohol, inattention, over-
correction, and fatigue have significant contribution
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to such kind of accidents. The vehicle defects have a
minor role in these scenarios. The biggest effect in
this category have the tires with 3 %. In the category
3rd party negligence "vehicle hit by other" has with a
value of 9 %.

The driving situation stands in conjunction with the
driver fault. Most of the accidents are happening
during straight driving. This means the driver is
unattended or fatigue. It is surprising, that in the
typical applications for SUV´s (Sport Utility
Vehicles), namely under off-road conditions, rollover
accidents are very low. If we include the driver
reaction, it is evident that the driver is surprised by
the situation, because in 46 % of these cases the
driver has no reaction.

If the rollover is already in process, only passive

safety capabilities, like seat belts or airbags can help.
Before this, active safety systems like the Electronic
Stability Program "ESP", driver assistance systems
like Lane Departure Warning "LDW" or warning
systems like the Tire Pressure Monitoring System
"TPMS" can assist the driver in overcoming such
critical situations.

Prof. Langwieder found out in various investigations
[3], done at the "Institute For Vehicle Safety", that
mostly driving faults, such as unadapted (too high)
vehicle speed, alcohol and step shaped road/bank
transitions, interfering with the re-stabilization of a
vehicle are causing most of the severe accidents. In
the majority of those cases active safety systems help
to avoid these situations. The DaimlerChrysler
analysis of accident statistics [4] shows a reduction of
15 % accident occurrence since introduction of ESP
in all Mercedes models in 1999. In detail the most
dangerous type of accidents is losing control in
critical driving situations without influence of other
vehicles. The percentage of this type of accidents was
about 15 % in Germany for all vehicles built between
1997 and 1999. It was reduced by one third to 10.6 %
for all Mercedes vehicles equipped with ESP since
1999. ESP (Fig. 3) is able to stabilize the vehicle, to
avoid dangerous oversteer behavior, to keep the lane
and minimizes the risk of side collisions with severe
injuries. Also rollover accidents were reduced by
12 % because of the ESP system.

Figure 1. The rollover process.

Figure 2. Analysis of rollover causes.
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3. CONSEQUENCES

Several international and national institutions, like
NHTSA, insurance companies as well as car
manufacturers and their suppliers are working heavily
on requirements, proposals, technological means, and
laws to avoid rollover situations or reduce the
occurrence of these dangerous situations. One of the
most pragmatic approaches was the introduction of
the Static Stability Factor "SSF" by NHTSA in Jan.
2001 (Fig. 4), where the rollover susceptibility of a
vehicle is defined by the half track width of a vehicle
divided by height of the Centre of Gravity (COG). By
this simple definition all of the vehicles on the market
can be judged regarding their rollover risk. The
outcome is a star rating where 5 stars represent a
rollover risk below 10 % while 1 star represents a
rollover risk of more than 40 %.

This NHTSA star rating approach is continuously
improved and enhanced. A relatively new
enhancement is the integration of dynamic tests,
which are essential to provide reliable data
concerning the propensity of a vehicle to roll over in
real-world conditions. The NHTSA proposal contains
two dynamic tests in unladen and laden driving

conditions: A specified fishhook and a J-turn
maneuver. Now a worldwide discussion regarding
load conditions, maneuvers and many other details
between NHTSA, car manufacturers and suppliers
has taken place. In discussion is also the centrifuge
test as a useful substitute for SSF.

Figure 3. Analysis of driving accidents (Source: Federal Office Of Statistics, Germany).

Figure 4. NHTSA star rating.



Fennel 4

The additional data of the dynamic tests leads to the
question how to combine these results with the
known SSF. Two alternatives are possible: an
integrated star rating of SSF and dynamic test results
or separate ratings for SSF and dynamic test
maneuver performance. Overall the NHTSA rollover
rulemaking will have an important influence to
customer decisions, which will lead to corresponding
future vehicle design, suspension set up and EBS
(Electronic Brake System) equipment.

Also the requirements for the tire pressure monitoring
are in consideration. So the U.S. laws require an
increase of the installation rates of tire pressure
monitoring systems, shown in Fig. 5.

4. ACTIVE AND PASSIVE SAFETY SYSTEMS

The development over time of active and passive
safety systems is shown in Fig. 6. It shows the
development in three mainstreams: the passive safety
systems, the active safety systems, and the assistance
systems. While passive safety systems, such as seat
belts, airbags, rollover protection for convertibles,
and pre-crash conditioning are in the beginning of a
saturation phase, there is still a potential for active
safety systems, like ESP, Collision Avoidance (CA),
and Brake-By-Wire (BBW). The real driver
assistance functions up to automatic driving are in the
beginning of their implementation and introduction
phase.

Figure 5. NHTSA rule making procedure.

The following recommendations can be treated as the answer of the suppliers regarding the rollover problem:

1. In many countries (like the U.S.) the usage of seat belts is not required by law. The results of all the
studies show that the consequent usage of seat-belts is the most effective way to reduce fatalities
during rollover situations.

2. Since in most of the cases the driver is overcharged, active safety systems, like ESP which are
able to support the driver in emergency situations are very effective.

3. Passive protection measures, like side airbags and curtains are able to reduce the consequences of
an accident for the vehicle occupants.

4. Since the "static stability factor" plays a major role in the susceptibility of light trucks, SUV`s, and
Vans, technical means for levelling the car body and therefore reducing the COG are very
powerful.

5. Lane keeping and lane departure warning systems are preventing the driver from getting off the
road and coming into tripped rollover situations.

6. The installation of diagnostic systems which are detecting upcoming vehicle or component defects
are able to warn the driver driving with an unsafe car.
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4.1. ABS, TCS, ESP

The Antilock Brake System (ABS) is meanwhile the
classical system, which stabilizes the vehicle under
all braking conditions at the adhesion limit.
Whenever one or more wheels are losing grip, the
ABS takes care and helps also under special
conditions, like different friction levels right and left
and it can distribute brake torques during normal
cornering braking. Due to continuous development
and improvement ABS is able to help if the driver is
attended and gives him the ability to reduce the speed
by full steering capability, so that he can avoid the
rollover.

The Traction Control System (TCS) is an
enhancement of the ABS and supports the driver
during acceleration. Depending on the drive train
layout and certain driving conditions TCS is able to
hold the car stable or to maintain the steerability of
the vehicle.

The Electronic Stability Program (ESP) combines the
functions of ABS and TCS, which are more
longitudinal dynamics oriented and adds the
extremely important lateral dynamic control
functions. By this it can support the driver as much as
possible during all driving maneuvers. It reduces the
rollover risk dramatically. Looking back to Fig. 2

ESP can improve insufficient driver skills during
braking, steering, and during combined steering and
braking, in cases of too high speed, over-correction,
driving style or overloading [4].

In addition to the main system functions other
supporting functions like the Panic Brake Assist
(PBA), the Electronic Brakeforce Distribution
(EBD), and the Engine Drag Torque Compensation
(EDC) are on one hand further developments of the
existing (sub-)systems, on the other hand effective
means of further improvements for the overall
capability in reducing the rollover risk [5]. Therefore
the ESP can be treated as the nowadays optimum for
the reduction of the rollover risk.

4.2. Occupant Safety Systems

Occupant Safety Systems are so called passive
systems and they protect the passengers of a vehicle
during crashes, collisions and rollovers. In the past up
to now an increasing quantity of airbags and
inflatable curtains were introduced. Currently such
systems are getting more intelligent by using more
and more additional sensors or signals and
information, already processed in other systems. The
introduction of the rollover sensor (ROS) is one
example (Fig. 7). This device is sensing the
movement of the vehicle around the roll-axis and

Figure 6. Development of active and passive safety systems.
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with this information seat belt pretensioners and
windowbags can be energized very accurate and
sensitive. As a result the head injuries can be reduced
by 70%.

4.3. Electronic Air Suspension (EAS)

The electronic air suspension is the only system
nowadays which is able to reduce the COG of a car

dynamically. The system as shown in Fig. 8 consists
of: air spring/damper modules for each wheel, air
supply with reservoir, height sensors and Electronic
Control Unit (ECU). By using practical results of the
NHTSA star rating as shown in Fig. 9 and calculating
the SSF with the same cars but with a reduced COG
by 50 mm, we can see that the rating results are
improved at least by 1 star.

Figure 7. Rollover sensing device.

Figure 8. The components of the electronic air suspension (EAS).
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The EAS system, originally designed for comfort and
functionality reasons (height levelling), can be used
easily to lower the COG in case of emergency. Here
either additional sensors for detecting such situations
or data links to other vehicle relevant systems would
be necessary. This network approach is discussed
further in chapter 5: "The integrated approach".

4.4. Driver assistance systems LDWS & LKS

Many crashes occur because the vehicle is
unintentionally leaving its traffic lane. The Lane
Departure Warning System (LDWS) assists as soon
as the vehicle is in danger to leave its lane. It supports

the driver without direct intervention into his driving
event. With lane keeping system (LKS) a small
camera in the vehicle is monitoring the traffic lane
area in front of the vehicle. The gained data are
processed by an ECU evaluating the position of the
vehicle within the lane.

With this information and together with the vehicle
speed it is possible to forecast permanently if there is
a risk that the vehicle will leave the traffic lane. If a
critical risk threshold is reached the driver will be
warned and is able to react. E.g. he can steer the
vehicle in a direction to stay within the lane (s. Fig.
10).

Figure 9. SSF-improvement by lowering the COG.

Figure 10. Lane keeping support systems.
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4.5. Tire monitoring and diagnostic systems

The wish to control the inside tire pressure is as old
as the tire itself. In the first years of the automobile
the tire was one of the most unreliable parts of a
vehicle.

The situation however has strongly improved until
now. The tire has become ordinary to such an extent
that attention is hardly paid to that part of the vehicle.
Entirely in contrast to the wheel rim which became a
design element. This goes as far that the periodical
controlling of the tire pressure is often ignored,
although it is required in the vehicle operating
manual. Even though statistically seen tire defects are
extremely improbable.

But the necessity for tire pressure control systems is
more important than ever: An incorrect tire pressure
or a slow pressure decrease turns out to be fatal just
in the case of higher vehicle speeds with which
modern vehicles can be driven. With the introduction
of the SUV´s and Light Trucks a new category of
vehicles has entered the market. This type of vehicles
run higher risk of rolling over than common
passenger cars. Driving these SUV´s with wrong tire
pressure means for the driver accepting a high risk
getting into trouble. For this reason the US legislation
launched discussions with the aim to make tire
pressure monitoring systems a standard defined by
law. The specifications for these systems are
elaborated by the NHTSA .

A further motivation for the introduction of tire
pressure monitoring systems is the removal of the
vehicle’s spare wheel.

The main task of the direct measuring system TPMS
is not only to detect a defect tire but to detect a slow
or very slow pressure loss of all tires of the vehicle.
E.g. in the case if there occurs little leakage at the
wheel rim or the tire valve. For that purpose sensors
had to be developed which are able to measure the
pressure inside the tire and then transfer the acquired
information to a processing device.

In the year 2000 over 100 deaths in the USA were
reported in connection with defective tires. The
senate decided that tire pressure monitoring systems
have to be installed in vehicles as a standard. The
NHTSA was ordered to elaborate design proposals.
Two alternatives were published in July, 2001 and
were taken into discussion.

Estimations of the NHTSA show, that 60 deaths and
about 8000 injured people per year in the United
States could be avoided, if all vehicles would be
equipped with a tire pressure monitoring system and
therefore a correct air pressure could be guaranteed in
the tires. Tire pressure monitoring systems are able to
additionally improve the safety of road traffic [6].

In addition to the tire pressure monitoring devices
there are strong research efforts on systems which are
able to analyze the tire status and are able to give the
driver a warning long before he can usually
experience any defects, for instance tread separation.
For this task special sensors are required, such as the
sidewall torsion sensor which is able to detect
discontinuities in the tire mechanics. The
development results in the Tire Status Detection
System (TSDS) as shown in Fig. 11.

Figure 11. Tire status detection system (TSDS).
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5. THE INTEGRATED APPROACH

Today passenger cars on the market are equipped
with a lot of electronic control units (in high
performance cars up to 100), working together with
their specific sensors and actuators. Most of the
signals derived by the sensors can be used by several
control (safety) systems. Also control functions can
be performed by one electronic unit and should not
be processed separately. So a lot of synergies can be
found by analyzing the topology of the distributed
control functions in the vehicle [5,7]. It is in addition
beneficial using this networking approach for
monitoring and moreover for safety reasons as well.
So independent processed signals and data from
different units can be compared to each other and by
means of plausibility criteria judged regarding their
validity.

In case of failing sub-systems, the functions can be
inhibited while warning the driver or even taken over
by other units (depending on the design and the
layout of the entire vehicle electronics). In the near
future we await in this area a lot of opportunities, but
also some risks because the establishment of stable
vehicle networks with perfect working data exchange
between the subsystems is not an easy task, and not
finally solved in the automotive industry. Here we
will get soon practical solutions by standardization
and international agreements. On the other hand, the
advantages are obvious. When we look at the above
described systems, we can easily identify the
enormous potential, given by the interaction of the
systems:

So active safety systems, like ESP, are delivering a
lot of data which can be used by other systems, like
wheel speeds, vehicle speed, acceleration in
longitudinal and lateral direction, surface condition,
steering wheel angle and the yaw rate. These signals
have different quality. Some are derived from real
sensors and are very precise, others are modeled or
estimated and therefore more or less rough. It has to
be decided case by case whether the quality is
sufficient or not.

Whenever the signals are useful they can be used by
the airbag unit, by the suspension control, by the lane
keeping and lane departure devices and by the
deflation detection system (DDS) and TPMS (Fig. 12
and Fig. 13).

The DDS is the best example for gaining synergies,
because nearly no additional means are needed, when
an electronic brake system is already installed in the
car.

There might be additional memory necessary for the
function and access to the warning device in the
dashboard as well as the information of a calibration
button which can be derived via the already installed
can bus. These few elements have marginal costs,
compared to the benefit for the end user. In addition
such systems are fulfilling the U.S. requirements for
low costs. They are very robust, because of the few
additional parts. The already installed monitoring
system of the electronic brake system is able to detect
system failures and warns the driver whenever it is
necessary.

Figure 12. Deflation detection system (DDS).



Fennel 10

In case of the TPMS the networking has several
benefits. As an active system with wheel modules,
measuring air pressure and temperature in the wheels
and sending this information to a receiver unit it can
be treated as a stand-alone system, but in
combination with an ESP for instance it can use the
infrastructure of this system. So the cables for the
wheel speed sensors can be used for the transmission
of the data from the wheel modules to the receiving
unit in the ECU of this system.

The data processing capability of the ESP can also be
used for the processing of tire pressure data. If the
DDS algorithm is implemented too, this is a back-up,
which is able to detect failures in the TPMS, and can
be used whenever wheels without wheel modules are
in service. This combination of two independent
working tire pressure monitoring systems with
diversified strategies offers the functionality to

influence the ESP. Since the tire pressure monitoring
device is now failsafe it can be used to interact with
the safety system in the way that it gives a reliable
warning to the driver when the speed corresponding
to the tire pressure is exceeded, or it can even limit
the speed actively.

The interaction between active and passive safety
systems offers additional possibilities. ESP
functionality can be improved by adding a roll rate
sensor. This element, sensing the movement of a
vehicle around its roll axis is able to detect early
critical driving maneuvers and supports the driver by
adequate, selective brake interventions. This
information is also helpful for the pre-conditioning of
seat belt fasteners or airbags (Fig. 14). So the synergy
between both systems is obvious.

Figure 13. Tire Pressure Monitoring System TPMS and its variations.

Figure 14. Performance benefit by networking ROS with chassis systems.
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A further system approach is given by the so called
active rollover protection (ARP) which can be treated
as an extension of the ESP, realized with software
means only. The main reasons for such a system
extension are to reduce the rollover risk during
(dynamic) lane change maneuvers and during (steady
state) circle driving maneuvers. Here especially lane
change, fishhook, J-turn, and circle driving

maneuvers are affected. Figures 15 and 16 are
showing the effect of such enhanced means.

The electronic suspension control system and the lane
keeping and lane departure warning device can use
also the signals from the vehicle safety systems
sensors or its processed data.

Figure 15. Dynamic lane change with ARP.

Figure 16. Steady state maneuver with ARP.
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6. CONCLUSION AND OUTLOOK

It turns out that the active safety system ESP is the
kernel for many other safety devices in passenger
cars. It offers all necessary signals for those systems
or can improve these systems significantly. By using
networking consequently, new and additional control
functions can be introduced for the sake of drivers
and passengers safety, leading to an overall reduced
risk for the common traffic.

Nevertheless the automotive industry and their
suppliers are requested to define standardized, robust
and reliable components, sub-systems, systems, and
networks, which are able to do their task over the
lifetime of the car.

With the current available systems we are able to
reduce the risk for all traffic participants. This is
shown in Fig. 17.

In the future the electronic control systems will
increase and will be the most significant part of a
vehicle. Using this potential systematically we are
able to improve not only the safety of a vehicle but
also the comfort and last but not least the
"Fahrspass".
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ABSTRACT 
 
Aiming to obtain a new, advanced, globally 
harmonised mid-sized male side impact dummy the 
WorldSID (Worldwide Side Impact Dummy) has 
been developed under the auspices of the 
International Organisation for Standardisation (ISO) 
working group on anthropomorphic test devices: 
ISO/TC22/SC12/WG5. From 2001 to mid-2002, the 
first prototype of the WorldSID was subjected to an 
extensive worldwide evaluation programme at  
research institutes, government agencies and industry 
test laboratories  around the world. The initial testing 
resulted in the highest ISO biofidelity rating for any 
mid-sized male side impact dummy to date along 
with some suggestions for further biofidelity 
refinements.  
 
These identified refinements have been developed 
and incorporated into a revised version of the 
WorldSID prototype dummy, which has been 
subjected to another series of worldwide evaluation 
tests in order to assess the resulting biofidelity rating 
according to the requirements of ISO Technical 
Report 9790.  
 
This paper presents and discusses the design 
modifications implemented in the revised WorldSID 
prototype dummy and its superior performance 
during the second round of biofidelity testing. The 
biofidelity rating of the WorldSID according to ISO 
TR 9790 and its response repeatability in the 
biomechanical tests will be addressed and compared 
with existing mid-sized male side impact dummies. 
The revised WorldSID prototype has exceeded the 
overall and individual body region biofidelity ratings 
of the first prototype. The revised prototype 
biofidelity rating is anticipated to be 7.3 with minor 
modifications to the dummy head that were underway 
at the time of writing this paper. 
 
BACKGROUND 
 
Five different 50th percentile male side impact 
dummies, DOT-SID, SID-HIII, EUROSID 1, ES-2  

 
and BioSID are currently available for vehicle 
regulatory and development testing purposes. 
According to the International Organisation for 
Standardisation Technical Report 9790 (ISO TR 
9790) [1] classification, which can be seen in Table 1, 
the biofidelity rating of all of these dummies lies in 
the "unacceptable" to "fair" ranges. The necessity of 
harmonising and improving the biofidelity of side 
impact dummies is therefore obvious.  
 

Table 1. 
ISO Biofidelity Classification  

Excellent > 8.6 to 10 
Good >  6.5 to 8.6 
Fair > 4.4 to 6.5 

Marginal > 2.6 to 4.4 
Unacceptable 0 to 2.6 

 
A new, advanced 50th percentile male side impact 
dummy has been developed in the form of the 
WorldSID within a task group comprised of dummy 
and biomechanics experts from the automotive  
industry, government agencies and research institutes 
from around the world. The objective of the 
WorldSID project is to develop a harmonised mid-
sized male side impact dummy that meets the “good” 
to “excellent” classification on the ISO scale and 
launch the production dummy in March 2004. At that 
time, the dummy design will be put into the public 
domain, and will be available for use in regulatory 
test procedures, including those to be defined by the 
International Harmonized Research Activities 
(IHRA ), and also for all other test procedures. 
 
INTRODUCTION 
 
The performance of the first and only WorldSID 
prototype (Figure 1) was verified during its debut in 
December 2000 in full-scale crash and sled tests. The 
initial WorldSID dummy design and test results were 
published at the Enhanced Safety of Vehicle 
Conference (ESV) 2001 [2], [3].  
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The dummy was subsequently subjected to a 
comprehensive test programme to determine its 
compliance with ISO TR 9790. The results of the first 
round of ISO TR 9790 tests were published at the 
Stapp Car Crash Conference 2001 [4]. Based on those 
results, it was apparent that the ratings of some body 
regions, namely the pelvis, shoulder and neck 
required improvements. 
 

 
Figure 1.  The WorldSID prototype dummy 
 
Further tests were conducted to enhance the 
biofidelity of the pelvis and shoulder. These tests 
were conducted within the European Commission's 
SIBER (Side Impact Dummy Biomechanics and 
Experimental Research) project. The results of this 
testing lead to  some of the modification described 
below. The prototype dummy was then upgraded with 
these modifications.  This revised prototype dummy 
was then subjected to a second round of TR9790 
testing to evaluate the effects of the changes. 
 
DESIGN MODIFICATIONS OF THE REVISED 
PROTOTYPE 
 
Biofidelity analysis of the ISO TR 9790 tests 
conducted on the WorldSID prototype revealed that 
the goal of a “good” biofidelity rating for the thorax 
and the abdomen was already achieved with the first 
prototype. The neck, shoulder and pelvis required  
revision of their components. 
 
Neck 
 
The data from the ISO neck tests conducted on the 
prototype dummy indicated that the neck was 
globally too soft [4]. It was speculated that the low 
rating was mainly due to the original shoulder design 
being too soft. So no modifications were made to the 
neck of the revised WorldSID prototype dummy .  
 
 

Shoulder  
 
The WorldSID prototype shoulder was determined to 
be too soft during the initial biofidelity tests  [4]. This 
was indicated by high deflection responses, whereas 
the pendulum forces that were generated met or 
slightly exceeded the corridor. The challenge was to 
reduce deflection without increasing the force. The 
thickness of the shoulder rib damping material was 
increased from 4 mm to 9 mm (Figure 2). 
Additionally the durometer of the shoulder plug was 
changed to reduce the impact force. A rib stop was 
installed to prevent the shoulder rib from bottoming 
out and damaging the rib and instrumentation. 
 

 
Figure 2.  Shoulder rib.  
 
Pelvis  
 
The results of the initial biofidelity tests conducted on 
the pelvis revealed that it was too stiff [4]. It was 
determined that too much mass of the thigh was 
involved in the pelvis impact and excessive left to 
right mass coupling was occurring in the pelvis itself. 
 

 
Figure 3. Redesigned pelvic bone with decoupled 
pubic area 
 
To correct these issues, the pelvic bone material in the 
revised prototype dummy is soft er and the pubic 
symphysis load cell was reduced in size and fitted 
between soft rubber bumpers (Figure 3).  
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Lower Extremities 
 
It was seen during the prototype testing that there was 
a significant influence of the femur to flesh mass 
distribution in the pelvis responses during impact 
testing. The overall femur mass in the prototype 
dummy  corresponded well with the University of 
Michigan Transportation Research Institute 
(UMTRI) target [5], but the ratio of bone to flesh 
mass was incorrect. This was due to the large amount 
of instrumentation that was housed in the femur 
bones. 
 

 
Figure 4.  Revised prototype femur heavy flesh 
and light bone 
 
The upper legs were modified to best achieve the 
UMTRI targets for mass distribution between the 
femur bone and flesh. The femur bone was lightened 
by changing the material from steel to aluminium and 
removing one femur load cell.  Other measures for 
reducing the weight included lightening holes in the 
knee and femur neck, reducing the kneecap thickness 
and increasing the knee flesh (Figure 4). Additional 
bone mass reduction was achieved by removing the 
Data Acquisition Systems (DAS) housing from the 
femur and mounting the DAS modules in cavities in 
the flesh. The flesh mass was increased by changing 
from vinyl-covered foam to a solid vinyl assembly. 
Additionally, the new flesh would only be in contact 
with the lower end of the bone, resulting in a certain 
degree of decoupling between the bone and flesh.  
 
 
 
 

 
BIOFIDELITY RATING AND REPEAT-
ABILITY ANALYSIS  
 
The WorldSID was specified to meet the biofidelity 
targets defined by the ISO TR 9790 and also any 
future specifications recommended by the IHRA 
Biomechanics working group. The WorldSID Task 
Group is awaiting the publication of 
recommendations for biofidelity requirements from 
this group and will take those into consideration as 
soon as available.  In accordance with the WorldSID 
specification, the ISO TR 9790 biofidelity rating 
procedures were used to quantify individual body 
regions and overall dummy biofidelity. 
 
The ISO TR 9790 tests conducted with the WorldSID 
prototype dummy were repeated with the revised 
WorldSID prototype dummy. As with the prototype, 
Head Test 2 (drop test), Thorax Test 4 (drop test), and 
Pelvis Test 5, 6 (drop tests) and 9 (sled test), were not 
conducted since the required padding is no longer 
available. Additionally, the neck flexion and 
extension tests were not conducted. Three repeats 
were conducted of each test mode to determine the 
repeatability of the measurements and body regions.   
 
ISO has defined the biofidelity rating as follows: 
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- Bi is the body region biofidelity rating,  
- Vi,j is the weighting factor for each test 

condition for a given body region, 
- Wi,j,k is the weighting factor for each 

response measurement for which a 
requirement is given, 

- Ri,j,k is the rating of how well a given 
response meets its requirement (Ri,j,k is equal 
to 10 if the response meets the requirement, 
5 if the response is outside but lies within 
one corridor width of the requirement and 0 
if neither of the previous is met),  

- i represents the body region, 
- j represents the test condition for a given 

body region i, 
- k represents the response measurement for a 

given test condition j and a body region i. 
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The overall biofidelity is given by: 
 

 
where 

- Ui is the weighting factor for each body 
region, 

- i = 1 to 6, respectively representing the head, 
the neck, the shoulder, the thorax, the 
abdomen and the pelvis. 

 
The value of a specific response measurement rating 
was calculated by averaging the ratings determined 
for this measurement in each test conducted under the 
same conditions. When tests were conducted on both 
sides of the dummy, an average of all measurements 
including the left and the right side values were used 
to determine the measurement rating.  
 
A repeatability analysis is conducted using the 
coefficient of variation (CV) method. The CV is 
defined as the standard deviation of the samples 
divided by the sample mean, and is expressed as a 
percentage. The repeated responses, which have a CV 
of 3% or less, are commonly considered as having an 
excellent level of repeatability, whilst a value of 10% 
and above is considered to have a poor level of 
repeatability. The WorldSID specification is to have a 
CV of less than 7%. The repeatability analysis was 
only performed if three or more results were available 
for measurements collected under the same test 
condition. 
 
BIOFIDELITY RESULTS AND REPEAT-
ABILITY  
 
Head Biofidelity and Repeatability 
 
One of the two head tests specified in ISO TR9790 
was carried out with the revised WorldSID prototype 
for lateral assessment.  
 
     Head Test 1, according to Hodgens and Thomas 
[6], is a 200 mm drop test onto a rigid surface with 
the head only. 
 
The data for this test are contained in Appendix A, 
Table A1. The peak resultant accelerations for the 
none-struck side head were above the 150 g upper 
limit . The biofidelity rating for Head Test 1 is 5. 
 

Since only Head Test 1 could be carried out, the 
overall head biofidelity rating is 5, the ISO biofidelity 
classification is “fair” and the repeatability (0.09%) is 
excellent  (Table 2).  
 

Table 2. 
Head Biofidelity Rating and CV  

Response Measurements k W1,1,k  R1,1,k CV (%)

Peak Resultant Acceleration 1 9 5 0.09

Head Biofidelity Rating B1 5
 

 
During the course of writing this manuscript it was 
discovered that a processing error had occurred with 
the first round of prototype head test data.  The data 
previously presented were approximately 115 g's, 
which corresponded to a biofidelity rating of 10 for 
the head. Using the corrected processing, the head 
results were actually 166 g's, which correspond to a 
rating of 5. The previous overall dummy biofidelity 
rating was reported as 6.5, but should have been 
reported as 5.7.   
 
Neck Biofidelity and Repeatability 
 
Three different sled tests were conducted to 
determine the lateral biofidelity of the dummy neck. 
The data from these tests are contained in Appendix 
B, Tables B1 through B3.  All neck tests were 
conducted without the neck shield, since it was 
previously determined that the neck shield had no 
influence on the neck biofidelity performance [4]. 
Only left side impacts were conducted. 
 
     Neck Test 1 is a sled test based on the volunteer 
tests conducted by Ewing et al. [7]. The requirements 
derived from these tests originate from the analysis 
performed by Wismans et al. [8]. The mean sled 
velocity was 6.9 m/s and average sled deceleration 
was 7.2 g. Boundaries were given for longitudinal 
acceleration and displacement at T1, longitudinal and 
vertical head CG displacement relative to T1, the time 
of peak head excursion, lateral and vertical peak head 
acceleration, the peak lateral flexion angle and the 
peak twist angle.  
 
The Neck Test 1 data are contained in Appendix B, 
Table B1. In three tests, the revised prototype's T1 
horizontal acceleration and displacement responses 
were within the limits and achieved ratings of 10. All 
of the other measurements achieved ratings between 5 
and 10, with the exception of the peak neck twist 
angle, which achieved a rating of 0. The individual 
measurement ratings, the overall Neck Test 1 rating 
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and the CV of the measurements can be seen in Table 
3. 
 

 Table 3. 
Neck Test 1 Biofidelity Ratings and CV  

Response Measurements k W2,1,k R2,1,k CV (%)

Peak T1Hor. Acceleration 1 5 10 8

Peak T1 Hor. Displacement 2 5 10 7

Peak Hor. Displacement of the 
Head C.G. Relative to T1 

3 8 6.7 7

Peak Vertical Displacement of 
the Head C.G. Relative to T2

4 6 5 7

Time of Peak Head Excursion 5 5 6.7 2

Peak Lateral Acceleration of the 
Head 

6 5 10 n.d.

Peak Vertical Acceleration of 
the Head 

7 5 5 n.d.

Peak Flexion Angle 8 7 8.3 3

Peak Twist Angle 9 4 0 9

Neck Test 1 Rating 7  
 
As in the case of the prototype, the results achieved 
with the revised prototype were somewhat 
contradictory. The responses of the peak head C.G. 
displacement with respect to T1 are low, and the peak 
lateral accelerations of the head are high. This 
indicates that the neck is too stiff in the lateral 
direction. However, the peak flexion angle is at the 
upper corridor and actually exceeds it in one test, 
indicating that the neck is soft.  
 
The Neck Test 1 biofidelity rating is 7.0, which is 
considerably better than 4.3 from the prototype.   
 
     Neck Test 2 is a sled test configuration referring 
to Patrick and Chou tests [9]. The sled velocity was 
5.8 m/s and the constant deceleration level was 6.7 g.  
From this test, boundaries for peak flexion angle, 
peak forces and moments at the occipital condyles 
and peak head resultant acceleration were given.  
 
The results of Neck Test 2 can be found in Appendix 
B, Table B2. The peak flexion angle for Neck Test 2 
lies on or above the upper boundary and most of the 
moments and forces lie below the lower boundary.  
This indicates that the neck is soft.   
 
Neck Test 2 biofidelity rating is 2.4, which is 
comparable with that of the prototype (2.5). The 
ratings and the CV values for this test are shown in 
Table 4.  
 

 
 

Table 4. 
Neck Test 2 Biofidelity Ratings and CV  

Response Measurements k W 2,2,k R2,2,k CV (%)

 Peak Flexion Angle 1 7 6.7 6

Peak Bending Moment 
about A-P Axis at O.C.

2 7 1.7 5

Peak Bending Moment 
about R-L Axis at O.C.,

3 3 5 8

Peak Twist Moment 4 4 1.7 7

Peak Shear Force at O.C. 5 7 0 6

Peak Tension Force at O.C. 6 6 0 5

Peak P-A Shear Force 7 3 0 5

Peak Resultant Head 
Acceleration

8 4 5 6

Neck Test 2 Rating 2.4   
 
     Neck Test 3 is the configuration established by 
Tarriere et al. [10] based on a single cadaveric test 
with an initial velocity of 6 m/s and sled deceleration 
of 12.2 g. Boundaries are given for peak lateral T1 
acceleration, peak lateral head C.G. acceleration, peak 
horizontal displacement of the head CG relative to the 
sled, peak flexion angle and peak twist angle. 
 

Table 5. 
Neck Test 3 Biofidelity Ratings and CV  

Response Measurements k W2,3,k R2,3,j CV (%)

Peak Lateral Acceleration of  T1, 
Ay

1 5 6.7 7

Peak Head C.G. Lateral 
Acceleration, Ay 

2 5 n.a. n.d.

Peak Head C.G. Horizontal 
Displacement, Dy

3 8 10 1

Peak Flexion Angle, qx 4 7 6.7 4

Peak Twist Angle, qz 5 4 0 5

Neck Test 3 Rating 6.7
  

   
The data of the Neck Test 3 series are shown in 
Appendix B, Table B3. The peak lateral acceleration 
of T1 lies on or above the upper boundary, whereas 
the data for the peak head acceleration were lost. The 
peak head horizontal displacement is within the 
corridors, whilst the peak head flexion angle lies on 
or above the upper boundary.  Thus indicating that 
the neck is soft. 
 
The Neck Test 3 biofidelity rating for the revised 
prototype is 6.7 compared to 4.3 for the prototype. 
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The ratings and the CV values for this test are shown 
in Table 5. 
 
      Overall Neck Biofidelity Rating: The overall 
neck biofidelity ratings and repeatability are  shown 
in Table 6. The overall neck biofidelity rating of the 
revised WorldSID prototype is 5.2, which 
corresponds to an ISO classification of “fair”. This is 
an improvement to that of the prototype dummy (3.6).  
The increase in the biofidelity rating is attributed to 
modifications made to the shoulder area, since the 
neck design was not changed. The overall neck 
repeatability meets the specification.  
 

Table 6. 
Overall Neck Biofidelity  

j V2,j R2,j

Neck Test 1 1 7 7
Neck Test 2 2 6 2.4
Neck Test 3 3 3 6.7

5.2Neck Biofidelity Rating B2  
 
As in the case of the prototype, the entire neck still 
appears too soft when subjected to lateral impacts. 
The stiffness of the neck may be increased for the 
pre-production dummy, to better meet the biofidelity 
specification. 
 
Shoulder Biofidelity 
 
All four ISO TR 9790 shoulder tests were conducted 
on the WorldSID revised prototype. These tests 
include one pendulum impact and three sled tests. 
 
     Shoulder Test 1 involves an APR-type pendulum 
impacts using a 23.4 kg pendulum with a 150 mm 
cylindrical impact face [11]. Targets are given for the 
impactor force/time history and the maximum 
shoulder deflection. 
 

Table 7. 
Shoulder Test 1 Biofidelity Ratings and CV  

left right

Pendulum Force 1 8 5 1 0.9

Peak Shoulder Deflection 2 6 7.5 2 3

R3,1,j
CV (%)

Shoulder Test 1 Rating 

Response Measurements k W3,1,k

6.1  
  
The Shoulder Test 1 data are in Appendix C, Table 
C1, Figures C1 and C2. The peak shoulder deflection 
response falls within the corridors for the left side 
impacts and lies within one corridor width below the 
lower boundary for the right side impacts. The 
pendulum forces exceed the upper corridor limit, but 

lie within one corridor width for both the right and 
left side impacts, and therefore have a rating of 5. The 
time history of the pendulum force measurements is 
similar to the requirements.  
 
Shoulder Test 1 biofidelity rating was improved from 
5.7, in the prototype dummy , to 6.1 in the revised 
prototype. The biofidelity ratings and  
CV values for Shoulder Test 1 are in Table 7.  The 
repeatability for this test is “excellent”.  
    
     Shoulder Test 2 is the 7.2 g sled test 
configuration described under Neck Test 1. Targets 
are given for peak horizontal T1 acceleration and 
peak horizontal T1 displacement. Only left side tests 
were conducted.  
 
The revised prototype responses are well within their 
prescribed corridors. Consequently, the rating for this 
test is 10 (Table 8), which is a significant 
improvement when compared with a rating of 5 for 
the prototype dummy. The test data can be seen in 
Appendix C, Table C2. 
 

Table 8. 
Shoulder Test 2 Biofidelity Ratings and CV  

Response Measurements k W3,2,k R3,2,j CV (%)

Peak T1  Horizontal 
Accelereation Ay

1 6 10 8

Peak T1  Horizontal 
Displacement

2 6 10 7

Shoulder Test 2 Rating 10
 

 
     Shoulder Test 3 is the 12.2 g sled test 
configuration described under Neck Test 3.  The peak 
lateral accelerations of T1 are taken into 
consideration in this test.  
 
The Shoulder Test 3 data are contained in Appendix 
C, Table C3. The peak T1 lateral acceleration data are  
within or just above the upper boundary for the 
revised prototype dummy . This has produced a 
slightly improved rating of 6.7 for the revised 
prototype dummy when compared to a rating of 5 for 
the prototype dummy.  The ratings and CV values for 
Shoulder Test 3 are Table 9.  
 

Table 9. 
Shoulder Test 3 Biofidelity Rating and CV  

Response Measurements k W3,3,k R3,3,k CV (%)

Peak T1 Lateral 
Accelereation Ay

1 6 6.7 7

Shoulder Test 3 Rating 6.7  
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     Shoulder Test 4 requirements are derived from 
tests performed at the Wayne State University and 
analysed by Irwin et al. [12]. The sled velocity is 8.9 
m/s.  This test only requires responses for the thorax 
and shoulder plate forces. 
 

Table 10. 
Shoulder Test 4 Biofidelity Rating and CV  

15psi 23psi
Shoulder and Thoracic 
Plate Force

1 6 5 7 1

Shoulder Test 4 Rating 5

Response Measurements k W3,4,k R3,4,k
CV (%)

 
The measurement data can be found in Appendix C, 
Figure C3. The peak force response of the revised 
prototype lies slightly below the lower boundary, and 
the duration of the dummy response are slightly 
greater than that of the corridors. The biofidelity 
rating for Shoulder Test 4 for both the prototype 
dummy and revised prototype dummy are 5.0 (Table 
10).  
 
     Overall Shoulder Biofidelity Rating: The 
shoulder stiffness was increased on the basis of the 
prototype dummy test results  previously published 
[4]. These modifications achieved the desired effect, 
with the overall shoulder biofidelity rating of the 
WorldSID revised prototype at 6.7 (Table 11).  

 
Table 11. 

Overall Shoulder Biofidelity  
j V3,j R3,j

Shoulder Test 1  Rating 1 6 6.1
Shoulder Test 2 Rating 2 5 10
Shoulder Test 3 Rating 3 3 6.7
Shoulder Test 4 Rating 4 7 5

Shoulder Biofidelity B3 6.7  
 
This is equivalent to a biofidelity classification of 
“good”. It is also a significant improvement over the 
prototype rating of 5.2. 
 
Thorax Biofidelity 
 
Five different tests were performed on the revised 
WorldSID dummy thorax to determine the thorax 
biofidelity rating. These tests included two pendulum 
tests, a drop test and two sled tests. 
 

     Thorax Test 1 is a pendulum test, in which a 15 
kg, rigid impactor with a diameter of 150 mm impacts 
onto the thoracic ribs, with the arms in a horizontal 
position, at 4.3 m/s   [13].   
 
Three repeat tests were performed on the left and 
right side of the dummy's thorax. The measurement 
data are contained in Appendix D, Figures D1 to D4. 
In all runs, the pendulum force was within the 
corridors, and is rated as 10. The upper spine 
acceleration data are within one corridor width of the 
upper bound. This gives a rating of 5 for the upper 
spine acceleration. 
 

Table 12. 
Thorax Test 1 Biofidelity Ratings and CV  

left right

Pendulum Force 1 9 10 0.4 3

Upper Spine Lateral 
Acceleration 

2 7 5 4 5

R4,1,k
CV (%)

7.8Thorax Test 1 Rating

Response Measurements k W4,1,k

 
Thorax Test 1 revealed an improved rating of 7.8 in 
comparison with the prototype (5.9). The 
repeatability meets the specification (Table 12).     
 
     Thorax Test 2 is the same configuration as 
Thorax Test 1, except that the impact speed is 6.7 m/s 
[14].  Targets are only given for the pendulum impact 
force.  
 

Table 13. 
Thorax Test 2 Biofidelity Rating and CV  

left right

Pendulum Force left side 1 9 10 0.8 2

R4,2,k
CV (%)

10Thorax Test 2 Rating

Response Measurements k W4,2,k

 
 
The measurements for left and right side impacts 
(Appendix D, Figure D5 and D6) lie within the 
corridor, giving Thorax Test 2 a rating of 10 with an 
excellent repeatability (Table 13). The prototype 
rating for Thorax Test 2 was also 10. 
 
     Thorax Test 3 consists of dropping the dummy 
laterally from a height of 1m onto a continuous, rigid 
plate which spans the shoulder, thorax and abdomen 
regions, with a separate plate for the pelvis region. 
The arm is rotated 20° forward of the dummy's 
thoracic spine [15]. Targets are given for the thoracic 
plate force and peak rib deflection.  
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The biofidelity rating for Thorax Test 2 conducted on 
the revised WorldSID dummy is 7.9 (Table 14).  The 
rating for the prototype dummy was 7.1.  
 
The data are in Appendix D, Table D1, Figures D7 
and D8. The thoracic plate force responses of the 
revised prototype met the corridor for the left side, 
but were within one corridor width for the right side 
tests . The peak thoracic rib deflection responses lie on 
or just above the upper boundary except for one run, 
where it lies on the lower boundary.  
 

Table 14. 
Thorax Test 3 Biofidelity Ratings and CV  

left right

Thorax Plate Force 1 8 7.5 3.0 9.0

Peak Deflection of the Impacted 
Rib 1 8 8.3 5.0 20.0

Thorax Test 3 Rating 7.9

CV (%)Response Measurements k W4,3,k R4,3,k

 
  
     Thorax Test 5 requires a Heidelberg-type rigid 
wall sled impact at 6. 8 m/s [16]. Three repeat left side 
impacts were conducted.  
 
The measurements are given in Appendix D, Table 
D1 and Figure D9. The thoracic plate forces are 
within the corridor for all tests. Two of the peak T1 
accelerations are within one corridor width of the 
lower boundary and the third exceeds one corridor 
width. The peak T12 accelerations lie within one 
corridor width below the lower limit, whereas the 
peak lateral accelerations of the impacted rib are  
within the corridor. The Thorax Test 5 biofidelity 
rating for the revised prototype is 7.1, whereas the 
prototype rating was 5.8 (Table 15). 
 

Table 15. 
Thorax Test 5 Biofidelity Ratings and CV  

Response Measurements k W4,5,k  R4,5,k CV (%)

Thorax Plate Force 1 8 10 n.d.

Peak Lateral Acceleration of the 
Upper Spine 2 7 3.3 6

Peak Lateral Acceleration of the 
Lower Spine 3 7 5 11

Peak Lateral Acceleration of the 
Impacted Rib 

4 6 10 18

Thorax Test 5 Rating 7.1
 

  
     Thorax Test 6 is a WSU-type padded load plate 
wall configuration with padding of 15 psi and 23 psi 
[17]. The dummy is seated on the sled with its arms 

45° forwards from the vertical, and the sled is 
decelerated at an impact speed of 8.9 m/s.  
 
Thorax Test 6 data are in Appendix D, Figure D10.  
The thoracic plate force data lie within one corridor 
width below the lower boundary and therefore are 
rated 5.0 (Table 16).  
 

Table 16. 
Thorax Test 6 Biofidelity Rating and CV  

15psi 23psi
Shoulder + Thoracic Plate 
Force 1 9 5 5 1

Thorax Test 6 Rating 5

Response Measurements k W4,6,k  R4,6,k
CV (%)

 
 
The biofidelity rating of the revised prototype and the 
prototype dummy  for Thorax Test 6 were both 5.0.   
 
     Overall Thorax Biofidelity Rating: The revised 
WorldSID prototype overall thorax biofidelity rating 
is 7.7 (Table 17) which is an improvement from the 
previous prototype dummy testing (6.9).  

 
Table 17. 

Overall Thorax Biofidelity  
j V4,j R4,j

Thorax Test 1 Rating 1 9 7.8
Thorax Test 2 Rating 2 9 10
Thorax Test 3 Rating 3 6 7.9
Thorax Test 5 Rating 5 7 7.1
Thorax Test 6 Rating 6 7 5

7.7Thorax Biofidelity B4  
 
This corresponds to an ISO classification of “good”. 
The improvement in the thorax biofidelity rating is 
due to a combination of the ribs softening due to 
excessive testing and modifications to the shoulder 
and pelvis regions.   
 
Abdomen Biofidelity and Repeatability 
 
To determine the overall abdomen biofidelity of the 
revised WorldSID prototype dummy , five different 
abdominal tests were performed. These tests consist 
of two drop tests and three sled tests. 
 
     Abdomen Test 1 is a lateral drop test from a 
height of 1 m onto a simulated armrest, which  
protrudes 41 mm above a continuous, rigid plate. The 
plate spans the shoulder, thorax and abdomen regions, 
with a separate plate for the pelvis region. The arm is 
removed from the dummy [11].  
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The data are in Appendix E, Table E1 and Figures E1 
and E2. The peak armrest force is within the corridors 
for the left side runs. The duration of the peak armrest 
force data slightly exceeds the corridor, but far less 
than the prototype. As the shape is very similar to the 
corridor and time zero is very difficult to determine in 
drop tests, it was agreed to rate this response as 10. 
The right side responses also met the corridor in 
terms of peak values, but exceeded the duration more 
and are rated as 5. The T12 accelerations are all 
within their prescribed corridors and are rated 10. 
Three abdominal rib accelerations are within one 
corridor width of the lower corridor and three exceed 
one corridor width. In all six tests, the requirement 
was met for the rib displacements (Table 18).   
 

Table 18. 
Abdomen Test 1 Biofidelity Ratings and CV  

left right

 Armrest Force 1 9 7.5 5 4

Peak Acceleration of the 
Lower Spine 

2 6 10 4 5

Peak Acceleration of the 
Impacted Rib 

3 4 2.5 3.1 7

Peak Abdomen Penetration 4 9 10 3.9 4.5

R5,1,k
CV (%)

8.1Abdomen Test 1 Rating 

Response Measurements k W5,1,k

 
 
The biofidelity rating for the revised prototype for 
Abdomen Test 1 is 5.7 compared to a rating of 7.0 for 
the prototype.  
 
     Abdomen Test 2 is the same as test 1, except that 
the drop height is 2 m [11].  
 
Due to the severity of this test and the fact that the 
ribs have been exposed to over 400 tests, the dummy 
ribs bottomed out during this test. Unfortunately, this 
made the data unusable.  

 
     Abdomen Test 3 is a WSU-type rigid wall sled 
test where the sled is  accelerated until it reaches a 
velocity of 6.8 m/s. The brakes are then applied and 
the dummy slides into the rigid wall [17]. The 
dummy is seated on the sled with its arm at 45° 
forwards from the vertical.   
 

Table 19. 
Abdomen Test 3 Biofidelity Rating and CV  

Response Measurements k W5,,j,k R5,j,k CV(%)

Abdominal Plate Force 1 9 8.3 8

Abdomen Test 3 Rating 8.3  

The measurement data are contained in Appendix E, 
Figure E3. In two runs the abdomen plate forces lie 
within the corridor and just below it in one run. 
 
The biofidelity rating for Abdomen Test 3 is 8.3 for 
the revised prototype and was 10 for the prototype 
dummy (Table 19).   
 
     Abdomen Tests 4 is the same as Abomen Test 3, 
except that the sled velocity is 8.9 m/s [17].  
 
The measurement data are contained in Appendix E, 
Figure E4. In all three tests, the abdomen plate forces 
for the Abdomen Test 4 lie within one corridor width 
below the lower boundary, and have a rating of 5 
(Table 20). 

 
Table 20. 

Abdomen Test 4 Biofidelity Rating and CV  
Response Measurements k W5,,j,k R5,j,k CV(%)

Abdominal Plate Force 1 9 5 6

Abdomen Test 4 Rating 5  
 
The biofidelity rating for Abdomen Test 4, for both 
the revised prototype and prototype dummies are 5.0. 
 
     Abdomen Test 5 is identical to Abdomen Test 4, 
except that the rigid wall is covered with paper 
honeycomb padding of 15 psi and 23 psi, respectively 
[17].  
 
In the six tests conducted, the peak values for 
abdominal plate force (Appendix E, Figure E5) lie 
around the lower boundary, and the duration is 
slightly too long, resulting in a rating of 5 for this 
response (Table 21). 
 
The biofidelity rat ing for Abdomen Test 5, for both 
the revised prototype and prototype dummies are 5.0. 
 

Table 21. 
Abdomen Test 5 Biofidelity Rating and CV  

15psi 23psi

Abdominal Plate Force 1 9 5 6 5

R5,5,k
CV(%)

5Abdomen Test 5 Rating

Response Measurements k W5,5,k

 
  
      Overall Abdomen Biofidelity Rating: The 
revised WorldSID prototype overall abdomen  
biofidelity rating is 6.6 (Table 22) which is an 
improvement from the previous prototype dummy 
testing (6.3).  The revised prototype dummy rating 
corresponds to an ISO classification of “good”.  
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Even though the classification is now in the "good" 
category, the abdomen ribs are too soft.  This was 
shown when abdomen test 2 was conducted and the 
ribs bottomed out.  This was not the case in the 
prototype testing, when the ribs were new.  
   

Table 22. 
Overall Abdomen Biofidelity  

j V5,j R5,j

Abomen Test 1 Rating 1 7 8.1
Abomen Test 3 Rating 3 3 8,3
Abomen Test 4 Rating 4 3 5
Abomen Test 5 Rating 5 7 5

Abdomen Biofidelity B5 6.6  
 
Pelvis Biofidelity 
 
Ten out of thirteen ISO TR 9790 pelvis tests were 
carried out with the WorldSID revised prototype. 
Tests 5, 6 and 9 were not carried out, as the 
corresponding padding was unavailable.  
 
     Pelvis Test 1 involves a rigid pendulum impact at 
6 m/s. The impactor is defined as a 10 kg rigid 
impactor with a 600 mm radius of curvature and an 
outer diameter of 127 mm [19], [20], [21].  
 
The measurement data are in Appendix F, Figure F1. 
The pendulum forces in the left side impacts lie just 
below the lower corridor and for the right side 
impacts are within the corridors. This gives ratings of 
5 and 10, respectively (Table 23). 
 

Table 23. 
Pelvis Test 1  Biofidelity Rating and CV  

left right

Pendulum Force Test 1 9 7.5 2 2

R6,j,k
CV(%)

7.5Pelvis Test 1 Rating

Response Measurements k W6,j,k

  
 
The biofidelity rating for Pelvis Test 1 is 7.5 and has 
“excellent” repeatability with CV´s of 2%. This is an 
improved biofidelity rating when compared to the 
previous testing on the prototype dummy, which 
produced a rating of 5.0 for this test.  
 
     Pelvis Test 2 configuration is equivalent to Pelvis 
Test 1, but with an impact speed of 10 m/s [19], [20], 
[21]. Due to previous facility restrictions, Pelvis Test 
2 was not carried out with the prototype dummy.  
 
The data are in Appendix F, Figure F2. All of the 
pendulum force data are within the corridors, 
corresponding to a rating of 10.  

Pelvis Test 2 biofidelity rating is 10 and the 
repeatability meets the specification for both sides of 
the dummy  (Table 24). 
 

Table 24. 
Pelvis Test 2 Biofidelity Rating and CV  

left right

Pendulum Force Test 1 9 10 6 2

R6,j,k
CV(%)

Pelvis Test 2 Rating 10

Response Measurements k W6,j,k

  
     
      Pelvis Test 3 consists of dropping the dummy 
laterally from a height of 0.5 m onto a continuous, 
rigid plate which spans the shoulder, thorax and 
abdomen regions, with a separate plate for the pelvis 
region. The arm is rotated 20° forward of the 
dummy's thoracic spine [10]. Three tests were 
performed on each side of the dummy.  
 
The data are in Appendix F, Table F1. The peak 
pelvis accelerations ilie within one corridor width 
below the lower boundary, corresponding to a rating 
of 5, the repeatability meets the specification (Table 
25).  
 
Pelvis Test 3 biofidelity rating for the revised 
prototype is 5 compared to a rating of 7.5 for the 
prototype. 
 

Table 25. 
Pelvis Test 3 Biofidelity Rating and CV  

left right

Peak Pelvis Acceleration 1 7 5 6 5

R6,j,k
CV(%)

Pelvis Test 3 Rating 5

Response Measurements k W6,j,k

 
     Pelvis Test 4  is the s ame as Pelvis Test 3, but with 
a dropping height of 1 m. [10].  
 

Table 26. 
Pelvis Test 4 Biofidelity Rating and CV  

left right

Peak Pelvis Acceleration 1 7 3.3 6 6

R6,j,k
CV(%)

Pelvis Test 4 Rating 3.3

Response Measurements k W6,j,k

 
 
The data are in Appendix F, Table F1. Four responses 
lie within one corridor width below the lower 
boundary and two responses exceed one corridor 
width. Again, the repeatability meets the 
specification. The corresponding ratings and CV´s are 
listed in Table 26. 
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The biofidelity rating of the revised prototype for 
Pelvis Test 4 is 3.3 compared to 7.5 of the prototype 
 
     Pelvis Test 7 requires a Heidelberg-type rigid 
wall sled impact at 6.8 m/s [16].  
 
The data are in Appendix F, Table F1. The peak 
pelvis plate forces determined are within the 
corridors. This corresponds to a rating of 10, which is 
a significant improvement from the prototype (0). 
The pelvis acceleration were below the lower 
boundary and are rated 5. The repeatability of the 
measurements meets the specification. The rating in 
this case is 5. The ratings and CV´s are listed in Table 
27.  
 

Table 27. 
Pelvis Test 7 Biofidelity Ratings and CV  

Response Measurements k W6,7,k R6,j,k CV(%)

Peak Pelvis Force 1 9 10 5

Peak Pelvis Acceleration 2 7 5 3

Pelvis Test 7 Rating 7.8  
 
The Pelvis Test 7 biofidelity rating of 7.8 for the 
revised prototype is greater than  the prototype rating 
(3.6). 
 
     Pelvis Test 8 is the same as Pelvis Test 7, but it is 
conducted at 8.9 m/s [16].  
 
The data are in Appendix F, Table F1. Only one test 
was conducted at this speed due to test severity. The 
pelvis acceleration data collected were within the 
corridors. Due to instrumentation problems, the load 
data was not collected. The pelvis acceleration rating 
is 10 (Table 28).  
 

Table 28. 
Pelvis Test 8 Biofidelity Ratings and CV  

Response Measurements k W6,7,k R6,j,k CV(%)

Peak Pelvis Force 1 8 n/a n.d.

Peak Pelvis Acceleration 2 7 10 n.d.

Pelvis Test 8 Rating 10  
 
The Pelvis Test 8 biofidelity rating is 10 for the 
revised prototype and was 4.7 for the prototype. 
 
     Pelvis Test 10 requires a WSU-type rigid wall 
sled impact at 6.8m/s [18].  
 
The data are in Appendix F, Table F1 and Figure F3. 
The pelvic plate force data for two tests lie within the 
corridors and one test exceeded the upper limit. For 
all tests, the pelvis acceleration responses lie within 

one corridor width below the lower boundary. The 
ratings and CV values are shown in Table 29. 
 

Table 29. 
Pelvis Test 10 Biofidelity Ratings and CV  

Response Measurements k W6,j,k R6,j,k CV(%)

Pelvic Plate Force 1 9 8.3 0.8

Peak Pelvis Acceleration 2 7 5 12

Pelvis Test 10 Rating 6.9  
 
A biofidelity rating of 6.9 for the revised prototype 
for Pelvis Test 10 is a significant improvement over 
the prototype (4.1). 
 
     Pelvis Test 11 is a WSU-type rigid wall sled 
impact at 8.9 m/s [18].  
 
The data are in Appendix F, Table F1 and Figure F4. 
The pelvis acceleration data are below the lower 
corridor and two of three force measurements exceed 
the upper corridor. This corresponds to a rating of 5 
for the pelvis acceleration and 6.7 for the force data. 
 
Pelvis Test 11 biofidelity rating is 5.9, which is below 
that of the prototype dummy (7.2). The repeatability 
of the revised prototype dummy in this test is 
excellent. The ratings and CV values are shown in 
Table 30.  
 

Table 30. 
Pelvis Test 11 Biofidelity Ratings and CV  

Response Measurements k W6,j,k R6,j,k CV(%)

Pelvic Plate Force 1 9 6.7 0.5

Peak Pelvis Acceleration 2 7 5 1

Pelvis Test 11 Rating 5.9  
 
     Pelvis Test 12  is a WSU-type padded wall sled 
impact at 8.9 m/s  with a padding stiffness of 15 psi.  
200 mm padding was used to prevent the pelvis from 
bottoming out the padding, as previously seen with 
the prototype dummy. 
  

Table 31. 
Pelvis Test 12 Biofidelity Ratings and CV  

Response Measurements k W6,j,k R6,j,k CV(%)

Pelvic Plate Force 1 9 5 7

Peak Pelvis Acceleration 2 7 5 5

Pelvis Test 12 Rating 5   
 
The data are in Appendix F, Table F1 and Figure F5. 
The peak pelvis accelerations lie outside the tolerance 
range, corresponding to a rating of 5. The peak pelvic 
plate forces lie within the corridor, but the duration 
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does not correspond entirely, res ulting in a rating of 
5. The repeatability meets the specification. The 
individual ratings are listed in Table 31. 
 
The Pelvis Test 12 biofidelity rating for the revised 
prototype is 5.0 and was 0 for the prototype.    
      
     Pelvis Tests 13 is the same as Pelvis Test 12,  but 
with a padding stiffness of 23 psi. 
  
The data are listed in Appendix F, Table F1 and 
Figure F6. The pelvis accelerations were low, lying 
outside of one corridor width. The plate force data lie 
within the corridors. The repeatability meets the 
specification. The individual ratings and CV´s are 
listed in Table 32.  
 
The Pelvis Test 13 biofidellity rating for the revised 
prototype (5.6) is similar to that of the prototype 
(5.7).  

Table 32. 
Pelvis Test 13 Biofidelity Ratings and CV  

Response Measurements k W6,j,k R6,j,k CV(%)

Pelvic Plate Force 1 9 10 2

Peak Pelvis Acceleration 2 7 0 n.d.

Pelvis Test 13 Rating 5.6  
      
     Overall Pelvis Biofidelity Rating: The 
redesigned pelvis led to the rating improving from 4.2 
for the prototype dummy to 7.3 for the revised 
prototype. This meets the "good" specification (Table 
33).  
 
On the whole, the pelvis appears slightly soft. Its 
design will be slightly stiffer in the pre-production 
dummy. 
 

Table 33. 
Overall Pelvis Biofidelity  

j V6,,j R6,,j

Pelvis Test 1 Rating 8 7.5
Pelvis Test 2 Rating 9 10
Pelvis Test 3 Rating 4 5
Pelvis Test 4 Rating 4 3.3
Pelvis Test 7 Rating 8 7.8
Pelvis Test 8 Rating 7 10
Pelvis Test 10 Rating 3 6.9
Pelvis Test 11 Rating 3 5.9
Pelvis Test 12 Rating 3 5
Pelvis Test 13 Rating 7 5.6

Pelvis Biofidelity B6 7.3  
 

Overall Dummy Biofidelity 
 
Taking the biofidelity rating for each body region and 
the corresponding factors into consideration, an 
overall biofidelity rating for the entire dummy was 
calculated to be 6.5. This exceeds the biofidelity 
rating of the prototype dummy (6.2) (Table 34).  
 
The objectives of the WorldSID project are to 
produce a dummy where each body segment, and the 
entire dummy, has a "good" or "excellent" biofidelity 
classification. The shoulder, the thorax, the abdomen 
and the pelvis have achieved the "good" 
classification. The head and the neck biofidelity 
classifications are in the "fair" category. 
 
The head skin needs to be thicker to reduce the 
accelerations of the head to achieve a classification of 
“good”. It is thought that the head should be easily 
tuneable to achieve a rating of 10, corresponding to 
the “excellent” classification.  That would raise the 
overall biofidelity rating of the WorldSID revised 
prototype to 7.3 and a “good” classification, which 
would meet the biofidelity specifications (Table 34). 
 

Table 34. 
WorldSID Overall Biofidelity 

Body Part Ui
rev. prototype 
(head modification) rev. prototype prototype

Head 7 10 5 5

Neck 6 5.2 5.2 3.6

Shoulder 5 6.7 6.7 5.2

Thorax 10 7.7 7.7 6.9

Abdomen 8 6.6 6.6 6.3

Pelvis 8 7.3 7.3 4.2

7.3 6.5 6.2WorldSID  
 
The neck to be slightly stiffened to achieve a 
classification of “good”. Minor modifications to the 
material stiffness of the abdomen and pelvis  are 
expected in the pre-production dummies, which will 
further improve their performance.  
 
Overall Dummy Repeatability 
 
Table 35 shows the ranges of the CV values for each 
body region. 
 
The head had excellent repeatability of 0.09%. The 
neck and the shoulder have CV values in a range from 
1% to 9% and 0.9% to 8%, respectively. The majority 
of the measurements for the neck and shoulder have 
CV values of 7% or less, wich meets the WorldSID 
specifications. The shoulder exhibits excellent 
repeatability in the pendulum tests. The latter is also 
valid for the most measurements derived from thorax 



  Hautmann, Page 13 

pendulum tests with CV values from 0.4% to 5%. The 
CV values of four measurements, that exceed the 5% 
were observed in sled or drop tests. A portion of the 
increased variance may be attributed to the variation 
of these test modes. Most of the CV values for the 
adomen measurements are below the 7% specification 
for the WorldSID. Three measurements exceed this 
target. Two of those are derived from drop tests and 
one from a noisy data for the abdomen plate force in a 
sled test, and therefore is not attributed to the dummy. 
Twelve out of fourteen pelvis measurements show a 
repeatability of less than 7%. The two that exceed the 
7%, are derived from sled tests and may be influenced 
by the variation of test set-up.   

 
Table 35. 

WorldSID Repeatability 
Body Region Coefficient of Variance, CV (%)

Head 0.09

Neck 1-9

Shoulder 0.9-8

Thorax 0.4-20

Abdomen 0.8-12

Pelvis 0.5-12  
 
The repeatability of the production dummy will 
increase because its components will not be made 
individually by hand.  
 
COMPARISION OF WORLDSID TO EXISTIN G 
50th PERCENTILE MALE SIDE IMPACT 
DUMMIES  
 
The revised WorldSID prototype is compared to the 
DOT SID [22], ES -2 [23] and BioSID [24] in Table 
36. All of the ratings for each of these dummies are 
reported in Appendix G. The WorldSID revised 
prototype is the only dummy to obtain a “good” 
rating on the ISO biofidelity scale.   

 
Table 36. 

Biofidelity Comparison 
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WorldSID with 
new head 10 5.2 6.7 7.7 6.6 7.3 7.3

WorldSID 5 5,2 6.7 7.7 6.6 7.3 6.5

BioSID 6,7 6,7 7,3 6,3 3,8 4 5,7

ES-2 5 4,4 5,3 5,2 2,6 5,3 4,6

DOT SID 0 2,5 0 3,1 4,4 2,5 2,3

Biofidelity Rating

 

The WorldSID revised prototype achieves the best 
overall dummy rating and also the best single body 
region ratings for the thorax, abdomen and pelvis. 
The head, neck and shoulder ratings are equivalent or 
better than the ES-2 and DOT SID. The modifications 
currently being made to the head will improve the 
WorldSID head rating to 10. This will then exceed 
the rating of the BioSID head (6.7).  Only Neck Test 
1 and 3 were conducted on the BioSID. For Neck 
Test 1, both the BioSID and the WorldSID achieved a 
rating of 7. For Neck Test 3, the WorldSID has a 
rating of 6.7 and the BioSID has a rating of 5.2.  
Considering only these two tests, the WorldSID neck 
rating exceeds the BioSID and all other neck ratings.  
 
The ratings in Table 36 are corrected to non-
normalized values for all dummies to enable a correct 
comparison. The DOT SID and BioSID ratings are 
different to those reported previously. Previously the 
DOT SID and BioSID data were normalized as 
recommended in an earlier version of ISO TR9790.  
 
The NHTSA (National Highway Traffic Safety 
Administration) exposed the WorldSID prototype 
(dummy prior to biofidelity upgrades) together with 
two other side impact dummies, the ES -2 and the 
SID-HIII to a newly developed biofidelity ranking 
system called Bio Rank System, as reported by 
Rhule, H. et al. [25]. 
 
This system quantifies the ability of a dummy to load 
a sled wall as a cadaver does (External Biofidelity) 
and the ability of a dummy to replicate those cadaver 
responses that best predict injury potential (Internal 
Biofidelity). The ranking is based on the ratio of the 
cumulative variance of the dummy response relative 
to the mean cadaver response and the cumulative 
variance of the mean cadaver response relative to the 
mean plus one standard deviation. That ratio 
expresses how well a dummy duplicates a cadaver 
response. Contrary to the ISO rating system, the 
lower the rating value the better the biofidelity.  
 
Although still under development and not in use by 
the international community, it can be seen, that this 
assessment system also showed the WorldSID 
prototype to have the best ranking out of the 3 tested 
dummies. It is anticipated that the revised WorldSID 
prototype dummy would do even better if subjected 
to the same test conditions as the SID-HIII and ES-2 
dummies. 
 
CONCLUSIONS 
 
The WorldSID project is aimed at designing and 
manufacturing an advanced, globally harmonised side 
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impact dummy with a biofidelity rating of "good" to 
"excellent" according to ISO TR 9790. 
 
The very first prototype showed that this goal should 
be attainable. The design modifications considered 
necessary following the first biofidelity analysis were 
implemented. The revised prototype was then 
subjected to a second round of biofidelity tests. The 
design modifications were successful. The biofidelity 
rating for the revised prototype has been further 
improved (from 6.2 to 6.5). All body segments, with 
the exception of the head and the neck already exceed 
the specification of a classification of at least "good" 
in accordance with the ISO TR 9790 rating scale. The 
revised prototype biofidelity rating is anticipated to 
be 7.3 with minor modifications to the dummy head 
that were underway at the time of writing this article. 
 
Compared with the current 50th percentile male side 
impact dummies, the overall WorldSID revised 
prototype's ratings are better than all others. It 
achieves by far the best overall rating, and is the only 
side impact dummy with an overall biofidelity rating 
of  "good".  
 
The dummy has now been used in over 400 crash, 
sled, pendulum and verification tests without 
suffering major damage. This also reveals the 
dummy's good durability. As a result of this extensive 
use, the ratings of certain body regions such as the 
abdomen and thorax may have changed 
independently of the design modifications, as these 
regions may have become softer due to extensive 
testing. This gives rise to the assumption that the pre-
production dummies will lead to a further 
improvement in overall and single body region 
biofidelity ratings, merely due to the fact that these 
dummies will be new. In addition, the design of both 
the abdomen and the pelvis in the pre-production 
dummies may be slightly stiffer.  
 
The analysis of the repeated test results indicates a 
good repeatability, meeting the specification of less 
than 7% for most of the measurements.  
 
The CV values of some measurements exceeded the 
7%. However, these measurements are derived in 
types of tests, which are generally considered to have 
a poor repeatability due to test set-up difficulty or 
padding variation. The CVs calculated for those tests 
may not accurately reflect the dummy repeatability, 
and may be to a certain amount a factor of the test 
repeatability. 
 
Beginning in March 2003, a series of twelve pre-
production dummies will be evaluated in 

biomechanical tests, and also in a multitude of sled, 
crash and verification tests throughout the world. 
Based on the biofidelity, repeatability, reproducibility 
and durability results, the completion of the side 
impact dummy with the highest level of biofidelity in 
the world, the WorldSID, can be anticipated to be 
ready for the release into the public domain in March 
2004. 
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APPENDIX A: HEAD TES TS 

TABLE A1.  Head Test 1 - Lateral Head Drop Results  

Head Test 1 Parameters Units Lower 
Bound 

Upper 
Bound 

Run 1 Run 2 Run 3 

Left Impact Peak Resultant 
Acceleration (non-impact 

side of head) 

g 100 150 177 177 177 
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APPENDIX B: NECK TES TS 

TABLE B1.  Neck Test 1 – 7.2 G Sled Test 

Neck Parameters Units Lower 
Bound 

Upper 
Bound 

Run 
1 

Run 
2 

Run 
3 

Test 1 Peak T1 Horizontal Accel, Ay g 12 18 15 15 13 

 Peak T1 Horizontal Disp wrt 
sled, Dy 

mm 46 63 58 53 51 

 Peak Head C.G. Horiz. Displ 
wrt T1, Dy 

mm 130 162 131 115 116 

 Peak Head C.G. Vert. Displ wrt 
T1, Dz 

mm 64 94 37 42 41 

 Time of Peak Head Excursion, 
Dy(s) 

s 0.159 0.175 0.183 0.175 0.177 

 Peak Head Lateral Accel, Ay g 8 11 11 - - 

 Peak Head Vert. (downward) 
Accel, -Az 

g 8 10 12 - - 

 Peak Head Flexion, θx degree
s 

44 59 60 56 58 

 Peak Neck Twist, θz  degree
s 

-45 -32 -17* -15* -18* 

* Data generated from rotational accelerometers  

 
TABLE B2.  Neck Test 2 – 6.7 G Sled Test 

Neck Parameters Units Lower 
Bound 

Upper 
Bound 

Run 1 Run 2 Run 3 

Test 2  Peak Flexion Angle, θx degree
s 

40 50 51* 49* 55* 

 Peak Moment about A-P Axis at 
O.C., Mx 

N·m 40 50 30 27 29 

 Peak Moment about R-L Axis at 
O.C., My 

N·m 20 30 13 12 11 

 Peak Twist Moment, Mz N·m 15 20 9 9 10 

 Peak Shear Force at O.C., Fy N 750 850 451 416 473 

 Peak Tension Force at O.C., Fz N 350 400 561 519 573 

 Peak P-A Shear Force, Fx N 325 375 158 144 159 

 Peak Resultant Head Accel g 18 24 16* 15* 17* 

 
TABLE B3.  Neck Test 3 – 12.2 G Sled Test 

Neck Parameters Units Lower 
Bound 

Upper 
Bound 

Run 1 Run 2 Run 3 

Test 3  Peak Lateral Accel of T1, Ay g 17 23 26 26 23 

 Peak Head C.G. Lateral Accel, 
Ay 

g 25 47 n/a n/a n/a 

 Peak Head C.G. Horiz. Displ. 
wrt Sled, Dy 

mm 185 226 202 205 206 

 Peak Head Flexion, θx degree
s 

62 75 74 79 80 

 Peak Head Torsion, θz degree
s 

62 75 20* 21* 22* 

n/a = lost data 
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APPENDIX C: SHOULDER TESTS 

TABLE C1.  Shoulder Test 1 Results 
Shoulder 

Parameters 
Units Lower 

Bound 
Upper 
Bound 

Run 1 Run 2 Run 3 

Test 1 
(Left) 

Peak Shoulder 
Deflection 

mm 34 41 34 35 35 

Test 1 
(Right) 

Peak Shoulder 
Deflection 

mm 34 41 28 28 29 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE C2.  Shoulder Test 2 – 7.2 G Sled Test 
Shoulder Parameters Units Lower 

Bound 
Upper 
Bound 

Run 1 Run 2 Run 3 

Test 2 Peak T1 Horizontal Accel, 
Ay 

g 12 18 15 15 13 

 Peak Horizontal Displ. T1  mm 46 63 58 53 51 

 
TABLE C3.  Shoulder Test 3 – 12.2 G Sled Test 

Shoulder Parameters Units Lower 
Bound 

Upper 
Bound 

Run 1 Run 2 Run 3 

Test 3  Peak Lateral Accel of T1, 
Ay 

g 17 23 26 26 23 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure C2. Shoulder Test 1 Pendulum Force Right 

 

 
 
Figure Cl. Shoulder Test 1 Pendulum Force Left           

 

  
Figure C3. Shoulder Test 4 Shoulder+Thoracic Plate 
Force 
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APPENDIX D: THORAX TESTS 

TABLE D1.  Thorax Test 3 and 5 results 

Thorax Parameters Units Lower 
Bound 

Upper 
Bound 

Run 1 Run 2 Run 3 

Test 3 
(Left) 

Thoracic Rib Deflection mm 26 38 38 36 40 

Test 3 
(Right) 

Thoracic Rib Deflection mm 26 38 25 37 29 

Test 5 T1 Acceleration g 82 122 45 41 46 

 T12 Acceleration g 71 107 42 44 35 

 Thoracic Rib Acceleration g 64 100 96 83 67 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure D3. Thorax Test 1 Pendulum Force Right 

 

 

Figure D1. Thorax Test 1 Pendulum Force Left 

 

 

Figure D2. Thorax Test 1 Upper Spine Acceleration 

 

 

Figure D4. Thorax Test 1 Upper Spine Acceleration 
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Figure D5. Thorax Test 2 Pendulum Force Left 
 
 

Figure D6. Thorax Test 2 Pendulum Force Right 
 

 
Figure D7. Thorax Test 3 Plate Force Left 
 

 
Figure D8. Thorax Test 3 Plate Force Right 

 
 
 

 
Figure D9. Thorax Test 5 Plate Force Left 

 
Figure D9. Thorax Test 5 Plate Force Left 

 
Figure D10. Thorax Test 6 Shoulder and Thoracic 
Plate Force  
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APPENDIX E: ABDOMEN TESTS 
 

TABLE E1 
 Abdomen Test 1 and 2 results 

Abdomen Parameters Units Lower 
Bound 

Upper 
Bound 

Run 1 Run 2 Run 3 

Test 1  
(Left) 

T12 Acceleration  g 29 35 32 35 34 

 Abdominal Rib 
Acceleration 

g 100 125 149 144 140 

 Abdominal Rib 
Displacement 

mm >41  54 56 59 

Test 1 
(Right) 

T12 Acceleration  g 29 35 34 32 31 

 Abdominal Rib 
Acceleration 

g 100 125 158 156 177 

 Abdominal Rib 
Displacement 

mm >41  52 54 56 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
Figure E1. Abdomen Test 1 Armrest Force Left 

 

 

     
Figure E2. Abdomen Test 1 Ar mrest Force Right 
 
 
 

 
Figure E3. Abdomen Test 3 Abdomen Plate Force 

 
Figure E4. Abdomen Test 4 Abdomen Plate Force 
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Figure E5. Abdomen Test 5 Abdomen Plate Force 
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APPENDIX F: PELVIS TESTS 

TABLE F1 .  Pelvis Test 3, 4, 7, 8, 10, 11, 12 and 13 results 

Pelvis  Parameters Units Lower 
Bound 

Upper 
Bound 

Run 1 Run 2 Run 3 

Test 3 (Left) Peak Pelvis 
Acceleration 

g 37 45 32 34 36 

Test 3 
(Right) 

Peak Pelvis 
Acceleration 

g 37 45 30 31 33 

Test 4 (Left) Peak Pelvis 
Acceleration 

g 63 77 55 58 51 

Test 4 
(Right) 

Peak Pelvis 
Acceleration 

g 63 77 44  48 49 

Test 7  Pelvis Acceleration g 63 77 57 60 60 

 Pelvis Force kN 6.4 7.8 7.7 7.7 7.0 

Test 8 Pelvis Acceleration g 96 116 103 - - 

 Pelvis Force kN 22.4 26.4 N/a*** - - 

Test 10 Pelvis Acceleration g 85 115 71 63 56 

Test 11 Pelvis Acceleration g 111 151 103 105 103 

Test 12 Pelvis Acceleration g 37 51 33 30 33 

Test 13 Pelvis Acceleration g 65 89 37 32 - 

***– data exceeded full scale setting 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure F1. Pelvis Test 1 Pendulum Force 

 
Figure F2. Pelvis Test 2 Pendulum Force 
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Figure F3. Pelvis Test 10 Pelvic Plate Force 

 
Figure F4. Pelvis Test 11 Pelvic Plate Force 

 
Figure F5. Pelvis Test 12 (15psi) Pelvic Plate Force  

 
Figure F6. Pelvis Test 13 (23psi) Pelvic Plate Force 
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APPENDIX G: BIOFIDELITY COMPARISION OF MID MALE SIDE IMPACT DUMMIES 

 

  SID BioSID ES-2 
WorldSID Prototype  

Rev. 1 

Requirement Test Description Test Biofidelity Test Biofidelity Test Biofidelity Test Biofidelity 

Head Test 1 200 mm Rigid Drop 0 10 5 10 

Head Test 2 1200 mm Rigid Drop 0 0 * N. M. 

Head Biofidelity  0 6.7 5 10 

Neck Test 1 7.2 G Sled Impact  1.5 7 5.9 7.0 

Neck Test 2 6.7 G Sled Impact  * * 1.9 2.4 

Neck Test 3 12.2 G Sled Impact  1.7 6 5.9 6.7 

Neck Biofidelity  1.6 6.7 4.4 5.2 

Shoulder Test 1 4.5 m/s Pendulum 2.9 5.7 2.9 6.1 

Shoulder Test 2 7.2 G Sled Impact  0 7.5 2.5 10 

Shoulder Test 3 12.2 G Sled Impact  0 10 10 6.7 

Shoulder Test 4 8.9 m/s Padded WSU Sled * * 7.5 5 

Shoulder Biofidelity  1.2 7.3 5.3 6.7 

Thorax Test 1 4.3 m/s Pendulum 5 7.2 5 7.8 

Thorax Test 2 6.7 m/s Pendulum * 5 5 10 

Thorax Test 3 1.0 m Rigid Drop 5 7.5 6.7 7.9 

Thorax Test 4 2.0 m Padded Drop 5 7.7 * N. M. 

Thorax Test 5 6.8 m/s Rigid Heidelberg Sled 5 5 5.2 7.1 

Thorax Test 6 8.9 m/s Padded WSU Sled * * 4.8 5 

Thorax Biofidelity  5 6.3 5.2 7.7 

Abdomen Test 1 1.0 m Rigid Drop 1.6 4.3 0 5.7 

Abdomen Test 2 2.0 m Rigid Drop 3.5 3.2 1.1 6.8 

Abdomen Test 3 6.8 m/s Rigid WSU Sled * * 5 8.3 

Abdomen Test 4 8.9 m/s Rigid WSU Sled * * 1.3 5 

Abdomen Test 5 8.9 m/s Padded  WSU Sled * * 10 5 

Abdomen Biofidelity  2.5 3.8 2.6 6.0 

Pelvis Test 1 6.0 m/s Pendulum Impact  0 10 5.0 7.5 

Pelvis Test 2 10 m/s Pendulum Impact  * * * 10 

Pelvis Test 3 0.5 m Rigid Drop 2.5 5 8.3 5 

Pelvis Test 4 1.0 m Rigid Drop 5 0 10 3.3 

Pelvis Test 5 2.0 m Padded Drop 7.5 5 * N. M. 

Pelvis Test 6 3.0 m Padded Drop * * * N. M. 

Pelvis Test 7 6.8 m/s Rigid Heidelberg Sled 0 2.2 0 7.8 

Pelvis Test 8 8.9 m/s Rigid Heidelberg Sled 0 5 4.7 10 

Pelvis Test 9 8.9 m/s Padded Heidelberg Sled 5 0 * N. M. 

Pelvis Test 10 6.8 m/s Rigid WSU Sled * * 4.0 6.9 

Pelvis Test 11 8.9 m/s Rigid WSU Sled * * 1.6 5.9 

Pelvis Test 12 
8.9 m/s 15 psi Padded WSU 
Sled * * 10 5 

Pelvis Test 13 
8.9 m/s 23 psi Padded WSU 
Sled * * 7.8 5.6 

Pelvis Biofidelity  2.2 4 5.3 7.3 

Dummy Overall Biofidelity  2.3 5.7 4.6 7.2 

* TEST NOT CONDUCTED 
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ABSTRACT

The availability of automatic crash notification
(ACN) systems is increasing. First generation
systems that are available today provide crash
notification and vehicle location in the event of a
frontal crash in which airbag deployment occurs.
Advanced systems will soon be available that are
capable of detecting a variety of crashes and
reporting the character and severity of the crash. An
as yet uninvestigated area concerns how ACN-
provided information can be used effectively by the
emergency medical services system. Of particular
interest is the potential synergy between advanced
ACN systems and more effective utilization of
helicopter emergency medical services (HEMS) for
trauma scene transports. This paper reports on the
patterns of ground ambulance and HEMS trauma
scene transports for patients injured in motor vehicle
crashes that occurred in Erie County, New York.
These data were used to determine if observed
transport patterns were consistent with areas
previously identified as the most time efficient for
trauma patient transport by HEMS. Additional
analyses were conducted to determine the potential
effect of ACN data on the definition and refinement
of areas identified as the most time efficient for
HEMS transport. In particular, the transport data
timelines were examined to identify the affect on
total prehospital time of putting the helicopter on
standby based on the more timely crash notification
and severity information provided by advanced ACN
systems.

INTRODUCTION

It is generally accepted that minimized total
prehospital time (i.e., time from injury until arrival in
a receiving facility) is an important factor for trauma

patient survival, since timely arrival at a trauma
center may reduce trauma patient morbidity and
mortality. Because helicopters travel at higher
speeds and follow more direct routes than ground
ambulances, helicopter emergency medical services
(HEMS) may, in some situations, reduce total
prehospital time by shortening the transport time.
However, this advantage is not universal and in some
situations it may not be more time efficient to
transport by HEMS. The HEMS time advantage can
be lost because of the additional time required to
request HEMS services, to prepare for flight, to travel
the distance from the helicopter base to the injury
location and, in some cases, to move the patient from
the injury site to the helicopter landing site. This is
particularly true when patients can be prepared
quickly for ground ambulance transport .1

Generally, the benefit of helicopter transport
is a reduction in transport time.2,3 If there is no
reduction in total prehospital time, transport by
HEMS offers little advantage over ground ambulance
transport if the care providers are similarly trained.
Intuitively, the time to actually transport a patient
from any location to the trauma center will always be
shorter for a helicopter. However, delay in notifying
the helicopter as well as any additional time
necessary to complete helicopter-specific tasks, may
negate any timesaving from helicopter transport.
Thus, in some locations ground ambulance transport
to a trauma center may be more time efficient,
especially if ground ambulance departure from the
scene can be initiated significantly sooner than
helicopter departure.

Billittier, et. al. found that providers
frequently failed to select the most appropriate triage,
transportation, and destination decision when given a
hypothetical scenario.4 This prompted the creation of
better guidelines to assist providers in making the
difficult decision of whether to transport by ground
ambulance or HEMS. These guidelines were created
for Erie County, New York and were based upon a
geographic model that illustrated the locations from
which HEMS transport was more efficient. The
guidelines were published in 1999.5 Figure 1
illustrates a summary of the guidelines that were
created. Shown on the figure is a map of Erie County
with the location of the level 1 adult trauma center
(i.e., the Erie County Medical Center) and the HEMS
base (i.e., Mercy Flight of Western New York) that
served the region. The shaded areas on the map
indicate the general regions in the county where it
was found to be more time efficient to transport a
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Figure 1. Outline of Erie County with the area where it is more time efficient to transport by ground
ambulance shown in yellow. Theoretical flight time contours of 10, 15 and 20 minutes are shown for flights
from the HEMS base to the crash scenes and then to the level one adult trauma center.

patient via ground ambulance than HEMS. For
reference, theoretical flight time contours of 10 (red),
15 (orange), and 20 (green) minutes are also shown
for flights from the HEMS base to the crash scene
and then to the level 1 adult regional trauma center.

Initial testing of the automatic crash
notification (ACN) systems was done in Western
New York by Veridian Engineering.6 This test
provided data to compare the time of crash
notification by ACN to the time a witness notified the
9-1-1 dispatch center that a crash had occurred. For

the crashes that occurred during this test, it was found
that in thirteen of the fifteen crashes, the ACN system
reduced the crash notification times by between 0.3
and 17 minutes, with an average of 3.3 minutes. First
generation ACN systems are widely available today
and they can provide 9-1-1 dispatch centers with
early crash notification and vehicle location
information in the event of a frontal crash in which
the airbag deploys. In the near future, more advanced
systems will be available that are capable of detecting
a wider variety of crashes and reporting the character
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and severity of the crash. Information provided by
advanced ACN systems, when used effectively by the
emergency medical services system, could have a
greater impact on reducing total prehospital time than
just the reduction in time resulting from automatic
crash notification. Several potential benefits of the
advanced ACN information have been identified,
including: assisting dispatchers and emergency
medical service personnel in identifying patients who
meet trauma triage criteria, speeding the process of
emergency medical services dispatch, and enabling a
more informed decision regarding the appropriate
mode of transport (e.g., ground ambulance versus
helicopter emergency medical services). These
benefits could greatly reduce the time to HEMS
arrival and would consequently reduce the total

prehospital time (Figure 2). Utilizing findings of the
ACN test performed in Western New York, this
paper explores how early identification of a motor
vehicle crash occupant requiring treatment at a level
1 adult regional trauma center could be used to
identify the most time efficient means of trauma
patient transport. Specifically, we considered the
effect of putting HEMS on stand-by when the ACN
crash message is received at the 9-1-1 dispatch
center. The literature suggests that 3 to 10 minutes
can be saved in total prehospital time by earlier
notification of HEMS services so that flight
preparations can be made.4 For this analysis we
assumed that 5 minutes of total prehospital time
would be saved through early notification.

Injury Arrival at
Trauma
Center

ED

True Total Prehospital Time

9-1-1 call Ambulance
Dispatched

Ambulance
Leaves for
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Arrives at

Scene
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Initiated
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Figure 2. Components of Total Prehospital Time.

Total On-scene Time

Estimated Total Prehospital Time

Objective

The objectives of this analysis were: (1) to
determine if motor vehicle crash occupants were
being transported by EMS in the most time efficient
manner based on a previous geographic analysis, (2)
to determine if patients who died from their injuries
at the hospital were more often transported by the
least time efficient means, and (3) to evaluate the
affect of an ACN derived 5 minute decrease in
HEMS total prehospital time on the areas identified
as being the most time efficient for HEMS transport.

METHODS

Study Design

A retrospective review of adult motor
vehicle crash occupants that were injured in Erie
County, New York was conducted. Current data was
superimposed on previously created maps of Erie
County showing the most time efficient mode of
transport. The methods used to create these maps
were described previously.5

Figure 2. Components of Total Prehospital Time.
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Study Setting and Population

Erie County covers 1,044 square miles and
has a population 950,000 people.7 It is composed of
rural, suburban, and urban areas. It is served by a
single level one adult regional trauma center and a
level one pediatric regional trauma center. The adult
trauma center is a 389 bed tertiary teaching facility
with approximately 15,000 admissions annually, of
which 1,800 are for trauma. Local trauma triage
guidelines are based on those of the American
College of Surgeons Committee on Trauma and
require that trauma patients, identified by physiologic
and mechanism of injury criteria, be transported
directly to the trauma center if the transport time will
be less than 30 minutes. These guidelines dictate
that HEMS can be used if it will significantly reduce
arrival time at the trauma center.

The emergency medical services system is
composed of a combination of volunteer, municipal,
and commercial services. These services operate as
stand alone agencies or part of a fire department.
Some of them provide patient transport and some
stabilize the patient until a transporting service
arrives. Their level of care ranges from basic life
support to advanced life support and all services
utilize the same regional treatment protocols. One
HEMS agency serves the county. This service has
two medically modified helicopters stationed within
the county and at least one is in service at all times.
The HEMS base is approximately 10 miles south of
the trauma center as shown in Figure 1.

Inclusion/Exclusion Criteria

All patients injured in a motor vehicle crash
between November 1996 and October 2000 were
eligible for study inclusion. These patients had to be
transported by emergency medical services directly
to the adult level 1 regional trauma center in Erie
County and information about their injuries and
treatment had to have been entered into the trauma
registry. This means that patients who were
transferred from other hospitals to the trauma center
or who were not admitted to the hospital for further
treatment were not included in the study.

The trauma registry includes only those
patients who were admitted to the trauma center for
their injuries or died of their injuries in the
emergency department. People who died at the scene
of their crash were not included in the study. Motor
vehicle crash occupants were identified through e-
codes. Patients were included if they had been
assigned motor vehicle crash primary e-codes 810-
816, 819 or 821-823 and only those patients with an

e-code ending with .0 or .1 were included in the
study. This insured that only occupants of a motor
vehicle that was involved in a crash were included.
For example, pedestrians struck by vehicles and
carbon monoxide poisonings were not included.

Data on crash location was obtained from a
separate database of police accident reports (i.e.,
DMV 104s). Both datasets were anonymous.
Therefore, trauma registry patients who could not be
matched to an entry in the database of police accident
reports were not included since crash location could
not be identified.

Trauma Registry Data

An anonymous data set was obtained from
the adult level 1 regional trauma center’s trauma
registry. A single registrar obtained patient data by
reviewing the patient’s medical record after they
were discharged and then abstracted this information
into the trauma registry. The trauma registry utilized
a commercially available database for data entry and
storage. Data obtained from the registry for this
analysis included the date and time of admission to
the emergency department, the patient’s age, gender,
mode of transport to the emergency department, e-
code, and final disposition (i.e., lived versus died).

Police Accident Report Data

An anonymous data set was obtained from
the County of Erie Department of Central Police
Services for all crashes that occurred during the study
period in which at least one occupant was injured and
transported to a receiving facility by emergency
medical services. This data set was derived from a
database that was created by encoding the
handwritten police accident report completed by a
police officer at the time of a crash. Data obtained
for this study included date, time, and location of the
crash; as well as the age, gender, and position in the
vehicle for each injured occupant. The database
included police accident reports from all
municipalities and districts within Erie County except
for the following: Cities of Lackawanna and
Tonawanda, Villages of Gowanda, Williamsville and
Farnham and the Town of Amherst. These excluded
areas represent approximately 6% of the area of Erie
County and 16% of the county’s population.

Matching

Trauma registry and police accident report
data were hand matched by a single person (EBL)
based on the hour of the day, date, and town where
the crash occurred and the injured persons age,
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position in the vehicle, and gender. The date of the
crash was required to be an exact match for all
patients included in the study. The patient’s gender
and age were also required to be an exact match
unless the police report listed the age as 0. In that
case the age was considered to be missing and if the
remaining fields matched the two records were
considered to be for the same person. In some cases
the hour of day was not an exact match. If they were
within one hour of each other the records were
considered to match. However, if they were more
than an hour different the records were considered to
match but were denoted as not being a “perfect”
match. These records were still considered to be
matched cases and were used in the analysis. The
crash locations were obtained from the police
accident report data set and for the matched cases
were added to the patient’s registry data.

Geographic Analysis

Crash locations were geographically coded
(geocoded) on a map of Erie County that illustrated
the most time efficient transport mode for each
geographic location. When no cross street was given,
the middle of the street was chosen as the motor
vehicle crash location. This map was used to identify
how frequently the most time efficient mode of
transport was used. Motor vehicle crash occupants
who died at the hospital from their injuries were
identified to determine if they were more frequently
transported by the least efficient means of transport.

The maps were also adjusted to analyze the
potential effect that advanced ACN technology might
have had on total prehospital time. It was estimated
that if HEMS were put on stand-by at the time ACN
notified the dispatch center of a crash, approximately
5 minutes in total prehospital time would have been
saved for patients transported by HEMS. This
estimate was used to adjust the shape of the area
where it was determined in the previous study that
transport by ground ambulance would be more time
efficient.

As in the previous study, Environmental
Systems Research Institute (ESRI) ArcView and
extension Spatial Analyst (Redlands, CA) were used
to analyze total prehospital times and injury
locations. A reference map of all injury locations
was created with total prehospital times plotted on
the z-coordinate. Two contour surfaces describing
total prehospital time were then interpolated; one for
ground ambulance transports and one for HEMS
transports. The map calculator was used to determine
where HEMS transport contours minus 5 minutes
were lower than ground ambulance contours

indicating that HEMS transport would be more time
efficient from those locations. The remaining area
was considered to be more time efficient for ground
ambulance transport. This ground ambulance
transport area was then compared to the previously
identified ground ambulance transport area where the
5 minute total prehospital time reduction was not
considered. The intent was to determine how the
shape of the area changed and how many additional
patients HEMS would have transported.

Data Analysis

Descriptive statistics were used to describe
the percent of patients transported by the most time
efficient mode of transport given their location. Time
efficient was used to denote the area where, based
upon the earlier empirical analyses, the form of
transport used would have the shortest total
prehospital time. Chi Square or Fisher’s Exact Test
was used to determine if there was a difference in
mortality for those patients transported by the most
time efficient means. Approximately 6% of patients
in the trauma registry ultimately died of their injuries.
Therefore, to obtain a power of 0.8 with an alpha of
0.05 to detect a 10% higher death rate among those
transported by a means considered to be less time
efficient required 168 patients in each group.

RESULTS

There were 1,356 calls in the trauma registry
that had a motor vehicle crash e-code, were within
Erie County, were transported by HEMS or ground
ambulance, and were taken directly to the level 1
adult regional trauma center. Using date, hour of
day, age, town, seating position and gender, 648
trauma registry patients were perfectly matched to the
police accident report database and the crash location
was obtained. An additional 105 registry patients
were matched to the police accident report database
but had some slight variation in the hour of the day in
which the crash occurred or the age of the injured
person. Therefore, data for a total to 753 patients
was available for analysis.

Based upon location information from the
police accident report database, ninety-eight percent
(740) of the matched data was able to be geocoded.
Eleven of the 13 crash locations that could not be
plotted were considered to be perfect matches.
Table 1 compares the actual patient transport mode to
the mode of transport that was identified as the most
time efficient for the location where the crash
occurred.
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Table 1.
Comparison of actual patient transport mode with

the type of transport considered most time
efficient for the crash location

Actual Patient
Transport Mode

Ground
Ambulance
Most Time
Efficient

HEMS Most
Time

Efficient

Ground Ambulance 446 180

HEMS 16 98

Three percent of patients were transported
by HEMS from crash sites that were in areas where

ground ambulance transport was identified as the
most time efficient and 35% of patients were
transported by HEMS in areas where HEMS
transport was identified as the most time efficient.
Overall, 74% of patients were transported by the
form of transport considered to provide the shortest
total prehospital time for the crash location.

Figure 3 shows a map of Erie County with
the location of the level 1 adult regional trauma
center and the HEMS base marked. The yellow area
on the map indicates the general regions in the county
where it was more time efficient to transport a patient
via ground ambulance compared to HEMS. Each
motor vehicle crash is represented by a symbol. The
red triangles represent those patients who were
transported by HEMS and black squares represent
those patients transported by ground ambulance.

Figure 3. Outline of Erie County with the area where it is more time efficient to transport by ground
ambulance shown in yellow. Motor vehicle crash locations are illustrated by transport type.
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Table 2.
Comparison of time efficiency of transport mode

and patient outcome

Transport Mode Survived Died
Most Time Efficient 512 32

Less Time Efficient 186 10

* p=0.569; OR= 0.81, 95%CI 0.39 to 1.68

There were 42 deaths in this sample as
illustrated in table 2. Ten were in the group that was
transported by the less time efficient transport mode
(24%) and 32 were in the group that was transported
by what was considered to have been the more time
efficient mode of transport (76%). There was no

statistical difference between the groups (p=0.568;
odds ratio 0.81 with 95% confidence interval 0.39 to
1.68).

Figure 4 shows the geographic distribution
of all crashes by transport mode and patient outcome
(i.e., lived or died). The triangles represent those
patients who were transported by HEMS with red
representing the patients that died and pink the
patients that survived. The squares represent those
patients who were transported by ground ambulance
with dark blue representing the patients that died and
light blue the patients that survived. As before, the
yellow area on the map indicates the general regions
in the county where it was more time efficient to
transport a patient via ground ambulance.

Figure 4. Outline of Erie County with the area where it is more time efficient to transport by ground
ambulance shown in yellow. Motor vehicle crash locations are shown by transport type and vital status.
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If total prehospital time for helicopter
transports could be decreased by 5 minutes through
the use of advanced ACN systems, we show in
Figure 5 that the area where helicopter utilization was
most time efficient would increase. The yellow
indicates the areas that were originally identified as
ground transport areas but are now more time

efficient for HEMS transports. The green shows the
area where it would still be more time efficient to
transport by ground ambulance even with advanced
ACN systems. Using the revised map, 55 additional
patients would be transported from locations where
HEMS transport would be more time efficient.

Figure 5. Outline of Erie County with the area where it is more time efficient to transport by ground
ambulance shown in yellow. The green represents the reduction in the area that would result from
widespread ACN use.
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DISCUSSION

This study represents a first attempt at
assessing the time-efficiency of transport choices
made in Erie County. The data suggest that 26% of
patients injured in a motor vehicle crash were not
transported by the most time efficient means. The
majority of these crashes involved ground transports
from areas in which HEMS was identified to be the
most time efficient mode of transport. However, the
observed patterns of patient transport may have been
influenced by other factors such as weather. This
study was conducted in Western New York State in a
county bordered by Lake Erie on the west and in
close proximity to Lake Ontario on the north. In
cases where ground ambulance was used instead of
HEMS it may have been because the helicopter could
not fly because of weather. In which case, the care
provider did not make an inappropriate transport
decision. Furthermore, some motor vehicle crashes
may have resulted in multiple occupants being
injured and requiring treatment at a level 1 trauma
center. In these cases EMS providers would have
had to decide which patient should be flown by
HEMS and which patient should be transported by
ground ambulance. Future studies should examine
the effect of weather as well as provider decision
making when more than one patient is injured at the
same location.

It is also important to note that since the
areas defining the most time efficient transportation
modes were identified using retrospective data, it is
possible that the specific circumstances of a given
crash may have made the alternative form of
transport more efficient. For example, in those
crashes involving an entrapped patient who required
a lengthy extrication, HEMS might have been the
more time efficient transportation mode. This is
because the helicopter could have arrived at the scene
before the extrication activities were completed and
then transported the patient at higher speeds and via a
more direct route than a ground ambulance.

It is interesting to note that the majority of
patients who expired were transported by the more
time efficient mode of transport. However, this result
was not statistically significant and could have been
due to chance. Further, it is possible that EMS
providers may have more rapidly transported patients
they judged to be more severely injured and who
ultimately died. Petri, Dyer, and Lumpkin found
shorter on-scene times for patients who were more
severely injured, and also found that patients with
shorter on-scene times were more likely to expire.8

These authors suspected that providers could identify
those patients who would ultimately expire. This was
supported by Emerman, Shade, and Kubincanek who

found that when emergency medical technicians
predicted patient mortality on a visual analog scale,
they were as accurate as the Revised Trauma Score
and two other measures of injury severity in
predicting the patients’ ultimate outcome.9 Lastly,
Simmons et al., found that using a four point scale
similar to the subjective CUPS score used by most
EMS providers, paramedic perception was an
important indicator of patients who truly needed the
interventions provided by a level 1 trauma center.10

The findings of the current study may have been
heavily influenced by providers ability to correctly
identify those patients who would ultimately not
survive. Future studies need to be performed with
more patients so models can be built that control for
injury severity. This would help determine the effect
of using the most time efficient form of patient
transport on patient outcome.

Lastly, this study found that if an advanced
ACN system could help dispatchers identify motor
vehicle crash occupants who would need treatment at
a level 1 trauma center and could put HEMS on
stand-by, the estimated 5 minute reduction in total
prehospital time could increase the number of
patients who should have been flown by 20%.
However, these results may under-represent the
number of patients who would be affected since we
only estimated the timesaving of putting HEMS on
stand-by. The timesaving could be greatly increased
by actually dispatching HEMS to the scene of the
crash when the original 9-1-1 request for aid is
received. Figure 2 shows a representative EMS
event timeline for a trauma patient. It illustrates that
if a patient needs to be transported by HEMS the
helicopter will not be dispatched to the scene until the
first EMS agency has arrived on scene, evaluated the
patient, determined HEMS is needed, and placed a
request through their dispatch center. If the 9-1-1
dispatcher, ground ambulance dispatcher, or HEMS
dispatcher could reliably use the information from the
ACN system to identify that a patient needed rapid
transport to a level 1 trauma center, then HEMS
could be put on stand-by, or more aggressively, be
dispatched to the scene at the time of the 9-1-1
request for aid (auto-launch). Data from FARS
indicates that the national average elapsed time from
crash notification to EMS arrival at the scene is on
the order of 11 minutes.11 Assuming two minutes to
assess the scene and request HEMS would bring the
total average elapsed time between notification and
HEMS request to 13 minutes. If we assume that
HEMS auto-launch could save approximately 13
minutes in total prehospital time, then our model
indicates there would be a 40% increase in patients
for whom HEMS would have been the most time
efficient transport mode. Thus, ACN could play a
much larger role in reducing total prehospital time
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than was estimated in this study and would likely
impact many more patients.

Limitations

Although there are simplifying assumptions
inherent in the empirical approach used in this study,
some general observations can be made which have
merit. However, this study was limited by the fact
that almost 50% of the registry patients could not be
matched to police accident report data. Since most of
the prehospital information for these patients was
missing, it is possible that many of these patients
were not injured in Erie County. It is also possible
that these patients were injured in the towns that did
not participate in the police accident report database.
In any case, these missing patients could have
introduced bias into the study but without further
information, it is difficult to know the effect of that
bias.

CONCLUSIONS

Seventy-four percent of patients in Erie
County were transported by the most time efficient
mode of EMS transport. There was no statistically
significant difference in mortality between those
transported by the most time efficient mode and those
transported by a less time efficient mode. Our model
indicates that the use of estimates of crash severity
and potential occupant injuries from advanced ACN
crash messages to place HEMS on standby would
increase the area where HEMS transport would be
more time efficient. This would have placed an
additional 20% of patients in our study in the area
where it was more time efficient to transport by
HEMS. However, it is anticipated that ACN will
provide greater reductions in total prehospital time
that will result in HEMS being the more time
efficient transport mode for greater numbers of
patients.
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ABSTRACT

With the increasing ratio of light trucks to
automobiles in the U.S. fleet over the last decade,
vehicle compatibility has come into question. A
number of tests and performance criteria are under
development worldwide to quantify a vehicle’s
structural design in frontal impacts. These tests and
criteria record the force exerted by a vehicle structure
onto a high-resolution rigid wall to determine the
height from ground of the average force as well as its
gradient across the load cells. This paper presents
NHTSA’s computer simulation research of these
vehicle performance tests as they pertain to vehicle
compatibility. A number of frontal impact scenarios
of a light truck impacting various load cell walls with
and without a deformable face are simulated.
Changes are made to the vehicle’s structure, and the
effects to the evaluation criteria are presented.

INTRODUCTION

There are numerous front impact performance tests
used by government, media, and industry that
measure a vehicle’s ability to protect its occupants in
a crash with a vehicle within its weight class. These
tests are useful in understanding a vehicle’s
performance within a specific class, but the tests do
not address the vehicle’s aggressivity [1] or
vulnerability in a crash with a vehicle from a
different class.

Worldwide research is ongoing to quantify a
vehicle’s structure through performance test and
criteria to ensure the aggressivity/vulnerability
balance across vehicle classes [2,3]. This is addressed
as a vehicle’s compatibility, which is predominately
associated with a vehicle’s mass, structural
interaction, and stiffness [4].

One major development is the addition of high-
resolution load cell walls to present performance
tests. The load cell walls (LCW) are either rigid or
rigid faced with deformable honeycomb sections of
various strengths and depths [5,6]. Also, the barriers
can be moving or stationary.

NHTSA is researching and developing these various
barrier designs for use in performance testing. The
research encompasses physical testing [7] as well as
computer simulation. This paper summarizes the
computer simulation research plan used to review the
high-resolution load cell wall and performance
criteria as a tool to quantify a vehicle’s compatibility.

PROJECT SCOPE

Physical testing of all the various designs for
compatibility performance tests is cost prohibitive, so
a simulation plan has been developed at NHTSA to
aid in the design of compatibility performance tests
and criteria. This plan is shown in Figure 1.

Figure 1. NHTSA’s Simulation Plan for High-
Resolution Load Cell Wall Review.

The plan can be viewed as two parts. First the full-
scale vehicle model will be simulated and validated
under US New Car Assessment Program (NCAP)
conditions, which are 56 kph, full width overlap, and
rigid wall. Simulations will be repeated using three
LCW designs. The focus will be to select one of the
three LCW designs by using two potential
performance criteria as the guide, the Average Height
of Force (AHOF) and the Coefficient of Variation
(CV). Changes will then be applied to the vehicle
models to enhance their respective performance
criteria measurements. Since the focus is on the load
cell walls and the performance criteria, the changes
are not meant for design direction but for testing the
robustness of the LCWs and the criteria.

Second, the modified vehicle models will be
simulated in vehicle-to-vehicle full frontal test
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conditions with both vehicles traveling at 56 kph.
Vehicle intrusion and acceleration will be recorded
for comparison. These simulations will show the
effects of the design changes that were led by the
performance criteria.

As a check of self-protection, the fixed 40% offset
deformable barrier frontal impact at 64 kph is
simulated, and intrusion and acceleration are
compared.

Models and Analysis

Barriers

Three barriers are under review. The first is the
2108.2 mm x 984.25 mm, US NCAP, 4x9 load cell
wall [8]. The second is a 2000 mm x 1000 mm high-
resolution load cell wall built from 125mm x 125mm
load cells in an 8x16 matrix. The LCWs are overlaid
in Figure 2.

Figure 2. 4x9 NCAP LCW Overlaying 8x16
LCW.

The third wall is under development at the Transport
Research Laboratory in the UK [5]. It is a full width
2000 mm x 1000 mm, deformable LCW with an 8 x
16 matrix of 125 mm square load cells. It is faced
with a 150 mm layer of 0.34 MPa honeycomb, and a
150 mm slotted layer of 1.71 MPa honeycomb. The
300 mm of honeycomb depth and orientation is
shown in Figure 3.

Figure 3. TRL300 8x16 LCW.

Performance Criteria

Two performance criteria are under review: Average
Height of Force and TRL’s Coefficient of Variation
[5]. NHTSA is developing the AHOF calculation to
measure the average height of force that a vehicle
imparts on a LCW [9]. The intent is to promote
structure interaction between vehicles by aligning
their stiffest members in the vertical direction. This
calculation is shown in Figure 4.

Figure 4. Calculation of AHOF.

The second criterion, TRL’s CV [5], measures a
vehicle’s force homogeneity across its footprint on a
load cell wall.

CV = Standard Deviation/Mean (2.)

The standard deviation is calculated at each time
point and is a measure of how widely the measured
force values are dispersed from the average force
value on the LCW. The standard deviation is then
divided by the mean value at each time point in order
to give the Coefficient of Variation. 

Red - 8x16 LCW
Blue – 4x9 LCW
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Vehicles

NHTSA has developed a number of full-scale frontal
impact vehicle models through reverse engineering
production vehicles. These models are in various
states of development following the continuous
improvements being made to techniques in reverse
engineering. The two models used in this study are
the 1997 Ford Explorer developed by Oak Ridge
National Laboratory, and the 1997 Geo Metro
developed by the National Crash Analysis Center.
The Explorer and Metro are illustrated in Figures 5
and 6, respectively. These models were selected since
they are the best examples in the NHTSA model
database to represent the compatibility issue of a
SUV impacting a small car. Since modifications were
made to each model outside the scope of the
production vehicle, the Explorer is referred to as
“SUV” while the Metro is referred to as “Small Car”
for the purposes of this paper. In the future more
vehicle classes will be added to the simulation
matrix.

Figure 5. Mid-Size SUV, 1997 Ford Explorer.

Figure 6. Small Car, 1996 Geo Metro.

�

RESULTS

Full Frontal Impact Mid-Size SUV

The baseline and design iterations of the SUV were
simulated in a matrix of three LCW design
conditions. For iteration 1 the rails and engine were
lowered 50 mm since popular SUVs advertise such
changes in new vehicles as a way to increase
compatibility [7,10]. The AHOF for each simulated
condition is summarized in Table 1.

Table 1. Mid-Size SUV NCAP AHOF

4x9
NCAP
LCW

8x16
NCAP
LCW

8x16
TRL300
LCW

Baseline 695 mm 659 mm 658 mm
Iteration1 634 mm 614 mm 608 mm

Comparing the 4x9 to the 8x16 LCW it can be
surmised that the AHOF calculation is dependent on
the size of the load cells. Figures 7 and 8 present the
alignment of the rails and engine to the load cells.
The rails, which are in yellow, are aligned with a
higher row of load cells in the 4x9 LCW case. The
8x16 LCW splits the same load between two rows of
load cells, which results in recording the force at a
lower row. This results in a higher AHOF for the
4x9 LCW, and a lower AHOF for the 8x16 LCW.

Figure 7. Mid-Size SUV with 4x9 LCW.
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Figure 8. Mid-Size SUV with 8x16 NCAP LCW.

Also from the AHOF measurements one can see that
the deformable face in the TRL300 LCW does not
appreciably change the AHOF results even though
the total wall force is quite different as seen in Figure
9. As expected, the 4x9 and 8x16 LCW show the
same total measured force.

Figure 9. Mid-Size SUV LCW Total Force.

Baseline

Contour plots of the force applied to the LCW are a
good visual tool to review which structural members
of the vehicle apply the load. The contour plots
presented in this paper are created from point loads
centered at each load cell and then averaged between
these point loads. For this reason the accuracy of the
area reflected in the contour plot by the force loading
is reduced with coarser LCWs. Also, the scale for the
force will change based on the point loads and not the
surface area covered by each load cell.

From Figure 9 the LCW force curve can be broken
into two parts, the initial force loading of the
structure and the maximum total force. This is at 20
msec. and 45 msec. for the 4x9 and 8x16 LCWs, and
at 34 msec. and 56 msec. for the TRL300 LCW.

The 4x9 and 8x16 LCWs without honeycomb are
shown in Figures 10 and 11. At 20 msec. the rails
have hit the wall and are crushing. The rails are the
dominant structural members at this time. Since the
rails hit the edge of a higher load cell in the 4x9 case,
the contour plot shows how the load is spread to
higher load cells than the 8x16 LCW.

Figure 10. SUV 4x9 NCAP LCW Contour at 20
msec.

Figure 11. SUV 8x16 LCW Contour at 20 msec.

At 45 msec., which can be seen in Figures 12 and 13,
the engine and vehicle stack into the wall, and the
load is again spread into higher load cells in the 4x9
LCW case. Since the load is concentrated, the 8x16
LCW can better separate the dominant members from
lesser load path contributors. This will help in
promoting homogeneity to a vehicle’s front structural
stiffness by reducing the concentrated loads through a
performance criterion such as CV. The 8x16 LCW is
a good first step, but further research is needed to
find the best compromise between load cell size and
cost.

Figure 12. SUV 4x9 NCAP LCW Contour at 45
msec.
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Figure 13. SUV 8x16 LCW Contour at 45 msec.

The TRL300 LCW separates the load paths even
further. This is shown in Figures 14 and 15. The
engine does not stack up against the wall as severely
as measured by the LCW in Figure 9. Instead, the
loads from the rails are measured for the duration of
the crash. This would be useful in measuring vehicle
load paths such as cross members, sub-frames, and
shotguns, which would be overshadowed by the
engine stack up. However, more research is needed to
select the honeycomb properties since these load
paths are not readily shown in the present contours.

Figure 14. SUV 8x16 TRL300 LCW Contour at
34 msec.

Figure 15. SUV 8x16 TRL300 LCW Contour at
56 msec.

The CV values for each case are plotted in Figure 16.
The CV values for the TRL300 LCW are lower with
less fluctuation. This confirms the less severe impact
of the engine and the difference in force between the
front structure and the engine. Also, iteration 1 for
the 8 x 16 LCW has a higher CV initially than the
baseline. This may be caused by the force loading
from the rails being split between two load cells
rather than four as in the baseline. This needs more
investigation with CV.

Figure 16. Mid-Size SUV LCW CV

The honeycomb displacement contours at 35 and 55
msec. are shown in Figures 17 and 18. These two
times show the deformed honeycomb at the peak of
the rail crush, and the onset of the engine stack up.
From the deformed geometry it is evidenced that the
shotguns, hood and wheels are potential load paths
that can be measured dependent on the LCW
resolution and honeycomb properties. However, care
must be taken to not distort the actual stiffness of the
vehicle structure.

Figure 17. SUV 8x16 TRL300 Honeycomb
Displacement Contour at 35 msec.
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Figure 18. SUV 8x16 TRL300 Honeycomb
Displacement Contour at 55 msec.

Iteration 1

In an attempt to promote structural interaction
between the Small Car and the SUV, the rail and the
engine of the SUV model were lowered 50 mm,
while the rest of the vehicle was maintained at
baseline conditions. Table 1 lists a 45 mm drop in
calculated AHOF for the 8x16 case. This is
encouraging since the dominant members in a frontal
impact directly control the AHOF, as would be
expected.

Figures 19, 20, and 21 illustrate the contours at
engine stack up for the respective cases. As in the
baseline simulations, it is shown that the 4x9 LCW is
less accurate in measuring the AHOF. Additionally,
the TRL300 LCW records the bumper and rail load
as the peak even through the engine stack up.

Figure 19. SUV Iteration 1 4x9 NCAP LCW
Contour at 45 msec.

Figure 20. SUV Iteration 1 8x16 LCW Contour at
45 msec.

Figure 21. SUV Iteration 1 8x16 TRL300 LCW
Contour at 56 msec.

In Figure 22 the lowered distance of the rails and
bumper can quickly be seen when compared to
Figure 18. For this study, using the CV to initiate
design was not addressed. In future iterations specific
changes to the structure will be made to enhance the
vehicle’s CV, and the effects will be reviewed in
vehicle-to vehicle crash conditions. Also, a more
complete investigation into CV will be presented.

Figure 22. SUV Iteration 1 8x16 TRL300
Honeycomb Displacement Contour at 55 msec.

Full Frontal Impact Small Car

The simulation test plan is also applied to the small
car to possibly harmonize the AHOF for the two
vehicles. The AHOF results are summarized in Table
2. Iteration 1 is simply the entire vehicle moved
upward 25 mm since this is achievable in real world
vehicles through suspension changes. For this reason,
the results of iteration 1 are summarized and no
detailed contours are provided since they are not
significantly different than the baseline.
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Table 2. Small Car NCAP AHOF

4x9
NCAP
LCW

8x16 LCW 8x16
TRL300
LCW

Baseline 525 mm 525 mm 495 mm
Iteration1 540 mm 538 mm 510 mm

In the Small Car case the effects of load cell
resolution is not seen for AHOF. Figures 23 and 24
show that the rails and bumper are aligned with the
same load cell height. Since the rails and bumper are
aligned with the same load cell height, the 4x9 LCW
and the 8x16 LCW have good correlation.

Figure 23. Small Car with 4x9 NCAP LCW.

Figure 24. Small Car with 8x16 LCW.

The total forces measured by the LCWs are plotted in
Figure 25. The first layer of the TRL300 honeycomb
in the Small Car case is stiff in relation to the
vehicle’s structure and mass, which causes less of a
drop in the maximum peak when compared to the
SUV.

Figure 25. Small Car LCW Total Wall Force

Baseline

Since the Small Car is lighter and unibody, it does
not have the same stiffness in longitudinal members
when compared to the SUV, but the rails still
dominate the front structure as seen in Figures 26 and
27 at early time.

Figure 26. Small Car 4x9 NCAP LCW Contour at
16 msec.

Figure 27. Small Car 8x16 LCW Contour at 16
msec.

However, as the engine and vehicle stack up, the load
path is not clear for the 4x9 LCW, which can be seen
in Figure 28. The rail loads are comparable to the rest
of the vehicle, and the cross members distort the
contour since there are half the number of load cells
between the rails. The 8x16 LCW, as shown in
Figure 29 does not exhibit this issue. The additional
load cells across the columns provide more data
points to separate the load paths.
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Figure 28. Small Car 4x9 NCAP LCW Contour at
32 msec.

Figure 29. Small Car 8x16 LCW Contour at 32
msec.

The early loads on the wall are measured quite
differently in the case of the TRL300 LCW. Figure
30 shows a distribution of load from the rails and the
bumper.

Figure 30. Small Car 8x16 TRL300 LCW
Contour at 20 msec.

Also, the TRL300 LCW separates the dominant and
lesser load paths at engine stack up in the Small Car
simulations. Figure 31 shows how the engine sub-
frame is recorded. This is directly shown by the
AHOF since the value is 30 mm lower than with the
rigid LCW.

Figure 31. Small Car 8x16 TRL300 LCW
Contour at 40 msec.

As shown in Figure 32 the Small Car follows the CV
trend found in the SUV case. The values are lower
and fluctuate less with the TRL300 LCW. The
stiffness differential between the rails and engine
mass is greater for the Small Car since it is lighter
with weaker rails when compared to the SUV. This
creates a larger fluctuation in the CV calculation.
Future iteration studies will be made to lower these
fluctuations in order to understand CV effects.

Figure 32. Small Car LCW CV.

When compared to the SUV, the deformed
honeycomb for the Small Car shows less
compression outside the areas of the bumper beam.
Figure 33 depicts the deformed honeycomb at 20
msec., which is caused by the front structure before
crush is complete.

Figure 33. Small Car 8x16 TRL300 Honeycomb
Displacement Contour at 20 msec.

In Figure 34 the shotgun and lower cross member
compression on the honeycomb can be seen.
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Figure 34. Small Car 8x16 TRL300 Honeycomb
Displacement Contour at 40 msec.

Observations of AHOF and TRL300

The TRL300 LCW influences the calculated AHOF
for the Small Car, but not the SUV. A closer review
of AHOF and the TRL300 LCW can explain this.

Since the AHOF weights the calculation based on the
time window of the highest loading, the AHOF
calculated before engine stack up is not easily seen.
Tables 3 and 4 list the calculated AHOF of the Small
Car and the SUV’s first set of force peaks or initial
AHOF. These force peaks, as seen from the contour
plots, are related to the structural loading before the
engine stacks into the wall. The total AHOF from
Tables 1 and 2 is included for comparison.

Table 3. Small Car Initial & Total NCAP AHOF

Small Car AHOF mm
Initial Total Initial Total
8x16
LCW

8x16
LCW

8x16
TRL300
LCW

8x16
TRL300
LCW

Baseline 505 525 460 495
Iteration1 518 538 484 510

Table 4. SUV Initial & Total NCAP AHOF

SUV AHOF mm
Initial Total Initial Total
8x16
LCW

8x16
LCW

8x16
TRL300
LCW

8x16
TRL300
LCW

Baseline 613 659 614 658
Iteration1 568 614 564 608

In the case of the Small Car, the initial AHOF for the
rigid LCW when compared to the total AHOF for the
TRL300 LCW shows little difference. In this
situation the honeycomb properties are helpful. The
honeycomb works as designed where the first layer
bottoms out separating the structure from the engine,
while the stiffer second layer maintains load transfer
to the LCW. This can be seen in Figure 35.

Figure 35. Small Car 8x16 TRL300 Honeycomb
Deformed Cross Section.

The opposite is true for the SUV. Figure 36 illustrates
the issue for the SUV case. The second layer is
compressed and the vehicle loads the LCW through
the stiffened honeycomb elements. This causes the
calculated AHOF for the TRL300 LCW to match the
rigid LCW values. Therefore, the TRL300 LCW is
questionable for use across the US vehicle fleet and
needs further research.

Figure 36. SUV 8x16 TRL300 Honeycomb

In this study the selection of the TRL300 honeycomb
properties are biased to the Small Car and in the
future should be chosen to limit bias to a particular
vehicle class. Since the Explorer is a mid-size SUV,
this issue will be more important for a large SUV or
van, which may overpower the TRL300 honeycomb
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negating the intent of separating the load paths from
engine influences.

Offset Deformable Barrier Impact (ODB)

Mid-Size SUV

The offset deformable frontal test measures the
vehicle structure performance as well as the dummy.
This intrusion needs to be maintained to ensure
vehicle vulnerability changes are kept to a minimum.
For this reason the SUV was simulated in the ODB
test condition.

Figure 37 shows similar acceleration results in the
occupant compartment while Figure 38 shows the
intrusion results. The occupant compartment
experiences the same acceleration, but the intrusion
increases for iteration 1.

Figure 37. Mid-Size SUV Frontal, 40% ODB B
Pillar Acceleration.

Figure 38. Mid-Size SUV Frontal, 40% ODB Toe
Pan Intrusion.

This is caused since the rail has a different crush
mode from baseline. The Body-In-White (BIW)
mounting distance from the frame is higher for

iteration 1, so a larger moment is created on the rail,
which bends at the frame mount under the left
footrest. This drives the rail into the occupant
compartment. In future runs this torque will be
minimized to lessen the effects to the ODB
performance.

Vehicle-to-Vehicle Impact

The final review of the LCWs and the performance
criteria effects is completed in vehicle-to-vehicle test
conditions. Each vehicle is given a 56 kph initial
velocity and impacted with full overlap conditions.
The matrix is listed in Table 5.

Table 5. VTV Iteration Summary

Vehicle
Mid-Size SUV Small Car

Baseline Baseline SUV Baseline Small
Car

Iteration 1 SUV with
50mm drop in
rails and
engine.

Baseline Small
Car

Iteration 2 SUV with
50mm drop in
rails and
engine.

Small Car
raised 25mm.

The three cases are depicted in Figures 39, 40, and
41. The iterations increasingly align the vertical
heights of the rails, which correlate with the AHOF
measured, as previously shown in Tables 3 and 4.

Figure 39. Pre-crash Baseline - SUV to Small Car
Side View.
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Figure 40. Pre-crash Iteration 1 - SUV to Small
Car Side View.

Figure 41. Pre-crash Iteration 2 - SUV to Small
Car Side View.

Figure 42 illustrates the deformed vehicles at
maximum displacement for baseline conditions. The
SUV overrides the Small Car with little interaction of
the rails, and no interaction with the engine, which
are the two peak load paths shown in the LCW study.
The subsequent iterations are simulated in an attempt
to increase the structural interaction by using the
combination of vehicles that reduce the AHOF value.

Figure 42. Baseline - SUV to Small Car
Maximum Deformation Side View.

Since the models are not advanced enough to include
the dummy models, intrusion measurements and the

occupant compartment accelerations are summarized
as the main criteria to compare the three cases. In the
future, dummy models will be included in an attempt
to capture occupant injury values.

Small Car Intrusion

The Small Car intrusion measurements were recorded
at the locations viewed in Figure 43.

Figure 43. Small Car Intrusion Nodes.

Each measurement was compared, and the maximum
intrusions measured are plotted in Figures 44 to 48.
In most locations iteration 1 has lower intrusion than
baseline. In iteration 2 the intrusion is either the same
as the baseline or higher except at the instrument
panel (IP) beam. This may be caused by the lower
capacity of the Small Car’s bumper and rail joint in
axial crush when compared to the SUV. Further
simulation iterations need to be reviewed to answer
this.

Figure 44. Small Car LHS Lower Toe Pan
Intrusion.

L - Toe Pan Lower
M - Toe Pan Mid
U - Toe Pan Upper
B - IP Beam
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Figure 45. Small Car LHS Upper Toe Pan
Intrusion.

Figure 46. Small Car RHS Lower Toe Pan
Intrusion.

Figure 47. Small Car RHS Upper Toe Pan
Intrusion.

Figure 48. Small Car IP Beam Intrusion.

Since override is reduced in iteration 1 and 2, less
intrusion into the IP beam is expected and is seen.
The toe pan decreases as well for iteration 1. This
may be caused by more energy absorption of the
SUV.

Mid-Size SUV Intrusion

The SUV model’s intrusion is measured at the same
location as in the ODB test. The results are graphed
in Figure 49. Iteration 1 points to better structural
interaction as with the Small Car since the intrusion
is increased when compared to baseline and iteration
2. Iteration 2 has only one point with better intrusion
numbers. This confirms the additional interaction
between the rails leads to the SUV sharing in the
energy absorption decreasing the intrusion measured
in the Small Car.

Figure 49. SUV Toe Pan Intrusion.

Deformed Cross Sections

Review of the deformed plots and cross sections of
the two vehicles show better structural interaction for
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iteration 1 when compared to baseline or iteration 2.
This can be seen in Figures 50, 51, and 52.

Figure 50. Baseline - SUV to Small Car
Maximum Deformation LHS Section View.

In Figure 51 the crush of the rails is noticeable as
none of the crush initiators, which are located on the
rail forward of the engine, are visible. This is not the
case for the baseline and iteration 2.

Figure 51. Iteration 1 - SUV to Small Car
Maximum Deformation LHS Section View.

Iteration 2 shows more bending than crush in Figure
52. This would place more of the energy absorption
to the Small Car, which is recorded in the intrusion
numbers.

Figure 52. Iteration 2 - SUV to Small Car
Maximum Deformation LHS Section View.

Depending on which AHOF measurement is used,
the difference in AHOF between the vehicles for
iteration 2 can vary from as little as 10 mm to as
much as 30 mm. Since the rails are not fully crushed,
in any of the cases, the SUV’s engine does not load
into the Small Car. Iteration 2 shows that structural
interaction is the first step, but since the SUV’s rails
are not fully crushed, the stiffness of the vehicle
should also be used to optimize for compatibility.
AHOF coupled with an upper and lower bound for
vehicle force may be needed to reduce this issue
since the Small Car cannot maintain the occupant
compartment. Further research into vehicle structural
stiffness is needed to answer this issue.

Small Car Velocity and Acceleration

Lastly, the Small Car’s occupant compartment
acceleration is shown in Figure 53. Each case is on
the same order of magnitude, and the timing is
comparable. However, the first spike in iteration 1 is
inverted and lower when compared to the baseline
and iteration 2. This may be caused by the increase in
structural interaction. As the Small Car impacts the
SUV, the rails are better utilized allowing the vehicle
to slow by being pushed backwards. At the same
time, the rails are crushing and absorbing energy.
Further investigation with iterations including the
dummy models is needed to fully understand the
effects on injury criteria.

Figure 53. Small Car Occupant Compartment
Acceleration.

FUTURE WORK

The work presented in this paper has shown the first
step NHTSA is making in reviewing high-resolution
load cell walls. The next step is to develop
parameters from vehicles of different classes to
study. Each parameter such as mass, initial stiffness,
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and speed will be varied to study the effects on the
performance criteria discussed, and how those effects
ultimately change vehicle performance in vehicle-to-
vehicle test conditions. Also, a movable deformable
LC barrier will be added to the simulation plan. The
updated plan is shown in Figure 54.

The plan will be revised as new developments are
made in the validity of the performance criteria, or
new criteria are introduced.

Figure 54. Revised NHTSA Simulation Plan.

Finally, the plan will be worked in reverse. A
compatible mid-size SUV and small car will be
developed based on the vehicles and results of this
paper. Those vehicles will be impacted into the
LCWs to find if the performance criteria predict their
compatibility weaknesses and strengths as designed.

CONCLUSION

The load cell wall can be an effective tool in
measuring and quantifying a vehicle’s structure in a
frontal crash. Its effectiveness depends on the
resolution available, and the performance criteria
used.

The AHOF is useful in determining a vehicle’s
vertical structural interaction across different classes.
However its accuracy depends on the resolution of
the load cell wall. When the LCW resolution is too
coarse and the vehicle’s dominant structural load
paths bridge the edge of an adjoining load cell, the
average will be distorted. AHOF is also dependent on
the load cell wall’s ability to separate the structural
loads from contributors such as the engine. In certain
cases the vehicle’s engine load on the load cell wall
can reduce the effect of the recorded force of the
vehicle’s structure, which is important for vehicle-to-
vehicle crashes where the structure does not always
crush into the engine.

TRL’s deformable barrier addresses this issue, but
care must be taken on correctly choosing the
honeycomb stiffness and depth to prevent interfering
with the crush mode or load of the structural

members. Also, shear between honeycomb blocks
must be prevented to ensure accurate longitudinal
measurements. In certain cases TRL’s deformable
barrier also records load from structural cross
members, which would be missed if a rigid wall is
used. These cross members are also essential for
offset crashes and side impact scenarios, and must be
measured accurately. Further investigation into
TRL’s CV may provide the criterion to quantify this.

Compatibility is more than just a vehicle’s structural
interaction. However, the use of load cell walls,
coupled with the performance criteria reviewed in
this paper, are a good first step toward addressing
compatibility in a frontal crash. Vehicle parameters
such as mass and stiffness also play an important
role. Additional research is necessary to quantify
these parameters through load cell walls and other
means.

ADDITIONAL INFORMATION

Additional NHTSA reports on compatibility research
are available from http://www-
nrd.nhtsa.dot.gov/departments/nrd-
11/aggressivity/ag.html

Vehicle models available on the world wide web:
1. 1997 Ford Explorer from ORNL at http://www-

explorer.ornl.gov/newexplorer/
2. 1997 Geo Metro from NCAC at

http://www.ncac.gwu.edu/archives/model/index.
html
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ABSTRACT 
 

System identification techniques are used to 
generate a lumped spring-mass model of the 
EuroSID-2 (ES-2) dummy.  Sled tests which 
subject the ES-2 dummy to a variety of loading 
conditions are used for model building and 
validation purposes.  The model is used to 
conduct parametric studies to characterize the 
influence of impact velocity, pelvis offset, 
padding thickness and padding force-
deformation behavior on the dummy response.   

For constant velocity impacts at 8 m/s, results 
indicate that the peak acceleration response of 
the rib, spine, pelvis and TTI as well as peak rib 
compression are reduced considerably by energy 
absorbing padding.  In the environment 
evaluated, optimum response for a 75 mm thick 
pad is observed at a padding strength of 0.15 
MPa.  Impacting the pelvis region prior to the 
thoracic region can produce a reduction in peak 
rib compression.   
 
INTRODUCTION 
 
The ES-2 dummy is a modified version of the 
EUROSID-1 (ES-1) dummy.  Apart from 
providing more instrumentation on the dummy 
and other minor modifications, a major change 
has been made to the rib guide system to 
minimize the “flat-top” response observed in the 
rib compression response of the ES-1 dummy [1, 
2].  These modifications alter the dynamic 
response of the ES-2 dummy, especially, in the 
thoracic region [1].   

Currently, only a limited amount of research 
has been conducted on the ES-2 dummy to 
characterize its dynamic response.  Most of the 
research primarily dealt with its biofidelity and 
its behavior in vehicle crash tests [1, 3].  In these 
limited studies, the general behavior of the ES-2 
dummy is addressed.  In addition, comparison is 
made between the ES-1 and ES-2 dummies.  
However, an extensive amount of research is 
conducted on the US-SID and ES-1 dummies 
because of their long existence in regulatory 

tests.  Also, several well-defined lumped spring-
mass models for the US-SID dummy have been 
reported in the literature [4, 5].  Similar 
information about the ES-2 dummy that deals 
with dynamic response characterization is 
currently not available in the literature.   

In this study, based on the physical 
construction of the dummy, a general lumped 
spring-mass system is devised to represent the 
ES-2 dummy; the model parameters are derived 
from sled test data using a system identification 
procedure.  Algorithms available in the software 
MATLAB® are used to predict the optimum 
parameters of the model by minimizing the 
differences between the predicted response and 
the data used to generate the model.  To gain 
confidence in the model, validation studies are 
performed using experimental data not used for 
model building purposes.   

Even though some inferences can be made 
from the limited set of sled tests conducted on 
the dummy, it is cumbersome to perform a 
detailed parametric evaluation to identify the 
sensitivity of the response with incremental 
changes in design variables through sled tests.  
For this purpose the model of the ES-2 dummy is 
used to conduct a parametric study to analyze the 
influence of impact velocity and padding which 
includes variation in strength, thickness and 
shape of the force-deformation behavior.  The 
effect of pelvic lead on the dummy response is 
also investigated.   
 
EXPERIMENTAL DATA 
 

The NHTSA performed a series of sled tests 
to evaluate the ES-2 dummy [1].  Raw test data 
from these sled tests are available at the NHTSA 
web site.  A total of seven different test 
configurations that include rigid, offset and 
padded tests were conducted.  For some test 
configurations, more than one test was 
conducted.  The test conditions utilized for each 
sled test is shown in Table 1.  Four impact plates 
affixed to the sled impacted the side of the 
dummy at the thorax, abdomen, pelvis and knee 
regions.  The position and the dimensions of 
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each load plate are set with respect to the seating 
position of the dummy such that the load plates 
interact with specific body regions of the dummy 
upon impact.  Also, the layout of the load plates 
(especially the top thorax plate) is set to simulate 
test conditions experienced in “real vehicle 
crashes” (beltline impacting thorax) [1].  The 
impact plates were equipped with load cells to 
measure the impact force during impact.  The 
motion of the sled was also monitored using 
accelerometers at the impact plates.  A schematic 
of the sled setup for a padded pelvis offset test is 
shown in Figure 1 (the knee plate is not shown).  
For all tests, the impact velocity was set either at 
6.8 m/s or 8.9 m/s.  For padded tests, 10 cm thick 
LC200 foam of strength 0.1 MPa (15 psi) at 35% 
compression was used on all impacting surfaces 
that interact with the dummy.  For all tests, the 
impacting surface of the four impact plates were 
kept in the same plane except for the offset test 
cases where the impact plate, either the abdomen 
or the pelvis impact plate, was offset from the 
rest by 11 cm.  Also, the arm of the dummy was 
kept inline with the thorax for all tests except for 
the abdomen offset impact tests in which the arm 
was kept upward.  As a result, the extra cushion 
provided by the arm to the thoracic and abdomen 
regions is not available for the abdomen offset 
tests.  

 
Table 1. 

Sled Test Matrix Used to Evaluate the ES-2 
Dummy [1] 

Test description 

Test I.D. 
Impact 
velocity 

Pad 
Spec. 

Plate offset 

 (m/s)   

4456, 5215 8.9 Rigid Inline 

4454, 4455, 
5214 8.9 Pad* Inline 

4447, 4448, 
4449 6.8 Rigid Inline 

4444, 4446 6.8 Pad* Inline 
4450, 5213 6.8 Rigid Abdomen ξ,Ψ 
4453 6.8 Rigid Pelvis ξ 
4452 6.8 Pad* Pelvis ξ 

* 10 cm thick LC200 foam 
ξ  Plate offset is set at 11 cm 
ψ Arm is kept up 
   

 
 
Figure 1.  Schematic of the padded pelvis 
offset sled impact test.  
 
MODELING 
 

Constructing a spring-mass model to simulate 
the dynamic response is an approach that has 
successfully been employed to understand the 
dynamic response of dummies and for modeling 
the response of the vehicle under frontal and side 
impact loading conditions [4, 5, 6].  For 
example, in some of these studies the side impact 
response of SID using spring-mass models has 
been extensively investigated.  The model of the 
ES-2 dummy discussed in this study is a one 
dimensional model and, it depicts the lateral 
motion of the lumped masses when subjected to 
side impact.  In side impact, the dummy 
primarily experiences lateral motion and in some 
cases depending on the offset impact conditions 
the spine can undergo rotation.  The 1-D model 
of the dummy does not account for the rotation 
effects of the spine.  This study follows a similar 
approach employed for characterizing the 
behavior of SID dummy [4].  The details 
involved in building the model of the ES-2 
dummy are discussed below.  
 
Lumped Spring-Mass Model of ES-2 Dummy 
 

After attempting several models, a model 
containing a total of three lumped masses 
representing the rib, spine and pelvis regions 
interconnected to each other with springs and 
dashpots is postulated to represent the dynamic 
response of the ES-2 dummy.  This model is 
selected because it is simple but it is able to 
predict the response with a reasonable degree of 
accuracy; validation will be discussed later.  A 
schematic of the lumped spring-mass model of 
the ES-2 dummy is shown in Figure 2.  The non-
linear springs referring to the skin and padding 

Impact 
plate 

Padding 
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force-deformation response are not considered in 
the model building process.  These model 
attributes are appended later to completely 
describe the model and for simulation purposes, 
which are discussed later. 
 

 
 
Figure 2.  Lumped spring-mass model of ES-2 
dummy.  
 

Theoretical Model is based on enforcing 
dynamic equilibrium conditions for each lumped 
mass (Figure 2).  The equation of motion derived 
for this system is shown in Equation 1.   

 
(1).  

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

 
Equation 1 is reformatted to represent it in state-
space form for easier implementation into 
MATLAB® and is shown in Equation 2.  The 
unknown model parameters embedded in the 
matrices A and G are determined using system 
identification procedures.   

Data Required for System Identification is 
obtained by grouping and scaling appropriate 
responses represented by each lumped mass.   In 
order to establish a model of the ES-2 dummy, 

 
(2). 

 
 
 
 
 
 
 

 
the model parameters needs to be identified.  For 
this purpose, it is necessary to obtain the motion 
of each lumped mass.  The motion of the lumped 
rib mass is obtained by averaging the response of 
the three individual ribs.  The motion for the 
lumped pelvis mass is simply the measured 
pelvis acceleration.  The lumped spine 
acceleration is obtained by scaling and 
combining the upper and the lower spine 
acceleration using the linear relationship shown 
below, 

 
 (3). 

 
where, ‘w’ is a weight factor that ranges between 
0 and 1.  An appropriate value of ‘w’ is required 
to obtain the lumped spine acceleration.  It is 
derived by comparing the rib compression 
response obtained from two redundant 
measurements: direct measurement from LVDT 
and the second integral of the relative motion 
between the rib and spine lumped masses.  An 
appropriate value of ‘w’ is selected that 
minimizes the error between the measured 
(LVDT) and derived rib compression response.  
This study resulted in a weight factor of 0.8 to 
assess the lumped spine acceleration.   

For model building purposes, the motion of 
the lumped masses as well as the impact force 
that excites the model is required.  The load 
measured at the knee is not used in the analysis.  

    Impact velocity/Force 

Non-linear padding response

Non-linear skin response

Rib
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The thorax plate force is applied to the thoracic 
mass, m1 and the pelvis plate force is applied to 
pelvis mass, m3.  There is ambiguity in applying 
the abdomen plate force to the appropriate 
region, as the model does not have any sub-
system that is associated with the abdomen.  It 
can be seen from the construction details of the 
dummy that the “drum” that houses the abdomen 
load cells is rigidly affixed to the bottom of the 
spine box.  As a result, the external abdomen 
impact plate load is directly applied to the spine 
mass, m2. 

Model Parameter Estimation is carried out 
by employing system identification procedures 
available in MATLAB® [8] to identify the model 
parameters m1, m2, m3, k1, k2, c1 and c2.  The sled 
test data mentioned earlier provided the required 
input and output for performing the system 
identification.  The input (F) is the time history 
data of the thorax, abdomen and pelvis impact 
forces.  The output (Y) is the time history of 
motion (acceleration, velocity or displacement) 
of the rib, spine and pelvis lumped mass.  The 
analysis predicts the optimum set of parameters 
that minimizes the prediction error of the 
simulated output with the measured test data. 

For predicting the system parameters, only 
the rigid sled impact tests in which the impact 
plates are kept inline (no lead) are used.  As 
indicated in Table 1, a total of four sled tests that 
include three sled tests (4447, 4448, 4449) 
conducted at a velocity of 6.8 m/s and one test 
(5215) conducted at 8.9 m/s are selected for 
model prediction purposes.  Another test (4456) 
conducted at 8.9 m/s is not used because of an 
error in recording the pelvis load data.  In 
general, data from only one test or even a 
segment of a test can be used to identify the 
system parameters but all available tests are used 
in this study. As a result, each test predicted a set 
of optimum parameters.  The results from system 
identification have shown that the numerical 
value of the individual parameters between tests 
does show a variation (except for lumped mass).  
However, comparison of individual parameters 
between tests should not be made, as the model 
parameters are assessed collectively for each test.  
Because of subtle changes in the experimental 
data between tests (provided as input and output 
to the model) and lack of a clearly identified 
global minimum of the response surface, it is 
possible for the numerical optimization routine 
to identify model parameters that are different 
between tests.  Parameters evaluated for the 8.9 
m/s sled impact velocity are not considered 
because the experimental rib compression 

response has indicated a bottomed-out response 
around the peak.  This phenomenon is likely to 
influence the estimated model parameters as the 
model is assumed to be linear with unlimited 
room to compress or expand.  Based on the 
remaining three sets of model parameters, a 
single set of model parameters needs to be 
selected based on some criteria.  For this 
purpose, each set is used to predict the response 
of each individual test.  The set that best 
simulates the response for all tests is finally used 
for subsequent analysis.  Even though there is 
some variation in the numerical value of the 
stiffness and damping properties between the 
three sets, there is marginal difference in the 
simulated response using each of the three sets of 
parameters.  Visual comparison between the 
experimental data and the simulated response is 
made to assess the capability of each model set 
in simulating the overall shape and the peak 
value of the dummy response for ach test.  Since 
each model parameter set is equally capable of 
simulating the response, the model set derived 
from test 4448 is selected at random.  The 
capability of this model set in simulating the 
response under a variety of loading conditions 
will be discussed later.  The system parameters 
finally selected for the model of the ES-2 
dummy (Figure 1) are shown in Table 2. 
 

Table 2. 
Parameters of the ES-2 spring-mass 

model. 

 
Force-Deformation Response of the 

Dummy Skin is appended to the model to excite 
the model using impact velocity as input rather 
than impact force.  It is desirable to characterize 
the response based on impact velocity as the 
dummy is subjected to loading conditions 
resulting from the motion of the intruding door 
in vehicle crash tests.  In addition, it will be 
easier to perform parametric studies using impact 
velocity as input.  For this purpose, a non-linear 
spring is appended ahead of each lumped mass 
(Figure 2) that describes the force-deformation 
of the dummy skin at that region (thorax, 
abdomen or pelvis).  The force-deformation 

Mass 

(kg) 

Stiffness 

(N/m) 

Damping 

(N-s/m) 

m1 1.625 k1 1.71E5 c1 1187 

m2 30.98 k2 3.8E4 c2 815 

m3 15.9     
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response of the skin at any body region is 
determined from sled test data using the 
measured impact force and the skin compression 
derived from the relative motion between the 
sled and the lumped mass.  Sled test data 
obtained from test 4448, a rigid inline 6.8 m/s 
impact velocity test, are used for this purpose.  
After determining the force-deformation 
response at each body region, a curve is fitted 
through the data by employing the relationship 
shown in Equation 4.  This relationship is 
commonly used for defining the force-
deformation response of foams.  The parameters 
‘a’ and ‘m’ that define the force-deformation 
behavior of the three body regions are shown in 
Table 3. 
 

m

dT
daF 








−
=        (4). 

where,  
F=force, d=deformation, T=total thickness of 
foam/skin, a=force at half thickness and, 
m=shape factor. 

 
Table 3. 

Force-deformation properties of various body 
regions of the ES-2 dummy. 

Body 
region 

a 
(N) 

m T 
(m) 

Thorax 1560 1.19 0.11 
Abdomen 1640 1.32 0.22 

Pelvis 5040 0.47 0.07 
 

 
MODEL VALIDATION 
 

The lumped spring-mass model of the ES-2 
dummy and the force-deformation characteristics 
of the skin are used to simulate the dynamic 
response for several different types of impact 
conditions mentioned in Table 1.  The simulated 
response is compared with the experimental data 
obtained from sled tests not used in the model 
building to validate the model.  The abdomen 
offset tests are not used for validation, as the arm 
of the dummy is kept up for these tests and it 
imposes different loading conditions on the 
dummy.  The validation studies encompass a 
range of test conditions that can be considered 
comprehensive. 

For simulating the response, only the 
velocity-time history of the three impact plates 
(thorax, abdomen and pelvis) is provided as 
input.  The equations of motion specified in 

Equation 2 are solved by integration to determine 
the motion of the lumped masses.  The dynamic 
system simulation software SIMULINK® [9] 
along with MATLAB® is used for this purpose.  
A schematic of the ES-2 model that is 
implemented into SIMULINK is shown in 
Figure 3.  This figure shows the underlying 
process that is implemented for simulating the 
response.  The force-deformation behavior of the 
skin or skin/padding at all three body regions are 
incorporated into the upper, mid and lower look-
up tables as shown Figure 3.  The optimum set of 
model parameters identified earlier are placed at 
appropriate locations depicted with symbols kj, cj 
and mj.   
 Before presenting the validation results, it 
should be noted that the results from repeat tests 
have shown similar responses as the 
representative test shown in the following 
figures.   
 

Rigid Impact Tests are simulated for the two 
impact velocity conditions.  The results obtained 
from rigid inline impact tests conducted at 
impact velocities of 6.8 m/s and 8.9 m/s are 
shown in Figure 4.  Details of each test are 
provided on the top of each plot.  In this figure, 
the simulated and the sled test data for test 4448, 
through which model parameters are derived, are 
also shown.  This figure indicates that the 
simulated response follows closely the response 
obtained from experimental tests.  It should be 
noted that although the model parameters are 
derived from the low velocity test (6.8 m/s), the 
model is capable of predicting the acceleration 
response in general for the high velocity impact 
test.  However, there are some instances where 
the correlation is weak.  The predicted spine 
response after reaching the peak takes longer to 
reach zero.  A large negative acceleration and a 
secondary peak observed in rib acceleration are 
not noticed in the predicted response.  Perhaps a 
model with more parameters might be required 
to capture these effects; however, simplicity is 
lost.  It can be observed that the simulated pelvis 
acceleration rises earlier when compared to the 
measured response.  This is attributed to the lag 
in the pelvis acceleration response with respect 
to the pelvis impact force observed in sled test 
data.  This is a physical phenomenon for which a 
clear explanation is not available.  The peak 
value of the pelvis acceleration response is 
captured by the model reasonably well.  

Rib compression response shown in Figure 4 
clearly indicates that the simulated response is in 
close agreement with the measured response for 
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Figure 3.  Schematic of the ES-2 model in SIMULINK used for simulating the dynamic response.
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all low impact velocity tests.  However, for the 
high velocity (8.9 m/s) impact velocity test, the 
simulated response follows the experimental 
response only up to a certain extent and there is 
an overshoot in response at the peak.  This could 
be due to the rib module in the ES-2 dummy 
approaching the maximum operating range [2], 
at the higher impact velocity.  As stated 
previously, in the model, the spring-dashpot 
connection between the lumped rib and spine 
masses has unlimited room to contract, unlike 
the physical dummy which has a maximum 
operating limit of about 60 mm. 

Padded Impact Tests are conducted using 
LC200 foam of thickness 10 cm placed on all 
impact plates.  The padding stress-strain 
response is obtained from impact tests conducted 
at 7 m/s that is reported elsewhere [8].  The 
padding force-deformation response is grafted to 
the model ahead of the nonlinear spring that 
defines the skin response.  The results obtained 
for the padded tests are shown in Figure 5.  
Padded tests are evaluated for 6.8 m/s and 8.9 
m/s impact velocity cases.  The simulated 
response predicts the peak and the overall 
response reasonably well.  A double hump 
observed for rib acceleration is not noticed in the 
simulated response.  The predicted spine 
acceleration is marginally higher than the sled 
test results.  The rib compression response for 
the two impact velocities is captured well.  From 
Figures 4 and 5 it can be seen that padding 
helped to reduce the peak rib compression as 
well as acceleration, and the model is capable of 
capturing this trend for both low and high impact 
velocity cases.   

Offset tests are conducted by shifting the 
pelvis impact plate (Figure 1) with respect to the 
other impact plates.  This causes the offset 
impact plate to impact the concerned body region 
earlier when compared with the inline plate 
configuration impact tests.  Two tests with and 
without LC200 padding that contain a pelvic 
offset of 11 cm are investigated.  In the model, a 
pelvic lead is imposed by prescribing the motion 
of the impact plates such that the pelvis region 
gets engaged a total of 11 cm ahead of the 
baseline case.  The results for the pelvic lead 
cases are also shown in Figure 5.  The predicted 
response for the padded pelvic lead case predicts 
the overall response of the test reasonably well.  
As observed in other padded tests, the double 
hump in rib acceleration is not captured and 
there is an increase in the predicted spine 
acceleration.  For the rigid pelvic lead case, even 
though the acceleration of the lumped masses 

correlates with the measured response, the rib 
compression does not match the experimental 
data.  A close look at the video of the test and the 
time history response of individual ribs indicates 
that the thorax of the dummy rotates (about the 
anterior-posterior axes) and the upper rib initially 
contacts the impact plate.  Test data shows that 
the upper rib compression is higher than the 
other two ribs for the pelvic lead case, whereas, 
this trend is reversed for the inline rigid impact 
and padded (including pelvic lead) test cases.  
These differences in the dummy kinematics 
could be the reason for the less satisfactory 
results in predicting the rigid pelvic lead 
response.  

The validation results discussed above 
indicate that the model is capable of simulating 
the response for a variety of test conditions, as 
long as the kinematics of the dummy on which 
the model is based does not depart dramatically 
from the model building test: the model is valid 
within the calibrated or validated range.  Using 
this validated model, parametric studies are 
conducted to understand the influence of impact 
velocity, padding and pelvis offset loading 
conditions on the dummy response. 

 
 

PARAMETRIC STUDY  
 

The side impact performance of vehicles 
evaluated using crash tests is dependent on 
several vehicle variables that interact and 
influence the dynamic behavior of the dummy.  
The motion of the door and its energy absorption 
behavior significantly influence the dummy 
response [4-8].  In order to understand and to 
improve the dummy response, it is necessary to 
conduct detailed studies altering these key 
features progressively and monitoring the 
changes in the response.  For this purpose, the 
lumped spring-mass model of the ES-2 is used to 
characterize the response under several impact 
loading conditions.  The dynamic simulation 
SIMULINK model shown in Figure 3 is 
employed to perform the analysis.  The case 
studies included in the parametric investigation 
and their importance in side impact are briefly 
discussed below.   

Typically, in vehicle crash tests, the motion 
of the intruding side structure plays an important 
role as it imposes dynamic loads on the dummy.  
To highlight this effect, a case study is 
conducted to determine the influence of impact 
velocity on the dummy response.  In addition, for 
a given impact velocity, since the dummy 
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response is dependent upon the crush 
characteristics of the door-trim system, a 
parametric study is conducted to simulate the 
response for various padding conditions.  This is 
achieved by defining the force-deformation using 
an analytical function (Equation 4) and changing 
the function parameters.  Based on the 
deformation profile of the side structure the 
pelvis region could engage the dummy earlier 
when compared with the non-pelvis offset case.  
A case study is conducted to determine the 
influence of pelvis offset on the dummy 
response.  In the parametric studies, the thoracic 
response of the dummy is assessed for the two 
major types of thoracic injury criteria viz., TTI 
(thoracic trauma index) and peak rib 
compression.   

Based on the results from the parametric 
studies, similarities or differences in padding 
properties that optimize both types of thoracic 
injury criteria are discussed.  For the pelvis 
region, since the model is only capable of 
providing the pelvis acceleration, the pubic force 
required to assess pelvis response in ECE-R95 
needs to be ascertained separately.  This is 
accomplished by deriving an empirical 
relationship between the pubic force and the 
pelvis acceleration.  Based on the data obtained 
from sled tests (Table 1), the peak pelvis 
acceleration and peak pubic force are determined 
and are shown in Figure 6.  A linear relationship 
is assumed between these two entities and a 
straight line is fitted through the data.  In the 
following discussion, even though only pelvis 
acceleration is addressed, assuming that the 
equation shown in Figure 6 is valid, inferences 
about pubic force could be made using this 
empirical relationship.   

 
Impact Velocity 

 
Simulation runs at constant velocity with 

velocities ranging between 5 and 10 m/s are 
conducted to characterize the influence of impact 
velocity on the dummy response.  The variation 
in peak acceleration of the rib, spine and pelvis 
along with thoracic trauma index (TTI) and rib 
compression are shown in Figure 7. 

Except for the peak rib acceleration where 
non-linearity is observed, the rest of the 
responses have shown a near-linear change in 
response with a change in impact velocity.  The 
results from this case study indicate that, the 
predicted peak rib compression at an impact 
velocity of 8 m/s (18 mph) exceeds 60 mm, 
which is the maximum operating range of rib 

module, and far exceeds the regulatory limit of 
42 mm.   

Considering that the dummy is subjected to 
extreme loading conditions at 8 m/s, subsequent 
parametric studies involving padding and offset 
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Figure 6.  Empirical relationship between 
peak pelvis acceleration and pubic force. 
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Figure 7.  Increase in the predicted response 
with impact velocity.    
 
conditions are conducted at this impact velocity.  
Considering the rigid impact test at 8 m/s with 
no lead to be the baseline case, changes in the 
dummy response with padding and pelvic lead 
are identified.  Before proceeding further, it is 
worthwhile to make a note of the peak response 
of the dummy for the baseline test case: the rib 
compression, TTI, rib compression, acceleration 
of rib, spine and pelvis are respectively, 65 mm, 
100g, 130g, 65g and 110g. 
 
Padding Effect 
 

 Padding in general represents the crush 
characteristics of the door-trim system.  Its 
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energy absorption behavior is altered by varying 
the parameters ‘a’ and ‘m’ shown in Equation 4 
that defines the force-deformation response.  
Since this function is typically employed for 
defining foams, even though it is the door-trim 
system that is being investigated, it is referred in 
the following discussion as foam strength (a) and 
foam shape factor or exponent (m).  The 
parameter ‘a’ defined as plateau force sets the 
force at a crush equal to one-half of the total 
depth of the foam.  For lower values of ‘m’, the 
force rises quickly with little amount of 
deformation to the set plateau force (a) and 
remains relatively constant for a major portion of 
the deformation, and rises upon approaching the 
full depth of deformation.  For high values of 
‘m’, the force gradually rises to the set plateau 
force at mid-depth and continues to rise with an 
increase in deformation.  It should be noted that 
the foam modeled as a non-linear spring does not 
have any hysteresis characteristics.  This should 
not affect the simulation runs focused on 
assessing the influence of padding on the initial 
(up to the peak) dummy response.    
 
Padding Force-Deformation Response 
 

In this case study, for an impact velocity of 8 
m/s, the influence of 75 mm thick foam 
exhibiting different padding crush characteristics 
is analyzed.  The force-deformation behavior is 
altered by changing the foam parameters ‘a’ and 
‘m’, in Equation 4.  In order to account for 
different padding conditions, the overall case 
study is divided into two sections.  In the first 
case, for each simulation run, a set of padding 
properties (‘a’ and ‘m’) is selected within a 
specified range, and the resulting force-
deformation response is applied on all impact 
faces.  As a result, the padding force-deformation 
response on all three impact regions (thorax, 
abdomen and pelvis) is identical for a given 
simulation run.  This case study is mainly 
focused on assessing the influence of padding 
strength and the overall shape of the force-
deformation behavior on the dummy response.  
In the second case study, the padding shape 
factor is held constant (m=0.25), but the strength 
at the thorax and pelvis regions is changed 
independently.  The results obtained from these 
two case studies are discussed in sequence.   

The variation in TTI with changes in the 
padding strength and padding shape factor (first 
case study) is shown in Figure 8.  For both 
extremes in the foam strength the model predicts 
a higher peak response, as expected.   Foams of 

lower strength did not have adequate energy 
absorbing capacity, whereas foams of higher 
strength are too stiff to absorb enough energy, 
both leading to higher peak dummy responses.  
Between these extremes in foam strength, along 
with the shape factor (m), a desirable solution 
can be obtained.  The contour plots clearly 
indicate a region defined by the foam parameters 
that result in a favorable response of the dummy.  
Foam properties bounded between 0.1 MPa to 
0.2 MPa (15 psi to 30 psi) with a shape factor of 
0.25 showed a minimum TTI for the dummy.  At 
this optimum foam strength, decreasing the foam 
shape factor below 0.1 resulted in an increase in 
TTI.  Even though the peak spine acceleration 
(not shown) has reduced at lower values of ‘m’, 
the peak rib acceleration has increased, which 
contributed to higher values of TTI.  A close 
look at the profile of the rib acceleration showed 
double-humps in the response.  Also, for a given 
padding strength depending on the shape factor 
‘m’, the magnitude of each of these double peaks 
has varied considerably.  At lower values of ‘m’, 
the first peak of the rib acceleration is 
predominantly higher than the second peak and 
vice versa for values exceeding 0.5.  However, 
for a shape factor of 0.25, the peaks are broader 
and there is little difference in the magnitude 
between the two peaks when compared with 
other values of the foam shape factor.  This 
resulted in minimizing the peak rib acceleration 
and TTI.  Similar characteristics in the rib 
acceleration response as mentioned above is also 
noted for SID which is reported elsewhere [4].   

The rib compression response shown in 
Figure 9 also indicates an optimum response 
around 0.1 MPa to 0.2 MPa.  Unlike peak rib 
acceleration, the peak rib compression showed a 
reduction even for lower values of shape factor 
‘m’.  The influence of foam properties on the 
peak pelvic acceleration is shown in Figure 10.  
This figure clearly identifies padding properties 
similar to those observed for peak rib 
compression for minimizing the peak pelvis 
acceleration. 

It is important to look at the energy 
absorption behavior of the padding to gain 
insight about the dummy response.  The energy 
absorbed by padding at the thoracic region is 
shown in Figure 11.  Although the magnitude is 
different, similar patterns of energy absorption 
are observed for other impact locations.  It can 
be ascertained that padding conditions that 
absorbed maximum energy during impact 
directly contributed to a reduction in the peak 
response of the dummy, with the exception of 
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Figure 8.  Variation in TTI with padding 
properties. 
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Figure 9.  Influence of padding on peak rib 
compression.   
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Figure 10.  Influence of padding on the 
peak pelvis acceleration. 
 

peak rib acceleration.  The complex nature of the 
transient dynamic response of the system and 

0.25 0.5 0.75 1

0.05

0.1

0.15

0.2

0.25

0.3

Foam property, exponent (m)

F
o

am
 s

tr
en

g
th

 (
M

P
a)

15
0

150 150

200
200

200

20
0

200200

250 250

250

250

300

300

300

350

350

 
Figure 11.  Energy absorbed by padding at 
the thoracic region. 
 

smaller lumped rib mass when compared with 
other lumped masses could have resulted in this 
exception.  Another point to note is that the 
padding crushed to about 85% of the total depth 
(75 mm) during impact for those pads that 
provide an optimum dummy response.   

A separate study conducted by changing the 
impact velocity from 8 m/s to 10 m/s indicated a 
similar pattern but the optimum conditions 
shifted towards a little higher foam strength that 
ranged between 0.15 MPa to 0.25 MPa.  This is 
anticipated as the energy capacity of the foam 
has to increase to account for the additional 
impact energy, given that the pad has consumed 
most of the available crush depth for the 8 m/s 
impact velocity test case. 
 As mentioned earlier, another case study is 
conducted by varying the padding strength at the 
thoracic and pelvis regions independently.  In 
this study, for each impact region, the padding 
thickness is set at 75 mm, the padding shape 
factor ‘m’ is held constant at 0.25, and the 
abdomen padding strength is fixed at 0.2 MPa.  
Simulation runs are conducted at an impact 
velocity of 8 m/s.  The influence of the 
combination of padding strength at the thoracic 
and pelvis on the dummy response is evaluated.  
The variation in TTI with changes in the padding 
strength at thorax and pelvis regions is shown in 
Figure 12.  As depicted in the earlier case study, 
padding strength bounded between 0.1 MPa to 
0.2 MPa at the thorax region has shown a 
reduction in TTI.  Variation in the padding 
strength at the pelvis region has shown little 
effect on the TTI.  However, unlike TTI, a 
reduction in the peak rib compression is 
observed with increase in pelvis padding 
strength, as shown in Figure 13.  For both TTI 
and peak rib compression, this parametric study 



Kowsika, 13 

indicates similar optimum padding strength at 
the thoracic region.  As evidenced before, 
padding conditions that absorbed maximum 
energy during impact (not shown) resulted in 
lowering the peak response of the dummy.   
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Figure 12.  Influence of padding strength on 
TTI (m=0.25). 
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Figure 13.  Variation in peak rib compression 
with padding strength (m=0.25). 

 
Foam Thickness 
 

An analysis is conducted to understand the 
influence of foam thickness by simulating the 
response at a constant impact velocity of 8 m/s.  
For this purpose, the foam properties are set at 
the optimum conditions mentioned above (a=0.2 
MPa, m=0.25).  The thickness of the foam is 
varied from 0.04 m to 0.18 m and the padding is 
applied on all impact faces.  The results shown in 
Figure 14 indicates that the peak acceleration 
response, TTI and peak rib compression decrease 
with increasing foam thickness, although the rate 
of decrease in peak response drops steadily with 
increase in padding thickness.  The energy 

absorption capability increases with an increase 
in padding thickness and it results in lowering 
the rib compression and peak acceleration 
response of the dummy.   
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Figure 14.  Influence of padding thickness on 
the peak dummy response.  (Padding strength: 
0.2 MPa, Shape factor: 0.25). 
 
Pelvic Lead 

 
In some vehicle crash tests, the dummy 

pelvis can be impacted earlier than the thorax 
and this phenomenon is referred as pelvic lead.  
In order to simulate pelvic lead, the pelvis impact 
plate is offset from the other two impact plates 
by a prescribed amount from the inline plate 
configuration.  The amount of pelvis offset is 
altered progressively in each simulation run to 
characterize the influence of pelvic lead on the 
dummy response.  

The simulation runs are conducted by 
imposing a constant impact velocity of 8 m/s on 
all impact plates.  It should be noted that based 
on the anthropometry of the dummy, with the 
arm kept vertically down, the thoracic region 
always leads the pelvic region by a distance of 7 
cm.  As a result, the pelvis region is exposed to 
impact earlier than the thoracic region only after 
the imposed pelvic lead exceeds a distance of 7 
cm.  The pelvic lead is varied from zero (inline 
impact plate configuration) to a maximum pelvic 
lead of 15 cm.  The peak response of the dummy 
with variation in pelvic lead is shown in Figure 
15.  The peak acceleration of the dummy except 
for pelvis acceleration showed a considerable 
reduction with increasing pelvic lead.  Peak rib 
compression and TTI also showed a reduction in 
response with pelvis offset.  It can be observed 
from this figure that the peak response of the 
dummy is relatively constant up to a pelvis offset 
of 7 cm except rib compression, and a reduction 
in response is noticed only with further increase 
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Figure 15.  Variation in the peak dummy 
response with pelvic lead. 
 
in offset when the pelvis region gets engaged 
effectively.  However, caution needs to be 
exercised when dealing with the response of the 
rib.  In the discussion on model validation, it is 
mentioned that for the 11 cm rigid pelvic lead 
case, the model has under-predicted the response 
of the rib due to possible rotation of the thorax.  
As a result, even though the results shown in 
Figure 15 pertaining to the rib predicted the trend 
appropriately, the magnitude of the change could 
have been overstated.    

Even though other responses showed a 
reduction in peak response with pelvis offset, 
pelvis acceleration displayed a relatively flat 
response with pelvic lead.  It is mentioned earlier 
that padding helped to reduce the peak pelvis 
response.  Another case study is conducted that 
incorporates padding along with pelvic lead.  
Simulation runs are conducted by providing 6 
cm thick padding on all impact faces and altering 
the pelvic lead from the baseline case, from no 
lead to a maximum lead of 15 cm.  Based on the 
above mentioned results (on padding properties 
that result in minimizing the dummy response), 
the strength and the shape factor of the padding 
on all impact faces are kept respectively at 0.2 
MPa and 0.25 (although a lower value of shape 
factor could be used for pelvis and abdomen 
regions).  Figure 16 indicates that the peak pelvis 
acceleration is reduced by half with padding 
when compared with the rigid pelvic lead case.  
Peak rib compression decreases linearly with 
pelvis offset, although at a slightly slower rate 
with respect to the rigid pelvic lead case.  
Padding also helped to reduce TTI but does not 
have any significant change in the response with 
pelvic lead. 
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Figure 16.  Influence of pelvic lead with 6 cm 
thick padding on the peak response.  
(Padding strength: 0.2 MPa, Shape factor: 
0.25). 
 
CONCLUSIONS 
 
 Data obtained from sled tests conducted on 
the ES-2 dummy are used to build and validate a 
one-dimensional lumped spring-mass model of 
the ES-2 dummy.  System identification 
techniques are used to extract model parameters 
from sled test data.  The model simulates the 
dynamic response by taking impact velocity as 
input at the thoracic, abdominal and pelvic 
regions.  Various padding conditions can be 
simulated by appending their force- deformation 
responses to the model.  Model validation studies 
have indicated that the model is capable of 
predicting the dynamic response reasonably well 
under a wide variety of test conditions, although 
the model had difficulty in predicting rib 
compression for the rigid pelvic lead case due to 
possible rotation of the thorax. 
 Parametric studies are conducted to 
characterize the response of the ES-2 dummy 
using the spring-mass model.  Simulation runs 
are conducted by varying the impact velocity, 
pelvic lead and padding conditions to highlight 
their influence on the dummy response.  As 
anticipated the results have shown an increase in 
peak dummy response with an increase in impact 
velocity.  In order to determine the influence of 
pelvic lead and padding, several case studies are 
conducted at an impact velocity of 8 m/s that has 
a padding thickness of 75 mm.  In general, 
results indicate that the peak dummy response 
can be reduced considerably by energy absorbing 
padding.  For the case study dealing with 
constant padding conditions at all three impact 
regions, results indicate that padding strength 
ranging between 0.1 MPa to 0.2 MPa along with 
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a relatively low padding shape factor resulted in 
reducing the peak dummy response.  At this 
padding strength, except for the peak rib 
acceleration (and TTI) which indicated an 
optimum padding shape factor (m) around 0.25, 
the peak rib compression, peak spine and pelvis 
acceleration have shown a reduction for much 
lower values of ‘m’ (steeper rise in the initial 
force-deformation response).  However, another 
case study conducted by changing the padding 
conditions independently at the thorax and pelvis 
regions has indicated that padding strength 
ranging between 0.1 to 0.2 MPa at the thoracic 
region in conjunction with a stiffer at the pelvis 
region considerably reduces the peak rib 
compression.  Case study concerning with rigid 
pelvic lead indicate that the peak rib compression 
reduced considerably with an increase in pelvic 
lead.  Also, except for the peak pelvis 
acceleration, the other responses have shown a 
reduction with pelvic lead.  Pelvic lead with 
padding (on all impact faces) has reduced the 
peak response at all body regions.  The results 
from this study have indicated that common 
padding design specifications can be specified to 
reduce both TTI and peak rib compression.   
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EVALUATION OF CRASH TYPES ASSOCIATED WITH TEST PROTOCOLS
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USA
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ABSTRACT

National Automotive Sampling System
(NASS) data are analyzed to determine the
benefits that would likely result from imposed
testing requirements using various frontal crash
test protocols. These accident data were
categorized by test type according to a set of
narrowly defined real-world collision
orientations. The crash test protocols were
chosen based on commonly conducted
international crash testing. The three test
protocols considered were the offset deformable
barrier (ODB), moving deformable barrier
(MDB), and fixed rigid barrier (FRB). The ODB
was established as a European Union (EU) test
requiring a 40 percent overlap into a deformable,
but fixed barrier. This test is best characterized
by low accelerations, long duration crash pulses,
and moderately high intrusions for the subject
vehicles. National Highway Traffic Safety
Administration (NHTSA) research has been
developing the MDB test that consists of a
moving cart with a deformable face impacting
the front of a stationary vehicle at an oblique
angle with a partial overlap. This test is
characterized by short duration crash pulses, high
accelerations, and high intrusions for subject
vehicles. The final test protocol evaluated was
the FRB test that has been used extensively,
particularly in the U.S., because of Federal
Motor Vehicle Safety Standard No. 208 and New
Car Assessment Program (NCAP). This test
type is best characterized by short duration crash
pulses, high accelerations, and relatively low
intrusions for the subject vehicles.

Accident data are analyzed by test
protocol to establish the base population of
injury-causing crashes that most likely would be
addressed by each test. It should be pointed out
that, depending on the individual crash test
requirements, a given crash test protocol might
address some of the same injuries from the other
crash types. This analysis provides a rough
estimate of the most likely population best
addressed by each test protocol. In this analysis,

total injury counts, as well as injuries by body
region, are examined by crash test protocol.

INTRODUCTION

In order to determine the most effective
crash test protocol for improving occupant self-
protection, crash data were categorized by crash
test protocol type, referred to as “test type.” The
three test types considered were the ODB, the
MDB, and the FRB. While all of the crash test
types may be used to evaluate occupant injuries,
this study attempts to determine the degree to
which specific injuries are addressed by specific
crash tests. The underlying assumption is that
the closer the test type is linked to the crash
environment, the better the resulting dummy
response will be in evaluating the vehicle’s
occupant protection potential for a given crash
environment.

The crash environment considered in
this study is the U.S., as represented by the
National Automotive Sampling System-
Crashworthiness Data System (NASS-CDS)
data. Specifically, NASS-CDS data from 1995–
2001 were used to determine the crash
environment. Vehicles selected had to have a
General Area of Damage (GAD1), primary=
Front (F), with the other vehicle (in two vehicle
collisions) having any known GAD related to the
subject vehicle GAD—front, left, right, or back.

Specific NASS variables used to sort
the data by test type were: heading angles;
object contacted; relevant GAD of other
contacted vehicle (when more than one vehicle is
involved); specific horizontal location (SHL) of
subject vehicle damage; direct damage width of
subject vehicle; and undeformed end width of
subject vehicle. Heading angles were used to
determine the orientation of two vehicles at the
time of impact. The object contacted determined
if the crash was a vehicle-to-vehicle or vehicle-
to-fixed object crash. The use of the relevant
GAD of the other vehicle was used in
combination with the heading angle to determine
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the vehicle-to-vehicle configurations. Relevant
GAD of the other vehicle is defined as the
damage area from the same collision that caused
the subject vehicle frontal damage in cases where
more than one collision occurred. Overlap,
determined from direct damage width and
undeformed end width, was used in combination
with other variables to determine the effect of the
crash configuration on the acceleration response
(crash pulse) and intrusion. The following
section will focus on the selection of crash
orientations believed to be best duplicated by
respective test types. Because of the lack of a
comprehensive crash test database, especially at
small overlaps and crash configurations (other
than front-to-front), these definitions rely heavily
on the author’s crash-test experience and
judgment.

CRASH ORIENTATION BY TEST TYPES

Crashes from NASS-CDS were grouped
into three test types according to the definitions
shown in Tables 1–3. These definitions are
dependent on several NASS-CDS crash
variables, as listed in the column heading of the
tables. “Crash Type” in the first column is
simply the object contacted, either another
vehicle or a fixed object. In the second column,
the “Damage Center” is known in NASS as the
SHL of the subject vehicle’s front end, either “C”
for center front, “R” for right front, or “L” for
left front. In the third column, the “Other GAD”
is the relevant GAD for the other vehicle and is
listed as “F” for front, “R” for right side, “L” for
left side, and “B” for back. An “X” in any of the
columns indicates that the parameter is not
applicable (i.e., fixed object). The next two
columns show the relative angles of impact
between the velocity vectors of the two vehicles.
The sixth and seventh columns describe the
range of overlaps expressed as a percentage of
the frontal width for the subject vehicle. The last
column describes the test type combined with the
SHL for the subject vehicle.

Table 1.

NASS parameters used to describe an ODB
type test

Vehicle L B -179 -135 0 39 ODB-L

Vehicle L B 135 180 0 39 ODB-L

Vehicle L F -10 75 0 29 ODB-L

Vehicle L F -90 -76 0 29 ODB-L

Vehicle L L 5 30 0 39 ODB-L

Vehicle L R -175 -150 0 39 ODB-L

Object L X 0 29 ODB-L

Vehicle R B -179 -135 0 39 ODB-R

Vehicle R B 135 180 0 39 ODB-R

Vehicle R F 76 90 0 29 ODB-R

Vehicle R F -75 10 0 29 ODB-R

Vehicle R L 150 175 0 39 ODB-R

Vehicle R R -30 -5 0 39 ODB-R

Object R X 0 29 ODB-R

Table 1 shows the crash configurations
believed to be more closely associated with the
ODB test. This crash vehicle is best
characterized as having damage either to the left
or right front of center. In addition, the angles
are close to perpendicular, and the overlaps are
very narrow to compare with the “soft” pulse
resulting from the ODB crash test with a
deformable fixed barrier [1,2]. For crashes into
rear or side “softer” structures, NASS overlap
range was increased to match these crashes to the
ODB type crashes with similar overlap and crash
pulse.

Figure 1 illustrates the ODB-type crash
into a more rigid structure. This figure shows
the range of angles and overlaps for this crash
segment, and specifically corresponds to the
crash type shown in the fourth row of Table 1.

Figure 1. Crash configuration showing an
example of ODB type left offset.
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The maximum overlap is 29 percent for this
case; but the 76 degree oblique angle increases
the effective overlap by preventing decreasing
overlap during crush. This effective increase in
overlap is due to the angular motion of the
vehicle, causing greater engagement as the crush
increases. In ODB and car-to-car collinear-offset
crash testing, conducted with no angular motion,
it was observed that the actual overlap decreased
significantly during the crush of the vehicle.
This phenomenon is explained by the fact that
the offset test produces lateral forces that tend to
separate the vehicles during the crash. For
completeness, the entire range of 0–29 percent
were included in this group, though the
occurrence of very small overlaps (less than 15
percent) was rare.

Figure 2 shows another example of the
ODB type crash. In this example, the subject
vehicle impacts in a more typical front-to-front
configuration. In this crash type the angle can
vary between -10 degrees and +75 degrees, with
an overlap between 0–29 percent. In this
example, oblique angles approaching +75
degrees increase the effective overlap, while
angles approaching -10 degrees decrease the
effective overlap. The average or median angle
between the two extreme angles increases the
effective overlap. This crash type is defined in
the third row of Table 1.

Figure 2. Crash configuration showing
example of ODB type crash for a left offset,
with an oblique angle.

Table 2 below shows the real world
crashes most closely associated with full barrier
crash test types. These crashes are best
characterized with center (“C”) damage to the
subject vehicle with a narrowly defined range of
impact angles and overlaps close to
perpendicular and full engagement. Figure 3
shows a typical example of a fixed rigid barrier
crash configuration. This crash configuration is
described in the third row of Table 2. An
example of a front-to-rear crash is shown in
Figure 4 and is described in Table 2 in the first
and second rows. A front-to-side crash example
is shown in Figure 5. In this case, the subject
vehicle may hit near the front corner or along the
left side of the partner vehicle. This crash is
described by the parameters in the fourth row of
Table 2.

Table 2.

NASS parameters used to define an FRB type
crash

Crash 

Type

Damage 

Center

Other 

GAD

Low 

Angle

High 

Angle

Low 

Overlap

High 

Overlap Test Type
Vehicle C B -179 -135 86 100 FRB

Vehicle C B 135 180 86 100 FRB

Vehicle C F -10 10 86 100 FRB

Vehicle C L 31 80 86 100 FRB

Vehicle C L 100 149 86 100 FRB

Vehicle C R -149 -100 86 100 FRB

Vehicle C R -80 -31 86 100 FRB

Object C X 86 100 FRB

Figure 3. Crash configuration showing a
typical example of a full-frontal, nearly full-
engagement, head-on crash.



Ragland, page 4

Figure 4. Example of a front-to-rear FRB
type crash.

Figure 5. Typical example of a full
engagement side or oblique front-corner
impact

Table 3 lists the crash conditions best
represented by the MDB. This type of crash is
characterized by significant angles of impact
with overlaps falling between those of the FRB
and ODB type crashes.

An example of the MDB type impact is
shown in Figure 6. This crash example is a right
offset/oblique crash, as described in the 20th row
of Table 3. This crash occurs when the subject
vehicle strikes the left front corner of the other
vehicle with an overlap to the right side and a
positive oblique angle. The symmetrically
opposite left offset/oblique crash is described in
the 11th row of Table 3.

Another example of the MDB type
crash is depicted in Figure 7. This crash occurs
when the subject vehicle strikes the rear end of
the other vehicle within a wide range of oblique
angles and with a left overlap. This crash is
defined in the first and second rows of Table 3.

All of the above-described MDB type
crashes are differentiated from the similar ODB
type crashes by larger overlaps (greater than 40

Table 3.

NASS parameters used to determine an MDB
type crash

Crash 

Type

Damage 

Center

Other 

GAD

Low 

Angle

High 

Angle

Low 

Overlap

High 

Overlap Test Type

Vehicle L B -180 -135 40 100 MDB-L

Vehicle L B 135 180 40 100 MDB-L

Vehicle C B -179 -135 40 85 MDB-L

Vehicle L F -75 75 30 100 MDB-L

Vehicle C F -75 -45 30 100 MDB-L

Vehicle C F 11 44 30 100 MDB-L

Vehicle L L 31 80 40 100 MDB-L

Vehicle L L 100 149 40 100 MDB-L

Vehicle C L 31 80 40 85 MDB-L

Vehicle L R -149 -100 40 100 MDB-L

Vehicle L R -80 -31 40 100 MDB-L

Vehicle C R -149 -100 40 85 MDB-L

Object L X 30 100 MDB-L

Vehicle R B -179 -135 40 100 MDB-R

Vehicle R B 135 180 40 100 MDB-R

Vehicle C B 135 180 40 85 MDB-R

Vehicle R F -75 75 30 100 MDB-R

Vehicle C F -44 -11 30 100 MDB-R

Vehicle C F 45 75 30 100 MDB-R

Vehicle R L 31 80 40 100 MDB-R

Vehicle R L 100 149 40 100 MDB-R

Vehicle C L 100 149 40 85 MDB-R

Vehicle R R -149 -100 40 100 MDB-R

Vehicle R R -80 -31 40 100 MDB-R

Vehicle C R -80 -31 40 85 MDB-R

Object R X 30 100 MDB-R
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percent). They also are differentiated from other
MDB type crashes with a minimum overlap of
40 percent rather than 30 percent, to compensate
for the relative “soft” pulses typical of impacts
into rear and side “soft” structures.

Figure 6. Example of an MDB type crash
with a right oblique right offset configuration

Figure 7. MDB type front-to-rear crash
configuration

An example of a “stiff” pulse MDB
type crash is shown in Figure 8. This crash is
shown in the fourth row of Table 3, with left
front damage, a wide range of angles (-75 degree
to +75 degree and a minimum overlap of 30
percent. The overlap range for this type of crash
includes a lower minimum overlap to
compensate for the stiffer structure of the
opposing vehicle. Some of the subject vehicles
in these stiff pulse crashes have ‘C’ damage.
These MDB crashes are differentiated from the
FRB type crashes by having an oblique angle.

CRASH DATA

Analyzing seven years of NASS-CDS
data (1995–2001), according to the preceding
definition of crashes, allows us to examine each
of the test protocols in terms of accident
exposure and injuries. Analyzing the data by
non-air bag and air bag vehicles serves as a
prediction tool for future all-air bag fleets of
vehicles.

Figure 8. MDB front-to-front crash
configuration

First, looking at accident exposure,
Figure 9 shows the number of crashes that occur
by crash type and air bag availability. This chart
shows that most crashes involve configurations
related to the MDB type test. This chart also
shows a slightly higher incidence of non-air bag
crashes than air bag crashes. Since the current
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sale of new light duty vehicles is 100 percent air
bag equipped, obviously the number of subject
crashes will approach 100 percent in the near
future. For this reason, the following analysis
will focus mostly on air bag-equipped vehicles.
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Figure 9. Accident exposure by crash type
and air bag availability.

INJURY DATA

Next, looking at injuries, Figure 10
shows overall injuries by crash type and air bag
availability. Just as in the case of accident
exposure, the injury count shows the MDB-type
crash exceeding either of the other two crash
types. Another way of looking at the accident
data is by the risk posed by the three crash types.
Risk is the relative probability of receiving an
injury calculated by normalizing for exposure.
Risk is useful to determine the crash type most
likely to cause injury, but it should be viewed in
conjunction with the total number of injuries or
the exposure to crash types. The risk
comparison is shown in Figure 11. This figure
shows that the probability of receiving an injury
is highest in the MDB crash type, with the ODB
risk slightly higher than the FRB crash type.

MAIS 2-6 Driver Injuries by Crash Type
NASS 1995-2001

40695

81059

121754
111681

196997

308678

45106

72909

118015

0

50000

100000

150000

200000

250000

300000

350000

Airbag Non Airbag Total

N
u

m
b

er
o

f
In

ju
ri

es

ODB MDB FRB

Figure 10. MAIS 2-6 Injury distribution by
crash type and air bag availability.

Risk of MAIS 2-6 Driver Injury by Crash Type
NASS 1995-2001
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Figure 11. Risk of injury by crash type and
air bag availability.

As mentioned previously, most of the
analysis will focus on air bag-equipped vehicles.
However, another variable affecting occupant
protection is the usage of belts with air bags.
Figure 12 shows the usage rate for the NASS-
CDS data.
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MAIS 2-6 Driver Injuries in Airbag Vehicles
by Crash Type & Belt Use
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Figure 12. Distribution of belt use for the
crash types.

As can be seen from this graph, the
majority of air bag-restrained occupants in the
study were belted. Of those with known seat-
belt usage, 72 percent were wearing belts.
Additionally, the trend for seat-belt usage
appears to be increasing. This is good news, not
only in terms of occupant protection, but also for
designers in allowing optimization of occupant
protection systems for belted occupants.

INJURY DATA BY BODY REGION

To examine the data by injuries
received for each of four major body regions,
Figure 13 shows the number of AIS 2-6 injuries
for the head, the thorax, the upper extremities,
and the lower extremities. Much of recent
testing has focused on injuries to the lower
extremities, because they were not well
addressed by traditional barrier crash testing. In
fact, the ODB type test was designed primarily
to address lower extremity injuries. Figure 13
shows the distribution of these body-region
injuries by crash type for air bag-equipped
vehicles. This distribution determines the extent
to which each crash type contributes to lower
extremity and other body-region injuries. The
MDB test type overwhelmingly exceeds the
other two test types in all injury categories,
particularly for head and lower extremity
injuries.

AIS 2-6 Driver Injuries by Body Region in Airbag
Vehicles
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Figure 13. Distribution of driver injuries by
body region for air bag-equipped vehicles.

Figure 14 examines the risk of body-
region injuries by belt use. Risk is calculated by
dividing the number of each body-region injury
by the total number of drivers, either belted or
unbelted, in each crash type. Only air bag
vehicles were included in the data samples to
avoid confounding results and to address the
population of future vehicle fleets. This analysis
assumes all occupants in all crash types are
belted at the 72 percent level, as previously
calculated for the overall population of drivers in
crashes. Due to the smaller sample sizes of each
segment shown on the chart, this assumed belt
use may not be consistent and may lead to
somewhat erroneous conclusions.

Several interesting observations can be
made from this graph. The first obvious
conclusion is that the risk of injury for most
body regions is higher for unbelted drivers, as
would be expected. One exception is for upper
extremity injury risk, which is shown to be lower
for the unbelted driver. No logical explanation
could be found for this anomalous behavior,
except for errors in assuming consistent belt
usage rates for the overall crash population, as
previously discussed. Another exception is that
the risk of injury to the lower extremity for the
MDB type crash remains nearly the same in both
the belted and unbelted data. One explanation
for this apparent anomaly is that toepan intrusion
is the primary injury mechanism, rather than the
occupant inertially loading the toepan through
the foot. This hypothesis appears to be
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confirmed by looking at the comparison of
belted to unbelted FRB type crashes, in which
the risk is reduced by belt use. In FRB crashes,
the inertial loading injury mechanism is
predominating, rather than intrusion. Therefore,
by restraining the occupant by belts as well as
the air bag, the inertial loading through the foot
is reduced, as is shown by a reduction in risk.

The risk of injuries for the lower
extremities is higher than for other body regions.
The risk of injury to the lower extremity for the
belted occupant is slightly higher for the MDB
crash type than the FRB crash type, but both are
much higher than the ODB crash type. When
this risk factor is coupled with the higher number
of MDB crash types, the MDB crash type can be
shown to contribute to the majority of lower
extremity injuries.

Comparison of Risk to Body regions
for Belted and Unbelted Drivers
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Figure 14. Comparison of risk for belted and
unbelted drivers for each of four body regions
and three crash types.

Figure 15 shows the number of injuries
by body region that are attributed to the three
crash types. Because of the focus on injuries to
belted occupants, Figure 15 only includes
injuries to belted drivers in air bag-equipped
vehicles. It is readily seen from this chart that
the largest number of all body-region injuries
occur in MDB type crashes, with lower
extremity injuries in MDB type crashes far
exceeding the other two crash types.

AIS 2-6 Injuries to Belted Drivers in Airbag Vehicles
NASS 1995-2001
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Figure 15. Injuries to belted drivers by body
region for crash types.

SUMMARY AND CONCLUSIONS

To better understand the crash
environment relative to crash test types, this
paper attempts to sort NASS-CDS crash statistics
by crash type. The variables used to distinguish
the crash types were angular orientations of two
vehicles in vehicle-to-vehicle crashes, overlap of
the direct damage, general area of damage (front
for the subject vehicle and all areas for the
opposing vehicle in vehicle-to-vehicle crashes),
and the specific area of damage for the subject
vehicle (right, left, or center of the front). Both
fixed-object and vehicle-to-vehicle crashes were
considered.

The study found MDB type crashes to
be the predominate cause of both overall injuries
and injuries to the lower extremities for the
target population of air bag-equipped vehicles
with belted drivers. Only driver injuries were
considered in the study since it was necessary to
extract the largest representative sample of
vehicle crashes that involved at least one
occupant. It also may be concluded that belts
have little if any influence on reducing lower leg
injuries to drivers in MDB type crashes, thereby
suggesting the influence of intrusion and not
inertial loading on the lower leg. This finding is
important in showing that the MDB test
procedure, combined with appropriate injury
criteria, is the most effective crash test to
evaluate and thus mitigate lower leg intrusion
related injuries.

Further analysis needs to be performed
with crash testing, finite element analysis, and
distribution of crash data by crash-test type and
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specific parameters, such as orientation angles.
Some of these analyses will require a larger base
of data to provide a more representative sample.

The user of this study should be
cautioned in using the results to select an
appropriate, real-world crash test protocol.
While this study attempts to sort the crash data
into established crash test protocols, no one
protocol can be 100 percent effective in
evaluating all the crashes considered within that
crash type. For instance, while there are certain
commonalities associated with a fixed-barrier
test, one test will not address all the occupant
protection issues for fixed-object crashes.
Conversely, while one fixed-barrier test may
address some of the issues for fixed-object
crashes, it also may address some of the issues
for offset and oblique vehicle-to-vehicle crashes.

With that said, the MDB proves the
most promising test protocol to address the
largest number of injuries inadequately
addressed by currently employed test types.
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ABSTRACT 
 
The purpose of this investigation was to develop a 
better understanding of the effect of crash pulse 
magnitude and shape on occupant injuries.  To this 
end, several idealized frontal crash pulses were used 
in an occupant simulation, from which the 
corresponding injury criteria were calculated.  The 
idealized pulses ranged from simple step pulses to two 
stage pulses that are more comparable to actual 
vehicle accelerations.  Finally, the effect of 5-10 ms 
duration spikes in different portions of a typical crash 
pulse was evaluated.  From the results of these 
simulations, several conclusions were drawn.   
 
For the constant acceleration level pulses, the lower 
magnitude, longer duration pulses resulted in lower 
injury criteria.  However, most crash pulses do not 
have a single constant acceleration level.  For the two 
stage acceleration pulses, it was found that the injury 
criteria were reduced as the magnitude of the first 
stage of the pulse was increased and the level of the 
second stage was decreased, while holding the total 
crush space constant.  Finally, it was determined that a 
5-10 ms spike in the accelerations would significantly 
affect the injury criteria, regardless of the time at 
which these spikes occurred. 
 
INTRODUCTION 
 
A better understanding of the effect of the crash pulse 
shape on the dummy injury criteria can bridge the gap 
in understanding how changes to a vehicle’s structure 
affect the resulting dummy injury criteria.  In pursuit 
of this understanding, an occupant simulation model 
was created in TNO’s MADYMOTM (version 5.41) [1] 
multi-body dynamics software code.  This occupant 
model was of a belted driver in a 56 km/h frontal 
barrier impact.  This MADYMOTM occupant model 
was developed using the same methodology as that 
used in the development of previous frontal impact 
occupant models that correlated well with vehicle 
tests. 
 
Several crash pulses were applied to this occupant 
model, while holding all other input parameters fixed.  
These crash pulses varied from simple one and two 
level step curves to pulses that are more representative 
of previously measured vehicle frontal crash pulses.  

The dummy injury criteria calculated in the simulation 
for these different pulses were compared.   
 
MODEL DESCRIPTION  
 
The MADYMOTM model, pictured in Figure 1, is 
comprised of a Hybrid III dummy model [1] 
combined with a typical vehicle interior model, 
including the occupant restraint system.  The vehicle 
interior model includes the steering wheel, column, 
floor, knee bolsters, and seat.  The occupant restraint 
system includes the airbag and seatbelt system, which 
includes a pretensioner and load limiter.   
 

 
Figure 1.  MADYMOTM Model. 
 
The AM50 Hybrid III dummy model used in the 
simulation was taken from the database provided by 
the software vendor, TNO [1].  The airbag model is of 
a typical round driver’s side frontal bag with a 200 
KPa inflator.  The knee bolsters are modeled via 
planes with force vs. deflection curves.  The seatbelts 
are modeled with finite elements (FE) where they 
contact the dummy, with MADYMOTM belt model 
sections connecting the FE portions to the anchor 
points on the vehicle.  A 4KN load limiter was 
modeled.  The deployment times for both the airbag 
and seatbelt pretensioner are the same for all 
iterations.   
 
The acceleration pulse is applied to the dummy and 
vehicle interior, with the vehicle base fixed to ground.  
The applied crash pulse accelerates the dummy into 
the vehicle interior, as is typical in MADYMOTM 
models.   
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SIMULATION RESULTS & ANALYSIS 
 
Single Step Pulses 
 
 
The MADYMOTM simulation was initially run with 
the single step crash pulses shown in Figure 2.  Each 
pulse ramps up and back down from the constant 
maximum value over a 10-15 ms time period.  These 
rise and fall times were chosen based on passenger car 
test data, which exhibited similar time durations for 
transitions between acceleration levels.  The area 
under each of the pulses is the same, matching the 
area under an actual vehicle crash pulse, and 
corresponding to the velocity change for this crash 
event.   
 

 
Figure 2.  Single Step Pulses. 
 
A comparison of the resulting dummy injury criteria 
for these single step pulses is shown in Figures 3 and 
4.  Only the chest and head accelerations are 
addressed in this paper, both to minimize the number 
of parameters to be displayed, and because these 
outputs are representative of the trends.  As one might 
expect, both the chest and head accelerations increase 
as the magnitude of the pulse is increased.  
 

 
Figure 3.  Step Pulse Chest Accelerations. 

 
Figure 4.  Step Pulse Head Accelerations. 
 
Table 1 summarizes the HIC and 3 ms chest g clip 
results for these single step pulses.  The acceleration 
spikes occurring after 110 ms in the simulation are 
due to contact with the steering wheel airbag 
deflation.  These spikes were ignored for the HIC and 
chest g clip calculations throughout this paper, since 
they might mask the primary effect of the pulse, and 
in practice an airbag would be tuned to avoid this 
situation. 
 

Pulse HIC 3 ms Chest g Clip
20G Pulse 403.8 37.7 g
25G Pulse 729.7 44.0 g
30G Pulse 1029.8 49.0 g
35G Pulse 1386.2 55.8 g  
Table 1.  Single Step Pulse HIC and 3 ms Clip. 
 
As Figure 5 shows, there is a clear trend towards 
lower injury criteria as the magnitude of the applied 
pulse is reduced.  The 20g pulse produces the lowest 
results.  However, it is not always possible to design a 
vehicle with a constant level crash pulse, or to keep 
the acceleration level below 20g for this test mode.  
Therefore, two-step pulses were next analyzed. 
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Figure 5.  Step Pulse Dummy Injury Criteria. 
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2-Step Pulses 
 
 
Most frontal crash pulses are more complicated than a 
single step pulse, so the next phase in this 
investigation was to perform simulations with two-
step pulses.  Figure 6 shows these pulses, along with 
the 20g single step pulse and a typical passenger car 
test pulse, for comparison purposes.  The two-step 
pulse shape more closely approximates an actual crash 
pulse.   
 
 

 
Figure 6.  2-Step Pulses. 
 
 
The relative magnitudes of the first and second steps 
of the pulse were varied, and the resulting injury 
criteria were compared.  Simulations were run with 
15/25G, 15/30G, and 20/25G pulses.  Changes in the 
step levels were effected over a 5-10 ms time period.  
The 5 ms transition time from the first step to the 
second step level was based off the transition time of 
the test data that is also shown in Figure 6.  The 
duration of the primary step was fixed for all cases, 
and again based off the test data shown.  The 
assumption behind this was that the longitudinal 
location of the engine, which drives this timing, would 
be assumed fixed.  The duration of the second step 
level was then determined such that the required total 
deceleration would occur. 
 
Figure 8 shows the chest accelerations for the two-
step pulses.  The 20/25g pulse produces higher peak 
chest accelerations than the 20g pulse, as one would 
expect.  The 15/25g pulse produces lower chest 
accelerations than the 20/25g pulse, which is again not 
surprising since the pulse with the lower combined 
acceleration levels yields lower chest accelerations. 
The 15/30g pulse results in higher chest accelerations 
than those of the 20/25g pulse.  
 

 
Figure 7.  2-Step Pulse Chest Accelerations. 
 
Figure 8 shows the head accelerations for the two-step 
pulses.  Here both pulses with the higher primary 
acceleration level produce larger head accelerations.  
This occurs because the head acceleration peak occurs 
when the head pitches forward into the airbag, while 
the dummy’s torso is restrained by the seatbelts.  Thus 
the pulses with higher initial primary step levels 
accelerate the dummy’s head to a higher velocity prior 
to contact with the airbag.   
 

 
Figure 8.  2-Step Pulse Head Accelerations. 
 
Table 2 summarizes the HIC and 3 ms chest g clip 
results for these two-step pulses, along with the 
constant 20g pulse results, while Figure 9 displays 
these results more graphically. 
 

Pulse HIC 3 ms Chest g Clip
15/25G Pulse 370.8 36.7 g
15/30G Pulse 492 40 g
20G Max Pulse 403.8 37.7 g
20/25G Pulse 477.5 38.7 g  
Table 2.  2-Step Pulse HIC and 3 ms Clip. 
 
All of these pulses produce HIC and chest clip results 
lower than the constant 25G pulse.  This includes the 
results for the case with a 30g secondary acceleration 
level. 
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Figure 9.  2-Step Pulse Dummy Injury Criteria. 
 
 
However, up to this point in this, the crush distance 
corresponding to these pulses has not been considered.  
Figure 10 shows a plot of the displacement versus 
time curves for these 2-step pulses, corresponding to 
the crush distance of the vehicle.  As this plot shows, 
the crush distances for the different pulses are not 
equal.  Moreover, the 15/25g and 15/30g pulses have 
larger crush distances than that of the test pulse.  
Therefore for the next phase of this study, the crush 
space was restricted to the 712.5 mm of the test data.  
Thus, the step magnitudes of the pulses were adjusted 
to reflect this, as described in the next section. 
 
 

 
Figure 10.  2-Step Pulse Crush Distance. 
 
 
Figure 11 shows the velocity traces corresponding to 
the 2-step pulses, along with that of a typical 
passenger car test.  The 15g initial deceleration level 
is comparable with the test data. 
 

 
Figure 11.  2-Step Pulse Velocity Traces. 
 
 
Equal Crush Pulses 
 
 
Figure 12 shows two-step crash pulses where the 
magnitudes of the step levels were chosen such that 
their resulting crush distance was equal to the test 
data.  Figure 13, a plot of the distances, verifies this. 
 

 
Figure 12.  Equal Crush Pulses. 
 
 

 
Figure 13.  Equal Crush Pulse Crush Distances. 
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Figures 14 and 15 show the chest and head 
accelerations for these two-step pulses with the 
imposed crush distance.  Now the trends for both the 
chest and head accelerations are the same: the peak 
accelerations are higher for the pulses with lower 
primary and higher secondary acceleration levels.   
 
Thus, for lower dummy injury values, it is preferable 
to have a higher initial vehicle deceleration along with 
a lower secondary deceleration level, while using the 
same crush space.  This might be achieved by 
increasing the structural stiffness at the front of the 
vehicle, so that more energy can be dissipated early in 
the impact event.   
 

 
Figure 14.  Equal Crush Pulse Chest Accelerations. 
 
 

 
Figure 15.  Equal Crush Pulse Head Accelerations. 
 
Table 3 lists the HIC and 3 ms chest g clip for these 
equal crush two-step pulses, while Figure 16 
graphically illustrates the same results.  The pulses 
with the lowest maximum acceleration produce the 
lowest injury criteria. 
 

Pulse HIC 3 ms Chest g Clip
14/39G Pulse 696.4 47.9 g
15/35G Pulse 620.4 44.1 g
16/30.5G Pulse 520.6 40.1 g
17/27G Pulse 455.2 39 g  
Table 3.  Equal Crush Pulse HIC and 3 ms Clip. 
 

Dummy Injury Criteria Summary

0

10

20

30

40

50

60

14/39G
Pulse

15/35G
Pulse

16/30.5G
Pulse

17/27G
Pulse

C
he

st
 g

 C
lip

0

100

200

300

400

500

600

700

800

H
IC

Chest g Clip
HIC

 
Figure 16.  Equal Crush Pulse Dummy Injury 
Criteria 
 
 
Pulse Component Analysis 
 
Having established an understanding of the effects of 
ideal pulses, it is then useful to evaluate how 
differences between more realistic pulses affect the 
dummy injury criteria.  Two different passenger car 
crash pulses, A and B, were compared.  Pulse A 
results in simulation dummy injury criteria 
significantly lower than those of pulse B.  Both pulses 
are shown in Figure 17.   
 

 
Figure 17.  A and B Pulses. 
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There are two major differences between these pulses.  
The first difference is the higher magnitude of the 
acceleration peaks at 30 and 43 ms.  The second 
difference is the longer duration of pulse B’s peak 
occurring at 60 ms, when compared to pulse A, which 
has two shorter duration peaks over the same time 
period.  The objective is then to determine the 
individual effect on the injury criteria from each of 
these differences. 
 
To separately evaluate the contributions to the injury 
criteria from these differences between the pulses, two 
new pulses were created.  These new hybrid pulses 
isolate the two different areas of pulses A and B.  The 
first hybrid pulse is pulse A crossing over to pulse B 
at 45 ms.  Similarly, the second hybrid pulse is pulse 
B crossing over to pulse A at 45 ms.  Thus, each 
hybrid pulse isolates one of the two key areas of pulse 
B, as shown in Figure 18.  Both pulses A and B have 
nearly the same acceleration level at the 45 ms 
transition time, which allows for a smooth transition. 
 
 

 
Figure 18.  Hybrid Pulses. 
 
 
Figures 19 and 20 show the chest and head 
accelerations for the hybrid pulses, along with those 
for pulses A and B.  The peak chest acceleration is 
higher for both hybrid pulses, although not as high as 
that of pulse B.  The peak head acceleration for either 
of the hybrid pulses is as high as that of pulse B.  
However, the hybrid pulse head accelerations are of 
shorter duration, resulting in a lower HIC value.   
 

 
Figure 19.  Hybrid Pulse Chest Accelerations. 
 
 

 
Figure 20.  Hybrid Pulse Head Accelerations. 
 
Table 4 summarizes the HIC and 3 ms chest g clip 
results for pulses A and B and the hybrid pulses, and 
Figure 21 graphically illustrates these results.  Only 
reducing pulse B’s higher earlier peaks (A_to_B 
pulse) results in 31% of the total reduction of the chest 
g clip between pulse B and pulse A.  Replacing the 15 
ms duration pulse with two shorter peaks over the 
same time span (B_to_A pulse) reduces the chest g 
clip by 44%.  Changing either of these two areas 
(either hybrid pulse) reduces the HIC by 40.8%.   
 

Pulse HIC 3 ms Chest g Clip
Pulse A 393 39.6 g
A_to_B Pulse 435 44.9 g
B_to_A Pulse 435 43.9 g
Pulse B 464 47.3 g  
Table 4.  Hybrid Pulse HIC and Chest g Clip. 
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Figure 21.  Hybrid Pulse Dummy Injury Criteria. 
 
CONCLUSIONS 
 
This study provides some useful insights into how the 
shape of the crash pulse affects the dummy injury 
criteria.  For a single constant acceleration level crash 
pulse, the injury criteria scale almost linearly with the 
magnitude of this pulse.  It was found that that the 
HIC increased by approximately an additional 85% 
over the 20G pulse result for each additional 5g 
increase in the pulse magnitude.  Similarly, the chest g 
clip increased an additional 15% over the 20G pulse 
result for each additional 5g. However, such a simple 
crash pulse is not typically seen.  This is because the 
engine normally contacts the barrier wall before the 
vehicle comes to rest.  This engine contact provides an 
additional load path to the passenger compartment, 
resulting in at least a second step level in the 
acceleration pulse. 
 
Given a two-step pulse, the dummy injury criteria 
may be higher or lower than a constant level pulse, 
depending on the magnitudes.  For a 20/25G pulse, 
the injury criteria will be higher than those of the 20G 
constant level pulse; 2.7% for the chest g clip, and 
18.3% for the HIC.  This represents a 5g increase of 
the secondary step level.  If the primary step level is 
reduced to 15g, with a 10g increase at engine contact 
(15/25G pulse), the HIC is reduced 22%, and the chest 
g clip is reduced 5%.  The 15/30G pulse maintains the 
same primary acceleration level, but assumes a 15g 
increase at engine contact.  This results in a 33% 
increase in the HIC and a 9% increase in the chest g 
clip.  However, while the 15/25G pulse results in 
lowest dummy injury criteria for the pulses analyzed, 
it also has a larger crush distance than the 712.5 mm 
calculated for the typical crash test pulse used in this 
investigation. 
 

Given a two-step pulse with a 712.5 mm constraint on 
the crush distance, the dummy injury criteria are 
lower for a pulse with a higher initial and lower 
secondary acceleration level.  For example, changing 
from a 15/35G to a 16/30.5G pulse results in a 16% 
reduction in the HIC and a 9% reduction in the chest g 
clip.  The higher initial acceleration level reduces the 
vehicle velocity sooner, leaving less energy to be 
dissipated during the secondary step level, allowing 
this portion of the pulse to be lower while remaining 
within the available crush space.  However, the 
vehicle’s structure must still be designed to produce a 
lower secondary acceleration level along with the 
higher initial level. 
 
Simulation of the model with pulses obtained from 
either actual crash tests or computer simulations 
provided additional insights into how the individual 
aspects of the crash pulse affect the dummy injury 
criteria.  It was determined that a 7-8g reduction of 5-
10 ms duration peaks in the crash pulse will decrease 
the HIC by 6% and the chest g clip by 5%.  It was also 
found that breaking up a single 15 ms duration 
acceleration peak into two shorter duration peaks 
within the same 15 ms time span will decrease the 
HIC by 6% and the chest g clip by 7%.  And 
simultaneously making both of these changes to the 
crash pulse will reduce the HIC by 15% and the chest 
clip by 16%.   
 
Thus an occupant simulation model can be used to 
evaluate the relative contribution to the injury criteria 
of specific aspects of the crash pulse.  This can help to 
identify which areas of the crash pulse to try to 
modify through vehicle structural changes, in order to 
obtain the largest reduction in dummy injury criteria 
from such changes.  
 
 
ACKNOWLEDGEMENTS 
 
The author wishes to acknowledge the Honda R&D 
Americas Safety and Simulation Groups, for their 
assistance in this research effort.   
 
 
REFERENCES 
 
(1) MADYMOTM Database Manual, Version 5.4, May 
1999. 
 

Mark, 7 



O’Reilly 1

STATUS REPORT OF IHRA COMPATIBILITY AND FRONTAL IMPACT WORKING GROUP

Peter O’Reilly
DfT (United Kingdom), Chairman of IHRA Vehicle
Compatibility and Frontal Impact Working Group on
behalf of the Group
United Kingdom
Paper Number 402

ABSTRACT

The compatibility work of this International
Harmonised Research Activity (IHRA) area has
focussed on research with the aim of improving
occupant protection by developing internationally
agreed test procedures designed to improve the
compatibility of car structures in front to front, and
front to side, impact. A secondary aim was to
consider protection in impacts with pedestrians,
heavy goods vehicles and other obstacles.

Compatibility is a complex issue, but offers an
important step towards the better protection of car
occupants. Group members continue to work on
active research programmes, which have enhanced
understanding. This report gives an overview of the
broad thrust and approaches of the work and
associated research. Progress has been made towards
the prospects for improved frontal evaluation
procedures, although side remains a complex area.

Potential test procedures are being considered and the
current position is discussed. The key prerequisite is
better structural interaction to facilitate strength
matching to maintain passenger compartment
integrity. Compatibility also requires other aspects,
such as deceleration characteristics, to be considered.
Although the complex nature of compatibility was
recognised when work began, and there is significant
remaining work, the prospects are that a worthwhile
step forward is achievable.

INTRODUCTION

For many years it has been recognised that the
protection of vehicle occupants is influenced, not
only by the characteristics of the vehicle they are
travelling in, but also by the characteristics of the
vehicle they collide with. Historically, the emphasis
was on mass alone being dominant. But in recent
years, there has been a very marked change with
structural interaction, passenger compartment
strength and frontal force now seen as key
compatibility factors to be considered. (Compatibility
can be defined as the ability of a vehicle to help

protect not only its own occupants, but other road
users as well.)

When the International Harmonised Research
Activity (IHRA) on compatibility was set up, it was
recognised that separate regulations on front and side
impact did not address compatibility and that
international co-ordination of research programmes
would be beneficial.

Originally there were separate IHRA groups on
frontal impact and compatibility and reports by the
chairmen of both the compatibility and frontal impact
WGs were given at ESV 2001. At that point, the
Frontal Group suggested a first step towards frontal
impact harmonisation based on using both existing
frontal impact tests (offset and full frontal).

However compatibility was recognised as a longer
term effort and the IHRA Steering Committee
decided that future activity in both areas should be
combined within one group. (The European Union
and the European Enhanced Vehicle-safety
Committee (EEVC) led in these areas and has
continued to provide the chairman.)

AIMS OF THE GROUP AND BROAD
APPROACH

The prime aim of the compatibility work is to
develop internationally agreed test procedures
designed to improve the compatibility of car
structures in front to front and front to side impact,
thus improving the level of occupant protection
provided in these impacts. A secondary consideration
for compatibility is to bear in mind any implications
for protection in impacts with pedestrians, heavy
goods vehicles and other obstacles. The prime focus
up to the end of 2005 will be on front to front impacts
(car to car including LTV/SUVs).

Research will continue on improved understanding of
side impact compatibility to define the possibility for
a side impact test procedure or, at least, to ensure that
any front test procedure helps or does not
disadvantage side impact protection. Similarly,
research will continue to help ensure that steps to
improve compatibility help or do not disadvantage
frontal impact self-protection.

In approaching this work, there is not a distinct
boundary between research and the initial
development of potential test procedures. Co-
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operation on research to achieve a better
understanding of compatibility inevitably involves
developing tools to understand and evaluate what is
happening in impacts. Such tools, while initially used
as part of the research programme, offer the core
elements for the development of potential frontal
compatibility test procedures and criteria.

Car-to-car and car-to-LTV/SUV crashes have been
the main focus, with LTV crashes the dominant
concern in North America. Test procedures and
assessment criteria should be capable of evaluating
the compatibility of a wide range of vehicles within
these categories given different regional priorities
which in turn reflect regional fleet and accident
patterns. Vehicles of interest are covered in more
detail later.

Potential users of any test procedures could range
ultimately from researchers, manufacturers wishing
to evaluate the compatibility of their products, to
regulators. The judgements and the administrative
process in considering the suitability of any proposed
test(s) as a potential basis for regulation would be
individual to each region. The work of the group is
also reported at the ECE Working Party on Passive
Safety (GRSP) in Geneva. A last possibility is that a
consumer car testing organisation could choose to
evaluate or even adopt a compatibility test procedure.
Whatever the final outcomes, shared research fosters
a common or high degree of technical harmonisation
between regions and groups.

INTERNATIONAL CO-OPERATION

Membership, Participation And Meetings

Current members represent governments in Europe,
USA, Australia, Canada and Japan and industry
members are nominated by industry in Japan, Europe
and USA. There have been relatively few changes in
the representatives since the merger of the front and
compatibility groups. The EEVC has included
representation from both its Frontal and
Compatibility groups but these have now merged.

Opportunities are sought to have common technical
sessions with EEVC compatibility (WG15) meetings.
The IHRA group also hosted a workshop on potential
test procedures in May 2002. (This continued the
tradition set in earlier years when the group had
attended workshops of similar format on topics
hosted jointly by EUCAR and EEVC.) The workshop
included a wide range of inputs from industry and
government research organisations (21 presentations,
around 35 delegates from all member regions). Such

workshops are very worthwhile in terms of providing
and sharing new information. In addition the
meetings programme has also allowed members to
view the cars crashed in some of the EEVC tests and
in the Australian test programme being carried out by
DOTARS with Subaru and Ford Australia.

Informal links with the IHRA Side Impact group
continue through some common membership. The
first joint meeting with this group is planned
immediately after ESV 2003.

Recent Meetings

Since the last ESV, there have been 7 meetings.

12th meeting 11-12 June 2001 (12 June jointly with
EEVC WG15) UTAC France
13th meeting 24-25 September 2001 DOTRS
Canberra Australia
14th meeting 28-29 February 2002 DOTRS/Ford
Melbourne Australia
15th meeting 27 May 2002 London England
16th meeting 23-24 September 2002 BASt Germany
17th meeting 5-6 December 2002 TRL England
18th meeting 23-24 January 2003 TRL England
Workshop 23/24 May 2002 London

There is an open flow of information on findings
between members with normally at least a day per
meeting devoted to this.

Presentations were also made at GRSP in December
2001 when both the ESV 2001 frontal impact and
compatibility papers were given to cover work until
the groups were merged. A further presentation
giving an update on the compatibility work of the
group was given at GRSP in December 2002.

Co-operation Within Regions

Aside from the links through IHRA, there is a
significant amount of co-operation within and
between the regional organisations involved in
IHRA. Some direct links are outlined below.

EEVC and European industry – Links through
industry representation in working groups and
potential industry co-operation with VC-COMPAT
Individual EEVC members – co-operation with
Renault. VW, Ford and others
NHTSA – co-operation with Ford, Australia, Canada,
Europe, MIRA, Cellbond, TRL, Japan, Honda and
VW
Australia – co-operation with Subaru, Ford, Renault,
NHTSA
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Japan – co-operation with JAMA, Renault

Outline Of Members' Research Programmes

The IHRA compatibility group is fortunate in that its
members are involved in active compatibility
research programmes, often with cross-links, and the
results are made available to the IHRA Compatibility
Group as they emerge. These programmes inevitably
reflect regional emphases and timetables but, along
with the open and rapid exchange of findings, they
have enhanced understanding and given useful
research gearing. The research programmes of
members are often much larger than the cross–linked
activities mentioned earlier.

There is a clear consensus on key elements in
compatibility, and the focus has increasingly been on
the development/evaluation of the potential test
procedures. This has grown in importance given US
moves towards formulating national proposals for a
first step on compatibility.

Reviews of data provided by members in specific
areas have been carried out – structural surveys by
Japan, fleet composition by NHTSA, accident
analysis by Canada and crash test data by EEVC. (A
summary of the review by Japan is at Appendix 1 and
a summary of the review by NHTSA is at Appendix
2.)

In addition to earlier studies drawing on in-depth
accident data, recent EEVC work has reviewed UK
and German in depth accident sources to identify and
examine those cases with implications for
compatibility.

Vehicle-to-vehicle crash testing has included frontal
tests by Japan, EEVC, European industry, JAMA and
Australia using co-linear offset frontal impacts in car-
to-car crash tests. In the US (NHTSA) frontal impact
testing has focussed primarily on oblique offset
collisions (30 degrees and 50% offset). NHTSA and
some US industry tests have included a strong car-to-
LTV element. While tests in Europe, Japan and
Australia have focused on car to car impacts, recent
tests in Australia and Japan have included some car
to SUV tests. Side impact tests were also reported on
by Canada and NHTSA.

Vehicle FE modelling remains a central element of
NHTSA’s approach and modelling also contributes
considerably to EEVC and European industry inputs.
NHTSA will have FE models for typical cars and
LTV/SUVs to study vehicle interactions and to
support the development of MADYMO models

intended for use in overall fleet optimisation.

A range of barrier tests, mainly vehicle to barrier, has
been carried out to assess cars and to support barrier
and criteria development for potential test methods
(EEVC, USA, Australia and Japan.) Data from
NCAP tests have been used by members in Europe,
the US (NHTSA) and Japan (JNCAP) and the
availability of this type of data should increase.

Load cell wall element size has been investigated by
EEVC, European industry, Honda, NHTSA and Ford.

The research programmes of EEVC, NHTSA and
others have not been exactly in step. Overall
however, research phasing issues have been generally
associated with regional timetables, procedures,
funding mechanisms and priorities. In Europe, there
has been a gap between the first and second main
EEVC formal research programmes; this was
partially filled by the ongoing national research in
France, Germany and the UK plus a short one year
EEVC programme. (These common EEVC
programmes have funding support from the European
Commission and some EEVC member governments.)

POSITION RELATIVE TO OTHER TESTS
AND REGIONAL PRIORITIES

Frontal Impact Tests (Self-protection) - Position

The IHRA Frontal Group dealing specifically with
self-protection tests gave its last Status Report to
ESV2001. It agreed that it would be desirable for two
frontal impact tests to be adopted universally and that
this could be achieved most easily by the universal
adoption of the European ODB test and the
“restrained/perpendicular” element of the US full
width test. The first was to control intrusion
resistance and the second to control occupant
deceleration.

Since then, potential compatibility test procedures
have been the focus of the work of the merged group.
However some members have reported on research or
views on moving towards introducing an ODB test
for self-protection and this section covers the current
position.

Japan is now investigating the ODB test for
introduction into regulations in the near future.

NHTSA is exploring introducing a (56 or 60) km/h
ODB test, using 5th and 50th percentile H3 dummies
both with advanced lower legs, which it feels could
offer a further benefit beyond that already being
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achieved given the vehicle manufacturers response to
its use in the US IIHS tests.

Australia has already introduced into regulations both
an ODB and full width rigid test. It feels that
achieving this outcome would meet the first stage
recommendation made by the IHRA Advanced
Frontal Group at the end of its term.

The full frontal rigid wall test (with dummies)
continues to be used in member regions other than
Europe. At present the EEVC research programme
includes a proposal for a similar test, with or without
deformable element, which it believes can provide a
high deceleration frontal impact test and a
compatibility assessment.

Relationship With IHRA Side Impact - Position

The proposals being developed by the IHRA Side
Impact group are based on providing side impact
protection with the existing bullet fleet in mind, so
their emphasis is on self-protection. However, any
frontal compatibility test that encourages
homogeneity and good interaction with sill and
passenger compartment pillars is likely to be
beneficial in side impact. Frontal compatibility tests
may limit the Average Height Of Force (AHOF) and
will encourage frontal homogeneity.

At present a set of requirements aimed especially at
side impact compatibility is not being worked on.
Nonetheless, the IHRA compatibility and side impact
groups plan to have a common technical session on
developments in their areas this year.

Regional Priorities And Timetables
(Compatibility)

The current US emphasis is on a short term
compatibility measure. Others are not planning rule
making in the same time scale and the processes
would differ. Nonetheless compatibility is expected
to deliver useful benefits.

NHTSA is currently exploring the development of
national rule making as a first step to improve
compatibility between cars and LTVs (with the
emphasis on SUVs). It is expected that the near term
focus will be on a simpler step and quantifying the
supporting case. A US decision could be made about
moving to a legislative test and the favoured type of
test approach as early as 2004.

The potential of a US move toward a near term rule
making is both a challenge and an opportunity for

this area of IHRA activity. Others are not
considering rule making in that time frame, but it
does bring the issue of a first harmonised step
towards compatibility into sharper focus.

If the US were to favour a test based on a full width
load cell wall, a closely comparable non-US proposal
would be an EEVC full width test using load cells but
with a deformable element.

In the interests of harmonisation, EEVC WG15 will
consider early in 2003 whether a full width test with
load cells, with or without a deformable element,
should be a first step towards compatibility as well as
providing a high deceleration frontal impact test.

This would be earlier than envisaged in the EEVC
WG 15 work programme. (Its terms of reference had
not envisaged a test proposal until September 2004.
In theory, the VC-COMPAT research programme
starting in 2003 might not reach a fully researched
conclusion until much later, near the end of its three-
year programme.)

Whatever happens, much would depend on both the
US and others in the IHRA group remaining open to
exchanging inputs through the process which could
lead to a formal US rulemaking proposal in 2004.
But, even were a NHTSA favoured choice to remain
open to adjustment or amendment, links in the early
stages of the process are the most important given the
internal timetable of NHTSA decision points and
procedures leading to any rule making proposal.

POTENTIAL COMPATIBILITY TEST
PROCEDURES - NEEDS AND
UNDERSTANDING

General

Any recommended compatibility test procedure
would have to take into account the likely benefits
(casualty savings) and bear in mind the likely
implications for design changes that are judged
practicable or worthwhile. The broad body of
research/awareness on compatibility already
influences some designs on particular models, for
example design changes have been introduced to
LTVs to improve structural interaction and allow
improved energy management. Research by members
has also included some purely experimental changes
to vehicles introduced to investigate their effect on
improving compatibility and how this relates to
potential test criteria or measurements.
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Introduction To Tables

In order to help discussions on the most appropriate
choices of test procedure(s), the IHRA group, like the
EEVC, has set out some of its thinking in tabular
form. These are evolving rather than rigid
documents.

Accidents To Address

Table 1 covers accidents which should be addressed
in considering compatibility. There is a universal
desire to address accidents involving cars (up to 2500
Kg GVW), followed in approximate order by MPVs
and small SUVs, roadside obstacles, LGVs (light
goods vehicles), large SUVs, sports cars (structural
interaction may be more difficult), mini/super minis
where there is a clear regional split (essential for
Europe/Japan) and large cars (over 2,500 kg essential
for US/Canada). There is least interest in car actions
to interact with HGVs (only desirable in Europe). In
terms of influence on other safety areas, there was a
very strong interest in the effect on side impacts
(excluding Europe) but generally much less on
pedestrian accidents. It should be stressed that this
does not reflect a formal political view and simply
reflects regional technical judgements.

Table 1.
Accidents to Address in Considering

Compatibility
Essential Very

Desirable
Desirable Not

Important

Mini – Super
Mini

E, J A C, US

Car A, E, C,
J, US

Car >2,500 kg
(GVW)

C, US A, E, J

Sports car C, US E A, J

MPV C, J, US A, E

Small SUV A, C, US E, J
Large SUV
>2,500 kg
(GVW)

C, US A E, J

LGV C, US A, J E

HGV (Car
actions)

E

Roadside
Obstacles
(Car actions)

A, C J, US E

Influence on others

Side Impact A, C, J,
US

E

Pedestrians J A E, C, US

(Note: LGVs are of least interest in Europe although
some elements of any requirements applicable to

SUVs in the USA might also be at least partially
applicable to structural interaction aspects of light
commercial vehicles in other markets.

Characteristics Required To Improve
Compatibility

Table 2 sets out the characteristics which test
procedures should seek to influence. Interaction
height was universally regarded as essential, with
frontal force, compartment strength and interaction
area having strong support, followed by deceleration
pulse.

Table 2.
Characteristics Required To Improve

Compatibility
Essential Very

Desirable
Desirable Not

Considered

Interaction -
Height

A, C, E,
J, US

Interaction -
Area

A, E, J US C

Frontal Force A, E, J,
US

C

Compt Strength
(stability)

A, E, J C, US

Deceleration
Pulse

A, E, J,
US

C

Mass A, C, E, J,
US

All felt that mass should not be considered as a
characteristic to be controlled.

Understanding Of Compatibility

The universal understanding is that structural
interaction, frontal force and passenger compartment
strength are important issues for compatibility.
Structural interaction is seen as a prerequisite and
worthwhile in its own right. Mass influences
stiffness as larger cars have to absorb energy in
proportion to their mass in self-protection crash tests
but the deformation distance does not increase in
proportion. The result is that larger cars are stiffer
and likely to absorb less energy in their own energy
absorbing structure, the overall effect being a greater
likelihood of passenger compartment intrusion in a
less stiff car. Compartment strength is also a factor.
The EEVC view is that intrusion (linked to these
compatibility issues) is the dominant cause of fatal
and serious injuries in Europe.

Currently, examples of poor compatibility can occur
in many situations and such issues are applicable to
all car sizes and mass ratios rather than just different
masses.
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There is naturally a mass ratio/momentum effect
where the deceleration of a lighter car will be greater
in an impact with a larger car even if near ideal
compatibility is achieved. Although the dominant
intrusion risk would have been addressed, it would be
sensible to try to determine, for the longer term, an
appropriate limit for passenger compartment
deceleration reflecting occupant needs and the
capabilities of advancing restraint systems to protect
them. In addition, as compatibility improves and
poor interaction, e.g. overriding/underriding, is
reduced, decelerations in low severity accidents can
increase, and this factor should also be borne in mind.

OUTLINE OF TEST PROCEDURES BEING
CONSIDERED

The purpose of this section is to outline briefly the
range of compatibility tests under consideration. It
also includes in some groups the frontal impact (self-
protection) tests in the harmonisation step contained
in the report of the Frontal Group at ESV2001.
Including both compatibility and frontal impact (self-
protection) tests gives a broader picture in some
cases; also some types of test are used in different
ways or modified to evaluate aspects of compatibility
and frontal (self-protection). The purpose of each
test is noted in the list. (It is expected that members
will cover individual test procedures in more detail).

The current focus is on considering tests or groups of
tests that can address compatibility to help consider
the most appropriate test procedures which could be
further defined for wider evaluation to improve
compatibility.

EEVC

Two families of tests are under consideration for
compatibility and frontal impact.

A
56km/h Deformable full width

(structural interaction, also
self-protection high
deceleration frontal test)

64 km/h ODB Frontal force (also
self-protection, high
deformation)

80 km/h ODB Passenger
compartment strength (no
dummy requirements)

B

60 km/h PDB Partner protection
(structural interaction and
frontal force), no dummy
requirements

60/64 km/h ODB Self-protection, high
deformation

[56] km/h Full width Rigid, high
deceleration frontal (self
protection)

Australia

Compatibility
Constant energy PDB – (variable speed,
constant energy (equivalent to 48 km/h for
2.5 tonnes and no limit on speed e.g. 74
km/h at 1060kg), with dummy requirements
- Partner protection, compartment strength
(for smaller cars), frontal force

Frontal impact
56 km/h Full width (high

deceleration frontal self
protection)

[60] km/h ODB Self-protection, high
deformation

(Note Australia considers that ODB may still be
necessary for cars heavier than [1400kg] as these are
not tested at high speed into the PDB.)

USA

Compatibility
Stage 1

56 km/h full width (rigid/deformable?)
Compatibility criteria (including AHOF,
initial force, force distribution)

This test is being researched for either rigid
or deformable mode.

Stage 2

MDB based or functionally equivalent test
procedure (Collinear/angled?, use of load
cells. Possible criteria AHOF, force
distribution, total force.)

Frontal
Stage 1

56/60 km/h ODB test (self-protection, high
deformation)
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Stage 2

MDB based offset test
Japan

Stage 1

55 km/h full width rigid/deformable

Stage 2

64 km/h ODB test and 80 km/h overload

Notes
(1) The PDB is an offset test.
(2) In high severity tests, speeds currently in use for

the ODB range from 56 km/h as the lowest

(regulation) speed to 64 km/h in consumer
testing in JNCAP, IIHS, ANCAP and Euro
NCAP. The full width test varies for belted
occupants from 48 km/h to 56 kph speed
depending on the region and whether it is in
regulation or consumer testing.

(3) The use of load cell walls is a key factor in most
compatibility approaches and could be an extra
feature for all, certainly for total loads.

Characteristics of Candidate Test Procedures

Table 3 summarises views on the characteristics of
each test procedure in whether and how far they
address specific aspects. This will continue to evolve.

Table 3.
Characteristics of Candidate Test Procedures

Full
Width
Rigid
+LCW

Full
Width
Deform.
+ LCW

ODB @
64 km/h
+ LCW

ODB @
80 km/h
+ LCW

PDB +
LCW @
60 km/h

PDB
Constant
Energy +
LCW @
48 km/h
min

Offset
MDB +
LCW @
56 km/h

Interaction - Height Yes 1, 2 Yes 1 Yes 3,9 Yes 3,9 Yes 4 Yes 4 ? 5

Interaction - Area ? 2 Yes No No Yes 4,10 Yes 4,10 Yes 5

Generates Longitudinal
Shear in F/A Vertical
Plane

No Yes 1 Some Some Yes Yes ?

Generates Longitudinal
Shear in F/A Lateral
Plane

No Some Yes Yes Yes Yes Yes

Frontal Force Yes 1, 3, 6 Yes 1 Yes 3 No 11 Yes 7 Yes 12 Yes 14

Compartment Strength No No No 13 Yes No Some 8 Some 8

Deceleration Pulse
(average)

High High Low N/A Low High 8 Mid

1 For limited deformation
2 May be influenced by local projections
3 May be influenced by engine bottoming out
4 May be influenced by variation in honeycomb
stiffness/only final value
5 Depends on barrier face and influence of pitch
6 May be influenced too much by inertial forces from
structure
7 May be limited by honeycomb strength
8 Low mass cars
9 May be influenced by load spreading
10Concern over effect with stiff cross beams on

rotation
11May be calculated from Force/deflection trace
12Up to test severity, Also requires self protection
13Unless compatibility protection speed is reduced
14Unless inertial effects of accelerating honeycomb
are not negligible and cannot be accounted for.
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TEST PROCEDURES - RESEARCH FINDINGS
AND EXPERIENCE

This section covers some of the recent work of
members. It is meant mainly to illustrate some of the
issues relating to test procedures but is not a
summary of the range of work presented by members
and others on various aspects of compatibility.

A significant factor since the last ESV has been the
ongoing development or exploration of potential test
procedures and improvements to the procedures
themselves so that the test works as envisaged in the
concept.

Individual tests are sometimes part of a broader
family covering different aspects of compatibility or
self protection; discussion here centres on the test or
aspects where significant development effort has
been made by individual members.

All test tools have advantages and limitations and
some of these are mentioned elsewhere in the paper.
Some of the advantages or limitations reflect
characteristics which are inherent in the test approach
taken.

There are two main types of fixed barrier used in
compatibility tests, the full width test with or without
a deformable element and the offset progressive
deformable barrier PDB which is being studied by
the EEVC (fixed speed) and the Australian (constant
energy, variable speed) tests. Experience in one area
can sometimes transfer to other test types.

Findings (Examples Of Incompatibility)

Vehicle-to-vehicle tests and examinations of specific
accidents in in-depth accident databases continue to
show examples where incompatibilities exist between
cars. This reinforces the case for test procedures.

Full Width Rigid Barrier

This NHTSA proposal is based on a full width frontal
rigid barrier test (FWRB) at 56 km/h, as used in the
US and elsewhere, and uses a high definition load
cell wall (LCW) to assess and control compatibility
criteria such as the AHOF, initial force and force
distribution measured on the LCW.

Past work has illustrated the basic approach where a
load cell array allows the pattern of forces on the
barrier to be monitored throughout the impact. This
is used to determine potential assessment criteria
such as AHOF, initial force or the vehicle's footprint

on the barrier and the homogeneity of the distribution
of forces within it.

The emphasis in the US work is mainly on the
existing full width rigid barrier. (NHTSA has not
excluded the deformable element as a possibility
within a short term approach and has carried out
some evaluation work including modelling.)

Interpretation Of Data (Method): The
techniques used can include AHOF (weighting the
AHOF to the height at which the higher loads are
transferred), estimation of initial force and estimates
of force distribution.

Related Work: An important element of NHTSA
work has been using existing (rigid) load cell wall
data and simulations to consider potential
relationships between variables (AHOF and others)
and a NHTSA aggressivity metric for driver fatalities.
This work, partly linked to recent refinements in the
method of statistical analysis, is giving a more
detailed picture and a clearer indication of expected
benefits in front and side impact; the results of the
refined analysis should be available soon. US data
shows a significant spread of AHOF for LTVs of
around 400-650mm and an appreciable (400-
550mm) but lesser extent for cars.

Load Cell Wall Size: An element in US and other
past work has been load cell size. Many now use or
are introducing higher definition load cell walls,
typically using a cell size of around 125mm. This is
felt to offer a reasonable high definition. Earlier
European industry work (EUCAR) comparing a full
width load cell wall using 125 mm and one using 50
mm dimensions indicated that 125 mm offered
sufficient definition. A similar comparison is planned
by NHTSA and Ford to check whether the smaller
load cells give better definition, e.g. when
determining the load footprint. (This may include an
extra test with a deformable element.)

Full Width Barrier With A Deformable Element

This EEVC proposal is a full width frontal test at 56
km/h with a deformable barrier face (FWDB)
mounted on a high definition load cell wall to assess
and control structural interaction. A focus of this
work is to control the force distribution measured on
the LCW, to encourage the development of structures
that behave in a more homogeneous manner. In the
full EEVC family of associated tests, additional
information would be generated from other tests to
control (within a range) the peak force generated in a
64 km/h self-protection ODB test and a new high
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speed ODB test, possibly 80 km/h, purely to assess
passenger compartment strength.

Recent work on the full width deformable barrier,
FWDB, has concentrated on the ability to measure
and quantify the homogeneity of forces generated by
the car frontal structure. Tests have shown that
multiple loads could be identified and, in a recent
EEVC test, it could distinguish between a standard
(unmodified) car and one modified to improve frontal
homogeneity, which is consistent with better
structural interaction seen in the modified car in a
car-to-car test. However there are indications that the
FWDB may not generate as much shear force across
some types of structural connection as in a car-to-car
impact.

Interpretation Of Data (Method): Data is
collected in the same manner as the rigid full width
test and each allow similar measurements such as
AHOF. But an important element of EEVC work has
been how to determine objectively the homogeneity
of forces in the vehicle footprint as seen by the
barrier. The current approach is briefly described.

A footprint area, provisionally based on the
dimensions of the vehicle being tested, has been
chosen for the development and evaluation of a
possible assessment measure. The method used
smoothes the forces from each load cell within the
area to minimise the problem of structural members
bridging adjacent load cells, and quantifies the
variation between each smoothed load cell force and
a derived target load level over the footprint. The
work presented to date has shown how the
assessment measure can be used to calculate the
variation between rows and columns to give an
indication of vertical and horizontal homogeneity.
While still under development, this approach may
offer an objective means of measuring the
homogeneity of footprints.

An initial trial used the technique to consider 5
vehicles plus 2 modified vehicles and the results
ranked these vehicles in a way that was considered to
reflect their correct order in terms of the degree of
expected structural interaction.

Barrier Improvement: Test data from the EEVC
indicates that the revised composite barrier behaves
in a similar manner to an earlier version where
desired, and successfully solves a problem where
preferential load paths could give high local loads
and unload other load paths which would be
significant in accidents. This problem was found with
the earlier version which had a single deformable

layer. (It would also apply to a rigid wall barrier). A
new rear and much stiffer layer, segmented to match
the load cells, allows such features, e.g. towing eyes,
to penetrate it without generating unrealistic load
paths. The outer layer continues to retain the original
version's improvements over a rigid wall e.g. limiting
engine inertial loads while minimising the effect on
compartment deceleration pulse; a minimal effect is
desirable, given that it is based on a self-protection
test.

Progressive Deformable Barrier (Fixed Speed)

This EEVC proposal involves a 60 km/h ODB test
with a Progressive Deformable Barrier (PDB) face.
The aim of the PDB offset test is to control a car's
structural interaction and frontal stiffness up to an
equivalent energy speed (EES) of 50 km/h using
measurements of the barrier's final deformation
profile. (The PDB test is intended to be used in
conjunction with the 60/64 km/h ODB test which
would check that the force generated in that test is
above a minimum value.)

The PDB generates higher shear in both vertical and
lateral planes. Generating high shear may have
advantages in testing structural interconnections
between load paths. Examples of loaded or failed
connections are found among the EEVC results. The
pattern on the deformation face can reflect examples
considered to have good and poor structural
interaction although the EEVC assessments to date
have been based on a visual examination of the
barrier face post impact.

Interpretation Of Data (Method): The PDB
approach seeks to control two aspects by interpreting
the final deformation pattern on the PDB face post
impact; firstly, depth of deformation level associated
with a desired control on maximum force and
secondly structural interaction by a variation of depth
measurement to reflect local force variations which
are in turn linked to a height criteria. (More uniform
deformation would indicate a more compatible
structure.) A proposed appraisal method is outlined
below.

The barrier surface is first digitised. Separate areas
from different regions of the face, which have the
same degree of deformation, are grouped to give a
total area for that deformation. A height is then
associated with each grouped area. These zones of
comparable deformation are then compared against
the desired deformation limit and a height criteria.
The control on height of these areas reflects an
approach analogous to the height of the cumulative
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resultant forces in the impact – comparable to AHOF
but arrived at in a very different manner. The vehicle
has to have a good performance in both deformation
(force) and height criteria. The boundary chosen for
evaluation excludes the edges of the barrier face,
especially the outer edge which suffers additional
deformation as the vehicle rotates around the barrier
during impact. Work is ongoing to determine the
best way to deal with these derived measures in a
numerical appraisal method leading to an overall
result. While the barrier surface can reflect structural
interaction and numerical values have been derived,
generating objective results reliably from barrier
deformation measurements seems more difficult in
this approach.

Recent EEVC work explored whether a load cell
array behind the PDB barrier could be used to give
information on the homogeneity pattern of loads
being imposed by the vehicle on the barrier surface in
the impact. However the depth and stiffness of the
barrier spread the loads and allowed bridging of load
cells. The EEVC did not see this approach as viable.

Barrier Improvement: The current version of the
PDB includes a front sheet (now thickened). This
improvement was introduced on the PDB face to
resist localised tearing found on some tests. This
made interpretation of the deformation surface
difficult, when it occurred. Tearing should not be a
problem on compatible cars.

PDB (Constant Energy Test)

This Australian approach uses the fixed PDB barrier
in a constant energy test, the aim being to stiffen
small cars and soften large cars, to control
compartment strength and improve structural
interaction. The test configuration is with 40%
overlap, dummy criteria and load cell wall behind the
barrier.

Interpretation Of Data (Method): The aim is to
control the maximum total force and potentially
AHOF, variation between individual load cells (rows
and columns) or the PDB deformation profile.
Australia considers that the latter aspects need
investigation to see which is best at predicting
structural interaction or controlling
override/underride. The interpretation method deals
with the same issues as the EEVC, although Australia
may not have experienced load cell difficulties to the
same extent.

The test appeared able to correctly assess (visually)
an incompatible small car (soft) and a compatible

small car but did not predict overriding in the impact
of two medium size cars.

Mobile Deformable Barrier

This approach offers the ability to provide for mass
and carry out angled (oblique) offset tests. The US
regards a mobile deformable barrier (MDB), in
conjunction with existing tests, as offering improved
coverage of US accidents and in a later phase could
be used to address frontal impact and compatibility.
The MDB, if considering frontal impact self-
protection, would not ensure that all the energy can
be absorbed in the vehicle frontal structure unless the
MDB mass is increased for heavier vehicles.

The US view on recent tests is that the LCMDB
(MDB with load cells) crash tests are somewhat
harsher than vehicle-to-vehicle tests but that an MDB
can reasonably replicate vehicle to vehicle crashes.
Tests in Japan indicated bottoming out and over-ride
of the MDB affecting the results and suggested that
the current MDB face should be investigated.
Australia independently examined a PDB faced MDB
but test conditions did not allow a conclusion to be
drawn. (However, in principle, Australia would not
be opposed to such an approach as a possible test.)

Past European MDB tests had encountered a
proneness to over-ride and the EEVC has not
developed any active interest in the MDB as part of
its research programme. There are options of one or
both moving (MDB and vehicle). There are however
practical considerations such as high test speed (if
one moving), test laboratory capability and site
approach distances (one or both moving). As the
impact point changes during the impact, it may make
filming difficult. It would not equalise frontal force
but the use of load cells offers information on frontal
force and interaction which could be controlled.

Passenger Compartment Strength

This EEVC test is intended to assess the strength of
the passenger compartment to ensure that it is strong
enough to resist the forces imposed by impacting
cars. It would not require instrumented dummies.

A recent repeat 80km/h compartment strength test in
Europe gave very similar results in both tests.

Japan reported on a series of tests using two minicars
which included an 80km/h passenger compartment
strength test. In broad terms the end of crash force
levels of the tested minicars (with different
characteristics) were of a comparable order for
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minicar-to-ODB 64km/h, minicar-to-large car tests
(55km/h each) and the 80km/h passenger
compartment strength test. (One minicar, which was
considered to have good compartment
stiffness/strength showed a higher force level in the
compartment strength test.) In these tests Japan
concluded that both good structural interaction and
compartment stiffness are important for minicars.

POTENTIAL CASUALTY REDUCTION
BENEFITS

Compatibility issues can arise in all frontal impacts
and are not only those associated with high mass
ratios as historically imagined. This widens the
scope for potential gains if successfully addressed by
test procedure(s).

Recent EEVC work indicates a significant potential
for worthwhile safety gains in frontal car-to-car
impacts. (This EEVC work examined detailed frontal
impact accident cases in UK and Germany in which
car to car impacts dominate.) Analysis of the data
suggests that, in car-to-car frontal impacts (11 to 1 o
clock), approximately half of the fatalities and 2/3rds
of serious injuries would experience some reduction
in injury risk as a result of improved compatibility.

This recent EEVC work using detailed accident cases
has been a valuable step given the difficulty in
identifying and disentangling the effect of detailed
aspects of car design in national statistical databases.

Recent US work suggests worthwhile benefits in
front and side impact in the latest US work, mainly
LTV-to-car.

These two individual studies are given as
illustrations. The EEVC study is small and more
work would be needed before an overall estimate of
casualty benefit could be made.

Although this work is based on analyses in specific
regions and accident patterns and circumstances can
differ, it seems reasonable to expect that other
regions could see benefits in comparable accidents.
More work would be appropriate to quantify this.

In some cases, improvements aimed at compatibility
should give benefits in other types of accidents e.g.
some single vehicle accidents, although these have
not been included in the benefit estimates.

However, in other cases, considering a widening of
the potential benefits might reduce regional
differences in accident patterns which in turn

determine regional priorities. For example Europe
has a low number of SUVs but could consider
whether overall benefits would be usefully enhanced,
if compatibility measures were to address commercial
LGVs. (Some can be comparable to LTVs but
practical compatibility measures might have to be
limited to structural interaction only.) The US could
give car-to-car impact an extra priority for
harmonisation reasons, even though a measure that
quickly tackles LTV-to-car impacts is its prime
concern.

OVERALL POSITION / SUMMARY

General

IHRA has proved effective at bringing researchers
together for the open and early exchange and critique
of findings, offering useful research gearing
compared to individual regional work and helping
generate co-ordinated forward research.

The close links with the EEVC group and workshops
work well. Industry involvement has also been a
healthy aspect.

EEVC, NHTSA and other research programmes have
different emphases but considerable common interest.
Where there is a different emphasis, this usually (and
naturally) reflects regional interests or concerns.
Nevertheless, these may limit the degree to which
harmonisation is possible technically in the later
stages of implementing some compatibility aspects.
(This is separate to more immediate issues.)

Whatever the level of short or long term success in
achieving common outcomes, shared research in
IHRA helps foster technical harmonisation between
regions and groups.

There is consensus on structural interaction,
passenger compartment strength and frontal force,
which are now seen as key compatibility factors to be
considered. Good structural interaction is seen as a
prerequisite and a valuable step in itself.

Benefits In Casualty Reduction

Recent work points to worthwhile benefits in EEVC
and NHTSA.

Test Procedures / Technical points

Test procedures are sometimes part of a broader
family intended to cover different aspects of
compatibility (and sometimes also self-protection).
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A significant factor since the last ESV has been the
ongoing research to explore and develop potential
test procedures and improvements to the procedures
themselves.

In researching a full width wall test (with a
deformable element) for homogeneity, a problem
with preferential load paths was encountered and
addressed in developing the current deformable
element. This could be a relevant factor in any
comparison with a full width rigid wall for
compatibility testing.

The full width rigid and the full width deformable
barriers with load cells are potentially very close in
terms of overall deceleration pulse if considering
their use as a self-protection test. Work would be
appropriate to compare the latest version of the
deformable element and the full width rigid in more
detail, given the issues raised on a phase one
approach.

The PDB barrier generates higher shear in the lateral
and vertical planes. Generating high shear may have
advantages in testing structural interconnections
between load paths. Examples are found in the crash
test results. It also generates the greatest deformation,
being an ODB test.

A full width test with deformable element generates
some shear.

A homogeneity assessment method for the full width
(with deformable element) load cell wall data has
been suggested and results derived. A PDB
assessment has relied on a visual interpretation but an
approach is being worked on, using an analysis of the
final deformation pattern, in terms of deformation
(force), uniformity of deformation (homogeneity) and
height criteria. Numerical values have been derived,
although currently generating objective results
reliably seems more difficult with this approach.
Work continues on all methods.

EEVC experience is that the load profile and time
history is not reliably available from a LCW with a
PDB. This points to a difficulty in determining
detailed initial or intermediate structural interactions
if desired.

A potential MDB test is longer term but there could
be merit in reconsidering the deformable face
currently used.

Test Procedures / General Considerations

There are several potential test procedures to address
compatibility and frontal impact requirements. All
have advantages and limitations and these are
reflected in an earlier table and discussion. Some
advantages or limitations reflect characteristics which
are inherent in the test approach taken.

To achieve both harmonisation and benefits in all
regions, ideally any test (including any phase one
test) should be capable of catering for fleet and
accident differences. Such tests should deliver
benefits in LTV-to-car as well as car-to-car crashes.

The aim of some tests is to control more than one
aspect within the same test e.g. force as well as
homogeneity so a vehicle would be expected to have
a good performance in both respects. Others address
a single aspect per test.

In considering a phase one approach, factors might
include:
• Is phase one likely to provide sufficient benefits.
• Is it likely to move vehicle design in the right

direction.
• Can it address the needs of each region.
• Can it be sufficiently developed or be

implemented in the timeframe(s) for interaction
with the US.

All procedures remain possible tests for future use in
later phase(s) but a possible phase one test assumes
more importance given the US moves towards a
national requirement.

In Europe there is currently no full width test but
there is a recognition (in EEVC) that this test would
further increase self-protection because it is a
demanding test for occupant restraint systems.
Additionally a full width test has potential for
compatibility assessment.

Canada, Japan and the US support a first step towards
compatibility using the full width rigid/deformable
test with load cells. Australia believes that Europe
should introduce such a test for self-protection and is
open to its use as an initial compatibility test subject
to further research. The EEVC will consider such a
test for a first step towards compatibility.

At a minimum, such an approach provides for an
improvement in structural interaction by addressing
the geometric alignment of structural loads, through
the assessment of average height of force. Such an
approach also has the potential of providing a
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homogeneity assessment of the crash loads and some
measure of initial structural stiffness. Further
research is needed to determine the value of such
measures in the assessment of compatibility.

In the end a judgement has to be made between
different approaches if there is to be a harmonised
phase one test defined on a common basis. It must
also offer the possibility of early implementation to
NHTSA. In any event, whatever decisions are taken,
IHRA and NHTSA should remain open to mutual
changes when evolving test procedures.

Specific Test Requirement For Side Impact

The immediate priority is tests for compatibility in
front to front conditions. But improving some aspects
of vehicle fronts may also help in side impacts.
However, a comprehensive set of test criteria aimed
specifically at enhancing compatibility for side
impact would be more complex and would be a
further stage, if achievable.

Summary Of Overall Position

There is a consensus on important factors affecting
compatibility, although regional priorities do vary,
reflecting differences in fleet and accident patterns.
All the potential test methods have advantages and
limitations; their characteristics are viewed by the
group on a collective basis. All remain potential test
procedures but, especially given the US move
towards a national requirement, a harmonised first
step could deliver worthwhile benefits. If a common
phase one approach is to be taken, the test criteria and
requirements should remain open to adjustment so
that they reflect the needs (car-to-LTV and car-to-
car) in all regions. The implementation of any
procedure may also be a factor for individual regions.

CONCLUSIONS

Frontal compatibility test procedures have somewhat
different characteristics. All test procedures have
advantages and limitations and could be developed
for a two stage approach.

It was recognised in the previous Status Report to
ESV that improving frontal structural interaction
would be beneficial in itself and a pre-requisite to
enable strength matching to be effective in providing
for compartment survival.

The US consideration of near term rule making is
both a challenge and an opportunity. A harmonised
IHRA first phase test is achievable. A

recommendation would have to take into account
several factors including offering advantages or
benefits to all member regions and a judgement of the
level of readiness of the test.

Canada, Japan and the USA support a first phase
using a full width barrier rigid/deformable test.
Australia believes that Europe should introduce such
a test for self-protection, and is open to its use as an
initial compatibility test subject to further research.
The EEVC will consider such an approach for a first
step toward compatibility.

The substantial effort for development of test
procedures should not be underestimated. Even a
phase one approach addressing structural interaction
would be the subject of further development
including the precise definition of the assessment
criteria.

The broad range of tests would still remain
candidates for a later phase.

A special test or requirement is some way off for side
impact though some aspects of a frontal test should
help.

In Brief

Compatibility work is showing promise. The growing
understanding and the considerable development
work on potential test procedures gives real
encouragement. This is reinforced by very recent
European and US research quantifying worthwhile
benefits in addressing compatibility. Reaching a first
phase test that can address the needs of each region
will require further effort but offers the potential for
early gains.
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APPENDIX 1

RESEARCH FINDINGS

Structural Survey (Japan)

Geometrical Data Analysis Japan: The geometry of
vehicle structures was investigated based on the data
provided by the EU (74 models, 1997), US (97
models, 1993-2000), Australia (35 models, 1999) and
Japan (113 models, 1998). Vehicle models in the data
were selected according to their sales numbers. The
measurement locations in frontal structures are shown
in Figure 1.

Figure 1. Measurement locations in frontal
structures.

The number of SUVs in relation to the overall
number of vehicles differed among countries; EU
(11%), US (38%) and Japan (38%), though the
designs of many SUVs in Japan were derived from
car models. The EU (average 1228 kg) and Japan
(1322 kg) had a similar mass distribution. The US
had a heavier weight distribution (1634 kg), while
that of Australia (1343 kg) ranged between the US
and Japan.

The structural interaction will be affected by the
geometry of front structures. The ground heights of
structures are summarized in Table 1.

In all regions, the locations of SUV front structures
or engines are higher than those of cars. For
example, the top and bottom height of longitudinal
member front ends which were averaged for all
regions, were 506 and 386 mm for cars, and 545 and
429 mm for SUV, respectively (Figure 2).

Table 1.
Summary Of The Geometry Of Structures (Unit mm)

Bumper Longitudinal member Lower cross Engine Side sill

Region Vehicle N Length
Mass
(kg)

Width Bottom
height

Top
height

Bottom
height

Top
height

Dist.
between
long.

Bottom
height

Top
height

Bottom
height

Top
height

Bottom
height

Top
height

Car 66 4236 1175 1685 381 532 410 519 1024 - - 185 807 215 336

SUV/LTV 8 4503 1664 1785 382 624 451 554 1088 - - 268 896 297 431EU

All vehicles 74 4265 1228 1696 381 542 414 523 1029 - - 194 817 224 346

Car 60 4674 1459 1756 380 525 380 502 1081 - - 185 803 281 341

SUV/LTV 37 4916 1917 1839 451 630 432 550 890 - - 299 1002 428 486US

All vehicles 97 4767 1634 1788 407 565 401 521 1007 - - 229 879 336 397

Car 19 - 1117 - 402 516 407 527 - 239 296 - - 231 330

SUV/LTV 16 - 1610 - 526 619 458 559 - 367 449 - - 386 491Australia

All vehicles 35 - 1343 - 462 566 430 542 - 297 366 - - 302 403

Car 69 4224 1236 1686 414 497 362 490 968 244 299 248 732 193 342

SUV/LTV 44 4043 1457 1692 477 564 413 533 938 278 339 303 815 221 368Japan

All vehicles 113 4166 1322 1689 439 525 381 507 957 257 314 269 764 207 355

Car 214 4388 1269 1707 389 521 386 506 1021 243 298 207 780 234 338

SUV/LTV 105 4588 1659 1762 465 608 429 545 926 312 381 298 902 331 438Total

All vehicles 319 4444 1397 1724 413 550 400 519 991 270 331 236 817 267 373
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Figure 2. The height of front end of longitudinal
member.

The average section heights (top – bottom) of the
longitudinal member front ends were similar between
cars (120 mm) and SUVs (116 mm). Therefore, the
longitudinal member of SUVs was on average
slightly higher than in cars. The heights of the lower
cross members were obtained from Australia and
Japan data. From Australia data, the ground height of
the lower cross member of SUVs (average 367 mm)
was lower than the bottom of longitudinal members
of Australian cars (average 407 mm), which may be
effective to help prevent overriding. The widths of
the engine as well as the lateral distance between
longitudinal members are greater for transverse
engine cars than longitudinal engine cars.

In side impacts, the structural interaction between an
impacting vehicle’s longitudinal members or engine
and the struck vehicle’s side sill will be significant.
When comparing the height of front and side
structures, the side sills of cars (bottom 234 – top 338
mm) were lower than the bottoms of longitudinal
members of cars (386 mm) as well as the cross
members of SUVs (Australia 367 mm.)

Geometry analysis reveals clear differences in the
height of structures between cars and SUVs.
Therefore, it can be concluded that the distributions
of vehicle mass and geometry of front structures in
each region depend on the number of SUV
registrations in a given area.

It should be also noted that measuring methods can
differ among regions. From comparison of data for
the same vehicle models measured in different
regions, there were large differences in the measured
values among regions. For one thing, the measuring
location and definitions differed from region to
region. Thus, for accurate comparison of vehicle
geometry, standard measuring procedures must be
developed and used in every region.

APPENDIX 2

Fleet Studies (USA)

In examining the data provided by the working group
members, it is seen that there are appreciable
differences in the fleet composition among the
different regions represented on the IHRA working
group. The United States (and Canada to a similar
but lesser extent) have significant and growing
LTV/SUV sales (50 percent) and population (37
percent) whereas Japan and Europe have a much
smaller SUV population, (around 6 percent). The
combined segment of the European fleet that is
similar to the U.S. light truck and van category
accounts for 17 percent of that fleet, i.e., about half
the percent of LTVs in the U.S. fleet. However, this
segment is the fastest growing segment of the
European fleet. Australia has an intermediate
situation with LTV/SUV sales about 26 percent.
Japan has an appreciable population of minicars (19
percent) and minivans (13 percent.)
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ABSTRACT

This paper will describe the contents,
development, and use of the National Highway
Traffic Safety Administration’s (NHTSA)
Vehicle Parameter and Crash Test databases in
crash analysis and injury determination. The
information can also be used as a source for
vehicle computer model/simulation programs or
in the development of crash avoidance measures.

The analyses of damage sustained by vehicles in
crashes is based on post-crash information and is
somewhat limiting since pre-crash measurements
are not usually known or readily available.

The Vehicle Parameter Database consists of over
110 key vehicle dimensions and specifications
on over 10,000 vehicles between model years
1980 to 2003.

This database can be cross referenced to
NHTSA’s Vehicle Crash Test Database which
contains both static post crash measurements and
dynamic sensor time history data from over
4,000 tests for model years 1965 to 2003. This
database contains information on vehicle
deceleration and deformation characteristics, and
dummy response, in several crash modes. The
ability to compare pre-crash and post crash basic
vehicle measurement characteristics could
provide a greater insight into analyzing vehicle
damage, degree of intrusion, level of
deformation, and injury severity/source.

INTRODUCTION

A key element in NHTSA’s mission is to provide
national leadership in the advancement of the
science and art of motor vehicle safety. A
variety of research, analysis and engineering
development programs are planned, organized,
and conducted to carry out this mission. These

programs result in improved levels of crash
protection for motorists.

The Vehicle Parameter Database contains pre-
crash measurements. The Crash Test Database
contains post-crash measurements, dynamic
sensor time history data, vehicle deceleration,
deformation characteristics, and dummy
responses. These databases can be combined to
provide greater insight into understanding and
analyzing crash kinematics and injury
mechanisms.

This paper describes the development, content,
and use of these databases in crash data analysis
and injury determination. The information can
also be used as a source for vehicle computer
model/simulation programs or in the
development of crash avoidance measures.

BACKGROUND

The Vehicle Parameter Database was originally
developed in 1994 through joint efforts of
NHTSA’s Office of Crashworthiness Research
and the Volpe National Transportation Systems
Center (VNTSC). It was created as a follow on
to the Safety Attributes Databook developed by
NHTSA in the mid-1980’s that contained
specification information on approximately
5,000 passenger cars between model years 1965
and 1983.[1] The downsizing of the fleet, and the
subsequent introduction of larger sport utility
vehicles (SUV’s), as well as the introduction of
improved safety equipment, increased the need
for a single source of reliable up-to-date vehicle
specification information for crash
reconstruction, vehicle modeling and simulation,
and development of crash avoidance measures.

The Vehicle Crash Test Database was originally
developed in 1979 to electronically store test
specification data and sensor time history outputs
that were previously only contained in paper test
reports. It was designed to provide a single
repository for full scale vehicle and sled tests
conducted by the agency and other testing
entities, standardization of data collection
methods, and permanent access to event data for
computational processing. For each test, data are
recorded from various sensors mounted to the
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test dummies or vehicles, high-speed films or
videos are recorded to document the event, still
pictures of the test setup pre- and post-event are
taken, and a written report is generated.

DATABASE DEVELOPMENT

Information contained in the Vehicle Parameter
Database is based on vehicle specification sheets
prepared by the automobile manufacturers on
their fleet. Specification sheet data is based on
two SAE Recommended Practices – SAE J1100,
Motor Vehicle Dimensions, and SAE J826,
Devices for Use in Defining and Measuring
Vehicle Seating Accommodations. SAE J1100
defines a uniform set of interior and exterior
dimensions for passenger cars, multipurpose
vehicles and trucks. SAEJ826 provides the
means by which passenger compartment
dimensions can be obtained by using a deflected
seat rather than a free seat contour as a reference
for defining seating space. This recommended
practice also specifies a two-dimensional H-point
template and three-dimensional H-point machine
devices for use in defining and measuring
vehicle seating accommodations.

In some cases, such as missing information on
fuel tank variables, data was received directly
from the manufacturers. We are grateful to them
for updating the original information.

Coding manuals for the National Automotive
Sampling System (NASS) were used to assign
make and model codes that formed the basis for
the variables NMAKE and NMODEL
respectively. These codes were incorporated into
the database to make it compatible with NASS to
support a variety of research projects.

Information contained in the Vehicle Crash Test
Database is provided by the laboratories
conducting crash tests in strict adherence to the
data format set forth in the NHTSA Test
Reference Guide, Volume 1: Vehicle Tests. [2]

The guide defines a set of coded, free text, and
numeric parameters for information describing
the test setup, vehicle, occupants, restraints as
used, crash barrier or striking vehicle, and time
history sensor instrumentation. NHTSA also
provides data entry software that performs a
variety of error checks on the formatted data.
This ensures consistency in coding, case, and
field length for text, and range and polarity for

numeric data. Over the course of the years as
vehicles, anthropomorphic test devices, and
crash test configurations have become more
complex, the database has been enhanced to
reflect these changes. Many codes have been
added, for example, to describe advanced and
multiple restraint systems such as dual stage and
side curtain air bags, but the database remains
backward compatible, so that current tests can be
compared to older ones as necessary.

On receipt, the test data is loaded into an Oracle
platform relational database, where additional
quality checks are conducted, and then ultimately
released to the public through the NHSTA web
site. Data may then be viewed on-line through
an interactive query interface, or downloaded in
a variety of customized ASCII formats.

DATABASE COMPOSITION

The original Vehicle Parameter Database
contained nearly 101 measurements on
approximately 2,800 vehicles from vehicle
model years 1980 to 1994. Several
enhancements have been made since the
database was first reported on in 1995.[3] The
database currently contains approximately 110
measurements on over 10,000 vehicles from
model years 1980 to 2001. Angle measurements
are in degrees. All other data measurements are
in standard metric units.

Field names for the data on the fuel tank have
been standardized according to naming
conventions used by the NASS, i.e., specifying
location of the fuel tank in reference to the rear
axle, and incorporated into the database. For
analytical purposes, based on consultation with a
variety of engineers and crash reconstructionists,
some of the data has been grouped to be less
specific. For example, the tank attachment
contained information on the number of bolts,
screws, or bands. This specificity has been
eliminated in favor of a more “generic” field
indicating bolts, screws, straps/bands.
Descriptive data for vapor line, return line, and
fuel line material (aluminum, carbon steel,
nylon) and fill pipe material (aluminum, coated
steel, plated steel, and integrated plastic)
likewise gave way to metallic, non-metallic and
combination in those cases where both metal and
non-metal materials were indicated.
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Information has also been added on
recommended cold tire pressure, separate
measurements for front and rear curb weights,
diesel, turbo, manufacturer location, emission
state, description of model, and notes on model
differences.

Figure 1 shows the overall contents of this
database.

Figure 1.

Vehicle Parameter Database.

The Vehicle Crash Test Database consists of six
linked tables of test, vehicle, barrier, occupant,
restraint, and instrumentation information, and
associated sensor time history outputs. The test
table contains general descriptive information
such as the test performer, title, test objective,
closing speed, and impact angle of the test. The
vehicle table contains vehicle descriptors such as
make, model, year, vehicle identification number
(VIN), body type, and crush profile
measurements. The barrier table describes the
type of fixed barrier used if the test is a vehicle-
to-barrier test. The occupant table describes
each occupant seated in the test vehicle,
clearance distances to interior surfaces, and some
calculated injury assessment values. The
restraints table contains information on all of the
restraints, active or passive, as used, at each

occupied seating position. The instrumentation
table describes the location, type, attachment,
axis, engineering units, sampling rate, signal
duration, start and end time of each sensor used
in the test.

All measurements are recorded in standard
metric units. The tables are linked through a
combination of key fields: Test Number,
Vehicle Number, Occupant Number, Occupant
or Sensor Location, and Restraint Number.

Tests are generally classified by their purpose or
test type (e.g., New Car Assessment Program,
Federal Motor Vehicle Safety Standard No. 208,
compliance), configuration (e.g., vehicle-to-
vehicle, vehicle-to-barrier, rollover), closing
speed, impact angle, make, model, and year, but
searches may be refined using many other
criteria. The database contains over 250
searchable fields in its six linked tables.

Recent enhancements include detailed
information on child seat performance. A
refined search may only include tests where child
seats were mounted using lower anchorages and
top tethers (LATCH).

Figure 2 shows the overall contents of this
database.

Figure 2.

Vehicle Crash Test Database.

Test
FMVSS 208
FMVSS 214
NCAP
Research
School Bus,
etc.
33 data
elements

Vehicle(s)
Make
Model
Year
Crush Profile,
etc.

93 data
elements

Occupant(s)
Type
Position
Size
Clearances
Injury Assess.

63 data
elements

Barrier
Rigid
Deformable
Offset
Pole
Load Cell,
etc.
9 data
elements

Instruments
Sensor type
Units
Axis
Range
Filtering, etc.

47 data
elements

Restraints
Location
Belts, Bags,
Child Seats,
Deployment,
etc.

13 data
elements

Restraint
Related
Designated
Seating
Positions
Belt Type
Airbag

12 data
elements

Fuel Tank
Location
Capacity
Fuel Type
Tank, hose
and line
material

12 data
elements

Restraint
Related
Designated
Seating
Positions
Belt Type
Airbag

12 data
elements

General Vehicle
Year, Make, Model
Brakes, Engine, etc
Emission State
Mfg Code
Cold Tire Pressure
Curb Weight – Total, Front
and Rear

24 data elements

Exterior
Vehicle
Geometry
Height
Width
Length
Wheelbase
Tire Size

24 data
elements

Interior
Vehicle
Geometry
SgRP
Back Angle
Hip Angle

47 data
elements

Fuel Tank
Location
Capacity
Fuel Type
Tank, Hose
and Line
material

12 data
elements



McCullough, Page 4

DATABASES USES

Both the Vehicle Parameter and the NHTSA
Crash Test databases are used for in-house
analysis and have been requested by hundreds of
manufacturers, crash investigators and crash
reconstructionists over the years. They may be
used independently or together, depending on
user needs, and provide professionals with the
tools needed for analyzing vehicle damage,
degree of intrusion, level of deformation,
occupant kinematics and injury source.

Researchers have used the Vehicle Parameter
Database to:

Link to the National Automotive Sampling
System (NASS) through common numeric
NMAKE and NMODEL codes to determine
pre-crash measurements when analyzing
intrusion and deformation in the NASS data
or in independent crash reconstruction
projects.

Provide geometrical input to crash
simulation programs to examine issues like
vehicle compatibility.

Compare parameters that effect crash
avoidance measures for handling and
stability, such as vehicle size (length, height
and wheelbase), curb weight, GVWR, tire
size, engine, transmission, and brake
information.

Researchers have used the Vehicle Crash Test
Database to:

Compare vehicle crash characteristics in a
variety of crash modes such as low and high
speed, front, side, rear, oblique angle and
offset.

Analyze restraint performance for different
sized occupants through injury assessment
computation.

Develop test procedures and analytical tools
for upgrades to the 200 and 300-series
Federal Motor Vehicle Safety Standards.

DATABASE AVAILABILITY

The basic Vehicle Parameter Database is
currently available by contacting Catherine

McCullough at Catherine.McCullough @
NHTSA.DOT.Gov.

The enhanced database described in this paper
will be available on NHTSA’s Applied Research
web site http://www-nrd.nhtsa.dot.gov/database/
nrd-11/veh_db.html. by December 2003.

The Vehicle Crash Test database is made
available in a variety of formats and subsets on
the NHTSA’s Applied Research web site at
http://www-nrd.nhtsa.dot.gov/database/nrd-11/
veh_db.html.

An interactive query interface allows for viewing
of single or multiple tests, and downloads of the
data traces in several optional formats.

The entire database, excluding the data traces,
may be downloaded from the same site as ASCII
pipe-delimited text files.

FUTURE PLANS

The Vehicle Parameter Database will be updated
as new specification sheets are received.

Work is in progress to link several additional
information tables to the Vehicle Crash Test
Database. Prototype tables are available now
and are being populated with data on floor pan
intrusion measurements and child seat
performance in a subset of tests.

A new information set, the Vehicle Trends
Database, contains additional tire, sales and
registration data, Instituto Universitario de
Investigación del Automóvil (INSIA)
measurements, and three categories of carry over
years based on wheelbase, NCAP twins, and the
Insurance Institute for Highway Safety (IIHS)
weight class. These tables will be incorporated
into the Vehicle Crash Test Database by
December 2003.
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ABSTRACT

Knowledge from real-world crashes is important in
the design of a crashworthy road transportation
system. Such design must be based on the human
injury tolerance limits. Links between impact
severity and injury outcome are important and
could be used in order to achieve such tolerance
limits. Traditionally impact severity has been
calculated with retrospective reconstruction
technique, although recently, injury risk functions
have been presented where impact severity has
been measured with crash pulse recorders.

The aims of this paper were to present injury risk
functions, with special reference to neck injuries,
calculated with crash recorder and paired
comparison technique, and to propose a way of
combining the two methods. By combining
comprehensive statistical material with in depth
crash recorder information, injury risk functions for
injuries to different body regions were established.
Risk functions for AIS1 neck injuries both in
frontal and rear-end impacts have also been
established.

It was found that the data from the crash pulse
recorder generated risk functions could be used to
validate and calibrate risk functions based on the
matched-paired technique. Moreover, it was found
that the shape of the injury risk curves differed
significantly for injuries to different body regions.
It was also found that the neck injury risk differed
significantly for frontal and rear-end impacts.

It is concluded, that adding new techniques to the
existing techniques based on reconstruction can
further refine generating risk functions. The injury
risks found are important for the understanding of
injury tolerance limits for injuries to different body
regions, but also for the understanding of injury
mechanisms for different injury types.

INTRODUCTION

In the construction of a crashworthy road
transportation system, knowledge from real-world
collisions describing tolerance limits for occupants
as well as knowledge of how well a vehicle can
protect its occupants are fundamental. An essential
issue from that perspective is injury probability
functions versus crash severity or injury risk
functions as they often may be called. Risk
functions can be used to find threshold values for
maximum mechanical force with injury occurring,
or for finding any threshold level. Risk functions
can also be used to validate injury criteria,
especially looking at the elasticity of the criteria.
This is done by estimating the rate at which an
injury (or an injury criterion) will increase with
increased impact severity (or mechanical force). An
experimental test should be at least as sensitive to
mechanical force as real-life analyses show. If the
risk of injury increases with say 10%, with a 5%
increase in mechanical force, this should be
reflected in the experiment.

Risk functions can be calculated directly by
studying the ratio in number of injured and
uninjured at different crash severity levels. Several
studies of injury risk functions have been presented
by for example Norin (1995) and Evans (1994). In
those studies the crash severity, most often change
of velocity, was estimated by using crash
reconstruction techniques. More recent studies,
where crash severity have been measured with on-
board crash pulse recorders, have been presented by
for example Kullgren (1998), Kullgren et al (1999),
and Krafft et al. (2002). Crash recorders might have
the possibility to increase the quality of the
estimates of impact severity, which has been shown
to have an important effect on the estimates of risk
functions (Kullgren 1998).

Another way of calculating risk functions from
real-life crashes has been proposed by Krafft et al
(2000). In that study, the injury risk functions were
calculated with a statistical method based on the
paired comparison technique (Hägg et al 1991). By



directly comparing the injury outcome in two-car
collisions, where the cars were categorised in mass
intervals, a measure of relative injury risk versus a
relative measure of change of velocity could be
calculated (Krafft et al 2000).

The human tolerance to mechanical force may be
estimated by cadaver crash tests. This could be
done especially to establish the human tolerance to
fractures. To establish tolerance levels for soft
tissue injuries as for example AIS1 neck injuries,
volunteer tests could be done. However, for ethical
reasons it is only possible to run tests below injury
tolerance levels. Results from cadaver tests and
volunteer tests could be used to design and validate
dummies and computer simulation models.

The aim of this paper is to present injury risk
functions calculated with two different methods and
to propose how these methods can be combined.
The methods used are a direct measure of injury
risk using on-board crash pulse recorder data and a
relative measure of injury risk using a statistical
method based on the paired comparison technique.
An additional aim is to present injury risk functions
for injuries to different body regions, and especially
AIS1 neck injury risk functions in both frontal and
rear impacts.

METHODS

Crash Pulse Recorders

Impact severity was measured with a Crash Pulse
Recorder, CPR, which measured the acceleration
time history in the impact phase in one direction.
The CPR is based on a spring mass system where
the movements of the mass in an impact are
measured. The displacement of the mass is
registered on a photographic film. The circuit has
its own power cell and does not need an external
power unit. The CPR has a trigger level of
approximately 3g. When the characteristic
parameters for each CPR have been measured, such
as spring coefficient and frictional drag, and with
knowledge of the displacement time history, the
acceleration time history were calculated. The
change of velocity was then calculated from the
acceleration time history. The crash pulses were
filtered at approximately 100 Hz. The CPR and the
analysis of the recordings from the CPR have been
described by Aldman et al. (1991) and Kullgren
(1998). The standard deviation of the measurement
of the CPR has been evaluated and estimated to be
approximately 5% (Kullgren 1998).

The impact severity measurements were divided
into intervals, and the injury risk was calculated in
each interval. Smooth curve fits were used in the
plots of injury risks.

Paired Comparisons

The basis for this statistical method is the paired
comparison technique, where two car accidents are
used to create relative risks. The method was
initially developed by Evans (1986), but has been
developed further for car to car collisions by Hägg
et. al. (1992). The assumption for the method is that
the risk of injury is a continuous function of change
of velocity. This assumption might conflict with
safety features such as airbags that might generate a
step-function. Another assumption is that injuries in
one car are independent from the injuries in the
other car, given a certain crash severity. For a given
change of velocity the risk of an injury is p1 and p2

in the two cars, respectively. Summing over all
change of velocities, the outcome will be as
presented in Table 1.

Basically, the change of velocity can be calculated
from the law of the conservation of momentum,
where:

Delta v = Vrel (M2 / (M1 + M2)),

where Vrel is the relative velocity and M1 and M2

the masses of the two vehicles colliding.

This relation is true even if the two vehicles
involved do not have a common velocity after the
impact. If the masses are equal, both vehicles will
undergo the same change of velocity. This method
uses this fact, and that any deviation in mass can be
transferred to differences in change of velocity, as
long as the individual masses are known, see Figure
1. The method cannot generate absolute figures,
only risks relative to each other.
Instead of generating new risk functions, the
method uses the change on the exposure
distributions and the resulting change in risk.

equal mass f(s)=f(s)
1 2

unequal mass f(s)
1

unequal mass f(s)
2

number
of impacts

impact severity

Figure 1. Impact severity (delta-V) for cars in
matching crashes for equal mass: f1(s) = f2(s) and
unequal mass: f1(s) ≠ f2(s) where car 1 is of less
mass than car 2.



The relative risk of an injury, for vehicle 1 to 2,
given a certain change of velocity distribution is
therefore:
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The method is unbiased for any combination where
the vehicles are of the same weight; i.e. the mass
ratio is 1. If the vehicles are of different weights,
the two vehicles will undergo different changes of
velocity, which will have to be compensated for.
Generally, we can introduce any component, K, that
will affect the risk of injury in either, or both of the
vehicles. If we let K1 denote this factor in vehicle 1,
and K2 in vehicle 2, this will lead to:
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To solve the equation, cars of different weights will
be used, where the weights are known. K will
therefore denote the role of change of velocity, and
could be a constant, or a function of, say, change of
velocity.

(Eq. 1) is estimated by K1 (X1 / (X1 + X3)) (2) and,
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ma and mb are mass relations in the matched pairs.
These mass relations are transformed to relative
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The analytical functions chosen to describe the risk
functions have been applied simply using either a
linear function or a power function. This issue
would have to be further investigated using more
advanced material.

Combining crash pulse recorder and paired
comparison technique

While the importance of a marginal change of
velocity as well as parts of the risk function will be
calculated using paired comparison technique,
absolute values cannot be given with this method.
Since the actual change of velocity in each crash
not is known, only a relative change of velocity for
each segment can be calculated. If absolute values
are to be given, a key value must be brought into
the equation. Such key values can be estimated by
comparing the relative risk functions, derived from
statistical data, with the absolute measures of injury
risk calculated with data from crash pulse recorders.
Both the relative risk and the relative change of
velocity must then be related to the absolute values.
By comparing the average change of velocity of the
crashes using the crash recorder data, with a
relative change of velocity of 1 for the mass data, a
key factor for crash severity can be established. By
comparing the shape of relative injury risks with
absolute injury risks for the same injury type, a key
factor for injury risk can also be established. The
relative risk functions can by that be transformed
from relative to absolute risks.

Table 1. Sums of probability of injury to driver in car 1 and 2 for all segments of impact severity.

Driver of Car 2

driver injured driver not injured
Total
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MATERIAL

Crash pulse recorder data

Since 1992, CPRs have been installed in
approximately 170,000 vehicles aimed at measuring
frontal impacts and approximately 50,000 vehicles
aimed at measuring rear-end impacts. Regarding
frontal impacts crash pulse recorders have been
installed in 4 different car makes and 22 models
and in rear-end impacts in 7 car models of the same
make. The car fleet has been monitored since 1992,
and regarding frontal impacts, accidents with a
repair cost exceeding 5000 US$ have been reported
via a damage warranty insurance. Rear-end impacts
were reported irrespectively of repair cost. The
accident data collection system has previously been
described by Kamrén et al. (1991).

This study includes impact severity and driver
injury data in 286 frontal impacts with an overlap
of more than 25%. Eighty-three rear impacts were
analysed with known impact severity and with
injury data from 110 front seat occupants. In frontal
impacts only restrained drivers were included, as
the neck injury risks may differ between front seat
passengers and drivers. There was not enough data
to calculate the neck injury risk for the front seat
passengers separately. Regarding rear-end impacts
both drivers and front seat passengers were
included as the neck injury risk in rear impacts
could be regarded as similar for both positions. In
the frontal impacts, belt use was verified from
inspections of the seat belt system and in the rear
impacts, belt use was verified from questionnaires
to the involved occupants. Approximately 4% of
the frontal impacts and none of the rear impacts
were rejected due to lack of belt use. In the frontal
impacts, 72% of the drivers were male and 28%
were female. Regarding the rear impacts, 47% of
the front seat occupants were males and 53% were
females.

Data for the paired comparison risk functions

The material used was two car crashes, front to
front and front to side, from Queensland, Australia,
as well as rear-end crashes from Sweden for the
analysis of neck injuries. In both materials, injuries
were classified as to bodily localisation and severity
in three classes, namely minor, serious and fatal
injuries. The reason for using data from two sources
is that very few data sets would allow the kind of
analysis made here. Both material sources consisted
of police reports, known to have some problems
with quality. While using only a few variables from
the police records, the main quality issue lies with
the under-reporting, and weak injury classification
due to the lack of in-depth medical data.

RESULTS

From the first two figures it can be seen that the
shape of the upper part of the injury risk for all
injuries in Figure 1 is equal to the relative injury
risk presented in Figure 2. The average change of
velocity for the collisions in Figure 1 was 21 km/h.
The average change of velocity should be similar as
the relative change of velocity of 1 in Figure 2. This
means that the scaling for the x-axis in Figure 2
could be estimated and changed from a relative
scale to a fix scale. The slope of the injury risk for
all injuries in Figure 1 should then be similar as the
risk of any injury in Figure 2.
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Figure 1. Injury risk, all injuries and MAIS2+
injuries, versus change of velocity from crash
pulse recorder data.
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Figure 2. Relative injury risk versus relative
change of velocity from police reported crashes
in Australia.

A clear difference in risk of an AIS1 neck injury in
rear impacts and of any injury in frontal impacts
was found in the crash recorder data, see Figure 3.
Also in the police reported crashes a clear
difference was found, see Figure 4. The risk of a
neck injury in the struck car increased rapidly with
increased crash severity while the risk of any injury
in the striking car was always lower and had a
lower slope. In Figure 5, risk functions with both
methods have been combined. The relative injury
risk was adjusted so that the relative injury risk for
the striking car, at the relative change of velocity of
1, was equal to the absolute injury risk for all
injuries at the average change of velocity (11.9



km/h) in the crash recorder crashes. The slopes of
the risk curves were similar for both methods.
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Figure 3. Risk of neck injury in rear impacts and
any injury in frontal impacts versus delta-V,
from crash pulse recorder data.
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Figure 4. Relative risk of neck injury in the
struck car and any injury in the striking car
versus relative change of velocity, from police
reported crashes in Sweden.
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Figure 5. Risk of neck injury in rear impacts
and any injury in frontal impacts versus delta-V,
from crash pulse recorder and police reported
data.

In Figure 6 it can be seen that the AIS1 neck injury
risk in rear impacts differed significantly compared
to the neck injury risk in frontal impacts. In rear
impacts, the risk increased to 100% at
approximately 25 km/h, while in frontal impacts the
risk was only approximately 30% at the same
change of velocity. The neck injury risk in frontal
impacts never exceeded 45% and was lowered
above 35 km/h.
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Figure 6. Risk of neck injury in frontal and rear
impacts versus change of velocity, from crash
recorder data.

Figures 7 and 8 present two attempts to differentiate
injury probability in frontal impacts for injuries to
different body regions. Similar differences in
shapes of the risk functions were found for the two
alternative methods. However, the head injury risk
differed between Figures 7 and 8. In Figure 7 it can
also be seen that the neck injury risk shows the
highest increase in risk at low severity, while the
neck injury risk at high severity decreased. The
shape of the injury risk for lower spine has a similar
decrease at high impact severity as the neck injury
risk.
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Figure 7. Injury risk for head, chest, neck and
lower spine injuries versus change of velocity
from crash pulse recorder data.
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Figure 8. Relative risk of head, chest and neck
injury versus relative change of velocity from
police reported crashes in Australia.



DISCUSSION

Valid and reliable risk functions, describing the link
between impact severity and risk of injury, can be
used for many purposes. One of the most important
areas is to validate injury criteria for experimental
crash testing or simulations. The sensitivity and
elasticity of an injury criterion would have to match
real-life experience in order to be accepted as a
valuable candidate. This study demonstrates that
risk functions are different for different types of
injury, and it demonstrates that two independent
ways to generate risk functions can be combined. It
is believed that calculations of injury risk functions
based on data from low-quality crash reconstruction
can fundamentally influence the shape of the risk
curves, possibly guiding development of injury
criteria in a wrong direction (Kullgren and Lie
1998). This study shows that risk functions possibly
can be estimated with small errors.

The material used was a mix of collisions from
Sweden and from Australia. The crash pulse
recorder data did come from Sweden, while the
police reported crashes showing injury risk to
different body regions were from Australia. The
results in Figure 6 were from police reported
crashes in Sweden. As different car fleets were used
in the study and as the belt use differs between the
countries, it is difficult to directly compare risk
curves from the different samples. Ideally,
databases from the same country and with a similar
mix of car models should be used. The number of
car models included in the crash recorder project
was low, which means that the results cannot be
generalised to the whole accident population. The
risk curves should because of that be handled with
some care. Also, in the calculations of injury risks
for injuries to different body regions, the number of
injuries, especially at high impact severity, was
relatively low. The differences between the risk
curves for different body regions will still be valid,
although the true shape of the risk curves could
differ from the ones presented.

The advantage with large databases with police
reported crashes is that risk functions for injuries to
different body regions can be easily and accurately
calculated, although only in a narrow interval in
crash severity. This limitation might be resolved by
combining risk functions for several types of
injuries in a broader spectrum of impact severity.

The advantages with crash pulse recorders are
primarily that accurate measurements of crash
severity are available, allowing risk curves to be
calculated for a large variation in crash severity and
also for different crash severity parameters.
However, the availability of data is often limited.
Since the use of crash recorders in accident

reconstruction is growing, more can be done in the
future. There is a need for valid methodologies to
get good value of this new opportunity.

Injury risk curves are most often regarded as
continuously increasing functions versus impact
severity. The findings in this study show that there
might be large variations in the shape of the risk
functions when studying injury risks for injuries to
different body regions. Both methods showed that
especially the neck injury risk in frontal impacts
differed compared to head and chest injury risks.
The results from crash pulse recorders showed that
both neck and lower spine injury risks decreased to
an almost zero-level above certain changes of
velocity. This effect is not due to masking of other
injuries. Since there are large variations in risk
functions for different body regions and since the
risk functions not always are increasing at increased
impact severity, it will be important to take this into
account in the design of crash tests. The chosen test
speed will have a significant influence on the injury
types that will be covered.

The reason for the decrease in neck injury risk at
high crash severity might be due to a positive
influence on neck injury risk of airbags (Kullgren at
al. 2000, Morris et al. 2000). Another effect could
be that other more severe injuries are dominating at
high severity crashes, and may in these crashes lead
to an under-reporting of AIS1 neck injuries.

The crash pulse recorder data showed that the
highest risk at high severity impacts was for chest
injuries, followed by head injuries, see Figure 7. In
the police reported crashes, see Figure 8, head
injuries showed the highest risk. The explanation
for the discrepancy might be the classification of
head injuries as well as different proportions of
airbags in Sweden and Australia. Sweden has a
higher proportion of airbags, which reduces the
head injury risk.
Two injury risk functions showed continuously
increasing risk values, namely the neck injury risk
in rear impacts and the risk of any injury in the
frontal impacts. Relative injury risks were
compared with the absolute risk measures for these
two risk functions. Both methods showed that the
neck injury in rear impacts had the steepest slope in
the risk function.

Better links between real-life and experimental data
is needed. It is important to better understand how
crash test dummies respond. In experimental tests, a
change in test speed or acceleration level should be
reflected in the measured dummy readings
corresponding to the increase in injury risk
calculated from real-life crashes.
With the paired comparison technique it is possible
to study injury risk functions for several different



injury types and impact directions. However, future
studies with more homogeneous data sources are
necessary to be able to fully combine the different
methods to be able to transform the relative risk
functions into absolute ones. The paired
comparison technique makes it possible to in the
future calculate risk curves for different vehicle
categories and even for separate car models. Even if
the risk curves are relative ones, differences
between car models and vehicle categories could be
analysed. The possibility to use matched-paired
technique to generate relative injury risks and risk
functions, stresses the need for high-quality injury
classification or mass data, whereas estimates of
exposure is not important in this type of analysis. A
material consisting of ICD-codes would therefor be
beneficial to use.

CONCLUSIONS

• It was found that injuries to different body regions
may have very different shapes of the injury risk
curves. Most of them have continuously increasing
risk functions, while injuries to the spine in frontal
impacts showed increasing risks at low severity and
decreasing risks at higher impact severity.

• Different shapes of risk functions for injuries to
different body regions should be considered in
crash tests chosen at different test speeds.

• A correlation between the risk curves calculated
with matched-paired and crash recorder techniques
was found, allowing the two methods to be
combined and cross validated.

• In the interval 10 to 20 km/h, the neck injury risk
in rear impacts increased from approximately 45%
to 80%, while the neck injury risk in frontal impacts
increased from approximately 27% to 33%. Such
changes in risk for a certain change in crash
severity should be reflected in dummy readings
from crash tests and computer simulations.
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ABSTRACT

Rear-end collisions occur at higher
frequency in Japan. The causes of rear-end
collisions were therefore investigated. Accident
statistics were used to conduct a statistical traffic
accident analysis. Simulation was then used to
perform an accident analysis on the basis of those
studies. The results suggested that many of these
accidents were caused by momentary inattention
during daily driving. Research was therefore
carried out to determine what kind of collision
avoidance assist system would be effective for use
at such times. The researched system used
warning and brake control. The warning timing
was set so that it would not interfere with the
driver nor lose its impact as a warning. The result
was creation of a system capable of contributing
to the reduction of rear-end collisions.

INTRODUCTION

In the Advanced Safety Vehicle (ASV)
project in Japan which was promoted by the
Ministry of Land, Infrastructure and Transport,
the corporations involved have proposed a variety
of systems using external sensing technology such
as radar sensors in order to reduce traffic
accidents.

Systems designed to avoid collisions or
reduce accident damage using brake control and
external sensing technology such as radar sensors
to predict collisions with the vehicle ahead have
been proposed in the first phase of the ASV
project.

The present system concept was defined to
assist the driver with accident avoidance. The type
of accident target was defined rear-end collisions.
This report describes the creation of a system
aimed to achieve practical application.

ACCIDENT SUMMARIES

In Japan, overall surveys(1)(2) of traffic
accidents involving injury or fatality in 1997
indicate that approximately 30% of all accidents
were rear-end collisions. (Figure 1.).

A survey of the distinctive features of
rear-end collisions indicates that most accidents
occur when vehicles are cruising at low to

medium speeds (Figure 2.). Figure 3. shows
human factor of rear-end collisions. Inattention in
the forward direction and other such failures in
recognition were a common factor. Figure 4.
shows road configuration at rear-end collisions.
It was apparent that accidents on straight roads
make up approximately 90% of the total, while
extremely few accidents occurred on curved roads.
Figure 5. shows the status of the other vehicle
involved during rear-end collisions. It is apparent
that rear-end collisions with stationary vehicles
are in the great majority, accounting for
approximately 90% of the total. The above
accident surveys suggest that the majority of
rear-end collisions involve cruising relatively
slowly on a straight road. Then, when the driver is
delay to recognize the vehicle ahead due to
inattention in the forward direction or other
reasons, rear-end collisions occur.

ACCIDENT CAUSES

Questionnaire Survey

A questionnaire survey was conducted
within Honda. The survey targeted people who
had actually experienced rear-end collisions and
those who had almost experienced such accidents.
First, the status of the vehicle ahead was
examined. The majority of vehicles ahead were
moving vehicles that were being followed from
behind (Figure 6.). This finding contradicts
Figure 5. Figure 7. shows factors in rear-end
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Total
Accidents

(1997)

Rear-end
collisions

28�

Collisions
at intersections

27%
During

right turn
10%

Head-on
collisions

4%

Others
15%

Single-car
accidents

6%

Person to car
accidents

10%

Total
Accidents
780,399

Rear-end
collisions

28%

1997, ITARDA data



kodaka 2 

collisions. Delay in recognizing deceleration
and unexpected deceleration by the other vehicle
were factors in approximately half of the
accidents. That is, drivers had not been looking to
the side for prolonged periods, and were aware
that a vehicle was ahead. However, their attention
lapsed, then accidents occurred. This is thought to
be what made them either collide with the vehicle
ahead or feel they had almost collided with the
vehicle ahead.

Fig.2 Frequency and accumulated rate of rear-end

collisions in relation to the speed at which

danger is recognized

Fig.3 Factor in rear-end collisions

Fig.5 State of leading vehicle during
rear-end collision

(according to statistics)

Fig.7 Factors involved in rear-end collisions
(according to questionnaire)

Fig.6 State of leading vehicle during

rear-end collision

(according to questionnaire)
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Fig .4 Road situation during rear-end collision
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Simulation Analysis

It appears inevitable for rear-end collisions
to occur when inattention is prolonged for a
considerable time due to diminished wakefulness
or other such reasons, the large number of
accidents makes it unlikely that so many drivers
experience such prolonged inattention. The
questionnaire survey also failed to uncover such a
causal factor.

Consequently, simulation was used to
explore the possibility that the accidents could
occur due to short-term inattention.

It was supposed from the questionnaire
results that the most frequent accident scene
involved a driver following behind a moving
vehicle, and the leading vehicle decelerated
during momentary inattention by the driver.

The conditions were set as follows: The
headway time between the leading vehicle and the
following vehicle (i.e., relative distance/speed of
subject vehicle) was 1.5 seconds. The leading
vehicle would decelerate (deceleration of 0.3 G)
at the moment when the driver of the subject
vehicle was inattentive. After a set period of
inattention, the driver would look ahead
attentively and undergo recognition, judgment,
and deceleration operation.

During this process, the driver's response
time (from initial attention to the initiation of
deceleration) was set at 1.3 seconds(3)(4), and the
deceleration was set at 0.8 G during the
deceleration operation. The simulation was
conducted with three different levels of driver
inattention time at 1sec.,1.5sec.,and
2.0sec.,respectively.

Figure 8. shows the simulation results. The
horizontal axis is the velocity of the following
vehicle, and the vertical axis is the relative
collision velocity.

It is apparent from Figure 8. that, although the
length of inattention makes some difference,
rear-end collisions take place when cruising at
low to medium speeds while at higher speeds the
driver decelerates so that rear-end collision does
not take place. This result matches the tendency
shown in Figure 2. for more accidents to occur at
low to medium speeds. The bold line in Figure 8.
shows those cases where the leading vehicle
decelerates to a stop, after which the subject
vehicle collides it. This shows that rear-end
collisions with a stationary vehicle occurs at
following vehicle speeds of 40 km/h and below.

In the accident statistics, such cases of
rear-end collision with a cruising vehicle that has
come to a stop are presented as rear-end collisions
with a stationary vehicle. According to this
simulation, a rear-end collision occurs while
cruising at low to medium speed, and the status is
collision with a stationary vehicle. These results,
therefore, are in line with the tendencies shown
above in Figure 2. and Figure 5. This also agrees
with the tendency found in the questionnaire
results, in which the scene of a rear-end collision
occurring when cruising behind the vehicle ahead
is found frequently. The results in Figure 5. and
Figure 6. were earlier found to be in
disagreement. In light of the above, however, this
difference can be considered to arise from
application of the statistics, and the actual
accident scenes represented are similar.

The above simulation results indicate that
prolonged inattention alone is not necessarily a
major factor in rear-end collisions with stationary
vehicles. It was determined that rear-end
collisions can occur instead due to momentary
inattention while cruising at low to medium
speeds.

Forward Inattention Duration While Driving

An eye camera was then used to measure
the extent of forward inattention that takes place
during daily driving (Figure 9.). This measures
the length of time that the driver's eyes moved
away from the road ahead while the driver carried
out ordinary activities such as checking for safety
and operating audio equipment under cruising
conditions. The horizontal axis shows the time of
inattention and the vertical axis shows the
frequency. Figure 9. makes clear that momentary
inattention about 1–2 seconds in duration occurs
even during ordinary operations, such as
operating the stereo or instrument check. The
simulation showed that rear-end collisions can
occur if the vehicle ahead decelerates during a
period of forward inattention. This may be the
reason that many rear-end collisions occur whenFig.8 Results of simulation (while following)
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cruising at low to medium speeds.
The objective of this research was defined,

based on the above analysis, as development of a
collision avoidance assist system that would be
effective in such a case. The system created was a
collision avoidance assist system (rather than a
automatic avoidance system) to avoid inviting
driver over-confidence, which could be
conductive to unsafe driving.

SYSTEM CONCEPTS

Basic Concept

It was learned, from the survey, that there is
a braking operation on approximately 70% of the
occasions when a rear-end accident occurs or
nearly occurs (Figure 10.). It is thought that
making the driver’s braking operation earlier will
have the effect of assisting in accident avoidance.
Therefore, not simply having brake control
immediately prior to a rear-end collision, but by
effectively using a warning to bring about early
danger recognition and decision-making and then
having brake control, it is possible to compensate
for insufficient brake force.

In addition, the brake control timing was
established so that the driver does not become
dependent on the system, and so that it operates
when accident avoidance is very difficult.

Study of Warning Timing

In general, the distance required to avoid
collision by using braking only is longer than the
distance required to avoid collision by steering
operation. Therefore, timing the warning to
guarantee collision avoidance using brake control
alone may interfere with the driver’s avoidance
steering operation.(5).

In considering the system’s warning timing,
therefore, tests were conducted to measure the
timing of driver avoidance steering operations.
Figure. 11 presents the measurements of the
distance from the vehicle ahead at the point that
avoidance by steering is initiated when the subject
vehicle is approaching the leading vehicle at a
certain relative velocity.

The horizontal axis shows the relative
velocity, and the vertical axis shows the distance
when avoidance operation is initiated. The various
symbols in the graph indicate points at which
drivers felt they were performing an ordinary
avoidance operation, a somewhat dangerous
avoidance operation and considerably dangerous
(limit) avoidance operation.

Given the above findings, the following two
points regarding the timing for warning issuance
were considered for this system. First, the
warnings should not sound so frequently that
drivers end up becoming accustomed to them, and
the warnings lose their original significance.
Second, drivers should not be allowed to rely
excessively on warnings to the extent that they
think it is safe to be inattentive until a warning is
issued. With this in mind, the system was set not
to issue warnings frequently during ordinary
driving, with a primary warning set to be issued
with reference to interruption of an ordinary
avoidance operation, and a secondary warning
timed so that it would be issued to cause drivers
to feel they were performing a somewhat
dangerous avoidance operation. The timing of
brake control was set so that it occurs when
rear-end collision avoidance is very difficult, so
that it would cause almost no interference with
driver operations.

The Concept of Brake Control Settings

The issuance of the secondary warning is
timed to interrupt a somewhat dangerous
avoidance operation. This is a point where the
danger of rear-end collision has grown greater, so

Fig.10 Avoidance operation during
rear-end collision
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the warning should be definitely recognized by
the driver. Therefore, rather than issuing the
warning by sound alone, light braking is also
applied at the same time in order to convey the
warning by physical means. This braking is
termed alarm braking. After examination in
various ways and using repeated testing, it was
determined that the appropriate intensity
(deceleration) for the alarm brake was about 0.1 ~
0.2G. This setting enables an enhanced warning
effect to the driver in addition to the sound
warning. This is also a setting that will not
interfere with operations by drivers who attempt
avoidance by steering at that point.

There was a notion that deceleration from
the braking (termed emergency braking) that
operates just before a predicted collision should
be set at the maximum value for brake control,
because this was used in circumstances where a
rear-end collision was predicted.

However, collisions may be avoided by using a
combination of deceleration plus steering
avoidance operation, to include recognition
assistance from a warning sound and alarm
braking, deceleration was set with full
consideration given to ease of operation.
Moreover, the system is configured so that the
amount of braking force applied by drivers who
recognize danger and apply the brakes will be
exerted in addition to the braking force exerted by
the system’s brake control.

By providing assistance in recognition and
decision making through the primary and
secondary warnings, this system can be expected
to have the effect of facilitation braking
operations even for drivers whose response times
were previously too slow to allow them to make a
judgment and carry out an operation. Figure 12.
shows the sequence of operational modes.

SYSTEM OUTLINE

System Configuration

Figure. 13 shows the system configuration.
Millimeter wave radar sensor was equipped as the
sensor for forward vehicle detection because of its
stable detection performance in different weather
conditions. The collision avoidance assist system
developed here must be capable of stable
operation in a variety of environments. Millimeter
wave radar sensor was adopted, therefore,
because it is typically less affected by rain, snow,
fog, and other such conditions in the natural
environment.

Table 1. shows the major specifications of
the millimeter wave radar sensor used for the
present system. In terms of ranging performance,
this radar has the capability to detect a passenger
vehicle at 100 m or more. This makes it capable
of detection approximately 3 seconds in advance
when moving at a relative velocity of 100 km/h.

Fig.12 System operation

Fig.11 Avoidance operation timing test
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With a detection area that ranges 16° to left and
right, the sensor detects vehicles that are ahead on
straight roads and gentle curves.

The system targets stationary vehicles in
addition to moving vehicles. Therefore it must
distinguish vehicles from many roadside objects
such as signs, guardrails, and so on. A scanning
type radar sensor is used so that the position of a
stationary vehicle can be recognized accurately
even in the kind of road environment described
above.

The subject vehicle is supposed to measure
its own state quantities, and so it is equipped with
a wheel speed sensor to measure the vehicle speed,
a yaw rate sensor to measure turning, and a
steering angle sensor to measure steering wheel
operation. The subject vehicle estimates its course
as shown in Figure 14., and calculates its
estimated lateral travel distance at the obstacle
location. In this way, the subject vehicle predicts
its own path and prevents false warnings at curves
so on.

It is also equipped with an alarm unit that
provides warnings to the driver when the system
is operating. A hydraulic actuator is also installed
in order to carry out brake control. The hydraulic
unit utilizes the brake actuator of the vehicle
stability assist (VSA) system.(6) It is equipped
with a pressure control valve to allow variation of
the braking pressure.

Control Logic

Figure 15. shows the basic control flow.
The system recognizes the leading vehicle by
radar sensor, and the subject vehicle’s path is
estimated from its state quantities. Next, the
possibility of a rear-end collision is judged, and a
judgment is made about the possibility of
avoidance by steering. Then, when the danger of
rear-end collision is high, the warnings occur, and
if the dangerous state continues and avoidance
becomes very difficult, emergency braking is
carried out.

SYSTEM EFFECTIVENESS

A simulation was carried out on the
assumption that the leading vehicle decelerates
when the subject vehicle is cruising behind it. The
simulation conditions were a headway time of 1.5
seconds when the subject vehicle is following,
and a deceleration of 0.3 G by the leading vehicle.
The system begins to operate when the danger of
rear-end collision is high. The driver is assumed
to operate the brakes 1 second after the secondary
warning occurs. The deceleration during this
driver operation is set at 0.8G. The test results are
shown in Figure 16. The horizontal axis is the
following velocity, and the vertical axis is the
relative velocity at the time of collision.

Fig.13 System configuration

Table.1 Major specifications of radar sensor
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By providing recognition and decision-making
assistance in combination with warnings, it is
possible to aid in the avoidance of collisions or to
reduce the velocity at which collisions occur.

As shown in Figure 2., the majority of
accidents occur at low to medium speeds.
Therefore, the system is thought to be useful.

CONCLUSION

A system was developed that is thought to
be effective in reducing the collision velocity
during rear-end collisions by assisting a driver by
means of brake control and external sensing
technology using millimeter wave radar sensor.

The following results were obtained:

1. Rear-end collisions can occur during ordinary
driving as a result of momentary inattention.
2. A system that prevents interference with driver
operation and assists in avoidance operations was
created.
3. This system was thought to be effective in
reducing the number of accidents at low to
medium speeds, which make up the greater part of
rear-end collisions.

The present system is above all a collision
avoidance assist system intended to assist a driver.
It is not an automatic avoidance system. Due to
limits in sensing capability and other such factors,
the present system is not able to assist a driver
against all types of rear-end collision. It is also
necessary, therefore, to convey the system limits
in clear, understandable terms. In this light, it is
important for drivers to recognize the
fundamental rule that driving is still their
responsibility, as it always has been.
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Abstract – The National Highway traffic Safety
Administration (NHTSA) developed software called
URGENCY for use with Automatic Crash Notification
(ACN) technologies to improve triage, transport, and
treatment decision-making. The aim is to identify,
instantly and automatically, the approximately 250,000
crashed vehicles with serious injuries occurring each year
from the 28,000,000 crashed vehicles with minor or no
injuries.

Introduction - The National Academy of Sciences issued
a report in September 1966 that noted that “49,000 deaths
in 1965 were due to motor-vehicle accidents.” That
report, Accidental Death and Disability: The Neglected
Disease of Modern Society, focused on emergency care
noting that “Data are lacking on which to determine the
number of individuals whose lives are lost or injuries are
compounded by misguided attempts at rescue or first
aid.” The title, the findings, and many of the
recommendations in that 1966 report are applicable to
this day 37 years and more than 1,700,000 deaths later
[1].

One of the report’s recommendations was: “Active
exploration of the feasibility of designating a single
nationwide telephone number to summon an ambulance.”
Thirty-three years later, the Wireless Communications
and Public Safety Act of 1999, became law and specified
9-1-1 as the “universal emergency telephone number.”
The Act, based in part on the research findings reported
herein, states that “emerging technologies can be a
critical component…to reduce emergency response times
and provide appropriate care”.

The Act’s first finding states:

“…the establishment and maintenance of an end-to-

end communications infrastructure among
members of the public, emergency safety,
fire service and law enforcement officials,
emergency dispatch providers,
transportation officials, and hospital
emergency and trauma care facilities will
reduce response times for the delivery of
emergency care, assist in delivering
appropriate care, and thereby prevent
fatalities, substantially reduce the severity
and extent of injuries, reduce time lost from
work, and save thousands of lives and
billions of dollars”[2].

Also in 1999, the Federal Communications
Commission (FCC) issued rules for Enhanced 9-
1-1 service for wireless calls to automatically
provide location information to emergency
dispatchers.

The stimulus for research reported herein
originated from findings at the William Lehman
Injury Research Center (WLIRC) in the early
1990’s on occult injuries among occupants
protected by air bags and/or belts [3]. The
National Highway Traffic Safety Administration
(NHTSA) subsequently initiated research to meet
the need to provide more timely, and more
informative, notification of serious injury crashes
to the emergency medical care community to
reduce deaths and disabilities. The NHTSA
Office of Crashworthiness Research convened a
multidisciplinary team of trauma surgeons,
emergency physicians, crashworthiness engineers
and statisticians under a cooperative research
agreement with the University of Maryland
National Study Center for Trauma and EMS. The
purpose of the project was to improve triage,
transport, and treatment of people injured in
crashes. The team recommended use of
Automatic Crash Notification (ACN) technology
with URGENCY software to produce significant
improvement in post-crash care with substantial
benefits in reductions of deaths and disabilities
from crash injuries. This recommendation has
gained growing acceptance.

In 2002, several milestones marked advances
toward widespread deployment of Automatic
Crash Notification technology. The American
College of Emergency Physicians (ACEP)
adopted a resolution supporting “the development
and implementation of programs, policies,
legislation, and regulations that promote the use
of Automatic Crash Notification (ACN).” [4]
Subsequently, both GM and Ford announced
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deployments of advanced Automatic Crash Notification
technology in fleets of their vehicles. GM OnStar
announced that it would equip 400,000 vehicles
beginning in 2003. [5] Ford announced a test fleet of 500
police vehicles to begin operating in Houston Texas in
2002. [6] The current NHTSA Administrator, Jeffrey W.
Runge, MD, recently expressed his support for ACN
technologies “Serious crashes happen every day, more
than half of them in rural areas where the ability to
rapidly contact 9-1-1 and the capability of responders to
quickly reach the scene can mean the difference between
life and death. New technologies such as wireless E9-1-
1, automatic collision notification and emergency vehicle
route navigation are available that will make emergency
access more reliable and help deliver faster and better
emergency care.” [7]

Background – Beginning with its first Administrator, Dr.
William Haddon, NHTSA has worked to improve the
emergency treatment of crash victims. An early study
funded by the agency, published in 1971, “Alcohol and
Highway Safety: Behavioral and Medical Aspects”
highlighted the need for improving emergency medical
treatment of crash injuries. [8]

During the early 1990’s NHTSA, while conducting
hospital based research into the nature of crash injuries,
observed cases that documented the need to improve
triage, transport, and treatment decision-making. As the
use of seat belts was increasing and more people were
being protected by air bags, injury patterns were
changing and injuries became more difficult to recognize.
The chance of missing occult injuries was (and is)
growing. Now there are more than 133 million vehicles
on U.S. roads with air bags (more than 60 percent of the
fleet). Belt use is also growing and has reached 75
percent in 2002. [9]

The agency discovered these new injury patterns in its
trauma center studies, initially at the William Lehman
Injury Research Center in Miami. Previously external
injuries were an obvious indicator of crash severity and
of the potential presence of internal injuries. However,
the growing absence of external injuries among people
protected by air bags and/or belts was now found to be
misleading emergency medical care providers into
missing internal injuries -- sometimes with fatal
consequences. This resulted in NHTSA publishing a
Research Note in 1993, and a Poster in 1994 titled “Look
Beyond the Obvious” to educate the EMS community to
the changing pattern of injuries. [3]

These findings were from studies conducted by the
NHTSA Office of Crashworthiness Research into
crashes, injuries, treatments, and outcomes. These
crashworthiness studies became the model for research

currently conducted under the NHTSA CIREN
program at ten trauma centers in the U.S. [3, 10-
14, 16-18]. In the early 1990’s, NHTSA also
funded three Rural Preventable Mortality Studies
(Montana, Michigan and North Carolina) that
found preventable death rates of 17%, 13% and
29% respectively. These, and more recent,
studies documented a continuing need to improve
emergency medical care for crash victims. [19-
21, 65-69].

The Problem - The problem of motor vehicle
crash injuries is one of substantial and continuing
magnitude. NHTSA projects that “With yearly
increases in travel and no improvement in safety
over our current safety performance, fatalities
could increase by 50 percent by 2020.” [22].

Since 1900, in motor vehicle crashes along U.S.
roadways, more than 3 million Americans have
been killed, and 300 million injured. That is
more than 3 times the number of Americans
killed, and 200 times the number wounded in all
wars since 1776. Worldwide, an estimated 30
million people have died from crash injuries.

In the U.S., the economic costs of crash injuries
incurred each year amount to an estimated $140
billion. Including compensation values for pain
and suffering, the comprehensive costs of crash
injuries incurred each year amount to an
estimated $345 billion [23]. The human costs to
individuals and families of the deaths, injuries,
and disabilities incurred in crashes, each year, are
unmeasured tragic losses that burden our society
– for decades.

Each year, along the 4 million miles of roads in
the U.S., about 5 million Americans are injured in
17 million crashes involving 28 million vehicles.
Among those 28 million crash-involved vehicles,
approximately 250,000 Americans suffer life-
threatening injuries. Specifically where and
when they will occur is not predictable. Thus, it
is important to be able to distinguish, instantly
and automatically, the one (1) crashed vehicle
that has a seriously injured person from every
100 vehicles in crashes, most of which have no
injury or simply minor injuries [23-30].

ACN systems that combine information from
vehicle crash sensors and global positioning
technology, and transmit it to EMS via wireless
address this challenge. The challenge is to
improve the timeliness and quality of emergency
response and care over present practices. [40, 56,
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64] Currently in virtually all 42,000 deaths and 250,000
serious injuries every year, helicopter rescue operations
do not begin unless, and until, someone travels over land
to the crash scene. Consequently rescue is, too often, too
late to save lives and prevent disabilities.

Methods: NHTSA Research - Members of the research
team were brought together for their expertise in trauma
care research, advanced technologies, emergency
medicine, crash data analysis, and motor vehicle
crashworthiness engineering. The team conducted
retrospective analyses of NHTSA data on crashes, deaths,
and injuries. The multidisciplinary team members
directed, conducted, and reviewed a series of statistical
analyses of NHTSA’s FARS and NASS electronic crash
data files. A series of meetings were held over a period
of a year to conduct and refine the analyses, and to
develop software that could be used to improve triage,
transport, and treatment decision-making for future crash
victims. Beginning in March 1997, the team presented
its findings and recommendations to executives within
the NHTSA. Then, they were presented to other
organizations concerned with reducing morbidity and
mortality of crash victims [26-30, 58, 60-63].

The focus of this research was "How to identify, rapidly
and automatically, those vehicles in which people are
seriously injured and need time-critical emergency care?"
Findings from NHTSA-funded trauma center studies led
to this question [3, 10-13, 17]. NHTSA statistics on
crash deaths and injuries from FARS and NASS became
the basis of this research for answers.

The approach involved reviewing the “mechanism of
injury” criteria in current triage guidelines [33]. One
objective was to review the current criteria by conducting
statistical analyses of the body of crash injury data that
had been created over the past decade in FARS and
NASS. Such data were not available when the work
supporting the current mechanism of injury triage
guidelines were created more than a decade ago [13].

Another objective of this research was to develop crash
injury probabilities associated with vehicle crash sensor
measurements of crash severity for automatic crash
notification software to improve triage, transport, and
treatment. The team reviewed the scientific literature and
conducted hundreds of statistical analyses of the NHTSA
electronic files on fatal crashes and on injury crashes.
Logistic regression analyses were used to relate injury
probabilities to parameters of crash severity including
Delta V and principal direction of force in the crash as
estimated in NASS data. Then a mathematical algorithm
was created to generate statistical probabilities of serious
injury based on crash parameters. These relationships
were incorporated in software named URGENCY 1.0.

[30].

Table 1 shows NHTSA FARS data on motor
vehicle related fatalities and whether or not the
crash victims were transported to a medical
treatment facility. About 42,000 Americans die
from crash injuries each year. Nearly 20,000
people die each year before being taken to
hospital for medical care. Before reaching a
hospital, about 13,500 people die from injuries in
crashes along rural roadways and about 6,500 in
crashes along urban roadways. The remaining
22,000 people die either en route or after reaching
hospital.

Figure 1 shows that in the year 2000, the number
of people dying in crashes without being taken to
a medical treatment facility amounted to 20,828
deaths, nearly 50 percent of crash deaths. The
number of crash fatalities each year that are “Not
Taken” to a medical treatment facility has not
declined during the past 15 years. The number
of crash fatalities “Taken” for medical treatment
declined during the 1980’s but that decline did
not continue in the 1990’s.

In this research, attempts to clearly quantify
individual factors contributing to the changes in
“Taken” and “Not Taken” over the decades were
not completed. One factor, for example, changes
in EMS over this period have resulted in greater
authority of EMS to declare people dead at the
scene. Many such crash fatalities 25 years ago
were transported to a medical facility to be
declared dead. Future research may be able to
quantify factors contributing to the trends in
national statistics during this period of time.

However, it is clear that many of the fatalities,
“Taken” and “Not Taken” resulted from serious
injuries that did not receive timely definitive
medical care. Hopefully, in the future,
improvements in triage, transport, and treatment,
with ACN plus URGENCY, will reduce the
number of deaths of people -- both those “Taken
for Treatment” and those “Not Taken for
Treatment.”
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Fig. 1 DEATHS OF PEOPLE NOT TRANSPORTED, TRANSPORTED, AND
UNKNOWN TRANSPORT TO AN INJURY TREATMENT FACILITY
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Since 1977, more than 1 million people have died
from crash injuries along U.S. roads. More than
400,000 of these people died from crash injuries
without having been taken to a medical treatment
facility. That represents the mortality part of the
problem.

The morbidity part of the problem involves an
estimated 250,000 Americans suffering seriously life-
threatening injuries in crashes each year, many of
whom could benefit from faster, more informed,
treatment [23-25].

The most disabling injury which is compatible with
life, but which produces the greatest degree of long
term morbidity and cost is the posttraumatic brain
injury. Recent studies have shown that there is a
significant interaction between the initial severity of
the brain injury and the degree and extent of duration
of a period of hemorrhagic shock induced by blood
loss. Even a mild to moderately brain injured patient
is likely to have the severity of his or her cerebral
damage accelerated by any period of continuing
uncontrolled blood loss which increases the body’s
degree of oxygen debt. Thus, the shorter the time
period in which the possible occurrence of a severe
crash induced multiple trauma can be recognized, and
the rapidity in which the correct EMS advanced life
support team is dispatched, is likely to make the
difference between a permanently disabling, or fatal
brain injury, and a recoverable normal life. [67, 68]

The team’s reviews of the current triage guidelines
found that the application of new technologies
offered the most promise for substantially improving
upon the mechanism of injury criteria. Technologies
were found to be available to provide:

(1) Automatic Crash Notification (ACN) via instant
wireless communications of voice and data,

(2) Crash location information with Global
Positioning System (GPS) and/or wireless network
location technologies,

(3) Crash severity information measured by vehicle
crash sensors.

The combination of these technologies on-board
vehicles is termed Automatic Crash Notification
(ACN). However, to make ACN medically useful,
software was needed to translate crash sensor
measurements of accelerations, direction of crash
forces, and crash configuration into an easily
understandable rating of crash severity for emergency
medical dispatch.

Thus, the team examined NHTSA data with regard to

how these technologies could improve outcomes by
providing faster, and better informed, emergency
medical response to crash victims. First, the team
reviewed NHTSA data on fatal crashes as related to
times recorded in FARS files to determine the
magnitude of the problem. Second, the team focused
on identifying the probability of serious (AIS 3+)
injuries being present in a crash based on the
relationships of crash severity data and injury
incidences in NASS files. Third, the team developed
software to convert the crash severity data from
vehicle sensors into an easily understandable,
objective, and actionable urgency rating that could
provide EMS dispatchers with a probability rating of
the presence of serious injuries. The software was
named URGENCY 1.0 [26-30, 61, 62].

The literature of emergency medical care has long
documented that for many serious injuries, time is
critical. As described by RD Stewart:

"Trauma is a time-dependent disease. ‘The
Golden Hour’ of trauma care is a concept
that emphasizes this time dependency. That
is in polytrauma (typically serious crash
victims suffer multiple injuries) patients, the
first hour of care is crucial, and the patient
must come under restorative care during that
first hour.... Pre-hospital immediate care
seeks to apply supportive measures, and it
must do so quickly, within what has been
called the ‘Golden Ten Minutes.’" [35]

The team compared the available data on fatal
crashes with the goal of trauma care to get seriously
injured patients into a trauma center for diagnosis,
critical care and appropriate surgical treatment within
the "Golden Hour" [36-40]. The team used the
following time intervals of data available in FARS on
the delivery of patients to definitive care within the
“Golden Hour”:

(1) Time between crash occurrence and EMS
Notification

(2) EMS Notification Time to EMS Scene Arrival

(3) EMS Time On Scene + Transport to Hospital

(4) Total Time from Crash to Hospital Arrival

(5) Recommended Time for Emergency Department
Resuscitation (No Data in FARS)

Team members addressed new technologies that
create opportunities in each category to act more
rapidly and effectively to transport patients to obtain
definitive care within the "Golden Hour."
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Urban/Rural -- NHTSA FARS statistics on urban
and rural fatalities generally are based on roadway
function class. The statistics in this paper are also
based on roadway function class.

A word of caution: use of the “Roadway Function
Class” categorization of urban and rural results in
classification of “rural” fatalities as fatalities that
occur on rural roads in both rural counties and urban
counties. An analysis that defined rural counties as
having a population of less than 50,000 found that in
1998, there were 12,215 fatalities (29%) in rural
counties and 29,256 fatalities (71%) on all roads in
urban counties defined as having a population greater
than 50,000.

The need and the opportunities are especially
important on rural roads (in both rural and urban
counties) where nearly 25,000 crash fatalities occur
each year. Data collected by NHTSA show that only
24 percent of crashes occur on rural roads, but nearly
59 percent of the crash deaths occur on rural roads.
"Delay in delivering emergency medical services is
one of the factors contributing to the
disproportionately high fatality rate for rural crash
victims." [41]

Currently, each year, about 20,000 people die at the
crash scene. The problem is greater on rural roads
than on urban roads. Although for crashes on both
rural and urban roads the number of deaths of people
taken to a hospital for treatment is about equal at
10,000 per year, the number not taken on rural roads
(13,500) is more than twice the number on urban
roads (6,000).

On both urban and rural roads, about 16,000 (43%)
fatal crashes occur each year between the hours of
9:00pm and 9:00am, times when crash discovery,
notification, and emergency response are more likely
to be slower.

Table 2 lists the average time intervals experienced
in fatal crashes in the U.S. in 1998 [42]. Entry
number 5 for the Emergency Department
Resuscitation time interval is not based on FARS
data, but rather is a medically recommended value of
15 minutes assumed for the purpose of relating pre-
hospital times to the "Golden Hour" for the delivery
of definitive care to save seriously injured patients
[38].

Table 2. Average Elapsed Times in Fatal Crashes in 1998 (Minutes)

Time Intervals Urban % Unknown Rural % Unknown

1. Crash to EMS Notification 3.6 46 6.8 37

2. EMS Notification to Scene Arrival 6.3 47 11.4 35

3. Scene Arrival to Hospital Arrival 26.6 72 36.3 67

4. Crash to Hospital Arrival 35.5 71 51.8 68

5. Recommended Time for ED Resuscitation
(No Data in FARS)

15 15

Average Totals 51 67

Notes:

• These are U.S. average elapsed times that consist of shorter and longer times and vary greatly by State.

• Time intervals 2 & 3 do not include the elapsed time from crash to EMS Notification.

• Bolded times in Table 2 indicate average elapsed times that exceed benchmarks of 1 minute for EMS
Notification, 10 minutes for EMS Scene Arrival, and 45 minutes for Hospital Arrival in fatal crashes.



Champion, 7

Table 3. Crash Fatalities by Reported EMS Times (1998)

Time Intervals Fatalities % of Time Interval

Crash to EMS Notification: <1 min. 9,195 22%

>1 min. 15,852 38%

Unknown + Questionable Times 16,424 40%

Crash to EMS Arrival at Scene: <10 min. 12,161 29%

>10 min. 14,362 35%

Unknown + Questionable Times 14,948 36%

Crash to Hospital Arrival: <45 min. 5,211 13%

>45 min. 3,166 8%

Not Taken + Unknown + Questionable Times 33,094 79%

Notes:

• Bolded times in Table 3 indicate fatalities in which reported elapsed times exceeded benchmarks of 1
minute for EMS Notification, 10 minutes for EMS Scene Arrival, and 45 minutes for Hospital Arrival in
fatal crashes.

• Fatalities in each time interval equal 41,471 (100%) and fatalities may not be summed across time
intervals.

Table 3 lists the number of crash fatalities in 1998
with reported times that meet or exceed the
benchmark time intervals, as well as the number
reported as Unknown times, or Questionable times.
The data in Table 3 indicate the magnitude of the
need for improvement in the rescue of crash victims.

Elapsed Time from Crash to EMS Notification:

Among crashes with reported times, nearly 4,000
fatalities occurred in 1998 in which more than 10
minutes elapsed before EMS was notified, much less
able to deliver pre-hospital emergency care within the
“Golden Ten Minutes.” In addition, there were
14,708 crash fatalities (35%) where both times were
not reported. With many of these fatalities, this time
interval also may have exceeded ten minutes [24].

FARS data show that since 1992, there has been a
steady reduction in the national average of both rural
and urban fatal crash notification times -- down
nearly 30% to 3.6 minutes on urban roadways and to
6.8 minutes on rural roadways in 1998.

This improvement in Crash to EMS Notification
Times has been coincident with, and apparently
significantly caused by, the increasing number and

use of wireless telephones by crash-involved victims
and "Good Samaritans." The number of wireless
subscribers in the U.S. has grown from 5 million in
1990 to 128 million in 2001. The estimated number
of wireless 9-1-1 distress calls over the same period
has grown from 6 million to 57 million calls per year.

Note, however, that despite the increasing use of
wireless phones, comparable percentage
improvements have not been observed in the
subsequent critical EMS time intervals discussed
below [24].

In the future, with ACN, one can expect reductions in
many of the longer times. With fully deployed ACN,
all crash notification times, not just average
notification time, will be reduced to about one
minute. ACN has now demonstrated the
technological and economical feasibility of a national
EMS crash notification benchmark of 1 minute. [60]

Reductions in average crash notification times from 9
minutes to 1 minute after the crash have been
estimated to potentially save 3,000 lives per year
among crashes along rural roads [43]. When all
crash notification times are reduced to 1 minute, the
number of lives saved can be expected to be greater.
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Fig. 2. Fatalities in 1998 by Elapsed Time:
Crash to EMS Notification (41,471 Deaths)
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Figure 2. FARS data indicate that improvement in
the system is still needed to get all EMS Notification
Times down to 1 minute. In 1998, only 22 percent of
all fatalities were reported to have EMS Notification
within 1 minute of the crash. (In FARS files there
are some questionable times e.g., where crash time
appears to be later than EMS times. Such cases have
not been included in the elapsed time segments.)

Fig. 3. Percent Fatalities: Taken vs. Not
Taken by Time Between Crash and

EMS Notification (All Roads)
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Figure 3 shows that increased times between crash
and EMS Notification are associated with higher
percentages of crash victims dying at the scene rather
than being taken to a medical treatment facility. This
effect of time between crash and EMS notification
also is evident when multiple years of data are
analyzed.

Elapsed Time from Crash to EMS Arrival at the
Scene:

As shown in Figure 4, FARS data indicate how
much further improvement in the system is still
needed to get all fatal EMS scene arrival times to
within 10 minutes. Among crashes with both
reported times in 1998, there were 12,161 crash
fatalities (29% of 41,471 deaths) in which the time
from crash to EMS arrival was reported to be less
than 10 minutes (14,240 unknown). There were

14,362 crash fatalities (35%), however, in which the
reported time from crash to EMS arrival exceeded the
“Golden 10 Minutes” (11,626 rural, 2,660 urban, and
76 unknown roadway classification). The actual
number is higher, but unknown due to the large
number of fatalities (14,240 or 34%) with unknown
data on times, plus the 708 fatalities where the times
were questionable.

Fig. 4. Fatalities by Elapsed Time:
Crash to EMS Arrival at Scene (41,471 Deaths)
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Fig. 5. Percent Fatalities: Taken vs. Not Taken
by Time Between Crash and

EMS Arrival at Scene (All Roads)
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Figure 5 shows that increased times between crash
and EMS arrival at the scene also are associated with
higher percentages of crash victims dying at the
scene rather than being taken to a medical treatment
facility.

These data support the need for EMS arrival at the
scene of serious injury crashes within the “Golden 10
Minutes.”

In the future, with ACN, URGENCY, crash location
information, automatic vehicle location and
navigation equipment on board rescue vehicles, we
can expect reductions in this time interval between
crash and EMS Scene Arrival.
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Elapsed Pre-hospital Times - Time of Crash to
Hospital Arrival:

Figure 6 indicates how much improvement is needed
to get crash victims to definitive care within the
“Golden Hour.” Nationwide, FARS data (where both
times are reported) show that in 1998, there were
5,211 crash fatalities (13%) that were taken to a
medical treatment facility within 45 minutes. In
1998, there were 3,166 fatalities (8%) in which the
reported time from crash to hospital (not necessarily
Trauma Center) arrival, exceeded 45 minutes. The
actual number is probably much greater considering
that for 33,094 crash fatalities (79% of all crash
deaths), times were reported as unknown,
questionable, or the victim was not taken to hospital
for treatment.

Fig. 6. Fatalities in 1998 by Elapsed Time:
Crash to Hospital Arrival (41,471 Deaths)
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Reducing Elapsed Time from EMS Arrival at Scene
to EMS Arrival at Hospital:

ACN with URGENCY information will help
dispatchers, instantly and automatically, decide to
send appropriate resources such as extrication
equipment in severe crashes, thereby, saving
additional precious minutes in this time interval. In
1998, extrication was reported in crashes that resulted
in 6,159 fatalities. Extrication is an increasingly
important factor in fatal crashes. From 1990, when
4,426 fatalities occurred (in 12% of fatal crashes), it
has grown to 7,051 fatalities involved in 19% of the
fatal crashes in 2001. With ACN, it is now
technically possible for rescue teams to have
extrication information on the number of air bags,
their location, and vehicle cut points specifically for
the crashed vehicle - before arriving at the scene.
Such time saving and lifesaving information could be
included in the vehicle’s ACN URGENCY data
transmission.

In the future, ACN with URGENCY information will
help produce instantaneous dispatch of appropriate
resources (e.g. extrication equipment, ALS,

helicopters). Navigation technologies also will help
increase the number of people in potentially fatal
crashes who get to hospitals and trauma centers
within 45 minutes.

Emergency Department Resuscitation Times:

Current medical references allocate 15 minutes to
Emergency Department (ED) resuscitation times for
tests, diagnoses, decision making on treatment
strategies, and required pre-operating room
procedures before surgical care [38]. In Table 2 the
needed 15 minutes for ED resuscitation are added to
the average reported times [42]. The result is that on
rural roads with the 52 minutes that it currently takes
to get a seriously injured patient to a hospital (often
not a trauma center) in the average fatal crash, the
"Golden Hour" is lost. Currently, in thousands of
fatal crashes each year, victims do not obtain
definitive care within the “Golden Hour”.

In the future, URGENCY information on injury
probabilities that are transmitted ahead to the hospital
at the time of crash may include data on pre-existing
medical conditions, blood types, drug reactions, and
medications that will help reduce time currently lost
in this time interval.

New Technologies -- Automatic Crash Notification
(ACN) technologies using crash sensors, GPS, and
wireless telephones are now being installed on a
growing number of production cars. Automobile
manufacturers including Audi, BMW, Daimler
Chrysler, Ford, GM, Honda, Land Rover, Nissan, and
Toyota are offering first generation versions of ACN
technology in the U.S. in 2002. These commercially
available ACN systems report when an air bag
deploys, but do not report measurements of crash
forces in all crash modes.

In a field operational test from 1997 through 2000,
the U.S. Department of Transportation (DOT),
installed a more advanced version of ACN
technology in 700 vehicles driven in the Buffalo,
New York area. This ACN system, built by
Veridian/Calspan Corp. for DOT, measured crash
forces in all types of crashes (not just air bag
deployment crashes) and automatically transmitted
such data for instant conversion into URGENCY
serious injury probabilities for EMS [26-30, 57-58,
60-61].

The DOT contract with the Veridian/Calspan Corp.
of Buffalo, N. Y., was for the development and test
of this advanced ACN technology. This ACN
technology provided for an automatic, crash-
activated, call for help using an on-board cellular
telephone to transmit voice and data. The call
electronically communicated information on the
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location of the crash and the severity of the crash (for
all major crash modes: frontal, side, rear impacts, and
rollover). It also transmitted data on vehicle pre-
crash speed, direction of travel, and vehicle
identification information including many attributes
such as vehicle type. The equipment also opened a
communication link to the vehicle occupants.

Of particular note, during this field operational test
most crashes occurred in urban or suburban locations
in western New York. Nevertheless, the ACN
system was shown to reduce the average crash
notification time by 4.5 minutes to less than 1 minute
in 90 percent of the crashes. [60]

Results: URGENCY Information - In March of
1997, for the first time, the NHTSA funded research
team developed URGENCY version 1.0 computer
software to improve triage, transport and treatment
decision-making using crash recorder data. The goal
was to develop a system that instantly, and
automatically, could help identify the approximately
250,000 vehicles in crashes involving serious injuries
from among the approximately 28 million vehicles in
crashes each year that are mostly fender benders.
The URGENCY triage algorithm was developed by
the team to predict serious injury probabilities based
on vehicle, occupant, and crash parameters. All
parameters, for which data was available, were
evaluated in terms of their power to predict the
probability of serious (AIS 3+) injury. The details of
the URGENCY algorithm are contained in reference
[30]. URGENCY version 1.0 is also available for
interactive queries at http://www.comcare.org.

With URGENCY software, upon vehicle impact,
crash sensor measurements are instantly, and
automatically, translated into a single figure rating of
urgency from 0 to 100%. This easy-to-understand
rating provides the probability of a serious injury
being present in that crash based on crash sensor
measurements as related to the nation’s statistical
crash data on crashes and injuries.

Future versions of URGENCY software will employ
additional sensor data to create a more robust and
sophisticated triage, transport, and treatment
decision-making tool. Future URGENCY ratings may
calculate the probabilities of the presence of minor as
well as major injuries. Information will be included
such as the number, size and seating positions of
occupants, seat track location (closeness to air bag),
crash pulse, air bag time of deployment, level of air
bag deployment, deployment of seat belt emergency
tensioning retractors, seat belt forces, door openings,
presence or absence of fire, pre-crash speed, and
braking deceleration.

Findings -- The outcome of serious crash injuries is
dependent, in part, on the timeliness, appropriateness,

and efficacy of the medical care received by the crash
victim. In too many cases, especially in rural areas,
people die without having obtained definitive care at
a trauma center within the "Golden Hour." Definitive
care for seriously injured crash victims includes
thorough, timely, and accurate diagnoses, intensive
critical care facilities and staff, and readily available
trauma teams with surgeons specializing in brain and
spinal cord injuries, internal organ injuries, and
orthopedic injuries, as required.

Notification times and response times will be
improved with ACN and URGENCY software.
Helicopter and other emergency response vehicles
will reach the scene faster with on-board navigation
systems using ACN crash location coordinates.
Rescuers also increasingly will have on-board
navigation guidance to the scene and to the
appropriate treatment facilities via the "fastest route."
With instant URGENCY information on the
probability of serious crash injuries, one can expect
EMS to do a better job of saving lives and preventing
disabilities by taking people to the right place, faster.
[26-30, 39-40, 60-62]

URGENCY software enables the nation to advance
beyond current rescue practices - especially regarding
helicopter dispatch [40, 56, 64]. In general, under
current practices, when a crash occurs - however
serious it may be - someone in authority (police, fire
or EMS) first, must travel over land to the scene;
second, make a determination that the seriousness
requires a helicopter response; and third, send a radio
request for air medical assistance. And if, and when,
the request is granted, only then does the process of
helicopter deployment begin. In the future,
URGENCY computer assisted dispatch protocols will
be developed to expedite this process -- with
lifesaving results.

Benefits – Although benefits were not estimated in
this research project, several projections of benefits
by other researchers estimate that thousands of lives
could be saved each year. In an independent
evaluation of the DOT Field Operational Test of
ACN equipped vehicles, published by DOT,
researchers at the Johns Hopkins Applied Physics
Laboratory estimated that “the ACN system could
offer an approximate 20% reduction in fatalities”
[61]. There also is a study, cited by the U.S. DOT,
projecting that benefits of an ACN system (without
URGENCY) could result in a 12% reduction in rural
crash deaths and save an estimated 3,000 lives each
year when average rural crash notification times are
reduced to 1 minute [43]. Another study estimated
benefits to range between 1.5 and 6 percent reduction
in fatalities saving as many as 1,674 lives each year
[46]. In addition to lives saved, it is reasonable to
expect significant reductions in disabilities and
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human misery through the faster and more intelligent
delivery of emergency medical care for non-fatal, but
serious, injury crashes [48].

Significant benefits of ACN with URGENCY will
also result in the long term from the data generated
on crashes, injuries, treatments and outcomes. This
data will form the scientific basis for continuous
improvements in vehicles, roadways, driver behavior,
and emergency care. Programs in crash injury
prevention and treatment will have a new scientific
resource for advancing safety.

Costs – GM has offered its OnStar system free for the
first year and for $199.00 per year subscription cost
in subsequent years. The OnStar system currently
provides air bag deployment crash notification to a
private call center. The OnStar center then calls for
public "911" rescue service. OnStar currently is
limited to only those crashes in which an air bag
deploys (primarily frontal crashes, not rollovers, side,
and rear impacts). Audi, BMW, Ford, Honda, Land
Rover, Mercedes, and Toyota also offer similar
airbag deployment crash notification systems on
luxury model vehicles. In 2002, an estimated 3
million vehicles will be on US roads equipped with
automatic (air bag deployment) crash notification
systems.

The cost of the more advanced ACN safety
equipment provided by Veridian/Calspan that covers
all crash modes, according to Veridian/Calspan and
the government, is estimated "at between $200 and
$300" [50]. Moreover, the cost of electronics
equipment is dropping fast as the technologies (and
competition) develop and production volume
increases. [51] The DOT Veridian/Calspan ACN
technology also may be retrofitted into all cars, not
just new cars, in the U.S. as a valuable safety feature.
Operating costs are not included.

Increasing Demand -- The ability to make
instantaneous wireless calls for emergency help (with
automatic location) has been strongly identified in
market research, both by the auto industry and the
cellular industry, as products and services the public
is willing to pay for as consumers. One series of
market research studies found that the percent of new
car buyers that said that Automatic Dial 911 Safety
equipment is "important" or "very important" in their
purchase decisions has been growing (48% in 1997,
53% in 1998, and 60% in 1999) [49]. More recently,
a Louis Harris poll for Advocates for Auto and
Highway Safety found 68% would like to have such
safety equipment in their car [31].

In America, a group of trauma physicians, nurses,
and others have joined with wireless communications
companies to create the ComCARE

(Communications for Coordinated Assistance and
Response to Emergencies) Alliance to advance
deployment of ACN. [32].

The National Academy of Sciences, in Reducing the
Burden of Injury, noted the need to save people
suffering from serious, time-critical, injuries.
Whether time-critical injuries are the result of crashes
or other causes, the timely delivery of optimal
emergency care will help save lives and livelihoods.
In addition, an advanced trauma care system will also
result in saving the lives of people suffering from
time-critical illnesses, such as strokes and heart
attacks, needing rapid emergency medical transport
and care [53].

A second recent National Academy of Sciences
report, To Err is Human: Building a Safer Health
System, notes “Preventing errors means designing the
health care system at all levels to make it safer.”
This report recognized the importance of improving
access to accurate, timely information in creating
safety systems in health care [54]. With ACN, we
now can provide objective, actionable, information to
emergency medical system personnel instantly.
These technologies can help us reduce the nation’s
burden of mortality and morbidity from crash
injuries. The right information, at the right time will
help reduce errors in emergency medical care.

A third recent National Academy of Sciences report,
Crossing the Quality Chasm: A New Health System
for the 21st Century, calls attention to the great
potential of Information Technology to improve
medical care. The report notes “A growing body of
evidence supports the conclusion that various types
of IT applications lead to improvements in safety,
effectiveness, patient-centeredness, timeliness,
efficiency, and equity.” [55, 65, 66]

Conclusions -- The technology is now available for
an integrated, intelligent transportation system that
delivers help wherever and whenever Americans are
in danger, whether from crashes, crime, heart attacks,
or other time-critical emergencies - in time to save
lives. It is now technologically possible, and
economically feasible, to have EMS crash
notification within 1 minute, EMS scene arrival
within 10 minutes, and trauma center arrival within
45 minutes of the crash in many of the 250,000
serious injury crashes occurring each year. The
lifesaving and disability-reducing results will help
build a safer America.
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ABSTRACT

The Crash Injury Research and Engineering Network
(CIREN) is a multi-center collaborative research
program that focuses on in-depth studies of serious
motor vehicle crashes. Researchers collect and
analyze data in order to improve vehicle design, and
the treatment and rehabilitation of crash victims
resulting in a reduction of injuries, deaths,
disabilities, and human and economic costs. This
paper will examine the data that are available in
CIREN and show how the enhanced level of injury
information can be used to complement the data
currently found in other data collection systems that
are used to identify injury trends in certain types of
crashes.

CIREN is also the name of a research tool being
developed, updated, enhanced, and maintained by
The Volpe National Transportation Systems Center
(Volpe) in Cambridge, Massachusetts, to help
researchers collect and review injury data. Variables
for CIREN crash reconstruction data are an extension
of the National Automotive Sampling System
(NASS) Oracle data model. Variables for the
medical injury data are based on a variety of sources,
including the National Trauma Registry, the
Orthopedic Trauma Association, and the Uniform
Pre-Hospital EMS Data Elements.

CIREN has established a number of outreach and
education information dissemination programs at
their respective centers. This paper will also show
how this information is used to train and educate first
responders to be more aware of crash circumstances
that can be relayed to emergency room personnel to
assist them in identifying and treating injuries that
may not be apparent.

INTRODUCTION

The Crash Injury Research and Engineering Network
(CIREN) is a multi-center research program
involving a collaboration of clinicians and engineers
in academia, industry, and government pursuing in-
depth studies of crashes, injuries, and treatments to

improve processes and outcomes. Its mission is to
improve the prevention, treatment, and rehabilitation
of motor vehicle crash injuries to reduce deaths,
disabilities, and human and economic costs.

CIREN is also a computer database and wide area
network for data sharing and analysis among ten
Level 1 trauma centers. The computer database
extends the National Highway Traffic Safety
Administration’s (NHTSA) National Automotive
Sampling System (NASS) with medical and trauma
related variables in a relational/object database
system. The medical data includes injury location
details, injury sub- classification systems and medical
images for better biomechanical injury evaluation.
Under CIREN, a network of participants has been
established, (See Figure 1), each member of which is
a regional Level 1 trauma center. All are medical
teaching institutions associated with a major
university. Surgeons, research clinicians, crash
investigators, and data coordinators staff each center.

CIREN's computer and research network allows
researchers and industry sponsors to review data and
share expertise. Finally, in addition to in-depth crash
and injury research, each center trains hospital, law
enforcement, and emergency response personnel.

BACKGROUND

NHTSA has funded hospital-related studies since the
1980’s. In 1991, NHTSA's Office of
Crashworthiness Research initiated the Highway
Traffic Injury Studies. Over the next several years,
research projects to collect detailed injury
information on motor vehicle occupants were funded
at four Level 1 trauma centers, including the National
Study Center for Trauma and EMS/R Adams Cowley
Shock Trauma Center in Baltimore, Maryland; the
University of Medicine & Dentistry/New Jersey
Medical School in Newark, New Jersey; the
Children's National Medical Center in Washington,
D.C.; and the William Lehman Injury Research
Center/University of Miami School of
Medicine/Ryder Trauma Center in Miami, Florida.

In the summer of 1996, General Motors, as part of a
settlement agreement with the Department of
Transportation, funded three additional Level 1
trauma centers, including the University of Michigan
Medical Program for Injury Research and Education
Center in Ann Arbor, Michigan; Harborview Injury
Prevention and Research Center in Seattle,



McCullough, Page 2

Washington, and San Diego County Trauma System
in San Diego, California.

The first privately funded center was announced in
April 1999. Mercedes-Benz announced the funding
of an eighth trauma center-based research project at
the University of Alabama at Birmingham. Ford
announced the funding of the ninth CIREN Center at
Inova Healthcare Services/Inova Fairfax Hospital in
Falls Church, Virginia in May 2000. In October
2001, Froedtert Hospital and the Medical College of
Wisconsin self-funded a CIREN Center at their
hospitals in Milwaukee, Wisconsin.

In the spring of 2002, Ford did not exercise their
option to renew the third year and subsequent years
funding of the CIREN Center at Inova Healthcare
Services/Inova Fairfax Hospital in Falls Church,
Virginia. Honda R&D Co. Ltd., assumed funding of
that facility in January 2003 and the name was
changed to the Honda Inova Fairfax CIREN Center.

DATABASE DEVELOPMENT AND
COMPOSITION

The CIREN was established in 1996 pursuant to an
agreement between General Motors and the U.S.

Department of Transportation. A Wide Area
Network (WAN) consisting of a frame-relay private
TCP/IP network running on fractional T1 lines was
created. The CIREN centers were added to the
NASS WAN. The WAN permits the individual
trauma centers to communicate and provides a
backbone for the automatic migration of data from
the centers to the central repository at VOLPE.

Crash and medical data are collected by participating
CIREN centers for nearly 50 cases per center per
year. Each CIREN case includes approximately 650
crash related elements and 250 medical related
elements.

Variables for the crash reconstruction set are an
extension of the current NASS Oracle data model.
The NASS data set contains variables which describe
the overall crash environment (i.e., vehicle
information, crash type, weather, deformation,
intrusion). NASS-trained crash investigators
employed at each CIREN center collect crash data.

The CIREN data set contains medical and injury data
elements (i.e., vital signs, injury location, EMS data).
Variables for the medical injury data were derived
from a variety of sources including the NASS

Figure 1. CIREN Center Locations
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Abbreviated Injury Scale (AIS) Coding Manual, the
National Trauma Registry, the Uniform Emergency
Medical System (EMS) Data Element Dictionary,
and the Journal of Orthopedic Trauma.

CIREN combines detailed medical data (x-rays, ct-
scans, etc.) with detailed crash data. Each CIREN
case is one injured occupant in a motor vehicle crash.

Multiple CIREN cases can be linked to one NASS
case, that is, to a single crash.

There are 1,895 cases in the CIREN database
(medical side) linked to 1,452 NASS cases (crash
side). Of these, there are 753 males and 748 females
in the database (See Table 1). The ages of these
occupants have been grouped and are shown in Table
2.

Table 1.
Distribution of CIREN Cases by Sex

SEX COUNT PERCENTAGE (%)

Female - not reported pregnant 731 38.58%
Female - pregnant-1st trimester (1st-3rd month) 7 0.37%
Female -pregnant-2nd trimester (4th-6th month) 1 0.05%
Female - pregnant-3rd trimester (7th-9th month) 9 0.47%
Male 753 39.74%
Unknown 1 0.05%
Not coded (Sex not yet entered) 393 20.74%

Total 1,895 100%

There were 14,096 total injuries sustained by the
1,895 CIREN case occupants. Table 3 reflects all the
injuries by body region sustained by the case
occupants. This reflects multiple injuries for each
case occupant. The 11 unspecified body regions are
those injuries in cases not yet coded.

Table 2.
Distribution of CIREN Cases by Age Group

AGE COUNT PERCENTAGE

< 5 118 6.23%
6 - 11 96 5.07%
12 - 17 113 5.96%
18 - 23 290 15.30%
24 - 29 200 10.55%
30 - 35 159 8.39%
36 - 41 169 8.92%
42 - 47 138 7.28%
48 - 53 130 6.86%
54 - 59 107 5.65%
60 - 65 76 4.01%
>65 251 13.25%
Not coded 48 2.53%

Total 1895 100%

A crash is the total set of events (one or more) that
results from an unstabilized situation such that at
least one harmful event occurs not directly resulting
from a cataclysm. An impact is defined as any
vehicle-to-vehicle or vehicle to object (fixed, non-
fixed, stationary or non-stationary) contact which
may or may not result in vehicle damage.
Noncollion events include events such as
fire/explosion, emersion, or rollover.

Table 3.
Injury Count by Body Region

BODY REGION
INJURY
COUNT

PERCENTAGE
(%)

Head 1,608 11.43%
Face 1,911 13.58%
Neck 193 1.37%
Thorax 1,907 13.55%
Abdomen 1,411 10.03%
Spine 601 4.27%
Upper Extremity 2,325 16.53%
Lower Extremity 4,102 29.16%
Unspecified 11 0.08%

TOTAL 14,069 100%
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Table 4.
Single Impact Vs Multiple Impacts

CIREN crashes, like those in NASS, often involve
more than one impact or event. Table 4 shows a
count of those crashes where there is only one impact
versus those situations where there are multiple
impacts or events in the 1,895 CIREN cases.

OUTREACH

The benefit of the partnership between these centers
is continuing to grow. Outreach is an important and
expanding part of the research that is being
conducted by the participating CIREN centers.
CIREN served as a building block for many research
projects assessing vehicle crashworthiness. It has
also become an instrument in the development of
training and outreach programs. Outreach activities
seek to educate their audiences in the injury
mechanisms and crash kinematics of motor vehicle
crashes by conducting programs that:

Emphasize injury mechanisms in real world
crashes
Show the relationship between man and
machine
Emphasize the consequences of misuse (and
non-use) of restraint systems

CIREN outreach efforts to date include presentations
to train emergency medical technicians, fire, police,
and other first providers to look for injury
mechanisms that may not be readily apparent (such
as a deformed steering wheel under a deployed air
bag or marks on a knee bolster). Often the first
exposure that first responders have to new
technologies (depowered air bags, side air bags, knee
bolsters, etc.) is through an outreach activity
conducted by one of the CIREN centers. First
responders are instructed on how to assess injuries

based on simple clues presented by crash type,
damage patterns and intrusions. Information that is
critical, especially if evidence is not readily apparent
can be passed on to emergency room personnel to
speed triage. Training also includes clues to help
recognize injury mechanisms that may be caused by
misuse of restraint systems.

CIREN data are being used to train physicians,
surgeons, and emergency room staff to recognize
possible occult injuries by looking beyond obvious
injury pattern evidence and to ask detailed questions
about the crash, not just where the victim was seated.
In some cases, knowing specifics about the car can
make a difference in treatment and outcome.

We have learned that if only the shoulder strap part
of some older seat belt systems is worn, there is a
significant risk of a life threatening liver injury. This
information was part of some outreach training to law
enforcement personnel and other first responders at
one of our Centers. An alert police officer
responding to a low speed crash is credited with
saving a woman’s life when he insisted she be
transported to the local trauma center when he
noticed she only had the shoulder portion of her
safety belt fastened. He made the emergency room
personnel aware of the circumstances of the crash
and relayed what he had learned about the injury
mechanism and the possibility of a life-threatening
liver injury.

In some cases, knowing specifics about the car can
make a difference in treatment and outcome. The car
can tell a story. Injury patterns are usually
predictable based on crash configuration, crash
severity, occupant characteristics and restraint usage.

IMPACT TYPE
FIRST IMPACT
ONLY

IST EVENT IMPACT (%) MULTIPLE
IMPACTS

MULTIPLE EVENT
IMPACT (%)

Noncollision 1 0.05% 32 1.3%

Frontal 937 49.45% 1114 45.3%

Right Side 212 11.19% 359 14.6%

Left Side 261 13.77% 409 16.63%

Back 17 0.9% 79 3.21%

Top 7 0.37% 65 2.64%

Undercarriage 5 0.26% 28 1.14%

Unknown 3 0.16% 9 0.37%

Not Coded 452 23.85% 364 14.8%
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For example, we know from analyzing side impact
crashes in CIREN, if there is intrusion to the lower
door panel, we can expect thorax injuries. If the
intrusion is to the upper door panel, we can expect
head injuries. If the intrusion is to both upper and
lower door panels (See Figure 2), we should look for
both thorax and pelvic injuries. (See Figure 3) The
elderly are much more vulnerable in these types of
crashes. Injuries sustained may include posterior rib
fractures, pelvic fractures, diaphragm, and aortic
injuries, and visceral injuries (lung, liver, spleen,
kidney), if seated on the struck panels, we should
look for both thorax and pelvic injuries. There are
preliminary indications that the elderly are much
more vulnerable in these types of crashes. Injuries
usually sustained include posterior rib fractures,
pelvic fractures (see below), diaphragm, aortic
injuries, and visceral injuries (lung, liver, spleen,
kidney), if seated on the struck side.

Data from side impact crashes before and after the
side impact protection standard (Federal Motor
Vehicle Safety Standard No. 214) went into effect are
used to illustrate the shift in injury patterns including
a reduction in pelvic injuries. We have learned that
there is a potential for aortic injuries in side impacts,
even without the chest being crushed. According to
one of the trauma doctors, “the shape of the chest
changes and puts stress on the aorta, ” even if there is
a frontal air bag.”

Frontal crashes take on a different scenario. In full
frontal crashes, the energy is more evenly distributed
and the resulting injury patterns will change.
Damage patterns and crush depth can be minor,
moderate, or severe (see Figure 4). There is intrusion
of the instrument panel and/or toe pan, steering
column deformation and A-pillar movement. Injuries
associated with full frontal crashes include lateral rib
fractures; intestinal injuries attributed to the seatbelt,
pelvic injuries and lower extremity injuries. In cases

Figure 2 Side Impact Damage

Figure 3 Pelvic Injury

Figure 4 Frontal Impact Damage
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where the driver is unrestrained, there is increased
risk of head and chest injuries.

There is also a risk of injuries to the abdomen (liver,
spleen, and intestinal injuries from the seat belt
loading or steering wheel rim contact), lower
extremity injuries (femur/acetabular fractures with
the knee loading the instrument panel; and foot, ankle
and lower leg fractures (see Figure 5) from the toe
pan) in adults, and seat belt injuries to children
inappropriately restrained.

In offset frontal crashes, (see Figure 6) since a
smaller portion of the car absorbs the energy, there is
a greater likelihood of injury with intrusion to the
passenger car compartment.

The potential of injury increases with the amount of
intrusion into the passenger compartment. This

energy can be transferred to the A-pillar (see figukre
7) and the passenger compartment and there is a
potential for vehicle rotation. Under these
circumstances, there is an increased risk of head
injury as well as rib fractures and injury to the thorax.

Children represent another part of the vulnerable
population when it comes to motor vehicle crashes.
We have learned that in lateral crashes, there is
evidence of head, neck, and cervical spine injuries in
young children. These injuries are often missed
because they are hard to see on films. Also, because
of the age of the child, they are often unable to “tell
you where it hurts”. Awareness of crash type in
motor vehicle crashes helps to make the emergency
room staff aware of the possibility of these “occult”
injuries and to locate them before they become
troublesome. CIREN centers are continuing to
analyze injury patterns associated with lateral and
other crash types.

Child safety seats and the new tether hook and
anchors are being analyzed using the Abbreviated

Figure 6 Offset Frontal Crash

Figure 5 Ankle Fracture
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Injury Scaling (AIS) to assess the injury severity of
head and thorax injuries and the sources and
mechanisms that result in trauma to these regions.

The combination of crash and injury data available in
CIREN is being used to demonstrate to automobile
manufacturers and automotive parts designers the
effects of equipment on injury prevention or injury
causation (if misused). Automobile design has
evolved a lot over the last 20 years. Rigid metal gave
way to crushable front ends; steering wheels are
collapsible; dashboards are padded, and door handles
are recessed. More recently, knee bolsters, front and
side airbags and seatbelt pretensioners were designed
to help dissipate energy or the forces in a crash.
However, if these devices do not perform in the real
world the way they were anticipated, the detailed
injury data collected from CIREN can provide
valuable insight.

Outreach efforts have also taken on a “preventative
approach.” High school students are being taught
about the “physics of car crashes.” Presentations are
aimed at those students that have not yet begun to
drive. The content emphasizes the forces involved in
a crash and emphasizes the physics of a crash,
stressing the importance of belt use. CIREN data are
used to illustrate real world injuries sustained in
restrained and unrestrained vehicle occupants. As an
added reinforcement to always wear safety belts,
students are given a plastic car with a smooth clay
cylinder and have to use material to restrain and
protect the cylinder in different scenarios. It is
hoped that these students will have a better
understanding of the man/machine interface and
drive defensively.

CONCLUSIONS

The engineers and clinicans involved in this research,
through their outreach programs, have shown that
CIREN data can be used to:

Anticipate specific injuries associated with
specific crashes
Facilitate triage and transport
Decrease time to diagnose injuries resulting
in faster definitive treatment and better
outcomes.
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ABSTRACT

In times when the potential for further
optimizing passive safety become ever smaller, new
ways for improving vehicle safety must be found.
Accident analyses shows that the pre-crash phase
provides room for substantial improvement, calling
for reversible systems that exploit this available time
before the accident for the benefit of the occupants.
Preventive occupant protection is realized for the
first time with PRE-SAFE, initiating the next phase
in the enhancement of vehicle safety. PRE-SAFE is
embedded in Mercedes-Benz's integrated safety
concept, and combines active and passive safety
systems.

Announced in theory at the ESV 2001, PRE-
SAFE has now seen its first series application in the
2003 S-Class model, and initial field experience has
been gathered. Taking nature's reflex as a role model,
the vehicle reacts to critical driving conditions
identified by the sensors of the Electronic Stability
Program (ESP) and the Brake Assist (BAS) that may
lead to an accident. Reversible belt-pretensioners for
occupant fixation, passenger seat positioning and
sunroof closure are activated. However, these are
merely first steps in this new and evolving safety
technology. Further PRE-SAFE applications might
be introduced in the future. Individual safety and
environment sensing will mark the next major steps.

INTRODUCTION

In the final 10 years of the 20th century, great
advances were made in passive safety of passenger
cars. A substantial step in this direction was provided
by the worldwide employment of offset crashes
against a deformable barrier. This reality-based test
method was initially developed as offset test by
Mercedes-Benz in the 70s [1] and further developed
in the early 90s into the offset deformable barrier test
(ODB) [2]. It places much higher demands on the
vehicle structure and restraint systems than was the
case in prior, standard tests against a rigid and flat
barrier. In a strong endorsement of the ODB test,
most new car assessment programs (NCAP) use this
test method for evaluating vehicle safety.

Nearly all new vehicles therefore offer high
structural safety with a non-deforming passenger
compartment and numerous standard automatic
restraint systems in the vehicle interior.

In the opinion of many experts, conventional
systems for passive safety have become very
effective. Further increasing the level test severity
beyond the very high impact velocity used in the
NCAP ratings is not met with enthusiasm since it
could lead to restrictions in the compatibility design.

Where then does future potential lie for
additionally increasing vehicle safety?
DaimlerChrysler responded to this question by
developing the Mercedes-Benz integrated safety
approach [3] that was presented at the 17th ESV
Conference in 2001 in Amsterdam [4].

Based on this strategy, an initial integrated
safety system for preventive occupant protection has
been introduced in the Mercedes-Benz S-Class for
model year 2003  named PRE-SAFE [5,6]. The goal
of this article is to introduce the PRE-SAFE system
and give a preview of future developments.

In February 2003, PRE-SAFE was awarded the
Paul-Pietsch prize by the automotive journal auto
motor und sport and his European partner journals
for forward-looking achievements in the field of
automotive technology.

REAL-LIFE SAFETY

Today, the yardstick for passive safety is
largely dictated by the NCAP rating tests. Extreme
demands must be satisfied in these crash tests to
achieve the best evaluation.

Despite all the successes in improving the level
of new vehicle safety, we must not forget that the
NCAP tests are worst-case laboratory experiments.
Precisely defined test conditions for the vehicle and
occupants can only cover a very limited slice of
possible real world accident scenarios. In
concentrating on the positive results of the laboratory
crash tests, we have to keep in mind how safety
measures perform in much more complex real world
accidents. We must ask if increasingly complex
systems that may yield marginal improvements in
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precisely-defined laboratory situations are actually
useful to real occupants.

In contrast to standardized conditions in a crash
test, numerous vehicle components can be moved
into a comfortable position under actual traffic
conditions, and this can impair safety in an accident.
In addition to a wide range of occupants who may
differ in size, weight, age and other safety-relevant
parameters, the vehicle occupants can also assume
any number of individual seating positions.

Figure 1. Example of a comfort-oriented, but
potentially hazardous passenger seating position.

Frequently preceding an accident, the vehicle is
in a critical driving situation, or the driver reacts
reflexively. As a result of skidding or emergency
braking for example, the occupants can be subject to
undesirable movement within the vehicle that can
lead to unintentionally problematic, hazardous
positions in a collision.

Here are a few examples of hazards occurring
in real world accidents that are not covered in
laboratory crash tests:
• Occupant movements resulting from inertia

during braking and skidding reduce the
effectiveness of pyrotechnic emergency
tensioning retractors.

• The occupants can be very close to interior or
intruding vehicle parts in a collision.

• The occupants can be closer to the airbag.
• Hazard of submarining in unfavorable seating

positions.
• Reduced occupant support in unfavorable seating

positions.
• Outside objects can enter through an open

sunroof.
• Occupants or body parts can be thrown out of an

open sunroof.

DaimlerChrysler is therefore pursuing the
philosophy of real life safety; this means that the
yardstick for evaluating safety measures is efficiency

in both, crash tests and real world accidents. This
philosophy and the evaluation of thousands of real
world accidents yielded the Mercedes-Benz
integrated safety concept, the basic premise of which
is to stop strictly differentiating between active and
passive safety, but rather view them as parts of a
whole.

Figure 2. Mercedes-Benz Integrated Safety
Concept.

This integrated perspective of vehicle safety can
be realized with a network of safety sensors,
especially with a completely new type of
anticipatory, preventive safety measures with the
goal of offering maximum protection of the vehicle
and the occupants against an impending accident
(PRE-SAFE). In addition, there exists further
potential for safety in the collision itself by a more
individualized adaptation of the safety systems to
specific occupant requirements (INDIVIDUAL
SAFETY), and improving the chain of emergency
response after an accident (CARE-SAFE).

THE PRE-SAFE SYSTEM

A central fact gained from DaimlerChrysler
Accident Research is that the vehicle is in a critical
driving situation before the actual collision in
approximately two-thirds of all accidents. The PRE-
SAFE system therefore uses the existing sensors of
the dynamic driving control systems to identify
critical driving conditions that pose an increased
possibility of an accident, and prepare the vehicle,
occupants and restraint systems for a possible crash
to increase passive safety.

Figure 3. Linking active and passive safety.
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A first example of the activation of protection
systems prior to an accident is the well-proven safety
roll bar of the Mercedes-Benz SL that was
introduced in 1989 [7] and later adapted to the 4-
seater convertibles in a similar form.

Recognizing a Critical Driving Situation

Numerous innovations for avoiding accidents
have also been developed and introduced over the
years in the field of active safety. Major examples of
this are the antilock braking system (ABS), the brake
assistant system (BAS), and the electronic stability
program (ESP). When the control systems sensors
recognize a critical driving situation, they intervene
in the  longitudinal and lateral dynamics of the
vehicle to assist the driver and stabilize the vehicle.

Figure 4. Critical driving situations (emergency
braking, skidding).

The brake assistant system (BAS) can assist in a
hazardous braking situation. The system recognizes
an emergency situation by the speed of a quickly
depressed  brake pedal. In this situation the brake
pressure is automatically set to the maximum until
the driver releases the brake pedal.

The antilock braking system (ABS) then
controls the emergency braking to keep the wheels
from locking, and the vehicle remains maneuverable.

If the vehicle leaves the lane beyond a given
setpoint, the electronic stability program (ESP)
controls the rotational speed of the wheels and
accordingly corrects the direction of travel and lateral
stability of the vehicle.

However, the physical reality is not altered by
the actions of the dynamic driving control systems;
that is, the increased danger of an accident still
exists.

The PRE-SAFE system is therefore triggered
under the following circumstances:

Emergency braking : If the driver’s reaction is
perceived to be an emergency braking by the speed
the brake pedal is depressed and the brake assistant
system is activated, PRE-SAFE is triggered.

Understeering: If a deviation from the target
curve is identified that is greater than approximately
1/2 the lane (speed-related) despite controlling the
lateral dynamics, PRE-SAFE is triggered.

Oversteering : If a deviation from the target
path is greater than approximately 10° (speed-
related), despite controlling the lateral dynamics,
PRE-SAFE is triggered.

Figure 5. PRE-SAFE triggering criteria.

In skidding situations PRE-SAFE is triggered
only after the ESP’s intervention is not able to
stabilize the vehicle.

Figure 6. PRE-SAFE activation range (skidding).

Reversible Belt Pretensioner

A critical driving situation can cause the
occupants to react more-or-less strongly depending
on the intensity of the situation. There is hence a
wide variation of possible occupant positions in a
subsequent collision. Even occupants who initially
were in a safe position in the vehicle may not be in
the same position at the time of the collision. In
particular, passengers are often not aware of a
hazardous situation and unintentionally change their
position in the vehicle. During braking, they may be
shifted forward, or they may shift to the side in a
skid.

In crash tests, only standard positions are used
for the sake of reproducibility. Therefore safety
systems and functions are  optimized for these
standard positions. In reality, however, numerous
deviations are possible, and  OOP situations only
cover the worst-case scenarios.

The position of the vehicle occupants can be
changed significantly in the phase before the
collision that is not covered in lab tests. Evaluations
have shown that during strong braking, the occupants
can be thrown forward by more than 20 cm (head
position). Preventive belt tightening directly upon

Emergency
 Brake

Skidding

BAS/ESP PRE-SAFE

VBrake Pedal

pBrake Pressure or ABS
VBrake Pedal

+

Skidding
(Understeer and

Oversteer) is
countered as it

arises

Actual Course

Understeer

Course Deviation >
 1/2 Lane  Width (*)

Desired Course

Oversteer
Vehicle
Longitudinal
Acsis

Desired Course

Slip Angle > 10° (*)

Desired Course

(*Speed dependent)

(*Speed dependent)

Driving Dynamics

N
or

m
al

   
Ex

pe
ri

en
ce

d 
  E

xp
er

t

Stable Driving Condition

ESP + PRE-SAFE
(Instable Driving Condition)

ESP Ph
ys

ic
al

 S
ta

bi
lit

y 
Li

m
it

Driver



Schöneburg, 4

recognition of emergency braking can reduce this
forward displacement by up to 15 cm.

Figure 7. Example of forward head displacement
over time in a situation with activated BAS.

In a major improvement of safety in real world
accident scenarios, the PRE-SAFE system tightens
the safety belt early on to reduce unintentional
occupant movement. The occupants are held in an
optimum position, and their freedom of movement is
restricted in the critical phase. The restraint systems
that are activated in a crash are hence able to provide
optimum protection. If an accident does not occur,
the belt is released and is ready for use in the next
hazardous situation.

Figure 8. Reversible belt pretensioner.

Seat Adjustment

A poorly-adjusted seat is another factor not
covered in standard developments of restraint
systems that can occur in real life. For example, a
backrest angled too far to the rear can be hazardous
in an accident, and so can a seat cushion that is too
flat, or a seat that is too far forward.

If the occupants are in such an unfavorable
position for a collision, an activated PRE-SAFE
system makes the following gentle corrections to the
seat position:

• A front passenger’s backrest inclined far back is
moved into an upright position.

• When the cushions of the front passenger seat
and optional individual back seats are flat, the
seats assume a sharper angle.

• A front passenger seat that is adjusted far
forward is moved back slightly.

Figure 9. Conditioning of passenger backrest
inclination.

Figure 10. Conditioning of passenger seat cushion
inclination and longitudinal adjustment.

Figure 11. Conditioning of back seat cushion
inclination (optional).
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All seat adjustments are made at the normal
adjustment speed for comfort settings. This prevents
the occupants from being thrown into an even worse
position from fast seat adjustments. In very extreme
settings (reclining seat), the adjustment can take
several seconds. If a collision occurs during the
adjustment before the final position is reached, the
seating position is at least improved.

Sunroof Closing

In skids in which there is also a increased
rollover risk, an activation of PRE-SAFE closes the
sunroof automatically  (special equipment) at normal
speed to reduce the risk of objects entering the
passenger compartment and occupants being ejected.

Figure 12. Sunroof closing.

Benefits of PRE-SAFE

Crash-active restraint systems are designed for
precisely defined vehicle parameters, occupants and
occupant positions. They have their maximum
protective effect under these standard conditions. In
reality, these standard conditions mostly do not
occur. With a preventive safety system such as PRE-
SAFE, the following advantages can be realized to
increase occupant safety in actual crashes:
• Avoidance or reduction of undesirable occupant

movement in the phase preceding an impact.
• Better fixation of occupants in their seats.
• Improved positioning of occupants prior to an

impact.
• Greater distance between occupants and possibly

intruding vehicle components.
• Greater distance to airbags.
• Danger of submarining can be reduced.
• Better seat support during an impact.
• Reduced risk of objects entering the passenger

compartment through an open sunroof.
• Risk of occupant ejection can be reduced.

Another substantial advantage of preventive
safety systems is that much more time is available to
activate protective measures before a collision. For
this reason, in the future preventive safety systems
might be activated much slower and hence less
aggressively, which in turn clearly reduces the OOP
risk. And preventive safety systems also offer
occupant safety that can be experienced.

FUTURE PRE-SAFE APPLICATIONS

The PRE-SAFE system introduced in the
Mercedes-Benz S-Class in model year 2003
represents a first step toward preventive, anticipatory
vehicle safety systems. Work is already performed
on system expansions. This includes applications for
early accident recognition and actuators. A few
examples:

Environment Sensing

In the first step the PRE-SAFE system is
triggered based on the evaluation of the vehicle’s
driving condition. If an unstable driving condition is
identified, an increased accident hazard is assumed,
and PRE-SAFE is activated. In the future, it is
conceivable that the accident recognition system
could supplement vehicle dynamics information with
observations of the vehicle environment. Future
PRE-SAFE systems may enable observation of the
relative distance and speed of possible colliding
objects to further improve the quality of information
concerning collision probability. In this event, the
PRE-SAFE system can be activated in cases where
no critical driving situation is identified in the pre-
crash phase.

Figure 13. Surrounding recognition for precrash
detection.

Many technologies for recognizing the relative
speed, relative distance and collision angle are
conceivable. From the standpoint of integrated
safety, a modular expansion of existing assistance
systems with available vehicle environment
recognition is the most effective solution. Also
conceivable is the use of radar sensors for distance
control systems such as Active Cruise Control (ACC)
or Parktronic. A series of other supplementary
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assistance functions are being developed that allow
the integration of a pre-crash module.

Window Closing

An additional feature similar to the existing function
of closing the sunroof would be to automatically
close the electric side windows. This would also
reduce the risk of occupants or occupant body parts
such as the head or arms from being flung out.
Likewise, closing the side window would improve
the support of the sidebag or windowbag.

Figure 14. Closing the window.

Multifunctional Belt Pretensioner

Beyond the advantages described, additional
future benefits  could be obtained from actively
controlled belt pretensioners in a synergy of safety
and comfort features.

Depending on the amount of belt extension the
specific spring characteristic of a belt retractor exerts
different forces on the occupant’s shoulder. A
buckled person experiences two different forces
when wearing the belt: One when the belt pulls out,
and one when it pulls in.

We can electrically adjust the extraction and
operating force as well as the wearing comfort to
individual settings. In addition, the seat belt load can
be variously adjusted to different situations.

In the example in Figure 15, the belt force is
relatively high while the car is standing still. This
keeps the belt retracted. When the door opens, the
belt force is reduced because belt extraction is
anticipated. After buckling, the belt force increases to
eliminate belt slack. After a period of time (delta t)
and when driving, the belt force is reduced to an
automatic wearing comfort mode, or the force can be
individually adapted by the passenger. When out of
position, the belt force is increased; it is reduced to
the comfort mode when it is in position again, and
the belt force is high when it retracts after being
unbuckled.

Figure 15. Different seat belt loads adjusted to
different situations.

A wide range of additional adjustments is also
possible that could, for example, depend on the
vehicle velocity, cornering, or temperature.

Depending on the situation, particularly in a
critical driving situation or potential crash, an
electrically-controlled belt pretensioner could pull
back passengers when they are out of position.

A variable retraction velocity and adjustable
belt forces are required for this application.

In crash situations, it is also possible to variably
limit the belt force depending on passenger weight.

Figure 16. Pulling back from OOP with a
multifunctional belt pretensioner.

Active Interior Padding

Active padding in the occupant contact area of
the interior could offer a lot potential protection. The
padding could assume the task of moving the
occupants out of the direct collision area in the pre-
crash phase and could provide early support in a
collision. This would allow the occupants to
participate early in vehicle deceleration and could
prevent  a later interior contact at a  certain relative
speed. During the deceleration phase, the active
padding could attenuate the collision by yielding a
specific amount and hence reduce the load
experienced by the occupants.
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The following are examples of conceivable
measures using the interior padding:
• Active head restraint
• Active seat side bolster
• Active door padding
• Active B-column padding
• Active knee protection

Figure 17. Movable knee bolster as an example of
active interior padding.

INDIVIDUAL SAFETY

In addition to activating preventive safety
systems, individualizing the safety systems could
offer substantial potential for improving passenger
protection to best prepare vehicle occupants for a
possible accident.

Individual safety is to be understood as the
future evolutionary step of adaptive safety systems.

Figure 18. Evolution of passive safety standards.

To date, safety systems have been designed
based on standardized laboratory situations. The
following elements are standardized:
• Severity of the test
• Type of occupants (5%, 50%, 95%)
• Occupant position.

All protective measures are tailored to these
conditions and offer maximum safety under those
conditions. Elements that are also relevant for safety,
but which are not covered by these scenarios, are for
example:
• Occupant-specific parameters such as size,

weight, age or individual disability

• Vehicle-specific parameters such as individual
comfort settings of the seats and steering wheel

• Accident-specific parameters such as the type
and severity of the accident

• Unintentional occupant movements in the pre-
crash phase.
The potential risks are countered in current

developments by classifying particularly endangered
risk groups such as children and small, light adults
(5% woman) to adapt the safety systems to the
related special risks. This may include shutting off
the airbag in the presence of children, or triggering
the airbag with less energy.

This first generation of adaptive restraint
systems that seek to minimize risk therefore only
represents an intermediate step toward individual
safety systems that offer vehicle occupants optimum
protection in relation to their individual needs.

Possible individual adaptations can be made to
the restraint properties of:
• Airbag (e.g. volume, venting)
• Belt (tension force, belt force limitation)
• Seats (force characteristic of displacement)
• Steering (force characteristic of displacement)
• Padding (force characteristic).

CARE-SAFE

In addition to preventive occupant protection
measures in the pre-crash phase and possible
improvements in the crash phase, there also exists
potential in the post-crash phase for passenger
protection. Measures that involve the vehicle include
protecting the accident site, minimizing risk of fire
and secondary accidents, and ensuring that occupants
can escape the vehicle. Additionally, the chain of
emergency response could be improved from the
reporting of the accident to the actual ambulance
response and follow-up medical care. In the view of
many experts, improving the chain of emergency
response in the "golden hour" is key for reducing the
consequences of a traffic accident. Vehicle
manufacturers could also substantially contribute to
this effort.

Even in the middle of an accident, many
Mercedes-Benz vehicles now activate systems to
prevent or reduce further consequences. In an
accident with pretensioner or airbag activation the
following actions are conducted automatically:
• The fuel pump is automatically shut off to

minimize the fire hazard in case of leakage.
• The doors are automatically unlocked to support

the occupants rescue.
• The hazard warning flasher system is

automatically turned on to prevent a secondary
crash.
The market-related, partially optional

emergency signaling system TELE-AID is also
turned on in an accident with pretensioner or airbag

1990 2000 2010 year

Safety
Standard

Standardized safety
measures independent of
personal needs, e.g.:

Xseat belt
XBelt pretensioner
Xseat belt load limiter
Xairbag

Safety
Classification

 Adaptationof safety
measures to special
needs and risks of individual
groups, e.g. children:

XOccupant classification
with airbag off system
X2-stage airbags
X2-stage load limiter

Customized
Safety

    Individual adaptation of
       safety measures to
           the personal demands
        of occupants,e.g.:

XWeight sensing
XIndividual seat belt control
XIndividual airbag control
XIndividual energy
management
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activation, and it sends an automatic alarm via a
service provider who has to inform a rescue
command center. Information on the site of the
accident is automatically transmitted. In addition, the
service provider will attempt to establish a direct
voice connection with the occupants of the crashed
vehicle to gain further information on the occupants
and type and severity of the injuries, and inform the
occupants about oncoming help by the emergency
assistance.

Additional improvements could be made to
future vehicles to tailor the emergency response,
select the best approach to accident site, optimize
first aid for the injured occupants and possibly free
them from the vehicle and optimize subsequent
medical care. Specific information on the occupants
and type of accident could be used to plan the
emergency response such as:
• A detailed description of the location including

the direction of travel.
• Specification of the vehicle's final position, e.g.

on the roof.
• Fuel leakage.
• Number of occupants and possibly age.
• Possibly information about other participants in

the accident if applicable.
For the on-site emergency response team,

specific rescue measures can be derived from vehicle
and occupant-specific information such as:
• Battery location.
• Number and position of airbags.
• Type of airbags (single-stage or multi-stage).
• Location of gas generators.
• Specific reinforcements in the columns that can

hinder cutting.
• If available, specific personal data such as

allergies to medications, special disabilities, and
risks of infection.

CONCLUSIONS

Modern vehicles offer passenger protection
systems with a high level of protection in all known
types of crash tests. The trend is toward increasingly
complex safety systems driven by the desire to attain
the best ratings for worst-case scenarios with
maximum demands on safety criteria. Improvements
can be attained in laboratory situations, but the
degree to which this helps vehicle occupants in a real
world accident might be unclear.

For Mercedes-Benz, real-life safety therefore
does not only mean a continuous improvement of
occupant protection in laboratory tests, but rather a
broad consideration of the possible spectrum of real
world accident scenarios. Based on a holistic
approach of active and passive safety, the true
potential for further improving occupant protection
in passenger car accidents can be realized by:

• Preventive occupant protection in the pre-crash
phase

• Covering the individual needs of the occupants
in the crash phase.

• Optimizing the chain of emergency response in
the post-crash phase.
With PRE-SAFE, Mercedes-Benz has

developed an initial system for preventive occupant
protection. Other applications are in the development
phase.

Other components of the real life safety strategy
under development are INDIVIDUAL SAFETY and
CARE-SAFE.
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ABSTRACT

A study of accident data for vehicle-to-vehicle
collisions shows that for injuries of AIS equal to or
greater than 3, significant portions of vehicles’ front
structures are involved in the crash, both in frontal
and in side impacts. Analysis presented here also
shows that most of the LTV-to-car crashes are side
impacts and that these side impacts account for 57
percent of the total harm associated with LTV-to-car
crashes. These frontal and side impacts between
LTVs and cars are further divided by the location and
the direction of impact.

It has been shown earlier that the use of fixed barriers
as test devices for crashworthiness is likely to lead to
front structures of larger vehicles being designed for
higher force levels than the front structures of smaller
vehicles, the overall effect being decreased crash
compatibility between vehicles. The effect of the
side impact barrier, used for compliance with
dynamic FMVSS 214, as shown by updated data, is
again observed to be improved compatibility between
vehicles of different sizes.

INTRODUCTION

The issue of crash compatibility between a large
vehicle and a small vehicle has generally been
investigated in terms of the ability to protect the
occupant of the smaller vehicle. The terms ‘self
protection’ and ‘partner protection’ have been used -
‘self protection’ usually refers to the protection of the
occupants in the larger vehicle and ‘partner
protection’ to the protection of the occupants in the
smaller vehicle. In this context, the ‘larger vehicle’ is
generally a light-truck based vehicle (LTV) such as a
pick-up or a sport utility vehicle in the USA whereas
it may refer to a large car in Europe and in Japan.

There have been several studies published over the
years examining various aspects of this issue and
most of these can be broadly classified into two
categories. The first category is that of studies of the
vehicle parameters (such as height, stiffness, etc) of
the larger vehicle that affect ‘partner protection’ and
rank them in order their relative significance. The
second category of these studies consists of

investigations1-3 of test configurations and test
barriers that might be considered for quantitative
assessment of ‘partner protection’ by the larger
vehicles. These may be of particular interest to the
various agencies regulating vehicle safety since, if
such a test configuration can be identified, it can be
used as a basis of regulations requiring certain
performance levels for vehicles.

In one study, Summers et al4 analyzed 1995-1999
data from the Fatal Accident Reporting System
(FARS) and the General Estimate System (GES) and
proposed an ‘aggressivity metric’ for vehicles
involved in vehicle-to-vehicle crashes. The authors
used broad commercial categories of US vehicle fleet
to estimate the numbers for their ‘metric’ and no
relationships were studied between the specific
design characteristic of a vehicle and its accident
affecting the ‘partner protection’. Some of the other
studies on vehicle factors affecting crash
compatibility have attempted to identify the portion
of the larger vehicle’s front end that is of significance
in crashes. Digges et al5 concluded that the ‘vehicle
stiffness and geometric measurements during the
initial 125 mm of frontal crush are essential for
evaluating front-to-side compatibility”. In a status
report, O’Reilly6 stated that, among the ‘key
elements affecting aggressivity in side impacts’ is
“stiffness distribution of bullet vehicle - Only frontal
stiffness (distribution) of bullet vehicle in say first
100 mm is relevant”.

In this paper, we analyze accident data from the USA
in order to assess the subcategories that LTV-to-car
collisions can be divided into in order of significance.
We also examine the data for involvement of the
vehicle structure in vehicle compatibility.

ANALYSIS OF ACCIDENT DATA

Shown in Figures 1,2 & 3 are analyses of FARS data
for the year 2001 for occupants of passenger cars
(Figure 1), sport utilities (Figure 2) and other light
trucks and vans excluding utility vehicles (Figure 3).
For passenger car occupants, fatalities in multiple-
vehicle crashes are a larger part of the total fatalities
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Passenger Car Occupant Fatalities in
2001 FARS by Crash Partner

(Total -20233)

Pickup
12%

Utility
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Other Light
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4%

Car
16%

Large
Truck/Bus

9%

3+/Other
Vehicles

10%

Overturn
14%

Pole/Tree
17%

Other Object
12%

Note: For single vehicle crashes, category is based on most harmful
event.

Multiple 57%Single 43%

Figure 1: Passenger Car Occupant Fatalities.

Utility Vehicle Occupant Fatalities in
2001 FARS by Crash Partner (Total 3515)
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Figure 2: Utility Vehicle Occupant Fatalities.

Lt Truck/Van (excluding utility vehicle) Occupant
Fatalities in 2001 FARS by Crash Partner (Total - 8162)
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Figure 3: Fatalities in Light trucks & Vans.

than is the case for the occupants of light trucks and
vans. However, in all these cases, fatalities in
multiple vehicle crashes are significant. The
percentages shown in the above figures are related to
the total fatalities in that particular segment - 20233
fatalities among passenger car occupants, 3515
fatalities among sport utility vehicle occupants and
8162 fatalities among occupants of other light trucks
and vans.

Crash of Front of LTVs into Passenger Car

Accident data from the NASS-CDS for the years
1997-2001 was analyzed to assess the trends in LTV
to car crashes. For the present study, only those
crashes were included where the crash was identified
as the front of the LTV impacting a passenger car.
Shown in Figure 4 is the frequency distribution by
the impact modes of these crashes. It is observed that
the impact of the LTV into the side of a passenger car
is the most frequent mode, followed by the impact
into the rear and the front of the passenger cars.

LTV front to Car Crashes
Frequency

a) Rollover
2% b) Front

22%

c) Side
47%

d) Rear
29%

Figure 4: Front of LTV-to-car crashes – direction
of impact on car.

Further analysis of all the side impacts is shown in
Figure 5, the designations used for identifying the
impact direction and location derive from the CDC
nomenclature - ‘SidePC-FrntAng’ are left- or right-
side impacts into the side of the passenger
compartment with the direction of force between 10
o’clock and 2 o’clock positions; ‘SidePC-Perpend’
denotes impacts to the passenger compartment with 3
or 9 o’clock directions of force; and ‘SideFender’ is
the group of impacts on the fender of the passenger
car from any direction. These three subcategories
include almost all of the side impacts occurring
between LTVs and cars.

The frequency of front-to-front impacts is similarly
divided into subcategories and these impacts are seen
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to be distributed more evenly among several
subcategories; the most significant being left front
offset impact at 12 o’clock (FrtOff12-L), left front
offset impact at angles other than 12 o’clock
(FrtOffOt-L) and front impact at 12 o’clock with
distributed damage (FrtDistr).
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Figure 5: Distribution of Side Impacts of LTVs
into cars.
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Figure 6: Distribution of Front Impacts of LTVs
into cars.
The distribution of occupant injuries of maximum
AIS > 3 is shown in Figure 7 and it is observed that

impacts of LTVs into side of passenger cars account
for half of all these cases.

Frequency of Occupants with MAIS≥3a)
Rollover

2%

b) Front
43%

c) Side
50%

d) Rear
5%

Figure 7: Distribution of injuries of MAIS>3.

An analysis of the data for occupant harm from the
same source is shown in Figure 8 and leads to similar
conclusion - the impact of LTVs into sides of
passenger cars is the predominant mode of harm in
LTV-to-car crashes.

Occupant Harm

a) Rollover
2%

b) Front
33%

c) Side
57%

d) Rear
8%

8

Figure 8: Distribution of harm in LTV to Car
crashes.

Further analysis of the 1997-2001 NASS-CDS was
conducted to relate the total harm to the location and
the direction of impact, as shown in Figure 9 for side
impacts and in Figure 10 for frontal impacts. For side
impact, almost all of the reported harm is associated
with impacts on the passenger compartment, either
left- or right-side impacts between10 o’clock and 2
o’clock directions (SidePC-FrntAng) and
perpendicular impacts to the passenger compartment
(SidePC-Perpend). The first category accounts for a
larger proportion of the total harm in side impacts
although lateral impacts (3 o’clock and 9 o’clock
directions of force) are also a significant proportion.
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When compared to the distribution of all side impacts
(Figure 5), it is seen that LTV impacts to areas other
than the passenger compartment cause little occupant
harm.

Oc c u p a n t Ha rm- LTV Imp a c ts to S id e o f Ca r
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Figure 9: Distribution of harm in side impacts by
location & direction.
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Figure 10: Distribution of harm in front impacts
by location & direction.

For frontal impacts, the occupant harm is distributed
among several categories of location and direction of
impact. In this case, the largest single component is
associated with straight (12 o’clock) impacts with
distributed damage (FrtDistr) which account for
approximately 38% of the total front impact harm.

The front offset impacts on the driver side (FrtOff12-
L) form the next largest category with about 16% of
the total front impact harm, followed by left- and
right-angle impacts to the front of the vehicle
(FrtAngle-L and FrtAngle-R). These two angle
impacts account for about 24% of the occupant harm
in this case.

LTV Crush in Impacts With Passenger Cars

The data in the 1997-2000 NASS-CDS database were
also evaluated for the amount of residual crush
observed in LTVs when involved in impacts to
passenger cars, both to the front and to the side of
cars. Figure 11 shows the observed data for the
maximum residual crush and Figure 12 for the
average residual crush, the data being plotted as
separate curves for each level of maximum AIS value
(of the occupant on the struck side of the car). The
maximum observed crush of the LTVs’ front is found
to exceed 20 cms for more that 80% of all the
reported cases with AIS >3. Similarly, the average
residual crush of the LTVs’ front is found to exceed
20 cms or more in more than half of all cases with
AIS>3.

Cimulative Distribution - Max Front Crush of LTVs by MAIS of
Front On-Side occupant of struck car
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Figure 11: Maximum Residual Crush of LTVs in
front of LTV-to-side of passenger car impacts
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Cumulative Distribution - Average Front Crush of LTVs
by MAIS of the Front On-Side Occupant of Struck Car (Front of

LTVs to Side of cars)
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Figure 12: Average Residual Crush of LTVs in
Front of LTVs-to-side of passenger cars impacts

Shown in Figure 13 are the plots of cumulative
distribution of average residual crush of LTVs in
front impacts to cars. Again, separate curves are
plotted for various levels of maximum AIS of the
front outboard occupant of the car. For maximum
AIS >3, the average residual crush of the LTV
exceeds 20 cms in more than 90% of the reported
crashes.
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Figure 13: Average Residual Crush of LTVs in
front-to-front impacts with cars.

This conclusion that the average residual crush of
LTVs is larger when the impact is to the front of the
car (than when it is to side) can be explained by the
fact that generally more of the structure of the
passenger car is engaged in front-to-front impacts.
Also, passenger cars (as well as LTVs) have higher
structural strength in the front than they do in the side
due to the presence of rigid powertrain components
in the front load path. But in both cases (front-to-
front and front-to-side impacts), the reported data for
LTVs and for cars show the involvement of a
significant portion of the front structure of the LTV.
The amount and the pattern of the vehicle crush will
of course depend on many factors such as the speed
and the direction of impact, the geometrical and the
structural characteristics of the vehicles, etc. But it is
important to note the contribution of the total front
structure of LTVs in investigating the issues of
collision compatibility.

EFFECT OF OTHER SAFETY CRITERIA

There are several safety criteria, regulatory and non-
regulatory (consumer metrics tests) that, in
combination with other functional requirements of an
automobile, determine the design of vehicles. Among
the most important criteria governing the structural
design of the vehicles’ front end are the US Federal
Motor Vehicle Safety Standards 208, the frontal New
Car Assessment Program (NCAP) and the offset
deformable barrier tests conducted by the Insurance
Institute of Highway Safety. In a recent publication7,
we have reviewed the effect that these frontal impact
requirements have had on the front-end force
characteristics of automobiles. The general effect has
been towards requiring stronger front ends for
heavier vehicles (the force generated by the front end
of a vehicle is proportional to its mass, given a fixed
crush space). The relationship of the improved frontal
NCAP score to improved performance of vehicles in
crashes was also examined7 from available accident
data for various vehicle segments and no correlation
was observed between the overall rate of fatalities
and the frontal NCAP score of a specific vehicle or
any vehicle segments. Figure 14 is one of the results
from that paper7 for midsize utility vehicles using
FARS database. Data for several other vehicle
segments were also presented in that paper. The same
conclusion (of no observable relationship to NCAP
rating) is reached if the rate of major injuries is
included (from database of the above-mentioned
states) and the data is normalized to “standardized
rate of injuries per 100 occupants’.
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Figure 14: Fatality Rate for Belted Drivers;
frontal crashes, midsize utilities (from Ref 7).

The principal criteria governing the side structure of
vehicles are the US Federal Motor Vehicle Safety
Standard 214 (dynamic) and the lateral New Car
Assessment Program. The relationship of these
criteria to vehicle compatibility was studied by
VanderLugt et al8 with the conclusion that vehicles
designed to meet dynamic FMVSS 214 show lower
rates of major injuries and fatalities when impacted
by other vehicles. Figure 15 shows updated data
obtained from 1994-99 accident files from five states
in the USA (Alabama, Florida, Idaho, Maryland,
North Carolina) and normalized as percent of all
occupants (the stars indicate statistical significance).
These represent cases of fatal or major

Fatal/Major Injury Rate in Side Impacts
Passenger Cars Model Years 1994-99, Belted Occupants
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Figure 15: Percentage of belted occupants with
fatal/major injuries; Pre-FMVSS214D vs Post-
FMVSS214D passenger cars (standardized rates).

injuries (classified as “K” or “A” in the states’ files)
and confirm the earlier findings of improved
compatibility for vehicles designed to comply with
the dynamic side impact requirement using a moving
deformable barrier. A similar conclusion is reached
when the FARS data is examined for the years 1994-
1999 as shown in Figure 16. It is observed that
passenger cars engineered for the dynamic FMVSS
214 show lower rates (per million registered vehicle
years) of fatality when impacted by other cars and
light trucks.
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Figure 16: Occupant fatality rates for Pre-FMVSS
214D vs Post-FMVSS 214D passenger cars.

A likely reason for this is that the FMVSS 214 test
procedure and test barrier (a moving deformable
barrier) are realistic representations of the current US
fleet and therefore, vehicles designed to comply with
this regulation show improved safety performance.
As a comparison7, vehicles designed to improve the
frontal NCAP score have not shown any correlated
improvement in overall safety since the test
procedure and test barrier may not represent real
world conditions.

CONCLUSIONS

The issue of collision compatibility between larger
vehicles and smaller passenger cars has many aspects
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and it is necessary to understand them in order to find
solutions that improve ‘partner protection’ without
degrading ‘self protection’. The data presented above
show that the side impact mode between LTVs and
passenger cars is the most frequent mode and
accounts for more occupant harm than the front
impact mode. Almost all of the harm in the side
impact mode is due to impacts on the passenger
compartments whose direction lies between 10
o’clock and 2 o’clock. For frontal impacts between
LTVs and cars, the single largest subcategory is full
frontal crashes. This information can be used to set
priorities for improving crash compatibility between
vehicles.

The observation to be made from the correlation
between dynamic FMVSS 214 compliance and injury
reduction is that crashworthiness test procedures need
to realistically represent the existing, real-world
conditions on the road if meaningful gains in safety
are to be made. Since the existing safety criteria -
regulations and consumer metrics - were established
primarily with the aim of improving self protection, it
is important that these be re-evaluated with the
changing composition of the vehicle fleet and
appropriate changes be made to reduce the total
number of injuries and fatalities. This re-evaluation
needs to account for the inherent properties that the
test barriers have and their effect on a vehicle’s
structural design.

It is also to be observed from the data presented
above that significant gains in crash compatibility
have been obtained by improving the performance of
the struck vehicle in side impact, such as by required
compliance with the FMVSS 214. It is therefore
appropriate that future efforts to improve crash
compatibility also consider potential solutions and
performance requirements for the struck (or the
smaller ‘partner’) vehicle that may have near-term
potential.
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ABSTRACT

This paper describes a CAE-based methodology used
to identify major factors influencing vehicle
structural performance and crash energy management
in full-frontal vehicle-to-vehicle collisions. Finite
element models of an "average" SUV and an
"average" full-size passenger vehicle were used in
this study. The determining factors of vehicle
compatibility in multi-vehicle collisions are relative
mass, relative stiffness and relative geometry. Four
parameters of the average SUV, mass, fore rail
length, fore rail thickness, and fore rail height were
selected as design variables. A uniformly spaced
Optimal Latin Hypercube sampling technique was
employed to probe the design space of these variables
using thirteen simulation runs.

Dash intrusions in the passenger vehicle and the
absorbed collision energy in both vehicles were
selected as response variables. Polynomial response
surfaces were constructed, based on the simulation
results, and found to fit the results well (R2= 0.98 for
dash intrusion and R2= 0.85 for absorbed energy). As
a result, prediction equations for maximum dash
intrusion and absorbed collision energy as a function
of the vehicle design variables were obtained. Results
indicated that aligning front-end structures
(specifically fore rail heights between impacted
vehicles) in vehicle-to-vehicle full-frontal collisions
has greater effect on reducing dash intrusions and
managing crash energy than mass and variables
associated with stiffness. An optimal design solution
could also be determined with the appropriate
introduction of constraint conditions.

INTRODUCTION

Vehicle compatibility has been investigated in many
studies using different approaches such as real-world
crash statistics, crash testing and computer modeling.
Statistics from the General Estimates System (GES)
were used to determine the number of vehicle-to-
vehicle collisions [1]. One objective of these studies
was to identify and demonstrate the extent of the
problem of vehicle compatibility. Another objective
was to demonstrate, through statistical analysis, the
aggressivity metric as a function of vehicle mass,

stiffness, and geometry. Other statistical analysis
such as that conducted by Evans [2,3] indicated that
mass is one of the most significant factors affecting
potential risk of occupant injury in vehicle-to-vehicle
collisions. His study indicated that the ratio of the
injury rate in a lighter vehicle to that in a heavier one
can be expressed as the power function of the mass
ratio (of the heavier to the lighter vehicle). Accident
data in Japan and computer modeling techniques
were also used by Mizuno and Kajzer [4] to
investigate the compatibility of mini cars in traffic
accidents. Barbat, et al. [5,6] also investigated factors
influencing compatibility in SUV/LTV-to-car
crashes. Their study proposed a robust and repeatable
vehicle-to-vehicle test procedure to help assess
vehicle compatibility, and their preliminary results
indicated that geometric compatibility was the
dominant factor.

In addition to occupant responses, attempts have been
made to characterize frontal crash performance with
structural responses (i.e., occupant compartment
intrusions and energy distribution) [5-8] in vehicle-
to-vehicle collisions. Barbat, et al. [5,6] has shown
the importance of occupant compartment intrusions
in full-frontal SUV/LTV-to-car crashes. Steyer, et al.
[7] postulated that frontal crash compatibility was
dependent upon the distribution of collision energy
absorbed in vehicle-to-vehicle crashes.

The consensus is that the significant parameters
influencing compatibility in vehicle-to-vehicle
crashes are geometric interaction, vehicle stiffness
and vehicle mass. The effect of each individual
design parameter, however, is not clearly understood.
Separating the effects in various crash configurations
via experimentation would not only be costly and
time consuming, but also would be susceptible to
systemic errors due to test-to-test variability. Because
of the limitations of the statistical approach and crash
testing, math modeling in combination with design of
experiments (DOE) methods was deemed necessary
to examine the influence of vehicle mass, stiffness,
structural interaction and geometry on vehicle
compatibility.

Finite element (FE) simulations have been used to
study many aspects of vehicle crashworthiness.
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Carefully designed experiments can characterize
responses over the entire design space using a
reduced number of simulations. The development of
a FE model-based DOE methodology focused on
discerning the effects of a few design variables on
structural intrusions in 40% offset, car-to-car
collisions has been previously presented by Brown, et
al. [8] Brown's work revealed some of the economies
of combining FE analysis and statistical techniques.
The current study, while fundamentally similar,
utilizes a deterministic approach that allowed
analytical prediction equations for structural
responses to be generated. This study combined FE
analysis, Latin Hyper Cube Sampling (LHS), and
subset selection with sequential replacement to
produce a powerful tool that may be used to
investigate vehicle compatibility issues. A full-
frontal, collinear, SUV-to-passenger vehicle crash
configuration (See Figure 1) was used in this study.
This technique can also be extended to various crash
configurations other than the one used in this study.

�

Figure 1. Baseline model of SUV-to-passenger
vehicle full-frontal crash simulation.

SYSTEM SETUP

Finite Element Modeling

Reliable finite element models of the vehicles are
required to enable reasonable predictions of structural
performance. In this study, full-vehicle finite element
models validated to rigid barrier tests were used for
the "average" SUV and the "average" passenger
vehilce. A baseline, full-frontal vehicle-to-vehicle FE
model was constructed by combining the two vehicle
models and it was correlated to a physical vehicle-to-
vehicle full-frontal crash test. As in the physical test,
the simulated passenger vehicle was stationary and
the simulated SUV was given an initial velocity of 96
km/h.

Full-frontal, collinear SUV-to-passenger vehicle
simulations involve many complex and non-linear

interactions. The nonlinear, explicit FE crash code,
RADIOSS [9], was used for all of the simulations.
The appropriate selection of design variables and
their levels as well as, the pertinent system responses
are basic requirements.

Design Variable Selection

It is generally accepted that the determining factors
of vehicle compatibility are relative geometry,
relative stiffness and relative mass. All three factors
were considered here through four design variables,
the SUV fore rail height, fore rail length, fore rail
thickness, and mass. Geometric differences between
the SUV and the passenger vehicle were modeled as
relative vertical alignment between the fore-most
structural members in each vehicle. The SUV front-
end stiffness was separated into two design variables,
fore rail length and fore rail thickness. This
separation allows the effects of the design variables
to be interpreted independently and to be associated
with vehicle characteristics. For each design variable,
only the SUV portions of the FE models were
changed to reflect the respective ranges. A brief
description of how the variables were introduced into
the FE models and the levels selected for the design
variables follows.

Geometry
The vertical alignment of load-bearing/energy-
absorbing structures was varied to allow geometric
effects to be observed. The relative vertical offsets
were accomplished by changing the ground reference
plane of the SUV with respect to that of the
passenger vehicle. The four discrete levels selected
are depicted in Figure 2.

Figure 2. Geometric design variable
implementation.
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The BASELINE configuration, NO OVERLAP
between the fore rails, 50% OVERLAP of the
PASSENGER VEHICLE fore rail, and
COINCIDENT FORE RAIL centerlines were
included in the study. The range of levels encompass
from a potentially overriding condition to an aligned
configuration.

Modeling the geometric changes in this manner shifts
the center of gravity height of the SUV. The effect
this amount of the shift would have on the overall
responses of the vehicles was considered minimal.

Stiffness
The relative stiffness was modeled with two design
variables, SUV fore rail length and SUV fore rail
thickness. The length of the fore rail was modeled at
four discrete levels, baseline (average SUV), +25
mm, +50 mm and +75 mm. Models associated with
each design level are shown in Figure 3. In addition
to adjusting the fore rail length, components such as
the bumper system, radiator, and light supports were
translated in the longitudinal direction by appropriate
amounts.

The second stiffness-related deign variable was the
SUV fore rail wall thickness. As with the two
previous design variables, the thickness was studied
at four distinct levels, baseline, -0.5 mm, -1.0 mm,
and +0.5 mm.

Mass Ratio
The final design variable studied was the ratio of the
SUV mass to the passenger vehicle mass, hereafter
referred to as mass ratio. In order to vary the mass
ratio, the SUV mass was adjusted by distributing
small masses throughout the model such that the
center of gravity location remained equivalent to the
BASELINE location. The mass of the SUV was
varied from BASELINE-20% to BASELINE+20% in
10% increments. The range approximately spans the
vehicle segments from small SUV to large SUV. The
corresponding mass ratios ranged from 0.9 to 1.38 in
five discrete levels (see Table 1). Since the initial
velocity of the SUV was the same for all simulations,
the velocity change (∆V) experienced by each vehicle
varied with the mass ratio. Table 1 shows the ∆V's
experienced by the vehicles at the various mass
ratios. The velocity change is an indicator of the
crash severity commonly used for vehicle crashes.

Figure 3. SUV fore rail length.

Table 1.
Passenger Vehicle and SUV Velocity Changes

Mass
Ratio

Passenger
Vehicle

∆V [km/h]

SUV
∆V [km/h]

0.90 45.7 50.9

1.02 48.8 47.8

1.14 51.5 45.1

1.26 53.9 42.6

1.38 56.0 40.6

Table 2 contains a summary of the design variables
and their corresponding levels. The levels have been
associated with an integer representation (coded) for
simplicity.

+25 mm

+50 mm

+75 mm
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Table 2.
Summary of Coded Design Variables and Levels

Fore Rail Height

1 = No overlap

2 = BASELINE
3 = 50% Overlap of PASSENGER VEHICLE fore
rail

4 = Coincident

Fore Rail Length

1 = BASELINE

2 = BASELINE + 25 mm

3 = BASELINE + 50 mm

4 = BASELINE + 75 mm

Fore Rail Thickness

1 = BASELINE – 1.0 mm

2 = BASELINE – 0.5 mm

3 = BASELINE

4 = BASELINE + 0.5 mm

Mass

1=BASELINE – 20%

2=BASELINE – 10%

3= BASELINE

4= BASELINE + 10%

5= BASELINE + 20%

System Responses

Occupant compartment intrusion is a metric, which is
used in comparative studies of vehicle crash
performance (e.g., the Insurance Institute for
Highway Safety includes occupant compartment
intrusion in their evaluation of vehicles in a 64 km/h
40% offset deformable barrier crash test). In this
study, several passenger vehicle intrusions and the
vehicles' collision energy management were the
responses of interest (see Table 3).

The toe board intrusions were measured along the
driver and passenger centerline on the dash, 200 mm
up from the floor panel. The windshield intrusions
were taken at the intersection between the lower edge
of the windshield and the cowl at the windshield
centerline. The driver and passenger A-pillar
intrusions were monitored near the juncture between
the lower windshield, the A-pillar, and the cowl.
Bumper to rocker crush was taken as the relative
longitudinal displacement between the bumper beam

center and rocker at the B-pillar. The maximum dash
intrusion was captured from a vertical section along
the dash from the cowl to the floor through the driver
centerline. The intrusions were calculated as the
relative displacement between the point of interest
and a reference point located on the rocker at the B-
pillar.

Table 3.
Selected Responses

Passenger Vehicle

Driver Toe board Intrusion

Driver A-pillar Intrusion

Lower Windshield Center Intrusion

Passenger A-pillar Intrusion

Passenger Toe board Intrusion

Bumper to Rocker Crush

Driver Centerline Dash Intrusion

Internal Energy Absorbed

SUV

Internal Energy Absorbed

The distribution of collision energy absorbed
between the vehicles was also a response monitored
in this study. The internal energies absorbed that
were calculated from the FE simulations are reported.

EXPERIMENTAL DESIGN

The number of factors and levels included in this
study describe a sizable design space. Numerous
techniques exist for constructing experimental
designs that specify a minimal number of samples
throughout the design space to characterize the
responses [10,11]. Latin Hypercube Sampling was
utilized to select the design levels for the FE models
due to its ability to uniformly sample the design
space and its flexibility in the number of levels for
each design variable. Since no noise factors were
introduced into this study, the minimum number of
simulations to construct a reasonably accurate
response surface was 12 (3N where N is the number
of control factors). The outcome of the sampling
process is shown in Table 4. One additional run was
included in the matrix to represent the baseline
simulation that was correlated to a physical test. All
13 simulations were conducted for 150 ms.
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Table 4.
Simulation Matrix

Fore Rail
Height

Fore
Rail

Length
Fore Rail
Thickness Mass

1 (Base
line) 2 1 3 3

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

Finite Element Simulation Results

Table 5 contains the responses from the FE
simulations. All intrusion responses were normalized
with respect to the intrusions associated with the
baseline simulation. The energy absorbed in both
vehicles was computed and reported as the ratio of
the energy absorbed in the passenger vehicle to that
absorbed in the SUV. Response surfaces were created
to allow interpretation over the design space and
efficient (FE model-free) studies to be carried out.

Table 5.
Normalized Simulation Responses

Driver
A-Pillar

Wind-
shield

Passenger
A-Pillar

Driver
Toe board

Passenger
Toe board

Bumper
To

Rocker

Maximum
Dash

Intrusion
IE

Ratio

1 1 1 1 1 1 1 1 2.6

2 0.41 0.31 0.47 0.63 0.78 0.81 0.43 1.5

3 1.17 1.28 1.31 1.17 1.19 0.99 1.16 2.3

4 0.64 0.40 0.68 0.76 0.86 0.83 0.51 1.8

5 0.59 0.71 0.71 1.20 0.86 0.95 0.94 1.9

6 0.57 0.50 0.60 0.78 0.77 0.86 0.50 1.7

7 0.70 1.08 0.97 1.25 0.98 1.07 1.09 1.8

8 1.11 0.68 0.86 0.84 0.78 1.00 0.79 1.5

9 1.07 1.17 1.13 1.23 1.21 1.08 1.10 2.0

10 0.77 0.54 0.71 0.47 0.83 0.80 0.51 2.5

11 0.57 0.62 0.73 0.83 0.81 0.84 0.73 2.0

12 1.26 1.33 1.32 1.39 1.11 1.04 1.28 2.7

13 1.18 1.05 1.22 0.96 1.10 0.96 0.96 2.4

Response Surface Generation

The sample responses obtained from the FE
simulations (Table 5) were fit with quadratic
polynomials using regression based upon subset
selection by sequential replacement. Gu [11] showed
that for structural intrusions and internal energy
predictions in crash applications, quadratic
polynomials are often sufficient. The polynomial
basis of the equations allows the response surface
dependency on the design variables to be interpreted
by observation. Furthermore, the explicit form of the
response surfaces lends itself to a variety of design
studies (e.g., parameter sensitivity analysis or
optimization). The coefficient of determination,
referred to symbolically as R2, is a measure of the
model's ability to fit the response data and was used
to identify the best-fit equations in the least squares
sense.

The response surfaces and R2 values for the fit
polynomials are listed in Table 6. In the response
surface expressions, H is the SUV fore rail height, L
is the SUV fore rail length, T is the SUV fore rail
thickness, M is the mass ratio, and a1-a8, b1-b8, c1-c8,
d1-d8, and e1-e8 are the best fit coefficients. The R2

values shown in the table indicate that the response
surfaces are capable of representing the sampled FE
results.

Table 6.
Response Surfaces and R2

Response Surface R 2

Driver Toeboard Intrusion
0.94

Drive A Pillar Intrusion
0.87

Windshield Intrusion
0.99

Passenger A Pillar Intrusion
0.97

Passenger Toeboard Intrusion
0.9

Bumper to Rocker Crush
0.96

Maximum Dash Intrusion
0.98

Energy Ratio

0.85

Me+Td+Tc-MHb-a= 11
2

111

2
22222 Te+MTd-HTc-Mb+a=

Me+Md-TLc+Hb-a 3
2

33
2

33=

Me+Hd-Tc+MTb-a= 66666

Me+Hd-TLc+MTb+a= 4
2

4444

Me+Td+Tc-MHb-a= 55
2

555

TLe-Td+MLc+Hb-a= 777
2

77

He+Hd-Tc+MLb+a= 8
2

8
2

888
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Verification of Equations

Four additional FE simulations were run to confirm
the predictive character of the response surfaces. This
step is not required in a rigorous mathematical sense,
but it was conducted because of the complex nature
of the crash mode. The parameters for these
additional simulations were selected randomly from
within the ranges of each design variable and the
levels are shown in Table 7.

Table 7.
Verification Simulation Design Variable Levels

Fore Rail
Height

Fore Rail
Length

Fore Rail
Thickness Mass

14 4 1 2 3
15 2 3 1 5
16 1 2 1 1
17 1 1 4 4

Figure 4 shows a bar chart comparing the FE
simulation results and the predicted responses for
passenger vehicle maximum dash intrusion. The run
numbers from one through 13 correspond to the
responses that were used to form the response
surface. The remaining runs, run numbers 14 through
17, are the verification runs. The figure shows that
the passenger vehicle maximum dash intrusion can be
described via the prediction equation. The response
surface, therefore, can be utilized for additional
studies of designs contained within the original
design space.
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Figure 4. Normalized Passenger Vehicle
Maximum Dash Intrusion

Figure 5 compares FE-simulated and predicted
internal energy ratio responses for all runs previously
described. The internal energy ratio response
equation accurately predicted the responses for the
additional runs. As with the maximum dash intrusion
equation, the internal energy equations can be used to
study the design space without conducting additional
finite element simulations.
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Figure 5. Internal Energy Ratio

RESULTS

Pair-wise Comparison of Design Variable Effects
on Passenger Vehicle Maximum Dash Intrusion

Pair-wise comparisons of the predicted effects of the
design variables show the relative importance of each
factor. For all comparisons described, the variables
that are not included were set to their BASELINE
levels.

The comparison of the mass effect to the geometric
and fore rail thickness effects on the passenger
vehicle maximum dash intrusion (MDI) are shown in
Figures 6 and 7, respectively. Figure 6 indicates that
the MDI increases as the mass ratio increases while it
decreases as the overlap percentage of the energy
absorbing members of both impacted vehicles
increases. Figure 6 also shows that fore rail height
influences MDI more than the mass ratio for
BASELINE stiffness SUV. That is, for a constant
mass, the change in MDI due to changes in SUV fore
rail height is greater than the change in MDI due to a
change in the mass ratio for a constant fore rail
height. This is also apparent from the contours of
MDI.
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Figure 6. Mass-geometry surface plot of
passenger vehicle maximum dash intrusion.

Figure 7 indicates that the MDI increases as the fore
rail thickness and mass ratio increases. However,
Figure 7 also shows that for BASELINE fore rail
height and fore rail length, the fore rail thickness
effect on MDI is larger than the mass ratio effect.
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Figure 7. Mass-thickness surface plot of
passenger vehicle maximum dash intrusion.

Figure 8 shows the comparison of the geometric
effect to the thickness effect for BASELINE mass

ratio and SUV fore rail length. The inclination of the
surface indicates that the geometry effect is more
than the thickness effect for MDI.
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Figure 8. Geometry-thickness surface plot of
passenger vehicle maximum dash intrusion.

The response surfaces in Figures 6 – 8 reveal that the
geometric factor, relative fore rail height, has a
greater effect than the relative mass and stiffness on
the passenger vehicle maximum dash intrusion.
These figures also showed that the thickness effect is
more prominent than the mass effect.

Pair-wise Comparison of Design Variable Effects
on Internal Energy Absorbed

Pair-wise comparisons of the effects of the design
variables for internal energy absorbed ratio (IEAR)
follow in Figures 9 through 11. Figures 9 and 10
contain comparisons of the mass ratio effect to the
geometric and thickness effects on the IEAR,
respectively. The geometric effect is compared to the
thickness effect in Figure 11.

Figure 9 shows that the geometric effect on IEAR is
much greater than the mass ratio effect. In fact, for
the ranges considered the mass effect on IEAR is
small (> 10%). For SUV fore rail height at level 1,
the IEAR is lower than at SUV fore rail height level
2. Two possible explanations for this are: 1)
structural components other than the fore rails of the
vehicles are interacting or 2) the IEAR prediction
equation is not accurate for this portion of the design
space.
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Figure 9. Geometry-mass surface plot of internal
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Figure 10 contains the comparison of the mass ratio
effect on IEAR to that of the SUV fore rail thickness.
SUV fore rail thickness has a greater effect on IEAR
than the mass ratio.
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From Figure 11, the effects of SUV fore rail height
and thickness can be seen. For IEAR the SUV fore
rail height has a greater effect than thickness for SUV
fore rail height levels 2 and higher. The thickness
effect exceeds the height effect for the SUV fore rail
height level 1 (i.e., NO OVERLAP/SUV over-ride

condition). This switching of effect significance is
subject to the explanations issued for Figure 9.
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Figure 11. Geometry-stiffness surface plot of
internal energy absorbed ratio.

RESPONSE OPTIMIZATION

Due to the predictive capability of the response
surfaces, optimization can be performed on this set of
surrogate models. The Safety Optimization and
Robustness (SOAR) methodology developed by
Yang, et al. [10] was the optimization technique
applied. The explicit form of the response surfaces
simplified the incorporation of the responses as
objective or constraint functions. The objective
function could be any of the response surfaces, but
was chosen to minimize the passenger vehicle
maximum dash intrusion subject to the constraints
listed in Table 8. Since the optimal configuration
depends on the constraint conditions, their
magnitudes were based on the FE-simulated
passenger vehicle responses taken from a rigid, fixed
barrier (RFB) simulation at 56 km/h. That is, the
intrusions in the optimal vehicle-to-vehicle full
frontal simulation were limited to being no greater
than the passenger vehicle striking itself. The internal
energy ratio was restricted to being less than or equal
to the BASELINE full-frontal vehicle-to-vehicle
simulation.

A comparison of the optimized design to the
BASELINE design follows. Figure 12 shows the
comparison of passenger vehicle intrusions, and
Figure 13 shows the internal energy absorption ratios.
All intrusions into the passenger vehicle occupant
compartment were reduced by at least 35% when
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compared to the BASELINE simulation. The
distribution of absorbed energy between the SUV and
passenger vehicle was more balanced in the optimal
configuration. These structural metrics indicate that
this configuration (fore rail height = 4, fore rail
length = 1, fore rail thickness = 1, mass ratio = 1) is
more compatible for the full-frontal, collinear crash
mode. The SUV described by the optimal
configuration was the lightest, least stiff, and most
aligned vehicle in the design space. This optimal
design is based on only this test mode. However, this
is a demonstration of the optimization technique
capability and the optimum design needs to be further
studied to ensure no degradation in self-protection.

Table 8.
Constraint Conditions

Response Constraint
Driver A-pillar Intrusion RFB≤
Windshield Low Intrusion RFB≤
Passenger A-pillar Intrusion RFB≤
Driver and Passenger Toe board
Intrusion RFB≤
Bumper to Rocker Deformation RFB≤
Internal Energy Ratio BASELINE≤
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Figure 12. Passenger vehicle maximum dash
intrusion – BASELINE vs. optimal.
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SUMMARY

Validated finite element models of an "average" SUV
and an "average" passenger vehicle were used to
explore the effects of geometry, stiffness and mass in
full-frontal collinear vehicle-to-vehicle collisions.
Four design variables, the SUV fore rail height, fore
rail length, fore rail thickness, and mass were chosen.
Since this study was focused on structural
performance and did not investigate the relationship
between the structural responses and occupant
responses, only passenger vehicle intrusions and
vehicles' collision energy absorbed were selected as
the responses.

A design of experiments methodology involving
Latin Hypercube sampling was employed to select
the appropriate number of simulations and the design
levels of each of the design variables that should be
incorporated in each simulation. The responses were
characterized by quadratic polynomial surfaces. This
characterization of the response surfaces could be
done with higher order polynomials or other
functions, but was not deemed necessary for this
study based on the findings of Gu [11]. Four
verification simulations showed that the response
surfaces were adequate to capture the responses.

Pair-wise comparisons of the effects of the design
variables were used to assess their individual
influence on maximum dash intrusion and absorbed
internal energy ratio. The pair-wise comparisons
were based on the response surfaces generated from
the 13 initial FE simulations. When a pair of design
variables was compared, the remaining design
variables were set to their BASELINE levels. In full-
frontal, collinear SUV-to-passenger vehicle
collisions, the relative geometric effect on maximum
dash intrusion was greater than the mass and
thickness effects. In addition, the thickness effect was
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greater than the mass effect for this response. The test
data of Barbat, et al. [5] also showed that the
geometric effect was the most significant in full-
frontal, collinear SUV/LTV-to-car collisions.

For this crash mode and the constraints imposed on
the design, the optimal SUV vehicle configuration
based upon minimization of passenger vehicle
maximum dash intrusion had aligned fore rails,
BASELINE mass – 20%, and BASELINE fore rail
thickness – 1.0 mm. This configuration represented
the best aligned, lightest, and least stiff SUV in the
study.

More importantly, the effect of reducing the front-
end stiffness of an SUV on self protection is not
investigated in this study. This effect may degrade
the structural and occupant performances in single
vehicle accidents. Therefore, compatibility is a fleet-
wide issue and design changes such as stiffness and
geometry may involve real-world tradeoffs.

The methodology described can be applied to other
crash configurations. In fact, several configurations
could be considered simultaneously using this
method.

CONCLUSIONS

� In full-frontal, collinear SUV-to-passenger
vehicle collisions, the relative geometric effect on
maximum dash intrusion was greater than the mass
and thickness effects.
� The thickness effect was greater than the mass

effect on maximum dash intrusion.
� Quadratic polynomial surfaces can characterize

the structural intrusions for full-frontal, collinear
SUV-to-passenger vehicle collisions.
� The optimal SUV vehicle configuration based

upon minimization of passenger vehicle maximum
dash intrusion had aligned fore rails, BASELINE
mass – 20%, and BASELINE fore rail thickness –
1.0 mm.
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ABSTRACT

Thirty-four model year 2001 vehicles were tested
in full frontal rigid barrier impacts at 40, 48 and
56 kmph with either belted or unbelted 5th

Female, or belted 50th Male, Hybrid III
occupants. The conclusions are as follows:
Head contact with the windshield and header
were observed in the unbelted 50th percentile
male tests, indicating that the air bag alone was
not sufficient to restrain the mid-sized male
occupant. Head contacts with interior hard
points infrequently resulted in HIC and/or Nij
exceeding their respective IARVs. Increasing
the test speed did not necessarily lead to an
increase in HIC or Nij measurements, for the 5th
female occupant. Abdomen-to-steering wheel
contact was observed in this test series, however
dummy abdomen instrumentation limitations
precluded injury assessment.

INTRODUCTION

In March of 1997, the National Highway Traffic
Safety Administration (NHTSA) provided an
alternative to the mandatory 48 kmph unbelted
50th percentile male frontal impact barrier test in
Federal Motor Vehicle Safety Standard
(FMVSS) 208 to allow vehicle manufacturers to
quickly provide vehicle air bag designs that were
less likely to injure out-of-position (OOP) small
female and child occupants [1]. In its place,
NHTSA issued a rule allowing manufacturers to
comply with either the unbelted barrier test or an
unbelted sled test wherein the vehicle is placed
on a sled buck and accelerated through a
prescribed 48 kmph sled pulse. In either case,
the vehicle manufacturer must not exceed injury
thresholds for the head, neck, thorax and legs on
the 50th percentile dummies in the right and left
front seating positions. NTHSA then embarked
on a research program to study frontal impact
within the context of protecting adult and child
occupants. This research yielded injury criteria
for adult and child occupants for the head, neck,

chest and legs [2], and the development of crash
test procedures to evaluate vehicle performance
[3].

In the year 2000, the FMVSS 208 Advanced Air
bag Rule was issued which, in addition to
regulating out-of-position (OOP) tests with child
and small female occupants, requires a battery of
crash tests to ensure protection for the belted and
unbelted 50th male and 5th female occupants (See
Table 1). As part of the agency’s commitment

Test Speed
(kmph) Barrier

Impact Angle
(degrees) Belt Dummy

32-40 Full Rigid +30 to -30 No 50th Male
32-40 Full Rigid 0 No 5th Female
0-40 Offset Deformable 0 Yes 5th Female
0-48 Full Rigid 0 Yes 50th Male
0-48 Full Rigid 0 Yes 5th Female
0-56* Full Rigid 0 Yes 50th Male

* phase-in begins in MY2007

to monitor the performance of the vehicle fleet
during the phase-in of the rule, Summers et al.
[4] conducted crash tests with MY 1998 and
1999 vehicles with belted and unbelted small
female and mid-male dummies, and illustrated
the need for optimized frontal crash protection
for occupants of different sizes and seat
positions. Beuse et al. [5] analyzed the
performance of 5th percentile belted female
dummies in full frontal crash tests with MY 2001
vehicles (a subset of the series presented here)
and had conclusions similar to Summers et al.

As a follow on to the Summers and Beuse
studies, this paper presents results of a series of
full frontal crash tests with the belted and
unbelted small female and mid-sized male hybrid
III dummies. The vehicles tested were sold
before the FMVSS 208 Advanced Air bag Rule
took effect, and thus they had not been certified
to meet the requirements outlined in Table 1.
Nevertheless, NHTSA chose to evaluate these
vehicles to monitor the progression of the
vehicle fleet as the rule takes full effect. OOP
testing with these same vehicles is presented in
Prasad et al.[6]

Table 1

FMVSS 208 Advanced Air bag Rule
Vehicle Crash Test Requirements.

(Phase-in begins September 1, 2003)
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METHODS

Thirty-four vehicles were purchased from dealer
lots close to the test facilities. Vehicles with
advanced air bag technology such as dual or
multi-stage inflators were specifically considered
for this test program. Then vehicle sales volume
and vehicle type were considered and the final
test matrix was constructed. The vehicles were
tested in accordance with procedures outlined in
FMVSS 208 Sections 14, 15 and 17, except that
the combination of dummy size, seat belt use,
and test speed was varied for these research tests.
Pre-test measurements quantified distance
between various occupant body parts to vehicle
interior components (i.e. Chest-to-Steering
wheel). The vehicles were placed on a test track
and accelerated to the prescribed test speed. The
test vehicles struck a rigid barrier with the long
axis of the vehicle perpendicular to the barrier
face. The barrier engaged the entire front of the
vehicle (no offset). Test speeds were either 40,
48 or 56 kmph with either a 5th Female or 50th

Male Hybrid III dummies. The 56 kmph belted
5th female was of particular interest, so additional
tests were conducted in this mode (See Table 2).
The following injury criteria were calculated in
accordance with FMVSS No. 208 Advanced Air
bag Rule:

• HIC15 – The Head Injury Criteria with
a 15 millisecond time window limit.

• Nij neck injury criteria.
• Maximum Neck Tension

• Maximum Neck Compression
• Chest Acceleration – 3 millisecond clip

of the resultant chest acceleration.
• Chest Deflection – The maximum chest

deflection.
• Femur Force – Maximum Axial Femur

Force

For some of the figures in the paper, the injury
criteria were normalized by dividing by their
corresponding injury assessment reference
values (IARV) in FMVSS 208 Advanced Air
bag Rule (See Table 3).

Injury Criteria Units 5th Female 50th Male
HIC15 - 700 700

Nij - 1 1
Neck Tension Newtons 2620 4170

Neck Compression Newtons 2520 4000
Chest Acceleration g 60 60
Chest Deflection Millimeters 52 63

Femur Force Newtons 6805 10008

IARV

Transfer paint was applied to parts of the dummy
and vehicle interior, leaving witness marks from
which occupant contacts could be evaluated
post-crash. Fifteen or more high-speed cameras
documented vehicle and occupant kinematics
during the event.

Occupant =>
Restraint => Belted

Speed (kmph) => 40 48 56 40 48

Vehicle Class
Mass
(kg)

Chevy Impala Medium Pass. Car 1566 x x x x x
Dodge Caravan Minivan 1761 x x x x x

Ford Escape SUV 1391 x x x x x
Ford F-150 Pickup Pickup Truck 2122 x x x x

Honda Accord Medium Pass. Car 1399 x x x x x
Toyota Echo Light Pass. Car 982 x x x x x

Nissan Maxima Medium Pass. Car 1470 x
Dodge Durango SUV 2140 x
Nissan Sentra Compact Pass. Car 1255 x
Ford Windstar Minivan 1875 x
Honda Civic Compact Pass. Car 1146 x

5th Female 50th Male
Unbelted Unbelted

Table 2
Test Matrix for Driver and Passenger Crash Tests (X indicates test was conducted.)

Table 3
FMVSS 208 Advanced Air bag Injury

Assessment Reference Values
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RESULTS

Head Injury

The HIC15 responses were all below the
thresholds for injury with exception of two tests
(see Appendix A, Table A1 & A2). In those
tests no head strikes were found other than on
the air bag (see Appendix A, Table A3 & A4).
In general, HIC could not be correlated with
interior head strikes to hard surfaces (see Figure
1). Hard surface contacts were defined as points

of head contact other than the air bag, seat back,
and head restraint. For the driver dummy, the
average HIC increased with increasing test
speed, regardless of belted condition. The
variability of the HIC also increased with
increasing test speed, on the driver’s side with
both the 5th and 50th occupants (See Appendix A,
Table A1).

For the six vehicle makes/models that were
tested in each of the three crash conditions with
the 5th female, the driver HIC results did not
agree as to which of the test conditions was the
most severe (See Figure 2). The 5th female

Accord HIC’s were highest in the 40 kmph test;
the F150 HIC’s were highest in the 48 kmph
test1; and the Echo, Escape, Grand Caravan and
Impala HIC’s were highest in the 56 kmph belted
condition. If only 5th female unbelted tests are
considered, there still is no clear trend, as the
Impala and Accord HIC’s were highest in the 40
kmph test while the Grand Caravan, Escape,
F150 and Echo HIC’s were highest in the 48
kmph tests. A clearer trend is exhibited in the
50th percentile tests as, for each vehicle
considered, the HIC’s were all highest in the 48
kmph test condition, when compared with the 40
kmph tests.

On the passenger side, the 5th female Accord
HIC’s were highest in the 40 kmph test; the
Impala, Grand Caravan and F150 HIC’s were
highest in the 48 kmph test1; and the Echo and
Escape HIC’s were highest in the 56 kmph
belted condition (See Figure 3). Like the driver
side results, the 50th male HIC’s in the 48 kmph
test condition were higher than that of the 40
kmph tests.

The majority of head contacts in the 5th female
driver’s side tests were to the air bag and seat;
however, the 50th male tests resulted in a
significant number of contacts with the
windshield, steering wheel and other interior
structures (See Figure 4). Similar results were
observed on the passenger side, with a
significant number of windshield strikes in the
50th male, and either air bag, seat, or other
interior contacts in the 5th female (See Figure 5).

1 The 56 kmph belted test was not conducted
with the F150.
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Figure 1. HIC15 vs. the Number of Hard
Interior Structures Contacted by the Head
during the crash, for both occupants in all 34
crash tests. A hard interior structure is
defined as anything but the air bag, seatback
or head restraint.
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Of all the HIC values calculated, 9 had durations
less than 15 milliseconds; however, no
correlation is observed between duration, the
HIC15, or head contacts with hard points on the

vehicle interior. (Appendix A, Table A1 through
A4)

Neck Injury

The moment and tension at the head-neck
junction at the time of maximum Nij is plotted in
Figure 6. The majority of the 5th female Nij
values that exceeded the IARV occurred in the
unbelted driver occupant, and there were no Nij
values exceeded the IARV for the 50th male
occupant. For the 5th female occupant, the
majority of maximum Nij’s are in the tension-
extension mode (positive force and negative
moment), including all but one of the cases
where the IARV was exceeded, which occurred
in the tension-flexion mode. For the 5th female
driver occupant, a greater portion of Nij values
exceeded the IARV occurred in the unbelted 40
kmph (4 values exceeded the IARVs out of 6
tests) and 48 kmph (3 values exceeded the
IARVs out of 6 tests), than in the 56 kmph belted
test (2 values exceeded the IARVs of 10 tests).
The 50th male occupant Nij’s were mixed in all
modes for the driver, and confined to either
compression–extension or compression-flexion
for the passenger occupant. There were no
cases of Nij that exceeded the IARV in tests with
the male occupant. In all but one case, if the
independent IARV’s for neck tension or
compression were exceeded, Nij also exceeded
its IARV. The one exception was the only axial
neck compression failure in the entire series.

Nij does not appear to have functional
relationship to contact with hard points on the
vehicle interior (See Figure 7). Also, Nij did not
correlate with the distance between the chest and
steering wheel (Appendix A, Table A5).
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Figure 6. Upper neck Z-force vs. Y-moment at
time of maximum Nij, sorted by occupant type and
location, and crash severity.

Figure 7. Nij vs. the Number of Hard
Interior Structures Contacted by the
Head during the crash, for both
occupants in all 34 crash tests.
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Looking at the same vehicle tested in each of the
five test conditions, the 5th female driver Escape,
Accord and Echo Nij’s were highest in the 40
kmph test condition; the Grand Caravan and
F150 Nij’s were highest in the 48 kmph test; and
the Impala Nij’s were highest in the 56 kmph
belted test condition (See Figure 8). The three
Grand Caravan 5th female driver Nij’s were
higher than any of the other
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Nij’s in the other vehicles tested. The driver 50th

male test Nij’s were all slightly below the IARV;
and in all but one case (Escape) the 40 kmph Nij
was lower than the associated 48 kmph Nij with
the same vehicle. On the passenger side, the
Impala and Escape 5th female Nij’s were highest
in the 40 kmph test, the Grand Caravan, Accord,
F1501 and Echo Nij’s were highest in the 48
kmph test (See Figure 9). The passenger 50th

male tests were all below the IARV; and in all
but one case (Escape) the 48 kmph Nij was lower
than the associated 40 kmph Nij with the same
vehicle.

Chest Injury

Driver occupant injury criteria results were as
follows: Five exceeded the injury threshold for
chest deflection only, one exceeded the injury
threshold for acceleration only, and four
exceeded both the acceleration and deflection
thresholds. On the passenger side, two
occupants exceeded the acceleration threshold
and none exceeded the deflection threshold (See

Appendix A, Tables A1 & A2 and Figure 10).
Looking at the same vehicle tested in each of the
unbelted test conditions, the 5th female driver
chest acceleration was highest in the 40 kmph
test in the Impala and the Accord, and was
highest in the 48 kmph condition in the Grand
Caravan and Escape. The performance 5th

unbelted driver in the echo was roughly the same
in the 40 and 48 kmph tests. For the chest
accelerations in the 5th unbelted female
passenger, the 48 kmph condition was more
severe for all vehicles except for the Accord,
where the 40 kmph test had the highest chest
acceleration (See Figure 11). For the 50th male
unbelted driver and passenger, the chest
acceleration was always highest in the higher
speed test (See Figure 12).

Witness marks from transfer paint revealed
dummy contact with the steering wheel. Torso-
to-steering wheel contacts were more prevalent
in the 5th female belted driver tests at 56 kmph;
and direct steering wheel contact was present in

Figure 8. Driver Nij’s sorted by crash
condition, occupant type, and
restraint, for different vehicles.
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Figure 9. Passenger Nij’s sorted by crash
condition, occupant type, and restraint, for
different vehicles.
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a portion of tests in all test conditions with all
dummies. (See Figure 13). However, abdomen
and chest contact with the steering wheel did not
necessarily lead to chest injury criteria that
exceeded the IARV (See Figure 14). The air
bag was the primary contact point for the
passenger occupant’s chest and abdomen (See
Appendix A, Table A4).

The chest deflection and viscous criterion (VC)
were highly correlated (See Figure 15). One of
the 50th male and one 5th female driver occupants
exceeded the injury threshold for VC of 1 m/s
proposed by Viano[7], and both of these cases
also failed chest deflection; there were nine chest
deflections that exceeded the IARV, two of
which exceeded the IARV for VC.

Femur Injury

Three vehicles exceeded the IARV for the right
femur force criterion; all of the left femur forces
were below the IARV (See Appendix A, Table
A1 and A2). Each test had at least one left and
right knee contact with the vehicle interior, and
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Figure 11. Driver Chest Acceleration
sorted by crash condition, occupant
type, and restraint, for different
vehicles.
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Figure 12. Passenger Chest Acceleration
sorted by crash condition, occupant type,
and restraint, for different vehicles.

Figure 15. Chest Deflection and Viscous
Criterion with best-fit 2nd Order
Polynomial Curve and Measure of
Goodness of fit (R2).
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Figure 14. 5th Female and 50th Male
Normalized Chest Deflection vs. Normalized
Chest Acceleration, for driver occupants
with no steering wheel contact, steering
wheel contact with the chest, and steering
wheel contact with the abdomen.
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the majority of contacts were to the instrument
panel or knee bolster.

DISCUSSION

The restraint systems in these crash tests did a
good job of mitigating head strikes for the 5th

female; however, it is surprising that the air bag
alone was not sufficient to mitigate head strikes
in the 50th male unbelted tests. Even with such
head strikes to hard vehicle interior structures,
the HIC and Nij measurements remained
unremarkable in the 50th male tests. Indeed,
seven of the nine windshield strikes in this
condition were of sufficient intensity to result in
shattered windshield glass (See Figure 16). It is

possible that the act of shattering the glass
absorbs sufficient energy to minimize head /
neck injury risk. Nevertheless, we would expect
these windshield contacts would result in little or
no injury to the would-be human occupant, since
the HIC and Nij measurements were all below
the injury thresholds specified in FMVSS 208.
Also, FMVSS 201 requires free-motion head
form impacts to interior points along the header
and A-pillar. The padding in these structures
required to pass FMVSS 201 may be sufficient
to keep the HIC and neck injury values below
their IARV’s during a head strike in a dynamic
frontal impact test.

One would expect that the 48 kmph test is more
severe that the 40 kmph test; however, the 5th

female HIC and Nij results neither support nor
refute this expectation. The 50th male data seem
to support the trend that high speed leads to more
head and neck injury, holding all other test
variables constant. Belt systems, energy
absorbing steering rims and columns, load
limiters, and perhaps even pretensioners would
be expected to behave in a linear or non-linear
manner with test speed. Thus, we would expect
an increase in injury criteria values with increase
in test speed with occupants restrained by the
aforementioned means. However, the
complexity of air bag deployments combined
with full-forward seat position of the 5th female
occupant may cause the dummy to interact with
an air bag during inflation, and thus lead to the
counter-intuitive results displayed in the Figures
2, 3, 8, and 9.

Steering rim-to-abdomen contacts with the 5th

percentile female were noted in past joint
research tests with Transport Canada. However,
the theory for this occurrence stemmed from the
fact that the dummy was positioned close to the
steering wheel in some vehicles and did not
provide enough room for the air bag to deploy
downward between the abdomen and the lower
rim. In the 50th males tests from this paper
where abdomen contact was observed, we
theorize that the dummies are driving the air bag
toward the top of the steering wheel rim and thus
causing lower rim contact with the abdomen.

Evidence of the occurrence, but not injury
consequence, of abdominal contact with the
steering wheel was prevalent in this test series
(See Figure 17). The severity of the abdomen-to-
steering wheel interaction could be roughly
assessed by the amount and intensity of the paint
transfer to the abdomen. However, witness
marks require direct contact between the
abdomen and steering wheel, thereby eliminating
the possibility of detecting contact when an
interposer, such as an under-inflated air bag, is
present between the torso and steering wheel.
The best method for assessing abdominal trauma
is via direct measurement of abdominal injury
criteria on a biofidelic surrogate. The Hybrid III
dummy is equipped with optional iliac crest load
cells to detect a lap belt sliding up over the bony
pelvis and into the abdominal viscera. However,
the Hybrid III it is not instrumented sufficiently
to assess blunt abdominal impact in general, such
as that which might be induced by the steering

Figure 16. Test 3902 50th Male driver
occupant showing windshield glass-to-
head contact.
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wheel. Significant research on the biomechanics
of, and injury criteria for, blunt abdominal
impact has been conducted over the past two
decades [8]. Researchers [9] have developed
Hybrid III retrofit hardware to provide a more
biofidelic abdomen response; however, the
challenge of measuring the deformation of this
fluid-filled abdomen was not fully overcome.
The THOR [10] dummy has the capability of
measuring upper and lower abdominal
deflections at three locations and may be a
suitable surrogate for future research.

Conclusions

1) Head contact with the windshield and
header were observed in the unbelted
50th percentile male tests, indicating that
the air bag alone was not sufficient to
restrain the mid-sized male occupant.

2) Head contacts with interior hard points
infrequently resulted in HIC and/or Nij
values that exceeded the IARV.

3) Increasing the test speed did not
necessarily lead to an increase in HIC or
Nij measurements, for the 5th female
occupant.

4) Abdomen-to-steering wheel contact was
observed in this test series, however
dummy abdomen instrumentation
limitations precluded injury assessment.

Figure 17. Test 3805 50th Male driver
occupant showing transfer paint witness
marks indicating steering wheel-to-
occupant contact.
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APPENDIX A, Table A1 – Crash Test Results – Driver

Note: Cells shown in bold exceeded 80% of injury criteria threshold in FMVSS 208 Advanced Air Bag Rule, and shaded cells
exceeded the injury criteria threshold in FMVSS 208 Advanced Air Bag Rule.
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APPENDIX A, Table A2 – Crash Test Results – Passenger

Note: Cells shown in bold exceeded 80% of injury criteria threshold in FMVSS 208 Advanced Air Bag Rule, and shaded cells
exceeded the injury criteria threshold in FMVSS 208 Advanced Air Bag Rule.
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APPENDIX A, Table A3 – Interior Contact Points – Driver Side
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4317 CHEVROLET IMPALA 40 No AB AB SW IP IP

4321 FORD ESCAPE 40 No AB, SV, SB AB SW KB KB

4322 DODGE GRAND CARAVAN 40 No AB, HR AB NC KB KB

4319 HONDA ACCORD 40 No AB, HR AB SW KB KB

4320 FORD F150 PICKUP 40 No AB, HR AB NC KB KB

4318 TOYOTA ECHO 40 No AB, HR AB SW KB KB

3796 FORD F150 PICKUP 48 No AB, HR AB NC IP IP

3787 HONDA ACCORD 48 No AB, HR, SB AB SW IP IP

3784 FORD ESCAPE 48 No AB SW, AB NC IP IP

3786 CHEVROLET IMPALA 48 No AB AB SW IP IP

3783 DODGE GRAND CARAVAN 48 No AB, HR AB NC IP IP

3785 TOYOTA ECHO 48 No AB, HR, SB AB, SW NC IP IP

3643 NISSAN MAXIMA 56 Yes AB, HR AB NC IP IP

3642 DODGE DURANGO 56 Yes AB, HR AB, SW NC IP IP

3611 HONDA ACCORD 56 Yes AB, HR AB AB SC, KB SC, KB

3612 NISSAN SENTRA 56 Yes AB AB AB IP IP

3644 DODGE GRAND CARAVAN 56 Yes AB, HR AB NC SC, KB SC, KB

3647 TOYOTA ECHO 56 Yes AB, HR, SB AB, SW NC SC, KB SC, KB

3648 CHEVROLET IMPALA 56 Yes AB, HR AB NC KB KB

3650 FORD WINDSTAR 56 Yes AB AB NC IP IP

3610 HONDA CIVIC 56 Yes AB, HR AB AB KB KB

3646 FORD ESCAPE 56 Yes AB, HR AB SW SC, KB SC, KB

3798 CHEVROLET IMPALA 40 No AB, SV, HD AB NC IP IP

3804 DODGE GRAND CARAVAN 40 No AB, SV, HL AB NC IP IP

3833 FORD F150 PICKUP 40 No AB, SV, WS, WSS AB NC IP IP

3817 FORD ESCAPE 40 No AB, SV, WSS AB SW IP IP

3807 HONDA ACCORD 40 No AB, WS, SW AB, SW NC IP IP

3805 TOYOTA ECHO 40 No AB, SV, WS, HR AB SW IP IP

3902 FORD F150 PICKUP 48 No AB, SV, SW, WSS AB SW KB KB

3806 TOYOTA ECHO 48 No AB, SV, WSS, HR AB, SW NC IP IP

3848 FORD ESCAPE 48 No AB, SV, WSS, HR AB SW KB KB

3801 HONDA ACCORD 48 No AB, WS, SW AB, SW SW IP IP

3843 CHEVROLET IMPALA 48 No AB, SV, HD, HL AB SW KB KB

3844 DODGE GRAND CARAVAN 48 No AB, SV, WSS, AP, RR AB NC KB KB

Contact Points

5th Female Driver

50th Male Driver

Vehicle and Test Conditons

AB = Airbag, SV = Sun Visor, SB = Seatback, HR = Head
Restraint, SW = Steering Wheel, KB = Knee Bolster, GB =
Glove Box, HL = Head Liner, IP = Instrument Panel, SC =
Steering Column, HD = Header, WS = Windshield without

Glass Shatter, WSS = Windshield w/ Glass Shatter, AP = A-
pillar, RR = Roof Rail Above Side Window, NC = No Contact
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APPENDIX A, Table A4 – Interior Contact Points – Passenger Side
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4317 CHEVROLET IMPALA 40 No AB, HR AB NC GB GB

4321 FORD ESCAPE 40 No AB, SV, HR AB NC GB GB

4322 DODGE GRAND CARAVAN 40 No AB, HR AB NC GB GB

4319 HONDA ACCORD 40 No AB, SV, HL AB NC KB KB

4320 FORD F150 PICKUP 40 No AB AB NC GB GB

4318 TOYOTA ECHO 40 No AB, HR AB NC KB KB

3796 FORD F150 PICKUP 48 No AB AB NC IP IP

3787 HONDA ACCORD 48 No AB AB NC IP IP

3784 FORD ESCAPE 48 No AB, HR AB NC IP IP

3786 CHEVROLET IMPALA 48 No AB, HR AB NC IP IP

3783 DODGE GRAND CARAVAN 48 No AB, HR AB NC IP IP

3785 TOYOTA ECHO 48 No AB, HR AB NC IP IP

3643 NISSAN MAXIMA 56 Yes AB, HR AB NC GB GB

3642 DODGE DURANGO 56 Yes AB, HR AB NC GB GB

3611 HONDA ACCORD 56 Yes AB, HR AB AB GB GB

3612 NISSAN SENTRA 56 Yes AB AB AB IP IP

3644 DODGE GRAND CARAVAN 56 Yes AB, HR AB NC GB GB

3647 TOYOTA ECHO 56 Yes AB, HR AB NC GB GB

3648 CHEVROLET IMPALA 56 Yes AB, HR AB NC GB GB

3650 FORD WINDSTAR 56 Yes AB AB NC IP IP

3610 HONDA CIVIC 56 Yes AB, HR AB AB GB GB

3646 FORD ESCAPE 56 Yes AB, HR AB NC GB GB

3798 CHEVROLET IMPALA 40 No AB, SV AB NC IP IP

3804 DODGE GRAND CARAVAN 40 No AB, SV, HR AB NC IP IP

3833 FORD F150 PICKUP 40 No AB, SV, WS, HR AB NC IP IP

3817 FORD ESCAPE 40 No AB, SV, WSS AB NC IP IP

3807 HONDA ACCORD 40 No AB, SV AB NC IP IP

3805 TOYOTA ECHO 40 No AB, SV, HR AB NC IP IP

3902 FORD F150 PICKUP 48 No AB, SV AB NC KB KB

3806 TOYOTA ECHO 48 No AB, SV, HR AB NC IP IP

3848 FORD ESCAPE 48 No AB, SV AB NC KB KB

3801 HONDA ACCORD 48 No AB, SV AB NC IP IP

3843 CHEVROLET IMPALA 48 No AB, HR AB NC KB KB

3844 DODGE GRAND CARAVAN 48 No AB, SV, WS, HR AB NC KB KB
AB = Airbag, SV = Sun Visor, SB = Seatback, HR = Head
Restraint, SW = Steering Wheel, KB = Knee Bolster, GB =
Glove Box, HL = Head Liner, IP = Instrument Panel, SC =
Steering Column, HD = Header, WS = Windshield without

Glass Shatter, WSS = Windshield w/ Glass Shatter, AP = A-
pillar, RR = Roof Rail Above Side Window, NC = No Contact

50th Male Passenger

Vehicle and Test Conditons Contact Points

5th Female Passenger



Maltese 13

APPENDIX A, Table A5 – Occupant to vehicle interior pre-impact distances - Driver
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4317 CHEVROLET IMPALA 40.1 No 280 608 421 183 105

4321 FORD ESCAPE 40.1 No 340 563 463 213 70

4322 DODGE GRAND CARAVAN 40.1 No 337 693 500 220 135

4319 HONDA ACCORD 40.2 No 275 643 435 211 116

4320 FORD F150 PICKUP 40.2 No 418 631 553 276 125

4318 TOYOTA ECHO 40.5 No 270 583 493 229 90

3796 FORD F150 PICKUP 48 No 361 625 513 238 127

3787 HONDA ACCORD 48.1 No 311 623 453 205 120

3784 FORD ESCAPE 48.2 No 317 600 460 220 78

3786 CHEVROLET IMPALA 48.2 No 290 656 435 210 127

3783 DODGE GRAND CARAVAN 48.3 No 347 726 527 254 136

3785 TOYOTA ECHO 48.5 No 273 595 505 232 57

3643 NISSAN MAXIMA 56 Yes 263 583 444 200 98

3642 DODGE DURANGO 56.2 Yes 365 682 416 184 92

3611 HONDA ACCORD 56.3 Yes 312 683 484 247 133

3612 NISSAN SENTRA 56.3 Yes 292 626 429 210 84

3644 DODGE GRAND CARAVAN 56.3 Yes 340 752 499 224 162

3647 TOYOTA ECHO 56.3 Yes 304 601 591 236 115

3648 CHEVROLET IMPALA 56.3 Yes 284 630 389 150 104

3650 FORD WINDSTAR 56.3 Yes 372 688 482 228 110

3610 HONDA CIVIC 56.5 Yes 298 614 471 223 138

3646 FORD ESCAPE 56.5 Yes 342 591 454 190 69

3798 CHEVROLET IMPALA 39.9 No 350 635 523 302 166

3804 DODGE GRAND CARAVAN 39.9 No 368 578 565 300 163

3833 FORD F150 PICKUP 39.9 No 404 612 591 335 170

3817 FORD ESCAPE 40 No 375 573 550 309 133

3807 HONDA ACCORD 40.2 No 340 603 530 330 148

3805 TOYOTA ECHO 40.3 No 331 557 580 320 145

3902 FORD F150 PICKUP 47.7 No 429 618 621 364 183

3806 TOYOTA ECHO 47.8 No 335 523 610 340 137

3848 FORD ESCAPE 47.8 No 373 585 533 316 128

3801 HONDA ACCORD 47.9 No 313 570 518 318 132

3843 CHEVROLET IMPALA 47.9 No 345 620 520 312 165

3844 DODGE GRAND CARAVAN 47.9 No 394 596 574 320 155

5th Female Driver

50th Male Driver

Vehicle and Test Conditons Dummy to Vehicle Interior Distances
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APPENDIX A, Table A6 – Occupant to vehicle interior pre-impact distances – Passenger
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4317 CHEVROLET IMPALA 40.1 No 277 604 406 105

4321 FORD ESCAPE 40.1 No 325 566 457 70

4322 DODGE GRAND CARAVAN 40.1 No 300 643 646 120

4319 HONDA ACCORD 40.2 No 255 558 398 65

4320 FORD F150 PICKUP 40.2 No 380 613 587 122

4318 TOYOTA ECHO 40.5 No 305 618 513 110

3796 FORD F150 PICKUP 48 No 370 598 587 130

3787 HONDA ACCORD 48.1 No 284 607 388 95

3784 FORD ESCAPE 48.2 No 328 572 436 64

3786 CHEVROLET IMPALA 48.2 No 290 600 435 117

3783 DODGE GRAND CARAVAN 48.3 No 310 640 458 136

3785 TOYOTA ECHO 48.5 No 305 630 530 107

3643 NISSAN MAXIMA 56 Yes 265 578 508 58

3642 DODGE DURANGO 56.2 Yes 373 635 437 48

3611 HONDA ACCORD 56.3 Yes 256 598 376 60

3612 NISSAN SENTRA 56.3 Yes 256 541 445 50

3644 DODGE GRAND CARAVAN 56.3 Yes 325 667 463 119

3647 TOYOTA ECHO 56.3 Yes 301 638 496 48

3648 CHEVROLET IMPALA 56.3 Yes 299 641 434 88

3650 FORD WINDSTAR 56.3 Yes 385 719 576 100

3610 HONDA CIVIC 56.5 Yes 271 541 402 70

3646 FORD ESCAPE 56.5 Yes 363 621 585 58

3798 CHEVROLET IMPALA 39.9 No 334 655 490 160

3804 DODGE GRAND CARAVAN 39.9 No 356 600 549 195

3833 FORD F150 PICKUP 39.9 No 394 620 579 179

3817 FORD ESCAPE 40 No 385 594 551 135

3807 HONDA ACCORD 40.2 No 320 605 505 128

3805 TOYOTA ECHO 40.3 No 337 590 514 132

3902 FORD F150 PICKUP 47.7 No 420 616 631 202

3806 TOYOTA ECHO 47.8 No 343 538 588 120

3848 FORD ESCAPE 47.8 No 381 611 549 129

3801 HONDA ACCORD 47.9 No 310 610 510 135

3843 CHEVROLET IMPALA 47.9 No 355 660 512 134

3844 DODGE GRAND CARAVAN 47.9 No 361 585 575 195

5th Female Passenger

50th Male Passenger

Dummy to Vehicle Interior DistancesVehicle and Test Conditons
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ABSTRACT 
 

Injuries to the knee-thigh-hip complex (KTH) 
are a frequent, debilitating, and expensive 
consequence of automobile crashes.  This paper 
examines the influence of frontal crash modes, 
restraint status, occupant age and gender, and vehicle 
body type and model year on the frequency and risk 
of KTH injuries and their associated loss in quality of 
life and societal cost. 

The NASS-CDS data files for the years 1993-
2001 were examined to estimate the frequency and 
risk of KTH injuries in real world frontal crashes. 
The crash mode was defined by the direction of 
impact and the vehicle crush profile. The injury codes 
of the Abbreviated Injury Scale (AIS, 1990) were 
used to link injury information with the Functional 
Capacity Index (FCI) and the economic cost of each 
type of injury. The loss in quality of life was 
estimated as Life-years Lost to Injury (LLI) that 
considers the life expectancy of the injured occupant 
and the FCI of the injury.    

Injuries to the knee-thigh-hip (KTH) complex 
account for 18% of all AIS 2+ injuries sustained by 
front seat occupants involved in frontal automobile 
crashes and 23% of the associated LLI.  The 
comprehensive cost of lower extremity injuries is 
$7.64 billion annually with KTH complex injuries 
accounting for 52% of the costs.  Hip injuries account 
for 58% of the LLI associated with AIS 2+ KTH 
injuries.  The risk and proportion of AIS 2+ hip 
injuries is higher in newer vehicle models than older 
models of air bag equipped vehicles.  Risk of AIS 2+ 
KTH injuries for restrained occupants is higher in air 
bag equipped vehicles than in no air bag vehicles.   
 
INTRODUCTION 
 
 With the increasing use of safety belts and 
availability of air bags, more occupants survive 
serious car crashes (NHTSA, 2000).  However, many 
people involved in frontal or offset crashes incur 
disabling lower extremity injuries.  Though lower 
extremity injuries are usually not life threatening, the 
physical and psychosocial consequences of lower 
extremity injuries are often long lasting (Read, et al., 
2002).   Lower extremity injuries require 
comparatively longer periods of hospitalization and 

recovery than injuries to other body regions given the 
same AIS rating and often result in long term or 
permanent disability (Dischinger, et al., 1995, Read, 
et al., 2002).  This is because the AIS mainly 
considers an injury’s “threat to life” and is not 
sensitive for classifying injuries according to the 
probable degree of residual impairment or functional 
limitation.  
 Lower extremities are the most frequently AIS 
2+ injured body region in air bag equipped vehicles 
with a 5 percent risk of injury in frontal crashes 
(Kuppa, et al., 2001).  Fifty percent of lower 
extremity injuries are to the knee-thigh-hip complex 
(Ore, et al., 1993, Kuppa, et al., 2001) that account 
for 45 percent of the life years lost to lower extremity 
injuries (Kuppa, et al., 2001).     
 In a detailed examination of the UK CCIS 
database, Pattimore (1991) noted that lower limb 
injury risk was very dependent on the type of impact 
sustained and the restraint status of the occupant.  For 
restrained occupants, 68% of lower limb skeletal 
injuries occurred below the knee, while for 
unrestrained occupants, 51% of skeletal injuries 
involved the hip/pelvis. 

Huelke, et al. (1991) examined the incidence of 
knee-thigh-hip injuries sustained by drivers and front 
seat passengers in frontal impacts in relation to other 
lower extremity injuries.  Hip injuries accounted for 
15%, thigh for 18%, and knee for 22% of all lower 
extremity injuries.  The proportion of KTH injuries 
among all lower extremity injuries sustained by 
younger drivers and passengers (16-50 years of age) 
is greater (55%) than that sustained by older drivers 
and passengers  (61+ years).  Contacts with the 
instrument panel and steering wheel rim and column 
were the major source of knee-thigh-hip injuries in 
frontal crashes.  
 Ore, et al. (1993) examined knee, thigh, and hip 
injuries in relation to the age and gender of the front 
seat vehicle occupant.  The effect of age on knee-
thigh-hip injury risk was more prominent for female 
occupants than male occupants.  Ore et al. noted that 
among the ten most cost-intensive injuries of 
inpatients, injuries to the hip joint, pelvis and femur 
are the highest.   
 In spite of the high frequency of knee-thigh-hip 
injuries in frontal impacts and their associated high 
societal cost, there has been less attention paid to 
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them.  Air bags have been shown to reduce the 
frequency of severe head and chest injuries and 
therefore significantly change the injury profile of 
front seat occupants involved in frontal crashes.  
However, the influence of air bags on lower 
extremity injuries, and in particular injuries to the 
knee-thigh-hip complex, has not been examined 
effectively in previous field studies since they lacked 
sufficient number of air bag equipped vehicles in 
their real world crash dataset.  Therefore, a detailed 
examination of knee-thigh-hip injuries and their 
relation to injuries to other body regions in frontal 
vehicular crashes was undertaken in this study. 
 
METHODS 
 
 The NASS/CDS data files for the years 1993-
2001 were examined to determine the risk, frequency, 
and proportion of knee-thigh-hip injuries in relation 
to other body regions for the driver and front seat 
outboard passenger involved in frontal non-rollover 
crashes.  The age of occupant, restraint condition, the 
DeltaV of the vehicle, the impact angle, vehicle type, 
and model year were used as covariates influencing 
the risk and frequency of injury.  The following 
criteria were used to extract information from the 
NASS-CDS files.   
 
Frontal Crashes:  Impact direction 11-1 o’clock or 
10 - 2 o’clock with general area of damage in front or 
forward of A-pillar (Kuppa et al. 2001).  Left offset, 
right offset, and full frontal crashes were defined by 
damage distribution and object contacted in similar 
manner as that in Kuppa, et al. (2001).  Frontal 
crashes with a rollover component were not 
considered. 
Occupant:  Driver and front seat outboard passenger 
at least 15 years of age and not ejected from vehicle. 
Age of occupant was categorized into four groups - 
15-30 years, 30-45 years, 46-60 years, and 60+ years. 
Vehicle: Passenger cars, utility vehicles, and light 
truck/van of weight less than 10,000 lbs, grouped into 
pre 1993, 1994-1996, and 1997-2001 vehicle model 
years 
Restraint:  3-point belt restrained and unrestrained 
occupants in air bag equipped and no air bag vehicles 
were considered and grouped into “bag+belt”, “bag 
only”, “belt only”, and “unrestr” categories. If only a 
driver side air bag is available, the driver is 
considered to be in an air bag equipped vehicle while 
the passenger is considered to be in a no air bag 
vehicle.  
DeltaV:  The change in velocity of the subject 
vehicle was categorized into 6 groups <15 km/h, 16-
30, 31-45, 46-60, 60-75 and 75+ km/h.  

Injuries:  Injuries, coded according to the 
Abbreviated Injury Scale (AIS, 1990), were 
categorized into head/face, neck, thorax/abdomen, 
upper extremity, and lower extremity.  The lower 
extremities were further separated into injuries to the 
KTH complex and below knee injuries.   

For detailed analysis of knee-thigh-hip injuries, 
the AIS codes were used to categorize the injuries 
into knee, thigh, and hip as shown in Figure 1 (Rupp, 
et al., 2002).  For the detailed KTH injuries, AIS 
codes regarding skin, blood vessels, or the nerves 
were not considered.  Only skeletal injuries, injuries 
to the joint, and muscle and ligament injuries were 
considered.  Hip injury included fracture of the 
acetabulum (coded under pelvis fracture), femoral 
head and neck, and hip joint injury, hip dislocation.  
Thigh injury included fracture of the femoral shaft, 
subtrochanteric regions, and the supra condylar 
region.  Knee injury included fracture of the patella 
and femoral condyles, knee ligament and tendon 
injuries.   

Knee
patella
femoral condyles
knee joint
knee ligaments

Thigh
femoral shaft
supracondylar
region
subtrochanteric
region

Hip
femoral head
femoral neck
acetabulum
hip
hip joint

  
Figure 1.  Classification of Knee-Thigh-Hip 
injuries 
 

The highest AIS level injury to a body region 
was used to estimate the risk of injury to a body 
region.  All injuries to a body region were used to 
estimate the number of injuries in a body region.  The 
occupant age, gender, restraint condition, and DeltaV 
and type of crash were used as covariates influencing 
the risk and frequency of injury.   

 
FCI and LLI:  The Abbreviated Injury Scale was 
originally conceived as a weighted assessment of 
injury severity based on its threat to life.  Thus 
injuries that are associated with high mortality but 
low morbidity are associated with high AIS scores, 
whereas injuries associated with low mortality yet 
high morbidity and long term impairment are 
assigned low values of AIS.  The Functional Capacity 
Index (FCI) was developed to better quantify the 
long-term individual and societal consequences of 
non-fatal injuries (MacKenzie, et al., 1996).  FCI is 



     Kuppa, 3 

an estimate of the long-term effects of injury, based 
on the functional state of an injured individual one-
year post injury.  FCI values vary from 0 for no loss 
to 1.0 for complete loss of function.  Luchter (1995) 
developed the LLI (Life Years Lost to Injury) with 
FCI as the “impairment” score to represent the years 
lived at a reduced level of functioning.  The LLI for 
an injury is defined as the product of its FCI and the 
life expectancy of the injured individual.  The life 
expectancy for the given age and gender of the 
injured person is determined from the standard life 
tables.  The total LLI represents the overall effect on 
society of a particular injury, and the average LLI 
(total LLI due to a particular injury divided by 
incidence of such injury) represents the effect on the 
“average” injured individual.   

The AIS 90 code for the highest AIS level injury 
in each body region for occupants with non-fatal 
outcome was mapped to its corresponding Functional 
Capacity Index (FCI).  If a body region had more 
than one injury at the highest AIS level, then the 
injury with the greater FCI was used.  The FCI for a 
fatally injured occupant was considered equal to 1 
and assigned to the MAIS injury (maximum AIS 
injury sustained). Since detailed injury information is 
missing for many fatally injured occupants, the 
distribution of MAIS injury into different body 
regions for fatal outcomes was assumed to be the 
same as the distribution of AIS 4+ injuries in non-
fatal outcomes.  The Life Years Lost to Injury (LLI) 
was computed by multiplying the life expectancy of 
the injured individual with the FCI.  The total LLI to 
a body region was computed as the sum of the LLI 
for all occupants due to the most severe AIS 2+ 
injury in that body region. 
 
Injury Costs:  The comprehensive cost of injury to 
the lower extremities was estimated using the 
nonfatal injury unit cost by body region published by 
NHTSA (Blincoe, et al., 2002) which represent the 
harm caused by US motor vehicle crash injuries.  The 
unit costs are listed according to the injured body 
region and the AIS threat-to-life severity score of the 
maximum severity injury.  Comprehensive cost of 
injury includes economic cost and cost of “intangible 
consequences” such as pain and suffering, loss in 
quality of life, and loss of life.  The economic costs 
are based on year 2000 cost estimates and include 
medical costs, emergency services costs, property 
damage losses, lost productivity, workplace costs, 
legal and insurance costs and the costs associated 
with travel delay.  The total cost of injury to a body 
region is the sum of the product of the number of 
injuries at a given AIS level in a body region with the 
corresponding unit cost of injury for that AIS level 
severity. 

All results presented are weighted by weighting 
factors in NASS/CDS to represent national estimates 
of towaway crashes. No adjustments were made to 
include estimates of non-towaway crashes or to 
equate the average annual number of fatalities of 
outboard front seat occupants involved in frontal 
crashes to that reported in the FARS database.  Cost 
estimates presented in this paper are based on year 
2000 dollar value and no adjustment has been made 
to reflect current dollar value. 

Comparisons made in the paper are based on 
point estimates, some of which are based on small 
sample size.  Further work would be needed to 
determine the statistical significance of the 
comparisons. 

 
RESULTS 
 

There were an annual average of 1.3 million 
towaway frontal crashes categorized into full frontal, 
left offset and right offset crashes as shown in Figure 
2.   

Full frontal
23%

Left offset
39%

Right
offset 38%

 
Figure 2.  Distribution of frontal crashes into 
different crash modes. 
 
 Eighty percent of outboard front seat occupants 
were drivers and 20% were passengers.  The belt use 
rate in air bag equipped vehicles was 88% while that 
in vehicles with no air bags was 74%.  Forty percent 
of the front seat occupants were in air bag equipped 
vehicles.  The number of AIS 2+ injuries in different 
body regions for different crash conditions is shown 
in Figure 3.    

The lower extremity injuries in Figure 3 are 
grouped into injuries to the knee-thigh-hip complex 
(KTH) and below knee injuries.  Lower extremity 
injuries are the most frequent injured body region in 
all frontal crashes accounting for 36% of all AIS 2+ 
injuries sustained by front seat occupants. 
Approximately half of these lower extremity injuries 
are to the knee-thigh-hip (KTH) complex and the 
other half are below knee injuries.  The number of 
injuries in right offset crashes is less than that of left 
offset since 80% of the occupants are drivers. 
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Figure 3.  Annual number of AIS 2+ injuries in 
different body regions for different crash 
conditions. (lowerex = KTH+belowknee) 
 

The average annual life-years lost to AIS 2+ 
injuries in all frontal crashes in air bag and no air bag 
equipped vehicles is presented in Figure 4.  The 
annual estimate of LLI associated with AIS 2+ lower 
extremity injuries in air bag equipped vehicles 
involved in frontal crashes is 128 thousand years.  
Though head/neck and thoracic injuries have higher 
threat to life consequence, they account for a lower 
proportion of life years lost to injury than the 
extremity injuries.  While lower extremity injuries 
account for 36% of all AIS 2+ injuries sustained by 
front seat occupants, they represent 46% of the Life-
year Lost to AIS 2+ Injury (LLI).  The LLI associated 
with KTH injuries in frontal crashes is 55% of the 
total LLI due to AIS 2+ lower extremity injuries.  
While 40% of front seat occupants in this data set 
were in air bag equipped vehicles, they represent less 
than 15% of the total LLI associated with head 
injuries indicating the effectiveness of air bags in 
reducing head injury and its associated impairment.  
Such a significant reduction in LLI associated with 
injuries to other body regions in air bag equipped 
vehicles was not observed.   
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Figure 4.  Annual life years lost to AIS 2+ injury 
for outboard front seat occupants air bag and no 
air bag equipped vehicles involved in frontal 
crashes. (lowerex = KTH+belowknee) 
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Figure 5.  Risk of AIS 2+ injuries in different body 
regions for different restraint environments in 
frontal crashes. (lowerex = KTH+belowknee) 
 
The risk of AIS 2+ injury to different body regions 
for different restraint environments is presented in 
Figure 5. The risk of AIS 2+ injuries is higher for the 
unrestrained occupant than for the belted occupant in 
both airbag and no air bag equipped vehicles. The 
risk of head, thorax and abdominal injuries is 
significantly reduced in air bag equipped vehicles 
compared to no air bag vehicles. However, there is no 
concomitant reduction in the risk of upper and lower 
extremity injuries in air bag equipped vehicles. In 
fact, the risk of lower extremity injuries (both KTH 
and below knee injuries) is higher among belted 
occupants in air bag equipped vehicles than those 
with no air bag.  This observation is similar to that 
found by Rupp et al. (2002).  The risk of AIS 2+ 
injuries is highest for the lower extremities compared 
to any other body region for air bag equipped 
vehicles.  The risk of injury to the KTH complex is 
approximately the same as the risk of below knee 
injuries.  
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Figure 6.  Risk of AIS 2+ injuries in different body 
regions for restrained occupants in airbag 
equipped vehicles involved in different frontal 
crash modes. (lowerex = KTH+belowknee) 
 

The risk of AIS 2+ injury to different body 
regions for belted occupants in air bag equipped 
vehicles involved in different crash modes is shown 
in Figure 6.  The risk of AIS 2+ injury to different 
body regions is, in general, higher for full frontal 
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crashes compared to offset crashes.  Figure 6 
indicates a higher risk of KTH complex and below 
knee injuries in the full frontal crash condition than in 
the offset crashes in spite of the higher level of 
intrusion associated with offset crashes.     

The risk of AIS 2+ injuries in air bag equipped 
vehicles involved in frontal crashes as a function of 
vehicle body type is shown in Figure 7.  78% of the 
vehicles in the data set were passenger cars, 7% 
utility vehicles, and 15% light trucks and vans. The 
risk of AIS 2+ upper body injuries in frontal crashes 
is similar for all vehicle body types. However, the 
risk of AIS 2+ injuries to the KTH complex is higher 
in utility vehicles than in passenger cars and light 
trucks and vans.  

0%
1%
2%
3%
4%
5%
6%
7%
8%

he
ad

ne
ck

th
or

ax
/a

bd

up
pe

re
x

lo
w

er
ex

K
TH

be
lo

w
kn

ee

R
is

k 
of

 A
IS

 2
+ 

In
ju

ry

passenger cars utility vehicles vans

 
Figure 7.  Risk of AIS 2+ injuries to different body 
regions of air bag equipped vehicles in frontal 
crashes for different vehicle body types. 
 

The risk of AIS 2+ injury to different body 
regions by age for air bag equipped vehicles is 
presented in Figure 8.  
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Figure 8. Risk of AIS 2+ injuries in frontal crashes of 
air bag equipped vehicles as a function of occupant age 
in years. (lowerex = KTH+belowknee) 
 

In general, the risk of AIS 2+ injury increases 
with increase in occupant age.  Occupant age has 
significant influence on thoracic/abdominal injuries 
but does not  have the same influence on head and 
KTH complex injuries.  The risk of below knee 
injuries increases with increase in occupant age while 
the risk of KTH injury does not change significantly 
in the different age groups.  Perhaps, other factors 

such as restraint condition and DeltaV have greater 
influence on injury to the KTH complex than 
occupant age. 

 
Next, results of the analysis using the detailed 

AIS 90 codes are presented.  As indicated earlier, 
only skeletal injuries, injuries to the joint, and muscle 
and ligament injuries were considered.  AIS codes 
regarding skin, blood vessels, or the nerves were not 
considered since it is not possible to classify them 
into the detailed knee, thigh, or hip categories.  
Additionally, currently available anthropomorphic 
test devices cannot address these injuries. Knee 
sprain is coded as a joint injury of AIS 2 severity 
according to the 1990 Abbreviated Injury Scale while 
hip and ankle sprains are coded as AIS 1 severity. 
However, knee sprains are associated with an FCI of 
0 just as hip and ankle sprains. In order to be 
consistent with the impairment level associated with 
these injuries, knee sprains were considered to be of 
AIS 1 severity in this analysis.   
 The risk of AIS 2+ knee, thigh, and hip injuries 
as a function of age and gender was examined for 
occupants in air bag equipped vehicles using the 
detailed injury information of the KTH complex from 
the AIS 90 code (Figure 9).  The influence of age on 
hip and thigh injury risk is not evident while knee 
injury risk increases with increase in occupant age for 
male and female occupants.   
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Figure 9.  Risk of AIS 2+ KTH skeletal, joint, and 
ligament injuries in frontal crashes as a function 
of age and gender of occupant (in air bag 
equipped vehicles). 
 
 The risk of AIS 2+ injuries to the KTH complex 
in air bag equipped vehicles involved in frontal 
crashes as a function of DeltaV is presented in Figure 
10.  The risk of knee injuries dominate for 
DeltaV<45 km/h.  For frontal crashes with DeltaV> 
45 km/h, the risk of hip and thigh injuries is greater 
than that of knee injuries.  
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Figure 10.  Risk of AIS 2+ KTH skeletal, joint and 
ligament injuries in air bag equipped vehicles 
involved in frontal crashes as a function of DeltaV.  
 

In the detailed analysis of KTH injuries, the risk 
of hip and knee injuries is greater for restrained front 
out board occupants in air bag equipped vehicles 
compared to those in no air bag vehicles (Figure 11).  
This finding is similar to that shown in Figure 5 
where risk of AIS 2+ KTH complex injuries is higher 
in “bag+belt” restraint than “belt only” restraint 
condition.   
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Figure 11  Risk of AIS 2+ knee, thigh, and hip 
(skeletal, joint and ligament injuries) for 
restrained occupants in air bag and no air bag 
equipped vehicles in frontal crashes.  
 

 The risk of  AIS 2+ knee, thigh, and hip injuries 
has increased in the newer models of air bag 
equipped vehicles compared to those before 1993 
(Figure 12).  The proportion of AIS 2+ hip injuries 
among other injuries to the KTH complex is greater 
in newer vehicle models than earlier models of air 
bag equipped vehicles (Figure 14).  Assuming that 
the average DeltaV and occupant characteristics are 
not significantly different between air bag and no air 
bag vehicles and between the different vehicle model 
years, the higher risk of KTH injuries and the higher 
proportion of hip injuries in air bag equipped vehicles 
and newer vehicle models may be attributed to design 
changes in the vehicle interior components. Since the 
sample sizes in the air bag and no air bag categories 
and in the vehicle model year categories are large, an 
assumption of invariant DeltaV and occupant 

characteristics between the various categories is not 
unreasonable. 
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Figure 12.  Risk of AIS 2+ knee thigh and hip 
(skeletal, joint, and ligament) injuries in different 
model years of air bag equipped vehicles involved 
in frontal crashes.      
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Figure 13.  Proportion of AIS 2+ knee, thigh, and 
hip (skeletal, joint, and ligament) injuries in 
different model years of air bag equipped vehicles.   
 

The AIS 90 codes were used to determine the 
distribution of detailed AIS 2+ injuries to the KTH 
complex as well as the associated LLI to these 
injuries in air bag equipped vehicles and no air bag 
equipped vehicles (Figures 14 and 15).  The most 
common KTH injuries are hip, femur, and patella 
fractures.  The proportion of hip injuries (46%) as 
compared to knee injuries (32%) in air bag equipped 
vehicles is higher than the proportion of hip injuries 
(35%) in non-air bag vehicles.  However, the LLI 
associated with hip injuries is approximately the 
same in air bag and no air bag vehicles.  This is 
because many hip joint injuries in air bag equipped 
vehicles are associated with low FCI values.  The life 
years lost to injury due to hip injuries accounts for 
almost 65% of all life years lost due to AIS 2+ KTH 
injuries.  The proportion of LLI due to hip fracture is 
almost 60%.  This indicates the high disability level 
associated with hip injuries.   
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Figure 14.  Proportion of different AIS 2+ injuries to the KTH complex. 
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Figure 15.  Proportion of Life years Lost to Injury (LLI) for AIS 2+ KTH injuries 

 
 

Table 1. 
Annual estimate of comprehensive costs of lower 
extremity injuries in air bag equipped vehicles 

involved in frontal crashes (2000$ value). 
 

Body Region 1 2 3
knee 596 6854 36 1.75
thigh 0 11 1839 1.23
hip 489 2543 467 0.97
lowerleg 8 1607 1343 1.29
foot/ankle 3724 8613 26 2.39
Unit Cost ($) 66467 246660 668333

AIS Levels Total cost 
(billion $)

  
 
The average annual comprehensive cost of lower 

extremity injuries for air bag equipped vehicles was 
computed using the nonfatal injury unit cost based on 
year 2000 dollar value in Economic Impact of Motor 
Vehicles Crashes (Blincoe, 2002).  The average 
annual number of lower extremity injuries at different 

AIS levels along with the unit cost of injury by AIS 
level and the total cost for each body region is shown 
in Table 1.  The total annual cost of lower extremity 
injuries is $7.64 billion of which knee-thigh-hip 
injuries account for 52% of the total economic cost of 
lower extremity injuries.   The comprehensive cost 
includes the economic cost as well as an estimated 
cost of pain and suffering and loss in quality of life. 

The unit costs of lower extremity injuries are 
based only on the AIS levels of the lower extremity 
injuries and no differentiation is made between the 
injured lower extremity regions.  Further 
improvement in cost estimates can be made by using 
unit costs, if available, that are based on the region of 
the lower extremity injury as well as the on the 
severity of the injury. 
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SUMMARY 
 
 The NASS/CDS database for the years 1993-
2001 was examined to better understand the rate and 
frequency of injuries to the knee-thigh-hip complex 
in frontal crashes.   

The current analysis only used the NASS/CDS 
data for towaway crashes and the results have not 
been adjusted to represent all frontal crashes 
(including non-towaway) crashes.  Comparisons 
made are based on point estimates, some of which are 
based on small sample size. Analysis has not been 
conducted to determine the statistical significance of 
the comparisons.  

Forty percent of front seat occupants were in air 
bag equipped vehicles. Eighty percent of front 
outboard occupants were drivers and the belt use rate 
in air bag equipped vehicles was 88% while that in 
no air bag vehicles was 74%.  

The risk of AIS 2+ injuries to the KTH complex 
for belted occupants in air bag equipped vehicles is 
relatively high compared to the risk of AIS 2+ injury 
to the upper body. 

Lower extremity injuries are the most frequent 
injured body region in all frontal crashes accounting 
for 36% of all AIS 2+ injuries sustained by front seat 
occupants.  Approximately half (18%) of these lower 
extremity injuries are to the knee-thigh-hip (KTH) 
complex.  The estimate of annual Life-years Lost to 
Injury (LLI) associated with AIS 2+ KTH injuries in 
air bag equipped vehicles involved in frontal crashes 
is over 60,000 years and approximately 23% of LLI 
associated with all AIS 2+ injuries sustained by 
occupants in frontal crashes.  The high proportion of 
LLI associated with KTH injuries indicates the high 
level of functional limitation associated with KTH 
injuries. 

The risk of AIS 2+ KTH injuries among 
restrained occupants is higher in air bag equipped 
vehicles than no air bag vehicles.  The KTH injury 
risk is also higher for the unrestrained occupant than 
the restrained occupant.  Similar observations were 
made by Rupp, et al. (2002).   

The risk of AIS 2+ injuries in air bag equipped 
vehicles involved in frontal crashes is not 
significantly different between different vehicle body 
types.  However, the risk of AIS 2+ KTH injuries are 
higher in utility vehicles than in passenger cars and 
light trucks and vans.  This difference in risk of 
injury may not be significant since only 7% of the 
vehicles in the data set were utility vehicles. 

The risk of AIS 2+ KTH injuries has increased in 
the newer models of air bag equipped vehicles 
compared to those before 1993. The proportion of 
AIS 2+ hip injuries among other injuries to the KTH 
complex is greater in newer vehicle models than 

older ones as well as in air bag equipped vehicles 
compared to no air bag vehicles.  The statistical 
significance of these differences in risk needs to be 
examined. 

Assuming the average DeltaV of the crash and 
the average occupant characteristics remain invariant 
between air bag and no air bag vehicles, the higher 
risk of AIS 2+ lower extremity injuries and in 
particular KTH complex injuries in air bag equipped 
vehicles than in no air bag vehicles could be 
attributed to design changes in the vehicle interior 
components such as the knee bolster.  Such design 
changes may also be associated with the observed 
higher risk of KTH injuries in newer vehicle models 
than in older vehicle models.  Further research needs 
to be conducted to better understand the performance 
of various knee bolster designs in different restraint 
environments. 

The results of the analysis do not indicate a 
strong influence of age and gender on the risk of 
KTH injury.  This finding is similar to that noted by 
Ore, et al. (1993). 

A detailed examination of KTH injuries in 
NASS using the AIS 90 codes indicates that hip, 
femur and patella fractures are the most frequently 
occurring AIS 2+ KTH injuries.  While hip injuries 
account for 46% of all AIS 2+ KTH injuries, they 
account for 65% of the associated life years lost.  
This indicates that the disability and impairment level 
associated with hip injuries is higher than other KTH 
injuries. 

The average annual comprehensive cost of KTH 
injuries is approximately $4 billion.  These costs 
include both economic costs as well as an estimate of 
the cost of pain and suffering and loss in quality of 
life.  The unit costs of lower extremity injuries are 
based only on the AIS levels of the lower extremity 
injuries and no differentiation is made between the 
injured lower extremity regions.  Further 
improvement in cost estimates can be made by using 
unit costs, if available, that are based on the region of 
the lower extremity injury as well as the on the 
severity of the injury. 

The current analysis of the NASS/CDS data files 
indicates the high levels of disability and functional 
loss as well as the societal costs associated with 
injuries to the knee-thigh-hip complex.  Due to the 
increasing use of safety belts and the availability of 
air bags, the risk of head, neck, thoracic, and 
abdominal injuries has reduced significantly.  
However, concomitant reduction in the risk of lower 
extremity injuries has not occurred. The change in 
restraint status has changed the injury profile of front 
seat occupants in frontal crashes.  The overall societal 
cost of lower extremity injuries is increasing in 
proportion to upper body injuries.  Therefore more 
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efforts need to be made in mitigating KTH complex 
and below knee injuries.   
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ABSTRACT

The Motorcyclist Anthropometric Test Dummy
(MATD) and injury risk/benefit analysis methods
standardized under International Standard ISO 13232
allow the relative injury benefits and risks of rider
protective devices fitted to motorcycles to be
assessed, for a specific set of injury types. Research
involving the feasibility of airbags fitted to
motorcycles intensified the need to upgrade the crash
test dummy neck injury assessment methods. This
involved the development of an improved dummy
neck with multi-directional biofidelity and injury
assessment capabilities and corresponding
probabilistic four axis neck injury criteria. The neck
injury criteria were developed by fitting the
distributions of neck injury severities observed in on-
scene in-depth investigations of 568 real-world
motorcycle crashes, including the direction of neck
motion indicated by special detailed neck dissections
in 67 fatal cases, to the distributions of upper neck
forces and moments measured in calibrated computer
simulations of the MATD with the improved neck in
the 568 crashes. The result is a probabilistic injury
criterion that can estimate the probability of neck
injury, based on four axis upper neck forces and
moments measured with the new MATD neck. The
model has a high level of overall agreement with
neck injury severity levels and directions observed in
real world crashes.

INTRODUCTION

Background

INTERNATIONAL STANDARD 13232 specifying
test and analysis procedures for the research and
evaluation of rider crash protective devices fitted to
motorcycles, first approved and published in 1996
[1], has recently undergone a comprehensive review
as a result of experience with the Standard (e.g.,
Zellner, et al. [2]). Recommendations for changes
and improvements were made in all aspects resulting
in the committee draft first revision of ISO 13232 [3].
The recommendations included proposed changes to
the motorcycle anthropometric test dummy (MATD)
neck (in Part 3 of the revised Standard [3]) described
in Withnall et al. [4], and the neck injury probability
analysis (in Part 5 of the revised Standard [3]), which
is the subject of this paper.

The changes were considered necessary because the
neck injury criteria in the original Standard:
• did not provide an indication of the AIS injury

severity level;
• were “pass/fail” in nature, rather than

probabilistic; and
• tended to over predict the number and likelihood

of neck injuries (>30%) for a census sample,
compared to actual injury data (<6%);

as explained in Annex J of Part 5 of the revised
Standard [3].
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The injury risk/benefit analysis methods specified in
Part 5 of the 1996 Standard incorporated a rider
injury severity (AIS) and injury cost model, for
injuries to the head, chest, abdomen, and lower
extremities, based on probabilistic functions of
objective injury assessment variables measured by
the MATD. The initial basis for this injury model
was reported in Newman et al. [5], with example
application in Kebschull et al. [6].

The 1996 edition of the Standard did not include a
probabilistic neck injury model, due to the limited
injury tolerance data that was available at that time.
Instead, a criterion to indicate either "likely [neck]
fracture or dislocation [with] a fatal propensity" or
non-injury was incorporated [1]. This limitation
became especially important in airbag evaluations
that involved severe neck loading. For example,
Ramet et al. [7] reported severe upper neck lesions
with cadavers positioned on prototype motorcycle
airbags, suggesting that a better estimate of neck
injury probability would be required.

Objectives

The objectives of this study were to develop a new,
probabilistic neck injury criterion compatible with
the criteria employed in other body regions of the
MATD. The criteria would be appropriate for
assessing AIS 0 to 6 skeletal and ligamentous injuries
to the upper neck defined by AO/C1/C2. The new
neck design and injury criteria have been proposed in
the committee draft first revision of the Standard for
use in the risk/benefit analysis and injury severity and
cost models.

REQUIREMENTS FOR THE NECK INJURY
CRITERIA DEVELOPMENT

The objective was to develop a probabilistic,
objective injury criterion that would be:
• consistent with the form of the injury criteria for

the other body regions in ISO 13232-5,
• consistent in general form with other neck injury

criteria applicable to other mechanical necks (e.g.,
Eppinger et al., [8], [9])

• based on the force and moment time histories
obtained from either computer simulations or full
scale tests using the new MATD neck, according
to the relevant parts of ISO 13232,

• suitable for predicting AIS 1 to 6 level injuries to
the AO/C1/C2 region of the cervical spine,

• consistent with the frequency distributions of:
• neck injury severities observed in the census

of 487 non-fatal LA/Hannover motorcycle-car

accidents (ISO-13232-2) and 67 USC fatal
motorcycle-car accidents ([10], [11]);

• AO/C1/C2 neck injury severities and
directions observed in the 67 USC motorcycle
fatal accidents;

• peak AO forces and moments observed in
calibrated computer simulations of the 501
LA/Hannover non-fatal and fatal motorcycle-
car accidents and 67 USC fatal motorcycle-car
accidents, assuming the baseline helmet and
opposing vehicle were present in all cases, and
a GPZ 500 motorcycle was the subject
motorcycle in all cases.

COMPUTER SIMULATION OF THE MATD
NECK

In order to simulate real accidents for which neck
injuries were known, a computer simulation of the
new neck was developed using the US Air Force
Articulated Total Body (ATB) Program [6], [12]. The
mathematical model of the neck comprised 8
segments (lumped mass rigid bodies) connected in
series between the lower neck pivot point and the
head, with 26 motion degrees of freedom, as
illustrated in Figure 1. The model was validated by
comparing the predicted results to those observed in
component and full-scale tests as reported in [13].
For example, Figure 1a and b illustrate a comparison
of still images from high speed video of a rearward
neck extension sled test and the corresponding
computer simulation. Figure 1c illustrates the
digitized motions from the full-scale test and from
the corresponding computer simulation, indicating
close agreement. Figure 2a, b and c illustrate a
similar comparison using full-scale test data.

NECK INJURY PROBABILTY MODEL FORM

In order to maintain consistency of form with other
injury functions in ISO 13232 and other scientific
literature, it was assumed that the probability of a
maximum AISAO/C1/C2 ≥ k neck injury is related to an
objective injury index NIImax as follows:
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where γk and ηk are injury risk distribution
coefficients to be determined. It was further assumed
that this distribution approximates a normal
distribution with mean µk, and standard deviation σk,
according to the equations from SAE AE-9 [14] and
Råde and Westergren [15]:
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Figure 1: a) Laboratory test, b) computer simulation of rearward neck extension at 0.1 sec., and c)
corresponding time response of laboratory test and computer simulation.

Figure 2: a) Full scale test, b) computer simulation of impact configuration 413-0/30 0.1 sec after initial
contact, and c) corresponding measured and predicted response from full scale test and computer simulation.
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The objective injury index NIImax is defined as
follows:

( )tNIINII
t

max max= (4.)

where NII(t) is defined by equation (5) and where

FC is the neck axial compression force,
FC = -min(FZ,0),

FT is the neck axial tension force,
FT = max(FZ,0),

MX is the neck lateral flexion moment,
ME is the neck extension moment,

ME = -min(MY,0),
MF is the neck flexion moment, MF = max(MY,0),
MZ is the neck torsion moment,
FI

* and MI
* are model coefficients corresponding to

single axis failure criteria, to be determined
for I={C,T,X,E,F,Z}.

The objective injury index defined by equations (4)
and (5) was adapted from the generalized stress ratio
method for estimating the strength of materials under
combined loading conditions described in many
references (e.g., Shanley et al. [16], Bruhn [17], and
US Department of Defense MIL-HDBK-5D [18])
and assuming that the generalized exponent has a
value of either 1 or 2. For example Figure 1.5.2.5 of
MIL-HDBK-5D ([18], pp 1-29) indicates that for
various materials, the exponents in equation (5) in
general can have real values in the range of n=1 to 3.
The assumption is that biological material such as
ligaments and vertebral facets exhibit material
characteristics analogous to those for metallic
materials. For strength of materials, in general,
bending and axial stresses are considered to be
linearly additive (i.e., n=1); moments about
orthogonal axes are considered to be resultants (i.e.,
n=2); and combinations of shear (i.e., torsion) and
axial stress are considered to be resultants. Equations
C4.11, C4.16, and C4.16 in Bruhn [17] are examples

of stress ratios for these types of interactions.
Equation (5) allows for asymmetric strengths (e.g.,
extension-flexion), and strengths in each direction
which are independent of the strengths in the other
directions, which was considered to be appropriate
for composite structures such as the human neck.

Neck shear forces are not included in this model
because shear motions were observed in 64 of the 67
cases in the USC fatal accident database with
AO/C1/C2 neck injuries. As a result, it was
considered that there was insufficient information in
this database to identify injury criteria based on shear
force. Possible explanations for this are that neck
shear motion may be uniformly associated with
motorcycle (and perhaps nearly all motor vehicle)
neck injuries; or alternatively, that neck shear motion
is a fully coupled variable, uniformly associated with
the other motions that are present (e.g., bending,
torsion, and compression-tension).

Equation (5) can be re-expressed in terms of
normalized neck force and moment components
according to equations (6) and (7) as follows:
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It was then furthermore assumed that if an
MAISAO/C1/C2 > k injury does occur, then the injuries
are associated with the neck force and/or moment
directions, I, which satisfy the equation:

( ) kkmaxI QtNII µ*≥ (8.)

where tmax is defined such that

( ) maxmax NIItNII = (9.)

The Qk
* coefficients have positive values between 0

and 1 which are also to be determined.
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MOTORCYCLE ACCIDENT DATABASES

The coefficients for the assumed neck injury
probability model were estimated from data
describing 501 Los Angeles and Hannover
motorcycle-car accidents (ISO 13232-2) and 67 USC
fatal motorcycle-car accidents [11]. Features of these
databases are summarized in Table 1.

METHODOLOGY FOR INJURY CRITERIA
DEVELOPMENT

The neck injury criteria were estimated using
methods based on the available motorcycle accident
data and several assumptions.

Basic Assumptions

Basic assumptions for this analysis were that:
• The assumed mathematical injury probability

model described by equations (1) to (9) are valid.
• The distribution of neck injury severities in the 67

USC fatal accidents are the same as the
distribution of neck injury severities in the 14
fatal LA/Hannover accidents.

• The distribution of neck forces and moments
predicted by computer simulations (based on ISO

13232 computer simulations) of 67 USC fatal
motorcycle accidents with a GPZ 500 motorcycle
and a helmeted rider, are the same as those which
occurred in the 67 USC fatal motorcycle
accidents, and that these distributions are
representative of all fatal motorcycle accidents.

• The distribution of forces and moments predicted
by the 501 ISO 13232 calibrated computer
simulations with a GPZ 500 motorcycle and a
helmeted rider are the same as those which
occurred in the 501 LA/Hannover injury
accidents, and that these distributions are
representative of all injurious motorcycle
accidents.

These assumptions are also based on the underlying
assumption that neck forces and moments and
resulting injury severity are independent of helmet
use. Orsay et al. [19] have found that there is no
relationship between helmet use and the prevalence
of neck injuries.

Additional Assumptions

It was further assumed that:
• The forces in the new MATD dummy upper neck

are those which are relevant and correlated with

Table 1. Summary of Accident Databases

Database
Sample Criteria

LA Hannover USC
Accident Reporting criteria Police reported Police reported Police reported

No. of vehicles 2 2 2
Accident
configurations

All, except untestable
configurations

All, except untestable
configurations

All, except
runover/snag

Investigation
method

On scene, in-depth On scene, in-depth

On scene, in-depth,
including in-depth
medical autopsies,
neck dissections

Subject vehicle
Motorcycle with seated,

solo rider
Motorcycle with seated,

solo rider
Motorcycle with solo

rider
Person Rider Rider Rider

Injury severity Injured or killed Injured or killed Death within 10 days
Other vehicle Passenger car Passenger car Passenger car
Region Los Angeles Hannover Los Angeles County
Time period 1976-1977 1980-1985 Aug 1978-Mar 1981
Sample size 501 67

Non fatal neck injuries <3% 92.5%
Fatal neck injuries Unknown, but <3% 7.5%
Fatal (all causes) 3% 100%

Comment
No neck dissections, neck injuries for fatal cases

unknown
Detailed injury

information
Reference ISO-13232-2 ISO-13232-2 [10], [11]
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human upper neck injuries. The new MATD neck
dynamic response in three axes has been validated
against volunteer human response corridors as
described in [4]. This general approach for
developing neck injury criteria has been
commonly used by others in the past;

• The simulated dynamic response of the new
MATD neck correlates strongly with the dynamic
response from full-scale tests, as described herein
and in [13];

• The distributions of neck forces and moments
from calibrated computer simulations of a GPZ
500 and a helmeted rider for the 67 USC fatal
accident cases are assumed to correspond to the
distributions of the observed injury severities and
motions;

• The coefficients that describe the relative
distribution of neck injuries by direction (FC

*, FT
*,

MX
*, ME

*, MF
*, MZ

*, and Q* ) are assumed to be
the same for both fatal and non-fatal motorcycle-
car accidents, and for all neck injury severity
levels;

• FC
*, FT

*, MX
*, ME

*, MF
*, and MZ

* have positive
values, which are assumed to be less than the
overall maximum values for FC, FT, MX, ME, MF,
and MZ that occur in the computer simulations of
the 67 USC fatal cases, because observed injuries
were previously associated with motions in each
of these axes;

• The overall probabilities of neck injury in fatal
and non-fatal subsamples of motorcycle-car
accidents may be different (i.e., the intercept
value µk for riders in fatal accidents may be
different from µk for injured riders);

• The standard deviation of the injury risk, σk,
which is related to the slope of the probability of
injury vs. injury index curve, is the same for all
AIS injury severity levels (i.e., failure mechanism
is similar at all AIS levels, e.g., as assumed with
the ISO 13232-5 thoracic compression injury
probability). This assumption eliminates the
possibility of overlapping injury risk curves (e.g.
the probability of an AIS 3+ injury being greater
than the probability of an AIS 2+ injury for a
given injury index value);

• The coefficient of variation (standard deviation
divided by the mean) of the AIS ≥ 3 injury risk
curve is 0.2 (i.e., σ3/µ3 =0.2). This assumption is
based on results for neck extension moment and
tension described by Mertz and Prasad [20];

• “Direction of force” corresponds to “direction of
motion” for each neck injury observed in the USC
fatal accidents. The later was based on detailed
reconstructions of rider motions and in particular
head and neck kinematics by a panel of experts.

Methods

The coefficients for the assumed mathematical injury
probability model were identified in two steps. First,
the injury direction coefficients were estimated from
the neck injury severities and directions observed in
the 67 USC fatal accident cases. Then, the injury risk
probability coefficients were estimated from the neck
injury severities observed in the 501 LA/Hannover
cases. This process is further detailed in the
informative annexes to the committee draft first
revision of ISO 13232-5 [3].

Injury direction coefficients
The values for FI

*, MI
*, Qk

*, and Sk were estimated by
fitting the distribution of neck injury severities and
direction components, which were predicted by the
model from computer simulations of the 67 USC
fatal accidents, to the observed distribution of injury
severities and directions observed in the USC 67 fatal
accident database. Sk was defined such that NIImax ≥
Sk corresponded to a MAIS ≥ k injury in the 67 USC
fatal accidents.

The distribution of neck injuries in the USC fatal
accident database can be described by the frequencies
with which the contributing directions occur by
injury severity level. Let nk,c,t,x,e,f,z be the number of
riders in the USC fatal accident database according to
the AO/C1/C2 neck injury severity and
axis/direction, where the subscripts c, t, x, e, f, z are
either 0 or 1 as follows:

i=1 if the rider had an MAISAO/C1/C2 > k injury, and
the injury was associated with direction FI or
MI.

i=0 otherwise.

Note that nk,0,0,0,0,0,0 is the number of riders with
MAISAO/C1/C2<k injuries. Values of nk,0,0,0,0,0,0 for the
USC fatal accident database are listed in Table 2.
The total number of cases in the fatal accident
database is

∑∑∑∑∑∑
= = = = = =

=
1

0

1

0

1

0

1

0

1

0

1

0
,,,,,,

c t x e f z
zfextcktotal nn (10.)

which is a constant (ntotal=67) for all injury severity
levels k.
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Table 2. Distribution of neck AO/C1/C2 injuries
in the USC fatal motorcycle accident database

k Number of Cases
with MAISAO/C1/C2 = k

Number of Cases with
MAISAO/C1/C2 < k

(nk,0,0,0,0,0,0)
0 3 0
1 0 3
2 9 3
3 39 12
4 0 51
5 11 51
6 5 62

In a similar manner, let mk,c,t,x,e,f,z be the number of
computer simulations where AO/C1/C2 neck injury
is indicated, where the subscripts c, t, x, e, f, z are
either 0 or 1 as follows:

i=1 if kmax SNII ≥ and ( ) kkmaxI SQtNII *≥ .

i=0 otherwise.

The total number of computer simulation cases is

∑∑∑∑∑∑
= = = = = =

=
1

0

1

0

1

0

1

0

1

0

1

0c t x e f z
zfextcktotal mm ,,,,,, (11.)

which is also a constant (mtotal = 67) for all injury
severity levels k.

The injury criteria coefficients FI
*, MI

*, Qk
* , and Sk

were selected to minimize the difference between the
distributions of predicted and observed injuries.
Specifically, the coefficients SkFI

* , SkMI
* , and Qk

*

were determined by the numerical searches described
in Annex M of ISO-13232-5 to minimize the
difference function J,

∑
=

=
6

1k
kJJ (12.)

where
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total

zfextck
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n

n
J ,,,,,,,,,,,, (13.)

and where

mk,0,0,0,0,0,0 = nk,0,0,0,0,0,0,

S1 = 1, and

Qk
* is the largest value that satisfies

( ) kkmaxI SQtNII *≥ for at least one direction, I,

for each of the cases that satisfy kmax SNII ≥ .

The constraint that mk,0,0,0,0,0,0=nk,0,0,0,0,0,0 was imposed
in order to facilitate the model coefficient
identification process. With this constraint, Sk can be
directly calculated from the FI

* and MI
* coefficients,

thus eliminating one coefficient from the model
coefficient search. The constraint that S1 = 1 was
chosen in order to uniquely define the absolute
magnitude of the FI

* and MI
* coefficients.

Injury risk probability coefficients
The values for µk were then estimated by fitting the
distribution of neck injury indices predicted by the
model from the computer simulations of the 501
generic LA/Hannover cases to the distribution of
injury severities listed in Table 3. The injury severity
distribution in Table 3 was estimated using the data
and method described in Appendix A. The values
for γk and ηk were then calculated from µk and σk

assuming as noted previously that σk = 0.2 µ3.

Table 3. Distribution of neck AO/C1/C2 injury
severities in the LA/Hannover motorcycle accident

database

k Estimated Number
of Cases with

MAISAO/C1/C2 = k

Estimated Number
of Cases with

MAISAO/C1/C2 < k
(from column 9 of

Table A.1)
0 474 0
1 10 474
2 4 484
3 10 488
4 0 498
5 2 498
6 1 500

For each injury severity level k, the numbers of
LA/Hannover cases with MAISAO/C1/C2>k injuries and
computer simulation cases with NIImax>µk can be
expressed according Table 4, where µk and mk are to
be determined. If the cases are sorted such that
NIImax,i < NIImax,i+1, for i = 1 to 500, then µk and mk

satisfy the equation

1max,mkmax,m kk
NIINII +≤< µ (14.)

The values for µk that satisfy equation (14) can be
calculated from mk according to the equation for the
logarithmic mean,

1max,mmax,mk kk
NIINII +=µ (15.)
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Table 4. Number of cases with observed and
predicted injuries

Number of Cases
MAISAO/C1/C2 > k
(LA/Hannover

data)

NIImax > µk

(computer
simulations)

No nk mk

Yes 501-nk 501-mk

Total 501 501

The best estimate of µk, for k=1 to 6, satistifies
equation (14) with mk=nk, the number of cases with
MAISAO/C1/C2<k listed in the 3rd column of Table 3.
As a result, the distribution of MAISAO/C1/C2 injuries
predicted by the 501 computer simulations will match
the distribution of neck injuries observed in the
LA/Hannover database as illustrated in Figure 3.
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12

1 2 3 4 5 6

MAISA0/C1/C2

N
um

be
r
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s LA/Hannover database

501 Calibrated computer
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Figure 3. Distribution of observed and predicted
neck injuries.

The 95% confidence intervals for µk can be
considered to be the range of values for µk such that
the portion of cases with NIImax>µk is not statistically
significantly different than the portion of cases with
MAISAO/C1/C2>k. This condition is satisfied for mk

-

<mk<mk
+ such that 8432 .≤χ , where 2χ is

calculated according to the following equation (based
on equation 5.39 in [21])

( ) ( )( ) ( )
( )( )( )2

2
2

501501501

5012501501

kkkk

kkkk

mnmn

nmmn

−+−+
×−−−=χ (16.)

The range of values for mk
- and mk

+ that satisfy

8432 .≤χ are listed in Table 5. These values are
used in conjunction with equation (15) to estimate the
95% confidence limits for µk. The upper confidence
limits for m4, m5, and m6 (and thus µ4, µ5, and µ6) are

undefined because 8432 .≤χ is satisfied for all mk
-

<mk<501.

Table 5. 95% Confidence limits for mk

k mk
- mk

+

1 459 486
2 471 493
3 477 496
4 491 -
5 491 -
6 495 -

RESULTING MATD NECK INJURY
CRITERIA

Injury Direction Coefficients

The injury direction coefficients were identified
according to the method described above, and are
listed in Tables 6 and 7. Table 8 lists the number of
observed and predicted injuries by injury severity and
direction, which summarizes the fit to the 64
individual bins. The correlation between the
predicted and observed bin counts (mk,c,t,x,e,f,z and
nk,c,t,x,e,f,z), excluding the non-injury cases, was
r2=0.56.

Table 6. Force and moment normalizing
coefficients for the new MATD neck.

Coefficient Estimated Value
FC

* 3.53 kN
FT

* 4.21 kN
MX

* 61.8 Nm
ME

* 55.66 Nm
MF

* 224.8 Nm
MZ

* 72.3 Nm

Table 7. Injury threshold coefficients for the 67
USC fatal cases with the new MATD neck.

k Sk Qk
*

1 1 0.583
2 1.00 0.583
3 1.45 0.477
4 2.93 0.606
5 2.93 0.606
6 4.23 0.688
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The shape and step-wise fit of the NIImax criteria to
the USC data is illustrated in Figure 5. There are six
scatter plots, one for each pair of Fz, Mx, My, and Mz

axes. The numbers in each scatter plot are the
maximum AISAO/C1/C2=k predicted by NIImax≥Sk

computed from the forces and/or moments at tmax,
using the coefficients listed in Tables 6 and 7, for
injuries associated with the forces and moments on
the plot. For example, the graph in the upper left
corner is a scatter plot of injuries that were only
associated with tension (NIIT(tmax) ≥Qk

*Sk),
compression (NIIC(tmax) ≥Qk

*Sk), and/or lateral
bending (NIIX(tmax) ≥Qk

*Sk) motion vs Fz and Mx.
Envelopes of constant NIImax=Sk are also shown on
each plot, corresponding to the Sk values in Table 7.
The envelopes separate out the injuries by AIS level
as intended.

Injury Risk (Probability) Coefficients

The injury severity coefficients were identified from
the LA/Hannover data according to the methods as
previously described. The resulting coefficients are
listed in Table 9 and the injury risk curves are
illustrated in Figure 4. The distribution of neck
injuries for the 501 computer simulations also
matches the distribution of injuries in the
LA/Hannover database, as previously illustrated in
Figure 3.

A comparison of resulting injury criteria for the new
ISO 13232 MATD neck to criteria proposed by
NHTSA for the Hybrid III 50th Percentile Adult
Male [22] is located in Appendix C, bearing in mind
that the two different dummy necks and injury
criteria were developed entirely independently, and
therefore would not be expected to be similar.

Note: Each force and moment scale is only applicable if all of the
other upper neck forces and moments are set equal to zero.

Figure 4. Neck AO/C1/C2 injury risk curves for
the new MATD Neck.

Table 9. Injury severity risk coefficients for the
new MATD neck.

k µk σk

(=0.2µ3)
γk ηk

1 3.91 (3.50, 4.50) 0.928 0.97 3.26
2 4.38 (3.86, 5.36) 0.928 1.45 3.26
3 4.64 (4.07, 6.20) 0.928 1.71 3.26
4 6.59 (5.13, -) 0.928 3.66 3.26
5 6.59 (5.13, -) 0.928 3.66 3.26
6 8.19 (5.94, -) 0.928 5.25 3.26

Table 8: Comparison of Number of Observed and Predicted Injuries by Injury Severity and Direction.

Number of cases in the USC fatal motorcycle accident
database with MAISAO/C1/C2≥k and indicated direction

Number of computer simulations of the USC fatal
cases with NIImax≥Sk and NIII(tmax)≥Qk

*Sk

k kDirection
1 2 3 4 5 6

I
1 2 3 4 5 6

Compression 5 5 4 0 0 0 C 14 14 11 0 0 0
Tension 18 18 16 4 4 0 T 5 5 5 0 0 0
Lat. Bending 42 42 35 11 11 2 X 43 43 37 8 8 1
Extension 33 33 29 8 8 4 E 29 29 22 8 8 4
Flexion 20 20 17 4 4 0 F 12 12 7 0 0 0
Torsion 20 20 17 7 7 2 Z 17 17 12 1 1 0
All 64 64 55 16 16 5 - 63 63 55 16 16 5
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Figure 5. Forces and Moments at tmax from computer simulations of 67 fatal cases and the best step-wise fit
envelopes of constant NIImax, providing the basis for the envelope shape.
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CONCLUSIONS AND RECOMMENDATIONS

The need for a new multi-directional motorcycle test
dummy neck and neck injury assessment method was
identified during previous research studies with
protective devices, in particular with prototype
motorcycle airbags. A new neck and corresponding
neck injury criteria were developed which
satisfactorily meets these and other injury assessment
needs of ISO 13232. The new neck and injury criteria
are included in the committee draft first revision of
ISO 13232 [3].

The new probabilistic injury assessment criteria was
developed to allow injury risk/benefit analysis of
protective devices while incorporating the injury
predictions for the neck at the AO/C1/C2 level for
ligamentous and skeletal injuries at the AIS (1990) 1
to 6 level. The criteria employs the measured upper
neck axial forces, and AP flexion-extension, lateral
bending, and torsional moment responses from the
new MATD neck to predict the injury outcome for
use with injury risk/benefit analysis methods. The
model currently predicts the same injury outcome for
568 reconstructions representative of field accident
data based on the Los Angeles and Hannover studies.
This is a substantial improvement from the previous
criteria in ISO 13232 (1996) which resulted in the
number of predicted injuries being 10 times larger
than the number of observed injuries.

The new neck injury criteria is based on several key
assumptions which may be limiting: the equal injury-
probability slopes at all injury severities, which might
imply similar injury mechanisms for all severities;
the accuracy of the N=568 computer simulations
which have been only partially validated in
component and full-scale tests; and the observed
“associated neck motions” for the most severe upper
neck injury in each accident being based on detailed
case review and reconstructions by one group of
experts. Although these assumptions could be subject
to further refinement, the neck injury criteria are
based on the best information available at this time,
and produce predictions that are in closer agreement
to real world accident data, using the specified
methodology of ISO 13232. Additional in-depth
motorcycle accident data would provide a larger
validation sample.
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APPENDIX A

The distribution of neck injuries in the 501 LA/
Hannover accident database was estimated by
• imputing the distribution of neck injuries

observed in the 67 USC fatal cases in the 14 fatal
LA/Hannover cases; and

• redistributing the remaining 3 unknown injuries
amongst the valid cases.

The data and results of this analysis are listed in
Table A.1. The columns in Table A.1 are as follows:
(1), (10) The maximum AO/C1/C2 AIS injury

severity level (MAISAO/C1/C2).
(2), (4) The numbers of non-fatal and fatal cases in

the LA/Hannover database by MAISAO/C1/C2.
Note that 3 non-fatal cases and all 14 fatal
cases have unknown neck injuries.

(3), (5) The percentages of cases in the

LA/Hannover database corresponding to
columns 2 and 4. The percentages in these
columns are equal to the number of
cases/501 x 100%.

(11) The numbers of cases in the USC fatal
accident database by MAISAO/C1/C2.

(12) The percentages of cases in the USC fatal
accident database by MAISAO/C1/C2.

(6), (13) The estimated percentage of LA/Hannover
cases which were fatal by MAISAO/C1/C2.
The percentages in this column are equal to
the values in column 12 x 2.79%.

(7) The estimated percentage of all
LA/Hannover cases by MAISAO/C1/C2. The
percentages in this column are equal to the
values in column 3 plus the values in
column 6.

(8) The estimated valid percentage of
LA/Hannover cases by MAISAO/C1/C2, which

Table A.1. Distribution of Neck A0/C1/C2 Injury Severities in the LA/Hannover and USC Fatal Accident Databases

(1) (2) (3) (4) (5) (6) (7) (8) (9)
MAISA0/C1/C2 LA/Hannover Database

Non Fatal Fatal All
Observed Observed Observed Observed Estimated Estimated Estimated Estimated
Number Percentage Number Percentage Percentage Percentage Valid Number

of of all of of all of all of Percentage of
Cases Cases Cases Cases Cases Cases of Cases Cases

0 470 93.81% 0.13% 93.937% 94.50% 474
1 10 2.00% 0.00% 1.996% 2.01% 10
2 2 0.40% 0.38% 0.775% 0.78% 4
3 2 0.40% 1.63% 2.026% 2.04% 10
4 0 0.00% 0.00% 0.000% 0.00% 0
5 0 0.00% 0.46% 0.459% 0.46% 2
6 0 0.00% 0.21% 0.209% 0.21% 1

unknown 3 0.60% 14 2.79% 0.00% 0.599% - 0
Total 487 97.21% 14 2.79% 2.79% 100.000% 100.00% 501

(10) (11) (12) (13)
MAISA0/C1/C2 USC Database Observed

Fatal Percentage
Observed Observed of USC
Number Percentage Fatal

of of Fatal Cases
Cases Cases x 2.79%

0 3 4.48% 0.13%
1 0 0.00% 0.00%
2 9 13.43% 0.38%
3 39 58.21% 1.63%
4 0 0.00% 0.00%
5 11 16.42% 0.46%
6 5 7.46% 0.21%

unknown 0 0.00% 0.00%
Total 67 100.00% 2.79%
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reapportions the remaining 3 unknown
cases amongst the valid cases. The
percentages in this column are equal to the
values in column 7 x 501 / (501-3).

(9) The estimated number of LA/Hannover
cases by MAISAO/C1/C2. The numbers in this
column are equal to the values in column 8
x 501 / 100%. The estimated numbers of
cases were rounded to integer values such
that the total number of cases is 501.

APPENDIX B

Figure B-1 illustrates the distributions of maximum
neck forces and moments for the 501 computer
simulations used to identify the neck injury criteria
for the new MATD neck. Note that these maximum
forces and moments were the maximum values
observed in the entire impact sequence, including
ground contacts, up to 5 sec from the time of initial
contact, for the purpose of correlating with injuries
reported in the accident data. Furthermore, some of
the collisions in this accident database represent high
speed, severe impacts, with motorcycle speeds up to
195 km/h, and the opposing vehicle speeds up to 150
km/h. This is the probable reason why some of the
maximum forces and moments are of relatively large
magnitude.

APPENDIX C

Figure C-1 illustrates the shapes of the new injury
criteria for the MATD neck and the criteria proposed
by NHTSA for the Hybrid III 50th percentile adult
male neck [22]. Keeping in mind that the respective
dummy necks are mechanically quite different, and
the two dummy necks and criteria are not
interchangeable, this figure indicates that the shapes
of the two criteria are very similar in the Fz vs My
plane. This figure also illustrates the differences
between the two criteria in lateral flexion and torsion.

Figure B-1. Maximum neck force and moment
distributions from computer simulations of 501
LA/Hannover cases, including cases with high

speed, severe impacts
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Figure C-1. Comparison of the general shape and axes of the Injury Criteria for the New ISO 13232 MATD
Neck to the allowable limits proposed by NHTSA for the HIII 50 PAM neck (recognizing that the necks have

very different stiffness)
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ABSTRACT

A new test dummy neck with improved biofidelity was
developed specifically for motorcycle crash testing and
is specified in the first revision of ISO 13232. This new
neck has been approved to replace the modified
Hybrid III neck originally specified for the Motorcyclist
Anthropometric Test Device (MATD). The new neck
was designed, with the aid of mathematical modeling,
to address the unique posture and multi-directional
biofidelity requirements of the MATD. It incorporates
materials and features that are new to dummy neck
design. It can be adjusted for a wide range of inclined
torso angles that are associated with the large variety of
motorcyclist riding postures. Biomechanical
performance data for the new neck are presented that
demonstrate characteristics in good agreement with
various volunteer and cadaver test data. Additionally,
an extensive series of high-energy tests have been
conducted to evaluate the new design’s reliability and
repeatability.

BACKGROUND AND OBJECTIVES

International harmonization of test methodologies for
the assessment of rider crash protective devices fitted to
motorcycles was initiated in March of 1992. The aim
was to resolve differences in methodologies used to
evaluate the injury risks and benefits of potential
protective devices. This harmonization process
ultimately led to the development of International
Standard 13232. This standard was approved and
published in 1996 and has recently undergone a
comprehensive review. Of particular significance to this
paper are the changes to the dummy neck detailed in
ISO/CD 13232-3 (2000).

A first prototype of the motorcycle anthropometric test
dummy (MATD-1) was described by St-Laurent et al.
[7] and later by Newman et al. [4]. It incorporated
modifications to the Hybrid III dummy making it more
suitable to the motorcycle impact environment and
injury assessment needs. The head was modified to

accommodate a motorcycle helmet and the standard
Hybrid III neck was employed. Since the motion of the
head was critical for the overall injury assessment of
protective devices, the biofidelity of the neck was
enhanced in the flexion-extension and torsional modes.
The revised neck, and other dummy improvements,
resulted in the MATD-2 which were detailed by Gibson
et al. [2].

While improved neck biofidelity was obtained in these
prototypes in the midsagittal plane under inertial
loading conditions, analysis of the neck response in
motorcycle impacts indicated that an overestimation of
torsional moments was present with similar distortions
for injury assessment. Exploratory research into the
feasibility of motorcycle airbags also gave rise to
concerns with head/helmet interactions [10] and the
potential risk of airbag injury [6]. Improvements to the
Hybrid III neck again ensued with improvements to the
torsional biofidelity, frontal kinematics and
force/moment relationships to achieve correct head
position and phasing leading up to the interaction [3].
Additionally, the adjustment range of the head/neck
was modified to accommodate the range of torso and
head orientations across different motorcycle types to
place the rider in a realistic position and the head in a
realistic location and orientation relative to the airbag.
Zellner et al. [11] presented an updated historical
review of the dummy development and various neck
modifications.

Recommendations for improved biofidelity and injury
assessment methods resulting from experience with the
neck for use in motorcycle airbag research [10,11] were
approved by a committee resolution of
ISO/TC22/SC12/WG5. These included specifications
for frontal flexion/extension, force/moment and
kinematic responses, lateral kinematic response
consistent with ISO TR 9790, and torsional
kinematic/moment response detailed in
ISO/TC22/SC12/WG5 (N436). Newman et al. [5] also
summarized the requirements and presented new neck
concepts that were not based on the Hybrid III. The
concepts could potentially meet the multi-directional
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response requirements while providing the effective
foreshortening of the head to torso distance as the neck
is flexed rearwards.

This was realized in a new neck design having
compliant vertebral elements, a unique upper neck
shear element, and mid-neck flexural adjustment as
described by Withnall et al. [9]. Complete adjustment
of the head angle was achieved at the mid-neck joint
accommodating the full range of upright to forward
leaning torso postures and allowing for realistic
postures with different motorcycle styles. This neck
substantially met the response requirements but
required further reduction of torsional stiffness and
lateral head excursion.

This paper describes changes made to this first design,
performance results, and durability and repeatability
studies conducted.

NECK GEOMETRY REQUIREMENTS

In designing a neck for a motorcyclist crash test
dummy, the ability to position the torso and head in a
realistic position and orientation is of paramount
importance. This was achieved by first establishing the
range of head and neck angles needed for a range of
motorcycle types. One of the main differences between
the motorcyclist riding position and that of the seated
automotive driver is the angle of the torso. The
automotive driver typically sits in a “slouched” posture
with his torso leaning backward. The neck assumes a
flexed position to keep the head comfortably level. In
contrast, the motorcyclist typically sits in a forward
leaning posture, with neck extended and head level.
The rider may assume a wide range of inclined
postures, depending on the type of bike and the riding
style.

The location of the head relative to the torso for the
automotive seating position is well established.
However, similar information was not available for the
unique postures of the motorcycle rider. To establish a
relationship between the motorcyclist’s extended neck
angle and head position, a brief investigation was
conducted. Three healthy adult males, nominally
fiftieth percentile in height and weight, were seated on
three different motorcycles including cruiser, commuter
and sport styles. They were instructed to start with a
comfortable riding position and then assume 5 to 6
progressively inclined postures while focusing on a
marker in the horizon. Each posture was photographed
in side view from approximately 15 m with a telephoto
lens to minimize parallax error.

Transparent overlays of the Hybrid III thorax and head
were scaled to match the photographs. Thoracic
reference axes were aligned with the spine box / lower

neck bracket interface, origin at the rear mounting bolt.
Head reference axes were aligned with the Frankfort
plane, origin at the occipital condyle pin. The overlays
were positioned to match the subject torso and head
locations, as shown in Figure 1, and the head/torso
angle and (X,Z) coordinates were measured for each
riding posture.

Figure 1. Subject on bike with Hybrid III torso and
head overlays.

For the volunteers investigated, it was observed that the
head remained substantially level throughout the range
of inclined postures, except for extreme forward
inclination over the fuel tank, where the neck could not
be extended further. Relative head/torso angles ranged
from 12 to 73 degrees. This compared favorably with
the range of torso angles experienced previously in
motorcycle crash testing, which were 15 to 65 degrees.
This latter range became the design target for the new
MATD neck.

As indicated in Figure 2, the occipital condyle location
clearly followed a prescribed path for each subject
regardless of motorcycle type. Furthermore, this path
was reasonably linear and similar for all riders. The
data from all three subjects were combined, and a linear
regression curve was created for both the X and Z
values versus head-torso angle, as shown in Figure 3.
Using these regression equations, coordinates for the
occipital condyles at torso angles of 15 and 65 degrees
were determined, as shown in Table 1
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Figure 2. OC position relative to Hybrid III spine
box upper plate.

Figure 3. Linear regression of combined subject
data.

Table 1.
Occipital condyle range

Torso angle (degrees) X (mm) Z (mm)

15 99 226

65 45 200

Having the angle of the head relative to the back and
the co-ordinates of the OC at these positions, it was
possible to determine a virtual pivot location. A zero
degree angle was also needed for testing validation
purposes, so this was simply taken as an extension of
the arc from that virtual pivot. An outline of the
eventual design is shown in Figure 4. In this figure, the
base of the neck is kept level, while the head is
extended at 15 and 65 degrees. The dimensions shown
in this figure are based on Table 1, within a few
millimeters.

Figure 4. Head position at 15 and 65 degrees
extension.

NECK DESIGN

General Overview

The MATD neck was redesigned as a departure from
the original Hybrid III-based MATD neck. The major
details of this design have been described previously
[11]. However, there are three features unique to this
design that are highlighted here. First, all of the head
angle adjustment is accomplished via a spline-toothed
joint at the mid-span of the neck. The base of the neck
attaches to the existing Hybrid III lower neck bracket.
This bracket is permanently set to 5.25 degrees of
extension. Each tooth provides 2.5 degrees of
adjustment, such that the technician attempting to set
the head level will be out by no more than 1.25 degrees.
Second, the four elastomeric urethane disks that allow
neck bending are longer in the fore-aft direction than
laterally to accommodate the unique bending stiffness
requirements of frontal and lateral loading. They also
become progressively larger towards the base of the
neck to account for increased bending moment.
Thirdly, and most unique, is the upper neck slider
mechanism that allows 20 mm of forward translation of
the head on the upper neck before significant neck
bending occurs. This was developed via MADYMO
modeling to mimic the “head-lag” phenomenon
observed in Naval Biodynamics Lab volunteers [8]. A
schematic of the neck’s positioning range and slider
mechanism are shown in Figure 5.
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Figure 5. Neck adjustment, slider mechanism and segmented disks.

Figure 6. Neck shroud and head-skin extensions.

Neck Torsion

In original reporting [9], the performance of the neck
was shown to be very good for the majority of loading
directions with the exception of excessive torsional
stiffness. Unfortunately, the need for the vertebral disks
to satisfy both the fore-aft and lateral bending
requirements precluded any reduction in disk size to
soften the neck in torsion. To remedy this, each
elastomeric disk was divided into front and rear portions.
The larger rear portion was firmly bonded top and
bottom to thin aluminum dividing plates. The smaller
front portion was only bonded to the lower aluminum
plate. In this way, neck extension and neck twist are
controlled by the rear elastomeric disks, while in frontal
flexion the front disk portion contributes to the overall
stiffness.

Neck Shroud

Each disk was redesigned using a stiffer urethane of
smaller cross-section than the original MATD
design. This was done to minimize the strain in
each disk at full bending. This more slender neck
also made necessary a shroud covering to bring the
outer neck shape closer to that of a human. It was
also necessary to fill the hole under the Hybrid III
chin when experimenting with airbag systems on
motorcycles. This neck shroud connects to the
underside of the Hybrid III jaw extensions [2] by a
zipper. Elastic fabric tabs with Velcro™ closures
extend around to the rear of the neck holding down
a frontal padded flap. This allows the shroud to be
effective even at highly extended initial neck angles.
An illustration of the neck shroud is shown in Figure
6.
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NECK BIOFIDELITY REQUIREMENTS AND
PERFORMANCE

The MATD neck performance targets have been
described in detail elsewhere [9] but are summarized in
Table 2. Illustrations of these performance targets will
follow in relation to the new neck design performance
response. A standard Hybrid III was tested
simultaneously for comparison. Flexion, extension and
lateral flexion testing were conducted on a HyGe sled.
The sled pulses for frontal and lateral flexion were
controlled by a specialized HyGe pin to simulate the
acceleration pulse at the base of the neck of NBDL
volunteers [9]. The sled accelerations and velocity
changes are shown in Table 3.

Table 2.
Neck biofidelity criteria

Loading
Direction

Performance Target

Flexion Mertz modified moment-angle
corridors (Newman et.al.1996)
Thunnissen et al. (1995) head-neck
angle relationship
Thunnissen et al. (1995) CG and OC
position relationship

Lateral
Flexion

ISO TC22/SC12/WG5/N455 (1997)
CG maximum trajectory
ISO TC22/SC12/WG5/N455 (1997)
peak lateral head angle

Extension Mertz modified moment-angle
corridors (Newman et.al.1996)

Torsion ISO/DIS 13232-3 (1995) torque-angle
relationship

Table 3.
Sled test pulse characteristics

Loading
Direction

Test
No.

Target
peak
accel.
(G)

Target
velocity
change
(m/s)

Actual
peak
accel.
(G)

Actual
velocity
change
(m/s)

Extension 3371
3372

6
6

4.5
4.5

5.57
6.11

4.53
4.7

Lateral
flexion

3373
3374

13
13

7.7
7.7

13.37
13.24

5.85
7.69

Frontal
flexion

3375
3376

23
23

17
17

23.71
23.71

16.85
16.75

Extension

The extension torque-angle response of the new
MATD neck prototype and standard Hybrid III are
shown in Figure 7. The results show that the
MATD undergoes 58 degrees of head rotation
compared to 46 degrees for the Hybrid III. It falls
outside the corridor briefly at about 50 degrees of
head rotation, but for the most part remains within
the target corridor. The Hybrid III curve stays
within the corridor for the entire loading phase.

Figure 7. Extension response.

Lateral Flexion

The lateral flexion center of gravity trajectory is
shown in Figure 8 relative to the ISO peak excursion
window. The results show that the MATD
prototype places the head in the correct position at
peak displacement, while the Hybrid III does not.

The lateral flexion head angle response is shown in
Figure 9 relative to the ISO minimum-maximum
corridor. The results show that the MATD
prototype exceeded the peak head angle by
approximately 10 degrees, while the Hybrid III is
less than half of the minimum rotation.
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Figure 8. Lateral flexion CG trajectory.

Figure 9. Lateral flexion head angle response.

Frontal Flexion

The flexion moment-angle responses of the MATD and
Hybrid III are shown in Figure 10. The results show that
the new MATD prototype exhibits some rearward head
motion at the onset, owing to more initial head
translation and a longer travel. The varied response of
both necks is owing to the unique sled pulse used in the
NBDL volunteer neck study. The trajectories of the
occipital condyle (OC) and head center of gravity (CG)
are shown in Figure 11. The results show that the
prototype neck remains substantially within the corridor
and displays a human-like range of motion, but the
Hybrid III falls outside and displays only about one-half
of the human-like motion. The relationship of change in
neck angle versus change in head angle is shown in
Figure 12. The prototype neck is shown to demonstrate
a human-like head-lag behavior, which approaches the
corridor, but does not fall in it. It still remains

substantially more human-like than the Hybrid III.
The Hybrid III displays no head-lag and limited
rotation.

Figure 10. Flexion response.

Figure 11. Flexion OC and CG trajectories.



Withnall 7

Figure 12. Flexion head lag.

A more recent analysis of the NBDL data [1] revealed a
less pronounced head lag and a more arc-shaped
trajectory for the head center of gravity. The head center
of gravity trajectories for the MATD and Hybrid III
necks are shown in Figure 13 relative to the new
corridor. The results show that the center of gravity
trajectories for both necks fall within the corridor, with
the Hybrid III following the bottom boundary and the
MATD prototype following the upper boundary. In
Figure 14 the head-lag response is shown against the
new corridor where the MATD prototype demonstrates
excellent head-lag response, but later undergoes slightly
excessive head rotation. The Hybrid III again exhibits
no head-lag behavior and limited rotations.

Figure 13. Re-analyzed flexion CG trajectory.

Figure 14. Re-analyzed flexion head lag.

NECK PRACTICALITY REQUIREMENTS

In addition to the neck performance requirements,
practical considerations must be addressed to assure
confidence in the results from test to test, and to
ensure that the neck is suitable for the test
environment and users of the neck. The
considerations of impact dummy components
include:

• Calibration
• Ease of manufacturing
• Conformity of production
• Certification
• Durability
• Ease of installation and adjustment
• Repair and replacement

Calibration of the neck was based on simple static
deflection measurements at specified force and
moment levels. A static procedure was considered
to be more practical and feasible in the field than the
relatively complex dynamic sled tests used to
develop the neck. This procedure was standardized
as part of the committee draft first revision of
ISO 13232.

In order to address ease of manufacturing,
conformity of production and certification, two
performance verification procedures were
developed. For initial conformity of production for
a given neck design, material specification, and
manufacturing process, the full dynamic sled test
battery and associated dynamic measurements
previously described is required. For subsequent
conformity of production, measurement using the
static calibration procedure is specified. Both of
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these were standardized as part of the committee draft
first revision of ISO 13232. The requirements for
subsequent conformity of production are provided in
Table 5, along with the test results of the original neck
and the first three copies manufactured.

In order to assess the practicality and durability of the
new neck in a 30 mph (48 km/h) impact into the side of a
car (ISO impact configuration 413-0/30), a full-scale test
(FST) was conducted at JARI. Copy 1 of the new
MATD neck was mounted to an ISO 13232 motorcyclist
dummy which was positioned on a Kawasaki GPZ 500
motorcycle equipped with a UKDS leg protector. This
test configuration was chosen because previous testing
with the initial ISO 13232 neck, the Kawasaki GPZ 500
and UKDS leg protector, and this impact configuration
resulted in a direct impact between the helmet and the
side of the opposing vehicle, which produced very large
neck loads. The primary impact period (0-500 ms) neck
loads for the two different necks are shown for
comparison in Table 6.

For this motorcycle frontal impact the primary measures
were Fx, Fz, and My. The data indicate that using the
new, more flexible and human-like neck resulted in
reduced Fx, Fz, and My loads. An inspection of the new
neck after the FST showed no visible damage to the
neck..

Regarding ease of installation and adjustment, during the
pre-test set up the new neck was found to be easy to
work with. The neck shroud was easy to install and the
neck angle adjustment allowed the head angle to be set at
0 degrees which was not possible with the previous
MATD neck on this motorcycle configuration, requiring
a 28 degree torso angle.

After the FST, the Copy 1 neck was assembled with a
Hybrid III head and upper neck load cell and tested for
durability. The neck was subjected to a series of

dynamic bending tests using a Part 572 neck test
pendulum. The drop heights (measured by
pendulum arm angle) and pendulum deceleration
rates were chosen to produce neck moments which
were equivalent to those experienced in severe crash
tests, as shown in Table 4.

Table 4.
Neck moments produced by pendulum tests.

Primary motion Flexion Extension Lateral
flexion

Peak torque
(Nm)

90-110 70-85 40-50

Arm angle (deg) 120 90 90

The test process involved subjecting the neck to
about 15 pendulum tests followed by a physical
inspection for damage and a check of the neck
deflection characteristics using the subsequent
conformity of production test procedures. This
process was repeated until the neck had been
subjected to 100 pendulum tests. The results shown
below in Table 7 indicate that the neck continued to
meet all static deflection criteria.

After the 24th pendulum test a small (6 mm) crack
was observed on the back of the second disk from
the top of the neck. Testing continued with careful
examination of the crack after each test. The crack
grew incrementally to a length of about 10 mm.
After sixty (60) pendulum tests the crack was
repaired using a cyanoacrylate adhesive. This
closed the majority of the crack until testing was
stopped after 100 tests.

Table 5
ISO subsequent conformity of production requirements and production test results.

Average
flexion

angle (deg)

Average slider
displacement

(mm)

Average
extension angle

(deg)

Average
lateral

bending angle
(deg)

Average
torsion angle

(deg)

ISO 13232-3 requirements 17.6 ± 2.6 14.0 ± 3.0 30.9 ± 4.6 28.7 ± 4.3 41.5 ± 6.2
Original neck 17.5 13.0 30.9 28.7 41.5
Copy 1 16.3 12.4 27.7 26.4 37.9
Copy 2 17.1 12.2 28.5 26.3 36.9
Copy 3 18.0 14.7 29.7 27.1 38.2
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Table 6
Neck full scale test loads comparison.

MATD Fx (kN) Fy (kN) Fz (kN) Mx (Nm) My (Nm) Mz (Nm)
+ - + - + - + - + - + -

Old 4.02 -1.32 0.59 -0.09 1.81 -5.57 27.06 -15.74 62.19 -87.71 34.51 -4.50
New 0.53 -1.48 0.30 -0.22 1.58 -1.29 10.47 -33.21 23.45 -67.78 16.77 -14.20

Table 7
Durability testing of Copy 1 to subsequent conformity of production test methology.

Sequence of test Average
flexion angle

(deg)

Average slider
displacement

(cm)

Average
extension angle

(deg)

Average lateral
bending angle

(deg)

Average
torsion angle

(deg)
Original calibration 16.3 12.4 27.7 26.4 37.9
After FST 15.5 13.0 27.5 26.4 37.9
After 7 E, 10 F, 0 L * 17.7 15.3 30.7 29.4 41.1
After 14 E, 10 F, 0 L 16.9 15.5 29.8 28.7 39.8
After 16 E, 16 F, 0 L 18.1 16.3 31.6 30.0 41.3
After 23 E, 23 F, 0 L 18.3 16.3 31.0 30.2 41.3
After 30 E, 30 F, 0 L 18.4 17.3 31.7 30.4 41.8
After 30 E, 30 F, 10 L 17.8 16.9 30.9 31.1 41.6
After 30 E, 30 F, 25 L 17.8 17.2 31.1 31.5 41.5
After 30 E, 30 F, 40 L 18.1 17.0 31.0 31.9 41.9

*Note: 7 E, 10 F, 0 L, indicates 7 extension, 10 flexion and 0 lateral pendulum tests

The durability test results of Copy 1 show that the neck
met the flexion, extension, lateral, and torsion
specifications throughout the entire test series. This
included testing while the small crack existed. The
slider displacement requirement (14 ± 3 mm) was met
until after 60 tests.

With regard to repair and replacement, periodic
calibration tests indicated that the slider spring had the
shortest life, the cost of replacing the slider spring would
be low and spare slider springs could be purchased, kept
with the dummy and replaced in the field if needed. In
addition it is noted that if necessary, a single urethane
disk could be replaced for much less than the cost of a
new neck.

It is conceivable that due to aging and use, the dynamic
characteristics of the neck might change without changes
in the static characteristics. It was noted by WG22 and
stated in the first draft revision of 13232 that users
should check necks for age and use-related changes in
dynamic properties and report any relevant findings to
WG22.

Based on this series of tests it is concluded that the new
neck design:

• can be manufactured in a repeatable manner,

• can be successfully used in full scale tests,
• includes adequate angle adjustment to properly

orient the head,
• is not critically affected by small cracks,
• continues to meet calibration specifications until

after about 60 severe impacts, and
• can be field repaired if small cracks occur.

When considering the demonstrated service life of the
neck and the low cost of replacing or repairing
urethane parts as needed, the life cycle cost of the new
neck is expected to be somewhat less than that of the
previous MATD neck design.

CONCLUSION

The need for a new multi-directional motorcyclist
dummy neck and neck injury assessment method was
identified during previous research studies with
protective devices, in particular with airbags. Previous
neck designs were able to provide some frontal and
lateral biofidelity but lacked the necessary lateral and
torsional response required for the assessment of
airbag-induced loads. They were also unable to
provide injury predictions representative of real world
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accident data. A new neck was developed which
satisfactorily meets these needs.

Compared to the standard Hybrid III neck, the new
prototype demonstrates a more compliant structure with
greater dynamic displacement that is consistent with
volunteer biomechanical data. Some small divergences
from kinematic corridors were observed but such
corridors would be difficult to meet simultaneously and
uniformly without the use of external cables or linkages
to further control neck motion. However, this approach
of using cables may not be suitable for use with a multi-
directional neck design subject to diverse impacts and
could prove problematic upon direct contact with airbags
or car roof structures.

With the new neck the excursion of the CG in lateral
bending was good, but the allowable head rotation was
exceeded. This highlights a possible contradiction in
these two requirements, since it does not appear to be
possible to meet both simultaneously without external
controls.

The torsional moment response has been substantially
improved over earlier designs. Although even better
torsional response is desirable, compromises to the
frontal and lateral bending performance would be likely,
thus further design changes are not anticipated. The new
design also provides the ability to change the torso and
head orientation to represent typical riding postures
across a range of motorcycle styles and is more suitable
for airbag performance assessment than previously
possible.

Overall, the new neck design has demonstrated to be a
practical, repeatable, and robust tool for injury
assessment in the motorcycle impact environment.
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ABSTRACT

This paper investigates the circumstances
surrounding vehicle rollover and the injuries resulting
from this type of vehicle crash mode. Data was
extracted from the NASS CDS database for the years
1997-2000. Crash events with at least one occupant
and with at least one injury of AIS 3 or higher were
studied, and all injuries with an AIS value of 3 or
more were examined.

The frequency of rollover events were examined by
vehicle type, model year, occupant position, number
of quarter turns, direction of roll, roll initiation
source, roll location relative to the roadway, and
extent of roof intrusion. Rollover exposed occupants
were examined by distribution of MAIS, safety belt
usage, extent of ejection, and proximity to the roll
direction. Occupant injuries were examined by
safety belt usage, body region injured, injuring
contact/source, and extent of roof intrusion. Most
data has been distributed by vehicle type.

Results indicate head injuries (including face and
brain) account for 45% of all AIS 3+ injuries. Head
injuries associated with roof contact were the most
frequent injury-source combination for all vehicle
types. For all AIS 3+ injuries, 57% occur at roof
deformations greater than the allowable limit of the
FMVSS 216 standard. For head injuries associated
with the roof, 81% occur when this deformation limit
is exceeded. The highest opportunity area for
mitigating injuries to belted and unbelted occupants
was to the head and neck. The highest opportunity
area for mitigating injuries by contact/source for
belted occupants is associated with the roof and
interior surfaces. For unbelted occupants, exterior
contacts are the predominate injury source.

INTRODUCTION

Rollover continues to be a serious highway threat.
Each year in the US, about 253,000 light vehicles are
involved in rollovers. The number of occupants in

these vehicles is about 418,000. Of these rollover
exposed occupants, 266,000 are injured or killed.
About 240,000 suffer minor to moderate injuries,
17,000 survive serious to critical injuries, and 10,000
are killed. The injured occupants suffer about
931,000 injuries, about 3.5 injuries per occupant.
The comprehensive cost of the injuries and fatalities
in rollovers is nearly $50 billion per year. As a class,
rollover crashes constitute about 2.6% of the crashes,
but 33% of the injury costs.

In recent times the fleet composition has changed
considerably to include higher populations of light
trucks (pick-ups, vans, and sport utility vehicles). In
many instances, rollover propensities may be higher
in these vehicles in comparison to typical passenger
cars. This paper investigates the circumstances
surrounding vehicle rollover and the injuries resulting
from this type of vehicle crash modes. Of particular
interest is the determination of injury and/or fatality
trends by vehicle type.

DATA ANALYSIS OF ROLLOVERS

For the study, data was extracted from the NASS
CDS database using the SAS database query software
[NHTSA 2000, SAS 2002]. Only data during the
years 1997-2000 was included in this analysis. These
years were chosen because of the ability to review
each case individually via electronic format. Crash
events with at least one occupant and with at least
one injury of AIS 3 or higher were studied. However,
all injuries with an AIS value of 3 or more were
examined. Each injury was examined with specific
interest in the magnitude, injury location, and injury
source.

This data investigation has been broken down to
include the effect of safety belt usage, with injury
sources and magnitudes identified for both belted and
un-belted occupants. Additionally, the circumstances
surrounding each rollover have been examined.
Specifically, the location, severity, and direction of
the roll were studied, including distributions by
vehicle type. The role of roof deformation has also
been investigated, as it pertains to injury source.

It should be noted at this point that NASS CDS
weighting factors have been applied whenever
possible. This allows the cases sampled by NASS
CDS to be projected to the total population. These
weighting factors are applicable to general
characteristics of each case. In certain instances the
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weighting factors are not appropriate for particular
data. Typically, individual injuries in highly complex
events, such as rollover, are quite specific to that
event. Also, when data is subdivided into smaller
subcategories, individual cases may cause unrealistic
weighting or significantly affect distributions. This
may be an indication that the data has been divided
too finely to have statistical significance; however,
these cases can still be reviewed to provide insight to
certain trends. This will be further discussed when
applicable to the data being reviewed.

Analysis of Rollover Events

Following the criteria outlined previously, the NASS
CDS query returned 676 cases, equating to 65,360
using the weighting factors. The distribution of these
cases by vehicle type is given in Table 1. Of the 676
cases, 303 involved cars, 185 involved SUVs, 141
involved pick-up trucks, and 47 involved vans.

Table 1. 1997-2000 NASS CDS rollover cases with
AIS 3+ injuries.
Vehicle

Type Count Count
%

Weighted
Count

Weighted
%

Car 303 44.8% 29,111 44.4%
Pick-up 141 20.9% 17,232 26.3%
SUV 185 27.4% 16,378 25.0%
Van 47 6.9% 2,909 4.3%
Totals 676 100% 65,630 100%

It is also of interest to look at vehicle exposure to
gage a relative difference between vehicle types.
Using data from 2000 for vehicle registrations, cars
were the most prominent passenger vehicles on the
road with 64%, pick-up tucks followed with 19%,
SUVs made up 9%, and vans 8%. This data is shown
in Table 2. The data from Tables 1 and 2 identifies
certain vehicle characteristics that may be influential
when looking at rollover. It should be noted that cars
account for 64% of the population, but only 44% of
the weighted rollover cases. Light trucks or LTVs
(pick-ups, SUVs, and vans) account for 36% of the
population; however, they account for 56% of the
rollover cases. SUVs have the largest disparity with
9% population and 25% of the rollover cases.

Table 2. Vehicle registrations in 2000 by vehicle
type.
Vehicle Type Registrations Percent

Cars 126,647,516 64%
Pick-ups 36,606,839 19%
SUVs 17,248,225 9%
Vans 16,313,490 8%
Total 196,816,070 100%

Since LTVs, particularly SUVs, have increased in
population relative to cars over the past decade, it
was of interest to look at the age of vehicle involved
in these rollover events. As shown in Table 3, a
majority (60%) of involved SUVs are 5 years old or
less. This compares to 19% for cars, 41% for pick-
ups, and 16% for vans. This is indicative of the
increased exposure over that time period.

Table 3. Distribution of rollover events by vehicle
type and age (model year).

Unweighted
Model
Year Car Pick-

up SUV Van

<1980 7 9 8 3
1981-1985 20 7 6 0
1986-1990 91 22 19 14
1991-1995 110 51 60 23
1996-2000 75 52 92 7
Total 303 141 185 47

Weighted
Model
Year Car Pick-

up SUV Van

<1980 305 2,539 704 87
1981-1985 1,279 409 389
1986-1990 10,573 1,400 1,613 922
1991-1995 11,432 5,856 3,870 1431
1996-2000 5,523 7,029 9,804 469
Total 29,111 17,232 16,378 2909

Prior to 1997, NASS reported the extent of the
rollover by partitioning the number of quarter-turns
into five categories - 1, 2, 3, 4+ and end-over-end.
After 1997, a larger number of categories have been
recorded. This additional resolution is further
investigated in a companion paper [Digges 2003].
For the present investigation, rollovers were divided
into categories of one quarter turn; 2, 3, or 4 quarter
turns; and more than 4 quarter turns. This
distribution is shown in Table 4. It is further
distributed by vehicle type in Table 5.

Table 4. Distribution of cases by number of
quarter turns.

Number
¼ turns Count Count

%
Weighted

Count
Weighted

%
1 113 17% 10,984 17%
2,3,or 4 338 50% 32,261 49%
>4 225 33% 22,386 34%
Total 676 100% 65,630 100%
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Table 5. Distribution of cases by vehicles type and
number of quarter turns.

Weighted (counts)
Number
¼ turns Car Pick-

up SUV Van

1 3,947 2,625 3,779 633
2,3,or 4 15,476 8,133 6,970 1,682
>4 9,688 5,621 6,483 594
Total 29,111 16,378 17,232 2,909

Weighted (%)
Number
¼ turns Car Pick-

up SUV Van

1 14% 16% 22% 22%
2,3,or 4 53% 50% 40% 58%
>4 33% 34% 38% 20%
Total 100% 100% 100% 100%

Table 4 indicates that 83% of the crashes involved 2
or more quarter turns. Of particular interest is that 2
or more quarter turns may expose the roof to contact
with the ground and/or occupant contact to the roof.
Of the weighted cases, 49% experienced 2, 3, or 4
quarter turns, and 34% experienced more than 4
quarter turns. Weighted and unweighted distributions
were very similar. Cars and pick-ups had similar
distribution to the overall counts, while SUVs
experienced slightly more events with a single
quarter turn and more than 4 quarter turns. Vans
experienced the largest portion of events at 4 or less
quarter turns.

Since this study was looking at injury counts, it was
of interest to look at roll direction as a possible
factor. The distribution by roll direction is given in
Table 6. Using the case counts, rolls to the driver
side accounted for 53%, while rolls toward the
passenger side were 47%. However, when weighting
factors were applied, there is an approximate 50-50
split in roll direction. Occupant proximity to the roll
direction will be discussed later.

The initiation source of rollovers may also be
indicative of certain vehicle characteristics. The
initiation source for all vehicles is given in Table 7.
It is further distributed by vehicle type in Table 8,
using weighted values. Table 7 indicates that the
ground initiates 57% of rollovers for all vehicles.
That is significantly higher than fixed objects, which
are the second most frequent at 13%. Table 8
indicates that LTVs experience a higher percentage
of ground-induced rollovers compared to cars (68%
vs. 44%), while cars have a higher percentage

Table 6. Distribution of cases by roll direction.
Leading

Side Count Count
%

Weighted
Count

Weighted
%

Driver 355 53% 31,997 49%
Passenger 320 47% 33,589 51%
Unknown 1 0% 45 0%
Total 676 100% 65,630 100%

Table 7. Distribution of cases by rollover initiation
source.
Initiation

Source Count Count
%

Weighted
Count

Weighted
%

Ground 362 54% 37,709 57%

Fixed
Object 75 11% 8,627 13%

Vehicle 74 11% 5,084 8%

Barrier 54 8% 2,329 4%

Turn/Fall
Over 46 7% 6,340 10%

Curb 26 4% 3,666 6%

Ditch /
Embank.

39 5% 1,877 3%

Total 676 100% 65,630 100%

Table 8. Weighted distribution of cases by rollover
initiation and vehicle type using weighted NASS
values.
Initiation

Source Car Pick-up SUV Van

Ground
12,890
(44%)

12,316
(71%)

11,054
(67%)

1,449
(50%)

Fixed
Object

7,003
(24%)

544
(3%)

846
(5%)

233
(8%)

Vehicle
1,366
(5%)

1,042
(6%)

2,124
(13%)

552
(19%)

Barrier
975
(3%)

559
(3%)

302
(2%)

494
(17%)

Turn/Fall
Over

2,390
(8%)

2,467
(14%)

1,348
(8%)

135
(5%)

Curb
3,268
(11%)

95
(1%)

302
(2%)

0
(0%)

Ditch /
Embank.

969
(3%)

51
(0%)

326
(2%)

5
(0%)

Other
251
(1%)

157
(1%)

77
(0%)

41
(1%)

Total
29,111
(100%)

17,232
(100%)

16,378
(100%)

2,909
(100%)
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initiated by fixed object contacts (24% vs. 5%). The
higher rate of ground induced rollovers may be
indicative of the difference in vehicle dynamics and
roll propensity of LTVs compared to cars. Compared
to other vehicle types, vans experienced a higher
percentage of roll events initiated by contact with
another vehicle and contact with a barrier.

In addition to the initiation source of the rollover, it
may also be of interest to investigate the location of
the rollover occurrence. Tables 9 and 10 show the
distribution of rollovers by location with respect to
the roadway. Pick-ups follow the distribution of all
vehicles. Cars (79%) have a disproportionate number
of cases initiate off the roadway or in the median,
while SUVs (50%) and vans (44%) experience higher
than average rates on the roadway. Events occurring
on the roadway are typically not associated with a
tripping mechanism and coincide with ground
initiated rolls. This may be another indication of
differences in vehicle stability and roll propensity.

Table 9. Distribution of rollover cases by location
relative to roadway.

Location Count Count
%

Weighted
Count

Weighted
%

Roadside
- Median

445 66% 42,372 65%

On
Roadway

155 23% 15,978 24%

Shoulder
Paved 48 7% 5,689 9%

Shoulder
Unpaved

28 4% 1,591 2%

Total 676 100% 65,630 100%

Table 10. Weighted distribution of rollover cases
by location relative to roadway and vehicle type
using weighted NASS values.

Location Car Pick-up SUV Van

Roadside
- Median

22,981
(79%)

11,494
(67%)

6,518
(40%)

1,379
(47%)

On
Roadway

2,258
(8%)

4,263
(25%)

8,170
(50%)

1,288
(44%)

Shoulder
Paved

3,427
(12%)

1,229
(7%)

968
(6%)

67
(2%)

Shoulder
Unpaved

446
(2%)

246
(1%)

723
(4%)

176
(6%)

Total
29,111
(100%)

17,232
(100%)

16,378
(100%)

2,909
(100%)

The final aspect of interest is to investigate the extent
of roof deformation. NASS does not directly
measure roof deformation with damage values (C
values); however, intrusion is measured. Also, the
intruding component can be the roof. For this study,
a new variable was created, called “maximum roof
deformation.” This variable returns the maximum
intrusion deformation when the roof is coded as the
intruding component. The range of values follows
those of the intrusion variable. In approximately
75% (510) of the cases there was roof deformation.
The distribution based on extent of deformation is
given in Table 11. Weighting numbers were not used
for these distributions. Upon review of each case
individually, it was determined that the weighting
values would inappropriately affect the distributions.
The maximum roof deformation was quite specific to
the particular case and could be affected by numerous
events within the case.

Data from Tables 4 (roll severity) and Table 11 have
been combined in Table 12 to compare roof
deformation with number of quarter turns. With
more than 1 quarter turn the largest percentage (30%)
of vehicles experience 15 – 29 cm (5.9 – 11.4 in) of
deformation. Interestingly, 45% of vehicles that
experience only 1 quarter turn, also experience roof
deformation. When reviewing cases individually,
this deformation is most commonly attributed to a
planar impact following the roll event. For example,
a vehicle may begin to roll and then strike a tree.
This tree impact may prevent subsequent quarter
turns, but may also contribute to roof deformation
and/or injury. These post-roll impacts are also
discussed in the companion paper, which investigates
measures of roll severity [Digges 2003]. The roll of
maximum roof deformation relative to injuring
contacts will be discussed later.

Table 11. Unweighted distribution of cases by
maximum roof deformation.
Max Roof Deformation Count %

0 cm 166 25%

1 – 7 cm 59 9%

8 – 14 cm 89 13%

15 – 29 cm 187 28%

30 – 45 cm 97 14%

46 – 60 cm 35 5%

≥ 61 cm 43 6%

Total 676 100%



Bedewi - 5

Table 12. Unweighted distribution of maximum
roof deformation by deformation extent and roll
severity.

1 quarter turn More than 1
quarter turn

Max Roof
Deform

(cm) Count % Count %
0 62 55% 104 18%

1 – 7 9 8% 50 9%
8 – 14 7 6% 82 15%

15 – 29 16 14% 171 30%
30 – 45 8 7% 89 16%
46 – 60 2 2% 33 6%
≥ 61 9 8% 34 6%
Total 113 100% 563 100%

There are some interesting observations that can be
made when looking at the data in Tables 11 and 12.
The current FMVSS 216 standard regulates the
strength of vehicle roofs. In this standard, the
vehicle’s roof must withstand a load equal to 1.5
times the vehicle’s weight with a maximum
allowable deflection of 127mm (5 inches). When
looking at all cases (Table 11), 53% exceeded 15 cm
of deformation, which is in excess of the standard.
For vehicles that experienced only 1 quarter turn,
31% exceeded 15 cm of deformation. Finally, 58%
of vehicles that experienced 2 or more quarter turns
exceeded 15 cm of deflection. This does not control
for the force under which the roofs were loaded, and
is a result of dynamic loading. This indicates that
real-world loading of the roof may be different than
what is currently regulated.

Analysis of Occupants

When looking at the 676 cases, there were a total of
800 occupants involved that sustained an AIS 3+
injury. Applying weighting factors, this constitutes
75,576 occupants. Distribution by seating position is
74% driver, 15% right front passenger, and 11% rear
seat occupants. All vehicle classes had similar
distributions for occupant location with the exception
of vans. The distribution in vans was 53% driver,
13% right front passenger, and 35% rear seat.

Safety belt usage significantly effects injury outcome
in any crash mode. This is particularly true in
rollover. Of the seriously injured or killed occupants
67% (50,634) were unbelted while the remaining
33% (24,942) were buckled.

The distribution of injury severity was investigated
using the maximum AIS (MAIS) for each occupant.
This distribution is shown in Table 13 for unweighted
and weighted values. The weighted values indicate

that 62% of the injuries are MAIS 3. This data was
further investigated by vehicle type (Table 14). The
distributions for cars, pick-ups, and SUVs are similar
to the total population of vehicles. Vans experience
more MAIS 6 cases, but fewer MAIS 4 injuries.
Based on the distributions across vehicle types, there
did not seem to be any significant differentiations
between vehicle type and MAIS. It is important to
keep a perspective on the magnitude of the particular
safety topic. While distributions across vehicle types
are similar, it should be noted that the total number of
serious to fatal injuries for cars (35,828) is
approximately double that of pick-ups (18,441) and
SUVs (17,688), and nearly ten times that of vans
(3,619).

Table 13. Distribution of injuries by MAIS.
Injury

Severity Count Count
%

Weighted
Count

Weighted
%

MAIS 3 386 48% 47,187 62%
MAIS 4 177 22% 17,256 23%
MAIS 5 175 22% 9,026 12%
MAIS 6 62 8% 2,107 3%

Total 800 100% 75,576 100%

Table 14. Weighted distribution of MAIS by
vehicle type.

Injury
Severity Car Pick-up SUV Van

MAIS 3
22,233
(62%)

10,840
(59%)

12,083
(68%)

2,032
(56%)

MAIS 4
9,084
(25%)

4,755
(26%)

2,749
(16%)

668
(18%)

MAIS 5
3,311
(9%)

2,523
(14%)

2,654
(15%)

539
(15%)

MAIS 6
1,201
(3%)

323
(2%)

203
(1%)

380
(11%)

Total
35,828
(100%)

18,441
(100%)

17,688
(100%)

3,619
(100%)

The distribution of occupants was broken down by
safety belt usage. When looking at all vehicles, there
was no significant difference in MAIS distributions
by safety belt usage. This data is shown in Table 15.

Table 15. Weighted distribution of MAIS injuries
by safety belt usage.

Belted UnbeltedInjury
Severity Count % Count %
MAIS 3 16,120 65% 31,068 61%
MAIS 4 6,569 26% 10,687 21%
MAIS 5 1,844 7% 7,182 14%
MAIS 6 409 2% 1,697 3%

Total 24,942 100% 50,634 100%
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When the data was further divided by vehicle type,
the NASS weighting factors began to significantly
affect the distributions. Individual cases were
capable of changing distributions by as much as 20%.
At this point it was determined that the data should
not be divided further with the use of the weighting
factors. Further investigations into the injuries would
consider only the raw cases. While this may limit the
statistical precision, it is still useful in providing
insight into the nature and causes of injuries in
rollover.

It has been well reported over the years that occupant
ejection is a particularly harmful event [Digges 1994,
Malliaris 1987]. These cases were reviewed to look
at ejection, particularly by safety belt usage. As
expected a large portion (66%) of the unbelted
occupants were ejected, either fully or partially. This
compares to 18% for belted occupants, with the
majority of those being partial ejections. This data is
given in Table 16.

Table 16. Unweighted distribution of belted and
unbelted occupants by ejection circumstances.

Belted UnbeltedEjection
Extent Count % Count %

No Ejection 196 82% 191 34%
Complete Eject 3 1% 301 54%
Partial Ejection 34 14% 63 11%
Unknown 3 1% 3 1%
Eject. Unk. Deg 3 1% 3 1%

Total 239 100% 561 100%

This data was divided by vehicle type. Table 17
displays ejection data for belted occupants and Table
18 displays the same data for unbelted. The data for
belted occupants is relatively consistent across
vehicle types. Pick-ups and SUVs have a slightly
higher frequency of partial ejections, but this may not
be significant due to relatively few cases. For
unbelted occupants, Pick-ups (75%) and SUVs (72%)
have a higher incidence of ejection when compared
to cars (60%) and vans (61%). LTVs overall have a
higher incidence of complete ejection compared to
cars.

With regard to occupant location relative to the roll
event, the injured occupant was on the near-side of
the roll 49% of the time, and the far-side 48%. The
remaining 3% were in center seating positions. This
was further divided by MAIS. No significant
difference in injury distributions existed based on
proximity to the roll direction.

Table 17. Unweighted distribution of ejection
extent by vehicle type for belted occupants.

Ejection
Extent Car Pick-

up SUV Van

No Ejection
88

(85%)
33

(83%)
59

(77%)
16

(84%)

Complete Eject
1

(1%)
0

(0%)
1

(1%)
1

(5%)

Partial Ejection
11

(11%)
7

(18%)
14

(18%)
2

(11%)

Unknown
2

(2%)
0

(0%)
1

(1%)
0

(0%)

Eject. Unk. Deg
1

(1%)
0

(0%)
2

(3%)
0

(0%)

Total
103

(100%)
40

(100%)
77

(100%)
19

(100%)

Table 18. Unweighted distribution of ejection
extent by vehicle type for unbelted occupants.

Ejection
Extent Car Pick-

up SUV Van

No Ejection
107

(40%)
30

(25%)
37

(28%)
17

(39%)

Complete Eject
116

(44%)
78

(65%)
84

(64%)
23

(52%)

Partial Ejection
40

(15%)
10

(8%)
10

(8%)
3

(7%)

Unknown
2

(1%)
1

(1%)
0

(0%)
0

(0%)

Eject. Unk. Deg
0

(0%)
1

(1%)
1

(1%)
1

(2%)

Total
265

(100%)
120

(100%)
132

(100%)
44

(100%)

The effect of roll severity on injury distribution is
shown in Table 19. It was found that rollover with 1
quarter turn resulted in less severe injuries. There
were 134 MAIS 3-6 injuries for this group, compared
to 402 injuries for the group with 2-4 quarter turns,
and 264 for the group with more than 4 quarter turns.
Table 19 also indicates that MAIS 4-6 injuries occur
in greater frequency as roll severity increases.

Table 19. Unweighted MAIS injury distribution
for all rollover exposed occupants with MAIS 3+
injuries by number of quarter turns.

1-¼ turn 2,3,4-¼ turn >4-¼ turnInjury
Severity count % count % count %
MAIS 3 73 54% 196 49% 117 44%
MAIS 4 20 15% 86 21% 71 27%
MAIS 5 27 20% 86 21% 62 23%
MAIS 6 14 10% 34 8% 14 5%

Total 134 100% 402 100% 264 100%
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Analysis of Injuries

While understanding the vehicle and general
occupant trends can help with developing
countermeasures for rollover, it is most important to
study and understand the injury trends and associated
circumstances. In that regard, the individual injuries
for all occupants were studies. Again, only AIS 3+
injuries were collected and weighting factors were
not utilized. Weighting factors are typically not
applied to individual injuries since they are often
occupant specific. In all, 2,455 AIS 3+ injuries were
identified. As expected the unbelted occupants
experienced more injuries than the belted population.
The 239 belted occupants sustained 564 AIS 3+
injuries (2.36 injuries per occupant), while the 561
unbelted occupant’s sustained 1,891 AIS 3+ injuries
(3.4 injuries per occupant). Injury distributions are
shown in Table 20. They were distributed for all
occupants by vehicle type as shown in Table 21.
Injury distributions by severity were consistent across
all vehicle types.

Table 20. Unweighted distribution of AIS 3+
injuries for belted and unbelted occupants.

Belted UnbeltedInjury
Severity Count % Count %

AIS 3 372 66% 1,137 60%
AIS 4 117 21% 448 24%
AIS 5 62 11% 247 13%
AIS 6 13 2% 59 3%
Total 564 100% 1,891 100%

Table 21. Unweighted distribution of AIS 3+
injuries for all occupants by vehicle type.

Injury
Severity Car Pick-up SUV Van

AIS 3
707

(62%)
272

(59%)
410

(62%)
120

(61%)

AIS 4
269

(24%)
111

(24%)
142

(22%)
43

(22%)

AIS 5
120

(11%)
69

(15%)
96

(15%)
24

(12%)

AIS 6
44

(4%)
9

(2%)
9

(1%)
10

(5%)

Total
1,140

(100%)
461

(100%)
657

(100%)
197

(100%)

The next step was to break down the injuries by body
region (Table 22). Head injuries (including face and
brain) account for 45% of all AIS 3+ injuries. Chest
injuries are the second most frequent at 22%. An
interesting finding is that neck injury (often a focus in
rollover testing) only accounted for 5% of AIS 3+
injuries. This was fewer injuries than the lower

extremities, upper extremities, and the abdomen.
When looking at belted vs. unbelted, there are some
differences in injury distribution. Unbelted
occupants follow a similar distribution to the total
population. Percentage point-wise belted occupants
had 11% fewer head injuries but 10% more arm and
4% more neck injuries. The data was also divided by
vehicle type (Table 23); however, no significant
difference was identified with respect to body region
distributions.

Table 22. Unweighted distribution of injured body
region for all cases and by safety belt usage.

All Cases Belted UnbeltedBody
Region count % count % count %

Head 1,116 45% 208 37% 908 48%
Chest 552 22% 128 23% 424 22%
Low Ext. 193 8% 51 9% 142 8%
Up Ext. 152 6% 78 14% 74 4%
Abdomen 150 6% 34 6% 116 6%
Neck 124 5% 46 8% 78 4%
Pelvic/Hip 109 4% 11 2% 98 5%
Back 55 2% 8 1% 47 2%
Unk Reg 4 0% 0 0% 4 0%
Total 2,455 100% 564 100% 1,891 100%

Table 23. Unweighted distribution of injured body
region by vehicle type.

Body
Region Car Pick-up SUV Van

Head
497

(44%)
200

(43%)
324

(49%)
95

(48%)

Chest
271

(24%)
104

(23%)
129

(20%)
48

(24%)

Low Ext.
90

(8%)
39

(8%)
47

(7%)
17

(9%)

Up Ext.
56

(5%)
31

(7%)
58

(9%)
7

(4%)

Abdomen
80

(7%)
33

(7%)
27

(4%)
10

(5%)

Neck
62

(5%)
22

(5%)
36

(5%)
4

(2%)

Pelvic/Hip
59

(5%)
18

(4%)
21

(3%)
11

(6%)

Back
24

(2%)
14

(3%)
12

(2%)
5

(3%)

Unk Reg
1

(0%)
0

(0%)
3

(0%)
0

(0%)

Total
1,140

(100%)
461

(100%)
657

(100%)
197

(100%)

NASS CDS attempts to identify the source of each
injury based on contact or other type of interaction.
For all of these cases the injury source was identified.
This is shown in Table 24 for all cases and by safety
belt usage. For unbelted occupants the injuring
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source is something exterior to the vehicle for 49% of
the injuries. This compares to 11% for belted
occupants. Belted occupants experience 34% of their
injuries from interactions with the roof and 26% from
general interior contacts (header rails, pillars, door
interior, etc.).

Table 24. Unweighted distribution of injuring
contact for all cases and by safety belt usage.

All Cases Belted UnbeltedInjury
Source # % # % # %

Ground 811 33% 34 6% 777 41%
Exterior 104 4% 7 1% 97 5%
Oth. Vehicle 71 3% 21 4% 50 3%
Roof 525 21% 194 34% 331 18%
Interior 462 19% 150 26% 324 17%
Steering 148 6% 45 8% 103 5%
Windshield 22 1% 5 0% 22 1%
Seat 43 2% 10 2% 33 2%
Seatbelt 34 1% 34 6% 0 0%
Airbag 8 0% 8 1% 4 0%
Other 60 2% 10 4% 29 2%
Unk. Source 167 7% 46 8% 121 6%
Total 2,455 100% 564 100% 1,891 100%

Table 25. Unweighted distribution of injury
contact by vehicle type for belted occupants.

Injury
Source Car Pick-up SUV Van

Ground
7

(3%)
7

(7%)
18

(9%)
2

(5%)

Exterior
0

(0%)
0

(0%)
4

(2%)
3

(7%)
Other

Vehicle
13

(5%)
1

(1%)
3

(2%)
4

(10%)

Roof
73

(31%)
49

(52%)
62

(33%)
10

(24%)

Interior
67

(28%)
21

(22%)
52

(27%)
10

(24%)

Steering
16

(7%)
6

(6%)
20

(11%)
3

(7%)
Wind-
shield

1
(0%)

0
(0%)

1
(1%)

3
(7%)

Seat
6

(3%)
0

(0%)
3

(2%)
1

(2%)

Seatbelt
20

(8%)
3

(3%)
8

(4%)
3

(7%)

Airbag
0

(0%)
4

(4%)
3

(2%)
1

(2%)

Other
3

(2%)
0

(0%)
6

(3%)
1

(2%)
Unknown

Source
31

(13%)
4

(4%)
10

(5%)
1

(2%)

Total
237

(100%)
95

(100%)
190

(100%)
42

(100%)

The data from Table 24 was further divide to look at
vehicle types. Table 25 shows the distribution of
injuring contacts/sources for the belted population
and Table 26 shows the same information for the
unbelted population. At this point it is quite apparent
that unbelted occupants for all vehicle classes
experienced a higher percentage of injuries from
exterior contacts. This is more than explained by the
higher percentage of ejected occupants. Of interest
for this study are the injuring contact/sources for non-
ejected occupants, particularly those that are belted.

For belted occupants, the head was the most
frequently injured (AIS 3+) body region. The most
common injury source/contact for belted occupants
was the roof. Head injuries associated with roof
contact were the most frequent injury-source
combination for all vehicle types. Of the 564 AIS 3+
injuries to belted occupants, 25% (142) were head-
roof interactions. Cars (22%), SUVs (22%), and vans
(19%) all experienced a similar percentage of head-
roof associated injuries. Pick-up trucks had the
highest head-roof injury association at 42%.

Table 26. Unweighted distribution of injuring
contact by vehicle type for unbelted occupants.

Injury
Source Car Pick-up SUV Van

Ground
295

(33%)
153

(42%)
234

(50%)
95

(61%)

Exterior
32

(4%)
35

(10%)
21

(4%)
9

(6%)
Other

Vehicle
23

(3%)
6

(2%)
21

(4%)
0

(0%)

Roof
182

(20%)
64

(17%)
75

(16%)
10

(6%)

Interior
189

(21%)
65

(18%)
53

(11%)
17

(11%)

Steering
74

(8%)
5

(1%)
19

(4%)
5

(3%)
Wind-
shield

13
(1%)

5
(1%)

4
(1%)

0
(0%)

Seat
17

(2%)
2

(1%)
1

(0%)
13

(8%)

Seatbelt
0

(0%)
0

(0%)
0

(0%)
0

(0%)

Airbag
2

(0%)
0

(0%)
2

(0%)
0

(0%)

Other
17

(2%)
6

(2%)
5

(1%)
1

(1%)
Unknown

Source
59

(8%)
25

(7%)
32

(7%)
5

(3%)

Total
903

(100%)
366

(100%)
467

(100%)
155

(100%)
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Data for all injuries and associated sources/contacts
are given in the Appendix for all vehicle types. The
data is also provided for belted and unbelted
occupants.

Many of the belted occupant’s injuries were also
attributed to impact with the vehicle interior. Most
vehicles contained within this data set do not yet
meet the current FMVSS 201 standard for interior
impact protection. It may be useful to analyze these
interior contact injuries and assess how the
effectiveness of the 201 standard may have helped
reduce the risk of injury.

One interesting finding was that unbelted occupants,
that were not ejected, showed similar trends to the
belted occupants. Roof associated head injury was
the most frequent injury. It was 3.1 times as likely to
occur as any other injury. It was also 1.7 times more
likely to occur when compared to non-ejected belted
occupants. Again, this emphasizes the importance of
belt usage.

The final aspect of this study was to investigate the
variable of maximum roof deformation as it relates to
the head-roof associated injuries. Data for all injuries
was divided by the maximum roof deformation
metric. This data was limited to belted occupants
that were not ejected, resulting in 446 total AIS 3+
injuries. Similarly, the 142 head injuries associated
with roof contact were divided into the deformation
categories (Table 27). From this table it can be seen
that 57% of all injuries occur at roof deformations
greater than the allowable limit of the FMVSS 216
standard. For head injuries associated with the roof,
81% occur when the FMVSS 216 deformation limit
is exceeded. Again, it must be noted that the loading
in these cases is dynamic and has not been controlled
for or correlated to the FMVSS 216 specifications.

Table 27. Unweighted distribution of injuries for
belted, non-ejected occupants by maximum roof
deformation.

All AIS 3+
Injuries

Head-Roof
AIS 3+ Injuries

Max Roof
Deformation

Count % Count %
0 cm 117 26% 12 8%

1 – 7 cm 21 5% 2 1%
8 – 14 cm 54 12% 12 8%
15 – 29 cm 81 18% 29 20%
30 – 45 cm 102 23% 53 37%
46 – 60 cm 33 7% 20 14%
≥ 61 cm 38 9% 14 10%

Total 446 100% 142 100%

Data for all injuries can also be used as the
normalizing factor for the effects of roof deformation
on injury. For each level of deformation it is possible
to calculate the rate of head-roof injuries to all AIS
3+ injuries. This data is given in Table 28.

Table 28. Rate of head-roof associated injury by
maximum roof deformation.

All AIS 3+
Injuries

Head-Roof
AIS 3+
Injuries

Rate of
Head-Roof

Injury
Max Roof

Deformation

Count Count %

0 cm 117 12 10.3%
1 – 7 cm 21 2 9.5%

8 – 14 cm 54 12 22.2%
15 – 29 cm 81 29 35.8%
30 – 45 cm 102 53 52.0%
46 – 60 cm 33 20 60.6%
≥ 61 cm 38 14 36.8%

Total 446 142 31.8%

Table 28 indicates that head-roof injury tends to
increase in frequency relative to other injuries as roof
deformation increases. The only exception is beyond
61 cm (24 in.). This does not indicate a causal effect
for two primary reasons: 1) it does not take into
account the kinematics of the vehicle or occupant
during the crash; and 2) it is not a biomechanical
metric related to injury risk. The frequency of head-
roof injuries along with the relationship between roof
deformation and head injury does warrant further
investigation into the role that roof deformation may
play in these injuries. This would include a further
understanding of the type of deformation, extent of
deformation, and rate of deformation.

CONCLUSIONS

An investigation of the circumstances surrounding
vehicle rollover has been completed using the NASS
CDS database for the years 1997-2000. Rollover
events were examined by frequency of occurrence,
severity by number of quarter turns, direction of roll,
roll initiation source, roll location relative to the
roadway, and by extent of roof intrusion. Occupants
were examined by distribution of MAIS, safety belt
usage, extent of ejection, and proximity to the roll
direction. Occupant injuries have been examined by
safety belt usage, body region distribution, injuring
contact/source, and relationship to intrusion and roof
deformation. Most data has been distributed by
vehicle type.
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The weighted NASS data indicated that:

• Cars account for 44.4% of rollover events with
AIS 3+ injuries, pick-ups 26.3%, SUVs 25.0%,
and vans 4.3%. SUVs comprise 9% of the
registered vehicle population and account for 25%
of the rollover cases.

• There was an approximate 50-50 split in roll
direction and the injured occupant was on the
near-side of the roll 49% of the time, the far-side
48%, and 3% in center seating positions. Injuries
did not necessarily correlate with proximity to roll
direction.

• The ground initiated 57% of rollovers for all
vehicles. Fixed objects were the second most
frequent at 13%. LTVs experience a higher
percentage of ground-induced rollovers compared
to cars (68% vs. 44%), while cars have a higher
percentage initiated by fixed object contacts (24%
vs. 5%).

• Weighted and unweighted NASS CDS
distributions were very similar with regard to
number of quarter turns. Of the cases, 83% of the
crashes involved 2 or more quarter turns, and 45%
of vehicles that experience only 1 quarter turn,
also experience roof deformation. For cases with
only 1 quarter turn and roof deformation, the
deformation was typically associated with a
secondary planar impact that impeded the roll.

The unweighted NASS data provided the following
insights:

• For the population of vehicles in rollover crashes,
53% exceeded 15cm of deformation (FMVSS 216
regulates to 12.7cm). For vehicles that
experienced only 1 quarter turn, 31% exceeded
15cm of deformation, while 58% of vehicles that
experienced 2 or more quarter turns exceeded that
amount.

• Head injuries (including face and brain) account
for 45% of all AIS 3+ injuries. Chest injuries are
the second most frequent at 22%. Neck injury
(often a focus in rollover testing) only accounted
for 5% of AIS 3+ injuries. This was fewer
injuries than the lower extremities, upper
extremities, and the abdomen.

• Head injuries associated with roof contact were
the most frequent injury-source combination for
all vehicle types.

• For all AIS 3+ injuries, 57% occur at roof
deformations greater than the allowable limit of
the FMVSS 216 standard. For head injuries

associated with the roof, 81% occur when this
deformation limit is exceeded.

• As roof deformation increases, head-to-roof
associated injury tends to increase in frequency
relative to other injuries.

• The highest opportunity area for mitigating
injuries to belted occupants was to the head and
neck, which accounted for 45% of all AIS 3+
injuries. This was similar for unbelted occupants
at 52% of all AIS 3+ injuries.

• The highest opportunity area for mitigating
injuries by contact/source for belted occupants is
associated with the roof and interior surfaces,
which accounts for 60% of all AIS 3+ contacts.
For unbelted occupants, the opportunity area is
49% for contacts exterior to the vehicle, and 35%
for the roof and interior surfaces.

• The opportunity area with regard to ejection
mitigation is 49% for unbelted occupants (66% of
unbelted injuries) and 11% for belted occupants
(18% of belted injuries).
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APPENDIX

Table A-1. Injury distribution by body region and injury source for belted non-ejected occupants in passenger
cars. Highest frequencies have been highlighted.

# % # % # % # % # %
HEAD Roof 23 15.23% 22 40.74% 7 28.00% 1 14.29% 53 22.36%

Interior 4 2.65% 4 7.41% 1 4.00% 1 14.29% 10 4.22%
Other Vehicle 6 3.97% 0 0.00% 0 0.00% 0 0.00% 6 2.53%
Ground 1 0.66% 2 3.70% 2 8.00% 0 0.00% 5 2.11%
Unknown Source 2 1.32% 0 0.00% 1 4.00% 1 14.29% 4 1.69%
Windshield 0 0.00% 1 1.85% 0 0.00% 0 0.00% 1 0.42%
Other Occupants 0 0.00% 1 1.85% 0 0.00% 0 0.00% 1 0.42%
Seatbelt 0 0.00% 1 1.85% 0 0.00% 0 0.00% 1 0.42%
Other Noncontact 0 0.00% 0 0.00% 1 4.00% 0 0.00% 1 0.42%

CHEST Interior 14 9.27% 10 18.52% 4 16.00% 2 28.57% 30 12.66%
Seatbelt 9 5.96% 4 7.41% 1 4.00% 0 0.00% 14 5.91%
Steering 8 5.30% 1 1.85% 1 4.00% 0 0.00% 10 4.22%
Unknown Source 4 2.65% 1 1.85% 1 4.00% 0 0.00% 6 2.53%
Other Vehicle 1 0.66% 1 1.85% 0 0.00% 1 14.29% 3 1.27%
Roof 2 1.32% 0 0.00% 0 0.00% 0 0.00% 2 0.84%
Seat 1 0.66% 0 0.00% 0 0.00% 0 0.00% 1 0.42%

ARM Interior 9 5.96% 0 0.00% 0 0.00% 0 0.00% 9 3.80%
Roof 5 3.31% 0 0.00% 0 0.00% 0 0.00% 5 2.11%
Unknown Source 3 1.99% 0 0.00% 0 0.00% 0 0.00% 3 1.27%
Steering 3 1.99% 0 0.00% 0 0.00% 0 0.00% 3 1.27%
Seat 3 1.99% 0 0.00% 0 0.00% 0 0.00% 3 1.27%
Other Vehicle 2 1.32% 0 0.00% 0 0.00% 0 0.00% 2 0.84%
Ground 2 1.32% 0 0.00% 0 0.00% 0 0.00% 2 0.84%

LEG/LOWER Interior 8 5.30% 0 0.00% 0 0.00% 0 0.00% 8 3.38%
Unknown Source 6 3.97% 0 0.00% 0 0.00% 0 0.00% 6 2.53%
Steering 3 1.99% 0 0.00% 0 0.00% 0 0.00% 3 1.27%
Floor 1 0.66% 0 0.00% 0 0.00% 0 0.00% 1 0.42%
Seat 1 0.66% 0 0.00% 0 0.00% 0 0.00% 1 0.42%

NECK Roof 12 7.95% 0 0.00% 1 4.00% 0 0.00% 13 5.49%
Unknown Source 1 0.66% 0 0.00% 0 0.00% 1 14.29% 2 0.84%
Other Vehicle 1 0.66% 0 0.00% 0 0.00% 0 0.00% 1 0.42%
Seat 1 0.66% 0 0.00% 0 0.00% 0 0.00% 1 0.42%

ABDOMEN Unknown Source 2 1.32% 4 7.41% 1 4.00% 0 0.00% 7 2.95%
Interior 2 1.32% 2 3.70% 1 4.00% 0 0.00% 5 2.11%
Seatbelt 2 1.32% 0 0.00% 2 8.00% 0 0.00% 4 1.69%
Other Vehicle 1 0.66% 0 0.00% 0 0.00% 0 0.00% 1 0.42%

PELVIC/HIP Interior 4 2.65% 0 0.00% 0 0.00% 0 0.00% 4 1.69%
Unknown Source 2 1.32% 0 0.00% 0 0.00% 0 0.00% 2 0.84%
Seatbelt 1 0.66% 0 0.00% 0 0.00% 0 0.00% 1 0.42%

BACK Unknown Source 1 0.66% 0 0.00% 0 0.00% 0 0.00% 1 0.42%
Interior 0 0.00% 0 0.00% 1 4.00% 0 0.00% 1 0.42%

151 100% 54 100% 25 100% 7 100% 237 100%

Total

Total

AIS 5 AIS 6
Body Region Injury Source

AIS 3 AIS 4
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Table A-2. Injury distribution by body region and injury source for unbelted non-ejected occupants in
passenger cars. Highest frequencies have been highlighted.

# % # % # % # % # %
HEAD Roof 44 19.38% 21 30.00% 7 23.33% 2 22.22% 74 22.02%

Interior 19 8.37% 11 15.71% 7 23.33% 0 0.00% 37 11.01%
Unknown Source 4 1.76% 5 7.14% 5 16.67% 0 0.00% 14 4.17%
Windshield 4 1.76% 2 2.86% 3 10.00% 0 0.00% 9 2.68%
Ground 0 0.00% 4 5.71% 0 0.00% 0 0.00% 4 1.19%
Other Vehicle 0 0.00% 1 1.43% 0 0.00% 1 11.11% 2 0.60%
Steering 0 0.00% 1 1.43% 0 0.00% 0 0.00% 1 0.30%

CHEST Steering 16 7.05% 11 15.71% 3 10.00% 2 22.22% 32 9.52%
Interior 11 4.85% 3 4.29% 0 0.00% 0 0.00% 14 4.17%
Roof 4 1.76% 1 1.43% 2 6.67% 1 11.11% 8 2.38%
Seat 5 2.20% 1 1.43% 0 0.00% 0 0.00% 6 1.79%
Unknown Source 2 0.88% 2 2.86% 0 0.00% 0 0.00% 4 1.19%
Other Occupants 2 0.88% 0 0.00% 0 0.00% 0 0.00% 2 0.60%
Other Vehicle 1 0.44% 0 0.00% 0 0.00% 0 0.00% 1 0.30%
Ground 1 0.44% 0 0.00% 0 0.00% 0 0.00% 1 0.30%
Other Noncontact 0 0.00% 0 0.00% 0 0.00% 1 11.11% 1 0.30%
Seatbelt 1 0.44% 0 0.00% 0 0.00% 0 0.00% 1 0.30%
Airbag 1 0.44% 0 0.00% 0 0.00% 0 0.00% 1 0.30%

LEG/LOWER Interior 26 11.45% 0 0.00% 0 0.00% 0 0.00% 26 7.74%
Unknown Source 3 1.32% 0 0.00% 0 0.00% 0 0.00% 3 0.89%
Floor 3 1.32% 0 0.00% 0 0.00% 0 0.00% 3 0.89%
Steering 2 0.88% 0 0.00% 0 0.00% 0 0.00% 2 0.60%
Seat 2 0.88% 0 0.00% 0 0.00% 0 0.00% 2 0.60%
Ground 1 0.44% 0 0.00% 0 0.00% 0 0.00% 1 0.30%

NECK Roof 12 5.29% 0 0.00% 0 0.00% 0 0.00% 12 3.57%
Windshield 3 1.32% 1 1.43% 0 0.00% 0 0.00% 4 1.19%
Unknown Source 4 1.76% 0 0.00% 0 0.00% 0 0.00% 4 1.19%
Ground 2 0.88% 0 0.00% 0 0.00% 0 0.00% 2 0.60%
Other Vehicle 0 0.00% 0 0.00% 0 0.00% 1 11.11% 1 0.30%
Steering 0 0.00% 0 0.00% 1 3.33% 0 0.00% 1 0.30%

PELVIC/HIP Interior 12 5.29% 0 0.00% 0 0.00% 0 0.00% 12 3.57%
Steering 6 2.64% 0 0.00% 0 0.00% 0 0.00% 6 1.79%
Unknown Source 2 0.88% 0 0.00% 0 0.00% 0 0.00% 2 0.60%
Seat 2 0.88% 0 0.00% 0 0.00% 0 0.00% 2 0.60%
Ground 1 0.44% 0 0.00% 0 0.00% 0 0.00% 1 0.30%

ARM Interior 8 3.52% 0 0.00% 0 0.00% 0 0.00% 8 2.38%
Roof 4 1.76% 0 0.00% 0 0.00% 0 0.00% 4 1.19%
Steering 2 0.88% 0 0.00% 0 0.00% 0 0.00% 2 0.60%
Airbag 1 0.44% 0 0.00% 0 0.00% 0 0.00% 1 0.30%

ABDOMEN Steering 4 1.76% 1 1.43% 0 0.00% 0 0.00% 5 1.49%
Interior 3 1.32% 1 1.43% 0 0.00% 0 0.00% 4 1.19%
Roof 2 0.88% 0 0.00% 0 0.00% 0 0.00% 2 0.60%
Unknown Source 0 0.00% 1 1.43% 0 0.00% 0 0.00% 1 0.30%
Other Vehicle 0 0.00% 1 1.43% 0 0.00% 0 0.00% 1 0.30%
Ground 1 0.44% 0 0.00% 0 0.00% 0 0.00% 1 0.30%

BACK Roof 2 0.88% 1 1.43% 2 6.67% 0 0.00% 5 1.49%
Ground 2 0.88% 0 0.00% 0 0.00% 0 0.00% 2 0.60%
Steering 0 0.00% 1 1.43% 0 0.00% 0 0.00% 1 0.30%
Other Noncontact 1 0.44% 0 0.00% 0 0.00% 0 0.00% 1 0.30%
Seat 1 0.44% 0 0.00% 0 0.00% 0 0.00% 1 0.30%

INJURED/UNK Other 0 0.00% 0 0.00% 0 0.00% 1 11.11% 1 0.30%
227 100% 70 100% 30 100% 9 100% 336 100%

Total

Total

AIS 5 AIS 6
Body Region Injury Source

AIS 3 AIS 4
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Table A-3. Injury distribution by body region and injury source for belted non-ejected occupants in pick-up
trucks. Highest frequencies have been highlighted.

# % # % # % # % # %
HEAD Roof 19 31.15% 11 61.11% 10 71.43% 0 0.00% 40 42.11%

Ground 1 1.64% 0 0.00% 0 0.00% 1 50.00% 2 2.11%
CHEST Interior 3 4.92% 2 11.11% 0 0.00% 0 0.00% 5 5.26%

Steering 3 4.92% 1 5.56% 0 0.00% 0 0.00% 4 4.21%
Seatbelt 1 1.64% 2 11.11% 0 0.00% 0 0.00% 3 3.16%
Airbag 2 3.28% 0 0.00% 0 0.00% 0 0.00% 2 2.11%
Unknown Source 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.05%
Roof 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.05%

ARM Interior 9 14.75% 0 0.00% 0 0.00% 0 0.00% 9 9.47%
Ground 5 8.20% 0 0.00% 0 0.00% 0 0.00% 5 5.26%
Airbag 2 3.28% 0 0.00% 0 0.00% 0 0.00% 2 2.11%

NECK Roof 4 6.56% 1 5.56% 2 14.29% 1 50.00% 8 8.42%
Unknown Source 0 0.00% 0 0.00% 1 7.14% 0 0.00% 1 1.05%

LEG/LOWER Interior 4 6.56% 0 0.00% 0 0.00% 0 0.00% 4 4.21%
Unknown Source 2 3.28% 0 0.00% 0 0.00% 0 0.00% 2 2.11%
Steering 2 3.28% 0 0.00% 0 0.00% 0 0.00% 2 2.11%
Other Vehicle 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.05%

ABDOMEN Interior 1 1.64% 1 5.56% 0 0.00% 0 0.00% 2 2.11%
BACK Interior 0 0.00% 0 0.00% 1 7.14% 0 0.00% 1 1.05%

61 100% 18 100% 14 100% 2 100% 95 100%

Total

Total

AIS 5 AIS 6
Body Region Injury Source

AIS 3 AIS 4

Table A-4. Injury distribution by body region and injury source for unbelted non-ejected occupants in pick-
up trucks. Highest frequencies have been highlighted.

# % # % # % # % # %
HEAD Roof 5 12.20% 5 41.67% 4 40.00% 1 50.00% 15 23.08%

Interior 3 7.32% 1 8.33% 1 10.00% 0 0.00% 5 7.69%
Ground 1 2.44% 0 0.00% 1 10.00% 0 0.00% 2 3.08%
Exterior 0 0.00% 0 0.00% 0 0.00% 1 50.00% 1 1.54%

CHEST Interior 4 9.76% 1 8.33% 0 0.00% 0 0.00% 5 7.69%
Unknown Source 3 7.32% 0 0.00% 0 0.00% 0 0.00% 3 4.62%
Other Occupants 0 0.00% 3 25.00% 0 0.00% 0 0.00% 3 4.62%
Steering 0 0.00% 0 0.00% 2 20.00% 0 0.00% 2 3.08%
Roof 2 4.88% 0 0.00% 0 0.00% 0 0.00% 2 3.08%
Ground 0 0.00% 1 8.33% 0 0.00% 0 0.00% 1 1.54%
Seat 1 2.44% 0 0.00% 0 0.00% 0 0.00% 1 1.54%

LEG/LOWER Interior 7 17.07% 0 0.00% 0 0.00% 0 0.00% 7 10.77%
Unknown Source 2 4.88% 0 0.00% 0 0.00% 0 0.00% 2 3.08%

NECK Roof 3 7.32% 0 0.00% 1 10.00% 0 0.00% 4 6.15%
Unknown Source 2 4.88% 0 0.00% 0 0.00% 0 0.00% 2 3.08%

ARM Interior 3 7.32% 0 0.00% 0 0.00% 0 0.00% 3 4.62%
Other Vehicle 1 2.44% 0 0.00% 0 0.00% 0 0.00% 1 1.54%
Exterior 1 2.44% 0 0.00% 0 0.00% 0 0.00% 1 1.54%

ABDOMEN Other Occupants 1 2.44% 0 0.00% 1 10.00% 0 0.00% 2 3.08%
Seat 0 0.00% 1 8.33% 0 0.00% 0 0.00% 1 1.54%
Roof 1 2.44% 0 0.00% 0 0.00% 0 0.00% 1 1.54%

BACK Other Occupants 1 2.44% 0 0.00% 0 0.00% 0 0.00% 1 1.54%
41 100% 12 100% 10 100% 2 100% 65 100%Total

TotalAIS 5 AIS 6
Body Region Injury Source

AIS 3 AIS 4
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Table A-5. Injury distribution by body region and injury source for belted non-ejected occupants in sport
utility vehicles (SUVs). Highest frequencies have been highlighted.

# % # % # % # % # %
HEAD Roof 23 17.69% 11 30.56% 7 33.33% 0 0.00% 41 21.58%

Steering 4 3.08% 1 2.78% 2 9.52% 0 0.00% 7 3.68%
Ground 3 2.31% 4 11.11% 0 0.00% 0 0.00% 7 3.68%
Unknown Source 4 3.08% 1 2.78% 0 0.00% 0 0.00% 5 2.63%
Airbag 2 1.54% 0 0.00% 1 4.76% 0 0.00% 3 1.58%
Interior 1 0.77% 2 5.56% 0 0.00% 0 0.00% 3 1.58%
Windshield 1 0.77% 0 0.00% 0 0.00% 0 0.00% 1 0.53%
Seat 0 0.00% 0 0.00% 1 4.76% 0 0.00% 1 0.53%

CHEST Interior 7 5.38% 6 16.67% 3 14.29% 0 0.00% 16 8.42%
Steering 4 3.08% 2 5.56% 0 0.00% 1 33.33% 7 3.68%
Roof 2 1.54% 1 2.78% 2 9.52% 1 33.33% 6 3.16%
Seatbelt 4 3.08% 0 0.00% 0 0.00% 0 0.00% 4 2.11%
Exterior 1 0.77% 1 2.78% 0 0.00% 0 0.00% 2 1.05%
Unknown Source 1 0.77% 0 0.00% 0 0.00% 0 0.00% 1 0.53%
Other 1 0.77% 0 0.00% 0 0.00% 0 0.00% 1 0.53%
Ground 0 0.00% 0 0.00% 1 4.76% 0 0.00% 1 0.53%

ARM Interior 12 9.23% 0 0.00% 0 0.00% 0 0.00% 12 6.32%
Ground 9 6.92% 0 0.00% 0 0.00% 0 0.00% 9 4.74%
Roof 5 3.85% 0 0.00% 0 0.00% 0 0.00% 5 2.63%
Unknown Source 3 2.31% 0 0.00% 0 0.00% 0 0.00% 3 1.58%
Other Vehicle 1 0.77% 0 0.00% 0 0.00% 0 0.00% 1 0.53%
Other Occupants 1 0.77% 0 0.00% 0 0.00% 0 0.00% 1 0.53%

LEG/LOWER Interior 14 10.77% 0 0.00% 0 0.00% 0 0.00% 14 7.37%
Other Vehicle 2 1.54% 0 0.00% 0 0.00% 0 0.00% 2 1.05%
Floor 2 1.54% 0 0.00% 0 0.00% 0 0.00% 2 1.05%
Steering 1 0.77% 0 0.00% 0 0.00% 0 0.00% 1 0.53%

NECK Roof 8 6.15% 0 0.00% 0 0.00% 0 0.00% 8 4.21%
Interior 4 3.08% 0 0.00% 0 0.00% 0 0.00% 4 2.11%
Seat 2 1.54% 0 0.00% 0 0.00% 0 0.00% 2 1.05%
Other Noncontact 1 0.77% 1 2.78% 0 0.00% 0 0.00% 2 1.05%
Unknown Source 0 0.00% 0 0.00% 1 4.76% 0 0.00% 1 0.53%
Ground 0 0.00% 1 2.78% 0 0.00% 0 0.00% 1 0.53%

ABDOMEN Steering 0 0.00% 0 0.00% 3 14.29% 0 0.00% 3 1.58%
Seatbelt 1 0.77% 2 5.56% 0 0.00% 0 0.00% 3 1.58%
Exterior 0 0.00% 2 5.56% 0 0.00% 0 0.00% 2 1.05%
Roof 1 0.77% 0 0.00% 0 0.00% 1 33.33% 2 1.05%
Interior 1 0.77% 0 0.00% 0 0.00% 0 0.00% 1 0.53%

PELVIC/HIP Steering 2 1.54% 0 0.00% 0 0.00% 0 0.00% 2 1.05%
Interior 1 0.77% 0 0.00% 0 0.00% 0 0.00% 1 0.53%

BACK Seatbelt 1 0.77% 0 0.00% 0 0.00% 0 0.00% 1 0.53%
Interior 0 0.00% 1 2.78% 0 0.00% 0 0.00% 1 0.53%

130 100% 36 100% 21 100% 3 100% 190 100%

Total

Total

AIS 5 AIS 6
Body Region Injury Source

AIS 3 AIS 4
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Table A-6. Injury distribution by body region and injury source for unbelted non-ejected occupants in sport
utility vehicles (SUVs). Highest frequencies have been highlighted.

# % # % # % # % # %
HEAD Roof 15 24.59% 4 26.67% 6 35.29% 0 0.00% 25 26.88%

Other Vehicle 5 8.20% 2 13.33% 2 11.76% 0 0.00% 9 9.68%
Windshield 2 3.28% 1 6.67% 1 5.88% 0 0.00% 4 4.30%
Interior 1 1.64% 1 6.67% 2 11.76% 0 0.00% 4 4.30%
Steering 1 1.64% 1 6.67% 0 0.00% 0 0.00% 2 2.15%
Other Noncontact 0 0.00% 0 0.00% 1 5.88% 0 0.00% 1 1.08%
Ground 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%
Unknown Source 0 0.00% 0 0.00% 1 5.88% 0 0.00% 1 1.08%

CHEST Interior 4 6.56% 3 20.00% 2 11.76% 0 0.00% 9 9.68%
Steering 4 6.56% 2 13.33% 0 0.00% 0 0.00% 6 6.45%
Roof 2 3.28% 0 0.00% 0 0.00% 0 0.00% 2 2.15%
Unknown Source 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%
Other Noncontact 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%
Ground 0 0.00% 1 6.67% 0 0.00% 0 0.00% 1 1.08%

ARM Interior 4 6.56% 0 0.00% 0 0.00% 0 0.00% 4 4.30%
Airbag 2 3.28% 0 0.00% 0 0.00% 0 0.00% 2 2.15%
Unknown Source 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%
Roof 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%
Steering 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%

LEG/LOWER Interior 5 8.20% 0 0.00% 0 0.00% 0 0.00% 5 5.38%
Steering 2 3.28% 0 0.00% 0 0.00% 0 0.00% 2 2.15%

PELVIC/HIP Steering 3 4.92% 0 0.00% 0 0.00% 0 0.00% 3 3.23%
Interior 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%

ABDOMEN Unknown Source 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%
Ground 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%
Interior 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%

INJURED/UNK Other 0 0.00% 0 0.00% 2 11.76% 0 0.00% 2 2.15%
NECK Ground 1 1.64% 0 0.00% 0 0.00% 0 0.00% 1 1.08%

61 100% 15 100% 17 100% 0 0% 93 100%

Total

Total

AIS 5 AIS 6
Body Region Injury Source

AIS 3 AIS 4

Table A-7. Injury distribution by body region and injury source for belted non-ejected occupants in passenger
vans. Highest frequencies have been highlighted.

# % # % # % # % # %
HEAD Roof 4 13.33% 2 22.22% 1 50.00% 1 100.00% 8 19.05%

Other Vehicle 1 3.33% 3 33.33% 0 0.00% 0 0.00% 4 9.52%
Windshield 3 10.00% 0 0.00% 0 0.00% 0 0.00% 3 7.14%
Steering 1 3.33% 0 0.00% 0 0.00% 0 0.00% 1 2.38%

CHEST Interior 2 6.67% 1 11.11% 0 0.00% 0 0.00% 3 7.14%
Exterior 1 3.33% 1 11.11% 1 50.00% 0 0.00% 3 7.14%
Steering 0 0.00% 1 11.11% 0 0.00% 0 0.00% 1 2.38%
Seatbelt 1 3.33% 0 0.00% 0 0.00% 0 0.00% 1 2.38%

LEG/LOWER Interior 3 10.00% 0 0.00% 0 0.00% 0 0.00% 3 7.14%
Ground 1 3.33% 0 0.00% 0 0.00% 0 0.00% 1 2.38%

ABDOMEN Seatbelt 2 6.67% 0 0.00% 0 0.00% 0 0.00% 2 4.76%
Steering 1 3.33% 0 0.00% 0 0.00% 0 0.00% 1 2.38%
Interior 0 0.00% 1 11.11% 0 0.00% 0 0.00% 1 2.38%

ARM Interior 3 10.00% 0 0.00% 0 0.00% 0 0.00% 3 7.14%
Ground 1 3.33% 0 0.00% 0 0.00% 0 0.00% 1 2.38%

BACK Unknown Source 1 3.33% 0 0.00% 0 0.00% 0 0.00% 1 2.38%
Airbag 1 3.33% 0 0.00% 0 0.00% 0 0.00% 1 2.38%
Seat 1 3.33% 0 0.00% 0 0.00% 0 0.00% 1 2.38%

NECK Roof 2 6.67% 0 0.00% 0 0.00% 0 0.00% 2 4.76%
PELVIC/HIP Floor 1 3.33% 0 0.00% 0 0.00% 0 0.00% 1 2.38%

30 100% 9 100% 2 100% 1 100% 42 100%

Total

Total

AIS 5 AIS 6
Body Region Injury Source

AIS 3 AIS 4
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ABSTRACT

Previous studies have identified a fatality risk for
children exposed to air bags, particularly in the
presence of non-restraint or inadequate restraint of
the child and pre-impact braking, conditions that
place the child out-of-position. Consequently, many
manufacturers are opting to suppress the air bag
when an out-of-position child, particularly one who is
unrestrained, is detected. This study provides current
estimates of injury risk for children exposed to
airbags based on the large experience of children in
crashes from the Partners for Child Passenger Safety
(PCPS) project; describes the most common
scenarios for these injuries; and attempts to replicate
and extend the field data through sled testing and
simulations. This study was conducted to enhance the
scientific base on which decisions to suppress airbags
can be made on restrained children. The results of
this study suggest that more investigation must be
conducted before air bag suppression for restrained
children is chosen as the option for future air bags.
Surveillance data suggest that restrained children are
not at as high a fatality risk as previously reported for
predominantly unrestrained children and that injuries
that restrained children exposed to airbags receive are
mostly not life-threatening. However, the
performance of air bags for children varies widely
among vehicle types. Of particular concern are sport
utility vehicles (SUV) and passenger vans: children
in the front seat of these vehicles and not exposed to
an air bag were at a very low risk of injury but
children in similar severity crashes in these vehicles
who were exposed to airbags were at a considerable
increased risk of injury. In addition, consideration
should be given to the evaluation of the risk of upper
extremity fractures, as this is one of the most
common injuries for children exposed to airbags.
Dynamic sled tests (29kph pulse) were conducted in
both a mid-sized car and sport utility vehicle buck.
Results were extended using validated MADYMO

models. Both sled testing and simulation results
suggest a possible beneficial role of the air bag for
certain crash scenarios involving children.
Implications of the data for current child dummy
design and airbag suppression considerations will be
discussed.

INTRODUCTION

As of March 1, 2000, an estimated 5,303 lives have
been saved by passenger and driver side air bags
[National Highway Traffic Safety Administration
2001]. However, if the passenger comes into contact
with an air bag during deployment or during the
inflation phase, serious or fatal injuries may result
[Winston and Reed 1996]. This increased risk has
been shown to be particularly high in children under
age 11 years. In 1997, Braver reported a 34%
increased risk of fatality for children 10 years and
younger in vehicles equipped with passenger air bags
as compared with vehicles without passenger air bags
[Braver et al. 1997]. In-depth crash investigations
have identified the typical mechanisms of these
pediatric air bag-associated passenger fatalities
[Winston and Reed 1996; National Transportation
Safety Board 1997] and have highlighted the
importance of suboptimal or non-restraint in this
fatality risk [Arbogast et al. 1999]. In a study of
children exposed to airbags, Arbogast et al found
90% restraint non-use or suboptimal use among
children who were fatally injured by airbags and only
10% restraint non-use/suboptimal use among children
who survived airbag exposure [Arbogast et al. 1999].
These results suggest that airbag fatality risk for
children is greatly influenced by restraint status.

In an effort to improve the performance of air bags
for a wide range of occupants, in 2002, the National
Highway Traffic Safety Administration issued a
change in the FMVSS 208, Frontal Occupant
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Protection [National Highway Traffic Safety
Administration 2001]. Specifically, the new
regulation requires the testing of air bags using child
anthropometric dummies (ATD’s) and allows for
either a low risk deployment or suppression option
for these passengers. With limited access to real
world data regarding children exposed to airbags,
manufacturers have needed to rely on laboratory
testing utilizing the current Hybrid III family of
ATD’s to inform this vital decision. These ATD’s,
while state-of-the-art in child dummy design, are
limited in their predictive ability in that a direct
relationship between dummy responses and injuries
sustained in real world crashes has not been
established.

To evaluate the benefits of new air bag designs based
on laboratory testing, an understanding of the current
real world experience of children exposed to airbags
and the relationship of this experience to laboratory
data is crucial. Therefore, the purpose of the current
study was to enhance the scientific base on which
decisions to suppress airbags could be made. Further,
since little is known about the potential benefits of
airbags for restrained children, a focus of this study
was directed towards understanding how a restrained
child occupant interacts with a deploying air bag.

Specific aims of this study included: 1) providing
population-based estimates of the risk of both minor
and more consequential nonfatal injuries to children
in frontal impact collisions exposed to passenger side
air bags; 2) identifying typical injury mechanisms
from the real world data; and 3) replicating these
field data in the laboratory in order to evaluate the
relative benefit or risk associated with suppression
with various restraint configurations.

METHODS

Surveillance and Crash Investigation

Data were collected from December 1, 1998 to
November 30, 2001 as part of the Partners for Child
Safety (PCPS) project, in which State Farm Insurance
Companies identifies claims for crashes in 15 states
and the District of Columbia involving children and
The Children's Hospital of Philadelphia conducts in-
depth telephone interviews and on-site crash
investigations. The methods for the telephone
interview-based surveillance data crash investigation
have been published previously [Winston, 2000;
Durbin, 2001; Arbogast et al. 1999]. For this study,
telephone surveillance data were analyzed for a
probability sample of crashes in which the first
impact was reported as frontal with a child occupant

in the right front seat of a vehicle equipped with
either a driver only or driver and passenger side
airbags. This study sample included 9,779 vehicles
with 15,341 child occupants, representing 115,729
vehicles with 178,769 child occupants in the study
population. For the purposes of this study,
"consequential injuries" were defined as all injuries
with AIS scores of 2 or greater including concussions
and more serious brain injuries, facial bone fractures,
spinal cord injuries, internal organ injuries, and
extremity fractures, as well as those injuries with
potential for disfigurement (facial and scalp
lacerations). “Minor injuries” were defined as all
other lacerations, abrasions, and contusions. The
risks of both minor and consequential injuries among
children exposed to passenger side airbag (PAB)
were compared to children occupying the front
passenger seat in a vehicle equipped only with a
driver air bag (DAB) in which the DAB deployed. In
this way, PAB children could be compared to
children in the same seating position in crashes of
comparable severity. Because very few children
under 3 years of age were exposed to a PAB, the two
groups were restricted to children 3 to 15 years of
age.
Detailed crash investigation of a subset of these cases
yielded test parameters for the sled testing and
simulation components of the study, i.e. the different
restraint conditions, seat track position, position of
the occupants, and crash severity (calculated Delta-
v). Review of the surveillance and crash
investigation results revealed the typical crash
scenarios that resulted in the identified age-specific
patterns of air bag-associated injury.

Sled Testing and Simulations

Typical crash scenarios were replicated on a HyGe
sled with the Hybrid III 3- and 6-year old ATDs and
served as the baseline tests. Validation of the
baseline tests involved comparison of the injuries
predicted by these tests with the injury patterns
identified in the field data. An extensive sled test and
simulation program followed to examine restraint
conditions not covered by the field data. For this
study, experimental vehicle platforms of a passenger
car and sport utility vehicle were used in conjunction
with the high output of a dual stage, airbag restraint
system.

Baseline Testing - Initial baseline sled testing was
conducted with the Hybrid III 3-year-old and 6-year-
old ATD’s placed in the right front seat of a mid-
sized passenger vehicle with a pulse equivalent to 29
kph (18 mph) 0° full frontal impact. This 29 kph (18
mph) 0° full frontal impact represents the average
equivalent impact velocity reported in cases in the
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National Accident Sampling System (NASS)
between 1995 and 1998 [Atkinson et al. 2000].
Review of the field data identified two test conditions
appropriate as a baseline condition. Most children
were reported as restrained, although children
between 3 and 9 years old were not optimally seated
in a child safety seat or booster seat and, when
wearing seat belts, were often restrained by only the
lap portion of the three-point restraint. To represent
the real world risk scenarios, a Hybrid III 3-year-old
ATD was placed sitting fully back in the passenger
seat with the shoulder segment of the seatbelt system
placed behind the ATD’s back (Figure 1) and a
Hybrid III 6-year-old ATD on the front edge of the
seat, restrained by both parts of the lap shoulder belt
system (Figure 2). Two sled tests were conducted
with each ATD position and the seat in the rear track
position, one with an airbag restraint system and one
without.

Figure 1. Hybrid III 3-year-old – Baseline HyGe sled
position.

Figure 2. Hybrid III 6-year-old – Baseline HyGe sled
position.

Simulations - The HyGe sled test conditions were
used as baseline inputs for a series of simulation
validations. MADYMO [TNO, The Netherlands,
1999] models were generated for all four test
conditions and subsequently validated against the
HyGe test data. Quantitative levels of correlation

were achieved using a method called the ‘Validation
Statistic’ [Cooper et al. 1999] to evaluate and control
the level of simulation correlation. This method
evaluates the correlation achieved for each individual
output response and subsequently indicates the
overall correlation for each simulated case. A
validation statistic of 0.0 indicates a perfect
correlation. Previous work has shown that the
validation statistic numbers below 0.5 suggest that
the simulation models can be used to predict a range
of events [Cooper et al. 1999].
To evaluate the full range of real world conditions
suggested by the surveillance data and other relevant
literature, a detailed simulation matrix was defined,
(Appendix A.1). This simulation matrix was
analyzed using a full factorial Design of Experiment
Method (DOE). Two hundred and eighty eight
simulations were required to complete the matrix
with AutoDOE [Breed Technologies and Quest,
2002] being used to complete the DOE analysis using
MADYMO as the crash simulation solver.
Simulation variables, which were varied, included the
ATD size, seat track position, impact speed, specifics
of seat belt restraint, ATD position in the seat and the
use of an airbag.
Both the testing and simulation results were
compared to current Injury Criteria and Injury
Performance Levels (ICPL’s) for FMVSS 208
[National Highway Traffic Safety Administration
2001] as shown in Table 1.

Table 1. Injury Criteria and Injury Performance
Levels (ICPL’s) for FMVSS No 208.

Secondary Testing - In order to confirm the
numerical simulation results, HyGe sled testing was
completed at the key conditions highlighted by the
numerical simulation. To minimize the number of
sled tests needed only the Hybrid III 6-year-old ATD
was tested. This ATD choice was based upon
findings from the surveillance data that suggested
that majority of the children seated in the front
passenger seat were above 5 years of age. A total of
twelve sled tests at 42 kph (26mph) were completed
using the same passenger car platform and restraint
system as in the baseline sled series. Although not
previously simulated, an unbelted condition was
added in order to further explore the role of restraint
in injury and probable effects of airbag suppression.

Head Neck Chest

HIC
(15ms) NIJ

Tension
(N)

Compression
(N)

3ms
(g)

Deflecti
on

(mm)

6yr 700 1.0 1490 1820 60 40

3yr 570 1.0 1130 1380 55 34
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An additional 10 HyGe sled tests were also
conducted using a generic sport utility vehicle (SUV)
platform to explore the role of vehicle type in air bag
risks. This testing replicated the passenger vehicle
tests, however, two tests were eliminated due to a
lack of available parts. The test matrix for the
secondary HyGe sled tests is shown in Table 2.

Table 2. Secondary HyGe Sled Test Matrix for
Passenger Vehicle and SUV

*** - Test not conducted in SUV due to part availability

RESULTS

Surveillance

Between December 1, 1998, and November 30, 2001
interviews were completed for 852 children 3 to 15
years of age who were exposed to passenger airbags
(PAB). These data were then weighted, based on
their probability of selection, to represent 1,377
children. For this analysis a weighted comparison
group was chosen representing 642 children in the
right front passenger seat of vehicles where the driver
airbag (DAB) deployed, but the vehicle did not have
a passenger airbag. 90.3% of the children exposed to
the PAB were restrained and less than 4% of these
were in child/booster seats, whereas only 85.1% of
the children in vehicles where the DAB deployed
were restrained and none were in a car/booster seat.
Analysis was further broken down by vehicle type to
examine the influence of this parameter on injury
rates.

All Vehicle Types - For all vehicle types, the
overall risk of any level of severity of injury (both
minor and consequential) was 87.0% (1,198 /1,377)
among children exposed to PAB compared to 52.5%
(337/642) among the DAB exposed comparison
group (referred to below as the “comparison non-
exposed group”) (OR=6.06, 95% CI 2.63-13.93,
p<0.001) (Figure 3). Minor injuries (facial abrasions,
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Figure 3. Risk of any injury (both minor and
consequential) by body region for all vehicle types.
*Represents statistically significant differences.

chest abrasions, arm abrasions) account for
approximately 85% of all injuries recorded in this
sample. The child exposed to a PAB was almost
twice as likely to suffer a consequential injury
(includes serious facial lacerations, concussion and
more severe head/brain injuries, intra-abdominal
organ injuries, spinal cord injuries and extremity
fractures) compared to the child in the comparison
non-exposed group (OR=1.84; 95% CI 1.07-3.15,
p=0.020). Head injuries, including concussions and
more serious brain injuries, were the most common
consequential injury among both the PAB exposed
children and the comparison non-exposed group, as
shown in Figure 4. There was a trend toward a
higher risk of consequential head injury to the PAB
exposed child in comparison to the comparison non-
exposed group (OR=1.67; 95% CI 0.90-3.10,
p=0.10). The difference in consequential injury risk

All Vehicles - Risk of Consequential Injuries
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Figure 4. Risk of consequential injuries by body region
for all vehicle types.
* Represents statistically significant differences.
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was primarily due to an increase in upper extremity
fracture (OR=2.12, 95% CI 0.97-4.60, p=0.06) with
exposure to PAB compared to the comparison non-
exposed group. Among all children in the study,
children ages 3-8 years had the highest absolute risk
of consequential injuries when exposed to a PAB
(17.5%) and the highest risk difference when
compared to the age-specific comparison non-
exposed group (17.5% in the PAB group versus 8.1%
in the comparison non-exposed group). No deaths
due to airbag deployment were found in this study.

Passenger Cars Only - Passenger cars accounted
for over half the vehicles equipped with PAB for
crashes in the PCPS study meeting the study criteria
(Figure 5). Figure 6 shows the injury rates for the
passenger car only with the overall injury rates in
both the PAB airbag exposure subgroup as well as
the comparison non-exposed group (including both
minor and consequential) similar to that for all
vehicles. The likelihood of any severity facial injury
(OR=5.59, 95% CI 2.39-13.07, p<0.001) or upper
extremity injury (OR=3.93, 95% CI 1.79-8.60,
p=0.001) was significantly greater in the PAB
exposed group when compared to the comparison
non-exposed group. There was a trend toward
increased risk of consequential injury to the child in a
passenger car PAB deployed crash as compared with
a child in a passenger car in the comparison non-
exposed, however the result was no longer
statistically significant (OR=1.50; 95% CI 0.76-2.96,
p=0.24), Figure 7.

Others
5%

SUV's
18%

Passenger
Vans
23%

Passenger
Cars
54%

Figure 5. Distribution of vehicle types involved in
frontal crashes with air bag deployment in the PCPS
surveillance system.

Sport Utility Vehicles (SUV) Only - The overall
injury rate in the children exposed to PAB as
passengers in SUV (Figure 6) was similar to that for
children exposed to PAB for all vehicles combined
(SUV: 89.9% versus all vehicles: 87%) and the rate
in the comparison non-exposed group (children in
SUV with DAB deployment without a PAB) was
much lower than that for children in the whole
comparison non-exposed group (SUV: 13.9% versus

all vehicles: 52.5%). The risk of consequential injury
to the child in a SUV PAB
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Figure 6. Risk of any injury (both minor and
consequential) by vehicle type.
* Represents statistically significant differences.
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Figure 7. Risk of any consequential injuries by vehicle
type.

deployment crash was over 14 times greater than a
child in the front seat of an SUV DAB deployment
crash (OR=14.56, 95% CI 1.18-178.90, p=0.037),
Figure 7. Injury rates for SUV children seated in the
front seat of DAB deployment frontal crashes was the
lowest among all vehicle types, but injury rates were
highest for children seated in the front seat of SUV
PAB deployment crashes. There were too few counts
of injuries in the DAB group to perform meaningful
statistical tests comparing body region specific and
age group injury rates.

Passenger Vans Only - The overall injury rate in
the children exposed to PAB (Figure 6) was similar
to that for other vehicle types (vans: 89.5% versus all
other vehicles: 87%) and the rate in the passenger van
comparison non-exposed group was similar to that
for all vehicles combined (vans: 46.8% versus all
other vehicles: 52.5%). The risk of consequential
injury to the child in a passenger van PAB
deployment crash was more than 4 times greater than
that for a child in the front seat of a passenger van
DAB deployment crash (OR=4.06, 95% CI 1.09-
15.11, p=0.037), Figure 7. There were too few
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counts of injuries in the DAB group to perform
meaningful statistical tests comparing body region
specific and age group injury rates.

Testing and Simulations

Baseline Testing - The baseline test results for the
Hybrid III 3-year-old and 6-year-old ATD
demonstrated similar biomechanical performance
with and without the airbag restraint. In both ATD
types, the injury values were below the latest FMVSS
208 (Final Rule Making) ICPL’s. Figures 8 and 9
show the normalized results of the four tests with the
two types of ATD’s respectively.

Figure 8. Normalized results of the Hybrid III 3-year-
old baseline HyGe sled test.

6 Yr - LapandShoulderBelt - 29kph(18mph)
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Figure 9. Normalized results of the Hybrid III 6-year-
old baseline HyGe sled test.

Simulation Validation - MADYMO models were
validated against the baseline HyGe sled tests for the
3- and 6-year-old ATD’s, with and without an airbag.
The level of validation statistic achieved between the
injury measures obtained during the simulation and
those obtained during the baseline HyGe testing are
shown in APPENDIX A.2. For the head, chest and
pelvis body regions, the correlation results meet the
criteria of 0.5 required for predictive models. A
higher level of correlation was achieved with the
Hybrid III 6-year-old condition than with the Hybrid
III 3-year-old. In particular the neck responses for
the Hybrid III 3-year-old show unsatisfactory
correlation values suggesting that any predicted
responses from the neck should be treated with

extreme caution. Head impact did not occur with the
instrument panel in any of the baseline sled test
cases. As a result the simulation model validation
did not include the development of a head to
instrument panel contact interaction function.
Therefore, great care was taken when using the
simulations results produced where head to
instrument contact had occurred.

Simulation Results - The simulation results for
each injury criterion was plotted against impact speed
and seat track position with and without the airbag
restraint. A typical set of injury results is shown in
APPENDIX B for the Hybrid III 3-year-old, with and
without the airbag restraint, using the lap shoulder
belt sitting fully back and in APPENDIX C for the
corresponding Hybrid III 6-year-old. For both types
of ATD, in the case of the correctly positioned seat
belt and the ATD seated fully back in the seat, the
injury values increase with impact speed and
increasing distance between the child and the
instrument panel. However, for each ATD, as the
effective level of seat belt restraint and the proximity
to the instrument panel is reduced the injury values
typically increase for any given speed in comparison
to the ATD with the lap shoulder belt restraint.
The results with the airbag restraint were compared
to those without for each ATD tested in each seat
track position and seat belt condition. In most cases
maximum airbag injury occurred at a speed of 56 kph
(35 mph). This speed was considered too extreme
when considering the surveillance data and was not
considered further. As a result, the simulation data
were presented for the 42 kph (26 mph) case,
(APPENDIX D) as this was considered the worst-
case scenario representative of the surveillance field
data. In all cases the HIC, Chest G, Chest Deflection,
and Neck forces, moments, and Nij were compared.
With the Hybrid III 3-year-old ATD, the injury
results in general were seen to decrease as the level
of seat belt restraint increased, i.e. from shoulder belt
behind the back to under the arm to in front of the
chest. In general for all cases, except for the ATD
with both portions of the seat belt in front of the
torso, the injury measures were lower with the airbag
restraint than without the airbag. HIC levels for the
less optimal level of restraint with and without airbag
are shown in APPENDIX E.1. In the case of the
Hybrid III 3-year-old ATD sitting fully back, with the
seat track in the rear position, and using both parts of
the lap shoulder belt, the airbag did not influence the
injury measures, especially HIC, regardless of the
fore–aft seat track location, Figure 10.
In the case of the 3-year-old ATD sitting fully
forward at the edge of the seat and using both parts of
the lap shoulder belt, the HIC measures were much
higher with the air bag than without with the seat in
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Figure 10. 3-year-old HIC injury with Lap and
Shoulder Belt, sitting back at 42 kph (26 mph)

the mid position, Figure 11. When the seat was full
forward the HIC results were lower with the airbag.
When the seat was full rear, the HIC results with and
without the airbag were almost identical. In all other
cases where a less optimal level of seat belt restraint
was used, regardless of the fore-aft seat track
position, in general, the injury measures were lower
with the airbag than without, especially the HIC.
Although the NIJ values were seen to decrease with
the addition of the airbag there was generally an
increase in neck compression, which was
compensated by a larger decrease in neck tension to
produce the reduction in NIJ.
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Figure 11. 3-year-old HIC injury with Lap and
Shoulder Belt, sitting forward at 42 kph (26 mph)

The Hybrid III 6-year-old ATD simulation results
produced similar results to the 3-year-old ATD
results. In general, the injury measures decreased as
the level of seat belt restraint increased. HIC levels
for the less optimal levels of restraint with and
without airbag are shown in APPENDIX E.2. In all
cases, except for the ATD using both portions of the
lap shoulder belt, the injury measures with the airbag
restraint were lower than without. In the case of the
ATD sitting fully back, with the seat in the rear
position, and using both portions of the lap shoulder
belt, the airbag did not seem to influence the injury
measures, regardless of the fore–aft seat track
location (Figure 12).
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Figure 12. 6-year-old HIC injury with Lap and
Shoulder Belt, Sitting Back at 42 kph (26 mph)

In the case of the 6-year-old ATD sitting fully
forward on the edge of the seat and using both
portions of the lap shoulder belt, the injury measures
were higher with the air bag than without regardless
of the fore aft seat track position. In the case of the
seat in the full forward position the HIC measures
with the airbag were much higher than without as
shown in Figure 13. In all other cases where a less
optimal level of seat belt restraint was used,
regardless of the fore-aft seat position the HIC
measures were lower with the airbag than without,
except in the one case with the ATD sat fully back,
with the shoulder belt placed under the arm, with the
seat in the middle track position. In this case the HIC
result was comparatively higher with the airbag than
without.
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Figure 13. 6-year-old HIC injury with Lap and
Shoulder Belt, Sitting Forward at 42 kph (26 mph)

Secondary Testing - The simulation results were
further explored through HyGe testing and the injury
trends obtained were similar to the simulation. For
the passenger car sled testing, APPENDIX F
summarizes the normalized results showing the
injury comparison between airbag restraint and no
airbag restraint. In the case of the shoulder belt in
front of the chest with the ATD sitting fully back and
the seat track in the full rear position, the test results
with and without the airbag restraint were very
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comparable for the ATD positions and fore-aft seat
track positions tested.
In all the other restraint scenarios tested, the 6-year-
old ATD injury measures were collectively lower
with an airbag restraint system than without. This
was especially true of the unbelted test where there
was significant reduction in all injury measures when
exposed to an airbag except for HIC where the values
were similar. For the positions and ATD tested, the
HyGe sled test results confirm the simulation results.
The SUV sled tests replicated the same setup and
dummy conditions as the passenger car. Two tests,
with and without an airbag, where the dummy is
seated full rear and wearing the lap and shoulder belt
in front, were omitted from the SUV tests due to lack
of available vehicle parts. This omission is not
considered critical since in the passenger car tests, the
bag/no bag comparison of this ATD position and belt
use pair yielded nearly identical results.
The results of the 10 tests demonstrated the same
trends as the passenger car tests relative to the effect
of the airbag. APPENDIX G summarizes the
normalized results showing an injury comparison
between airbag restraint and no airbag restraint for
the SUV environment. In all seatbelt restraint
scenarios for the PAB deployment, the 6-year-old
ATD injury values were consistently lower or equal
to the comparable test without an airbag. HIC was
dramatically lower in 3 of 5 positions with an airbag
than without and well below the tolerance values in
the other 2 positions for both bag and no bag. Neck
tension was always less when an airbag was present
and other neck values remained lower in most tests
when an airbag was present as the head shows less
tendency to strike hard objects or to have more
violent motions. The most striking difference was
the unbelted case where the injury values for the no
airbag case were at or exceeded the threshold value
(normalized value greater than 1) while the airbag
case for this position with no belt use were all less
than threshold.

DISCUSSION

This study provides real world, sled test, and
simulation data regarding restrained children in
frontal crashes. The results can be used to aid in
decision-making regarding the low-risk or
suppression options for passenger airbags when
children are seated in the front seat.

Surveillance

Based on a large experience of children in crashes,
this study found that restrained children in frontal
crashes who were exposed to airbags were at a 6-fold

increased risk of injury as compared with children, in
similar severity frontal crashes, who were not
exposed to airbags, but that the vast majority of these
injuries were minor. Consequential injuries of
particular concern were upper extremity fractures and
head injuries in that children exposed to PAB were
more likely to suffer these injuries than children who
were in similar severity crashes but were not exposed
to PAB.
Across vehicle types, a similar pattern of injury was
found. However, there appeared to be an increased
risk of injury to children exposed to air bags in SUV
and passenger vans when compared with children in
passenger cars despite the fact that children in SUV
and passenger vans who were not exposed to air bags
were at lower risk of injury as compared with
children in passenger cars. This result should be
interpreted with caution because the study sample for
both groups consisted of low number of children
within each of these SUV exposures to airbag groups
– PAB (n=79) and DAB (n=50).

Testing and Simulations

Tests with the Hybrid III 3- and 6-year-old ATD at
29 kph (18 mph) in frontal impacts without pre-
impact braking showed that the risk of head injury
was very low based on the current ICPL’s. These
results suggest a less than 10% chance of an AIS 1
head injury [Prasad and Mertz 1984]. Chest g’s were
slightly higher for the 3-year-old ATD exposed to the
PAB but injury values were well below the
thresholds. Extension of the baseline testing by
simulation further demonstrated that the air bag is
potentially injurious only for the lap and shoulder
belt restrained child sitting fully forward on the seat –
otherwise the airbag appeared to mitigate injuries,
especially to the head for children sub-optimally
restrained. The simulations also suggest that the
airbag restraint offered a level of protection to both
the Hybrid III 3- and 6-year-old except where the
ATD has the seat belt correctly placed in the front of
the chest and lap. In any case, the risk of injury did
not appear to increase with the addition of the airbag
restraint regardless of the level of seat belt restraint
used or seat position of the ATD. As these results
were predicted using numerical simulation models
that were validated over a limited restraint range of
test conditions, the conclusions were deemed
interesting but not necessarily conclusive.
Additionally, the neck responses for the Hybrid III 3-
year-old show unsatisfactory correlation values
suggesting that any predicted responses from the
neck were treated with extreme caution. In this
simulation study no account for upper extremity
injury was considered due, specifically, to the
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limitation of the simulation modeling capability and
the absence of recognized injury criteria for the upper
extremity. From the surveillance data results, the
upper extremity injury appears to be a significant
factor when considering an airbag restraint
performance. Therefore, the simulation analysis
results should carefully consider the omission of the
upper extremity results before reaching any
significant conclusion. From the secondary sled tests
it was confirmed that in the restrained cases (both lap
and shoulder belt) that the PAB was neither harmful
nor beneficial in the rear seat track position and had
higher head injury values (HIC) for the ATD’s in the
middle seat track positions. These values from the
middle seat track position, although not higher than
the ICPL’s, could be interpreted using the AIS scores
[Prasad and Mertz 1984] as having between 11 and
25 % chance of an AIS 2 head injury and between 5
and 11% chance of AIS 3 head injury. The HIC
values obtained from the SUV environment tests
were slightly higher than that obtained for the
passenger car. Both the simulations and the testing
show that in all the other restraint scenarios, the
Hybrid III 6-year-old ATD injury measures are
collectively lower with an airbag restraint system
than without. This is especially true of the unbelted
test where there was significant reduction in all injury
measures except for HIC where the values were
similar.

LIMITATIONS

Surveillance

Nearly all of the data for the surveillance system
were obtained via telephone interview with the
driver/ parent of the child and is, therefore, subject to
potential misclassification. On-going comparison of
driver-reported child restraint use and seating
position to evidence from crash investigations has
demonstrated a high degree of agreement. In
addition, our results on age-specific restraint use and
seating position are similar to those of other recently
reported population-based studies of child occupants
[Edwards, 1997; Wittenberg, 1999].

The surveillance study sample represents the entire
spectrum of crashes reported to an insurance
company including property damage only, as well as
bodily injury crashes. While the sample included a
significant number of vehicles with intrusion into the
occupant compartment, it is possible that we do not
have a representative sample of the most severe
crashes.
Although the contemporary nature of our data
collection system allowed for injury estimates of the

current vehicle fleet (model years 1990 – 2002), a
small portion of the study sample involved second
generation airbags (MY 1998 or newer vehicles).
Our current data can provide a suitable baseline to
which future air bags may be compared in order to
assess the real world effectiveness of future air bags
development. Future work will explore the effect of
second generation airbags on injury risk.
Serious injuries as defined for this study included
injuries ranging in severity from concussions to
severe brain injuries. Our surveillance results suggest
that, on average, airbags confer no safety advantage
to children in crashes. There might be specific
conditions, as identified in the sled test results, in
which the airbag does confer a safety advantage,
however these could not be detected in our
surveillance data. If airbags are actually beneficial in
the most severe crashes, such as modifying the
severity of head injuries in serious crashes from
potentially life-threatening injuries to concussions,
the current study may not be able to detect this.
Surveillance data of the nature presented in this study
are crucial for identifying the magnitude and nature
of risk for injury to children from passenger airbags.
While the pattern of injuries noted among children
exposed to PAB is consistent with the injuries being
caused by interaction with the airbag, we cannot
determine this with certainty. In order to elucidate
the specific mechanisms by which children are
injured in these crashes, more detailed information on
the nature and severity of the injuries, occupant
kinematics, and characteristics of airbags is needed.

Testing and Simulations

Previous studies have demonstrated the importance
of pre-impact braking combined with restraint non-
use or misuse in child air bag-associated fatalities.
[Arbogast et al. 1999]. The laboratory testing and
simulations in the current study that demonstrated a
safety benefit to some children did not take into
account pre-impact braking. Further consideration of
the option of suppression or non-deployment of
airbags should take into account the effect of pre-
impact braking. In addition, the current ATD’s neck
has been suggested to be lacking in biofidelity and
tends to show a higher degree of injury than is
reflected in the real-world data. In addition, there is
no instrumentation or injury tolerances for the upper
extremity to help evaluate the risk of this injury in the
simulation or testing data.

CONCLUSIONS

The results of this study suggest that more
investigation must be conducted before air bag
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suppression for restrained children is chosen as the
option for future air bags. Surveillance data suggest
that restrained children are not at as high a fatality
risk as previously reported for predominantly
unrestrained children and that injuries that restrained
children exposed to airbags receive are mostly not
life threatening. The study further demonstrated that
the performance of air bags for children varies widely
among vehicle types. Of particular concern are
SUVs and passenger vans: children in these vehicle
types in the front seat and not exposed to an air bag
were at a very low risk of injury but children in
similar severity crashes who were exposed to airbags
were at a slightly increased risk of injury. In
addition, consideration should be given to the
evaluation of the risk of upper extremity fractures, as
this is one of the most common injuries for children
exposed to airbags. Sled and simulation testing
results suggest a possible beneficial role of the air
bag for certain crash scenarios involving children.

ACKNOWLEDGMENTS

The authors would like to acknowledge the entire
Partners for Child Passenger Safety research team
from State Farm Insurance Companies, The
University of Pennsylvania, and The Children's
Hospital of Philadelphia, Breed Technologies Inc.,
and TRW Automotive. This work was supported by
funding for the PCPS team from State Farm
Insurance Companies.

REFERENCES

Arbogast K, Durbin, D, Resh, B and Winston, F.
(1999) The Influence of Occupant
Characteristics on Risk of Pediatric Air Bag
Injury. 43rd Stapp Car Crash Conference.
San Diego, CA.

Atkinson, P., et al, (2000) Analysis of Rollover and
Frontal-Side-Rear Impact Accidents in the
United States, Breed Technologies Internal
Report Number, E5689100-00

AutoDOE, Copyright 2002 Breed Technologies and
Quest, Distributed by TNO Automotive,
Delft, The Netherlands.

Braver E, Ferguson S, Greene M, Lund A. (1997)
Reductions in death in frontal crashes
among right front passengers in vehicles
equipped with passenger air bags. Journal of
the American Medical Association.
v278:1437-1439.

Cooper, J., et al., (1999) Qualitative Methods for
Comparison of Analytical Models to
Empirical Data, Conference: 3rd Annual
North American Madymo Users Meeting,
October 13th, 1999.

Durbin, D., et al. (2001) Partners for Child Passenger
Safety: A unique child-specific crash
surveillance system. Accid. Anal. Prev., 33:
p. 407-412

Edwards J, Sullivan K. (1997) Where are the children
seated and how are they restrained?
Presented at the Society of Automotive
Engineers, Government/Industry Meeting;
Washington, D.C. SAE 971550; May 5-7.

King A, Yang K (1994) Research in biomechanics of
occupant protection. Journal of Trauma.
261:11.

MADYMO Crash Victim Simulator, Version 5.4.1,
Copyright 1999, TNO Automotive, Delft,
The Netherlands.

National Transportation Safety Board (1996) The
performance and use of child restraint
systems, seatbelts, and airbags for children
in passenger vehicles. Washington.

National Highway Traffic Safety Administration,
(2001) 49 CFR Part 571, [Docket No. 01-
11110; Notice1], RIN 2127-Al10, Federal
Motor Vehicle Safety Standards; Occupant
Crash Protection; Final Rule, Tuesday
December 18th 2001

National Highway Traffic Safety Administration –
Special Crash Investigation, (2001) Counts
of Air Bag Related Fatalities and Seriously
Injured Persons. http://www-
nrd.nhtsa.dot.gov/pdf/nrd-
30/NCSA/SCI/3Q_2001/ABFSISR.html.

Prasad, P. and Mertz, H. (1984) The position of the
United States delegation to the ISO working
group 6 on the use of HIC in the automotive
environment, SAE Government/Industry
Meeting and Exposition, SAE # 851246.

Winston F, Reed R. (1996) Airbags and Children:
Results of a National Highway Traffic
Administration special investigation into
actual crashes. 40th Stapp Car Crash
Conference. Albuquerque, NM;pp:383-389

Winston, F., et al. (2000) The danger of premature
graduation to seat belts for young children.
Pediatrics, 105: p. 1179-1183.

Wittenberg E, Nelson TF, Graham JD. (1999) The
effect of passenger airbags on child seating
behavior in motor vehicles. Pediatrics,
104(6):1247-1250.



Menon - 11

APPENDIX A

A.1 Simulation DOE Matrix

A.2 Level of correlation achieved with the simulations as compared to the baseline testing.
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APPENDIX B

Head and Chest Injury Results for the Hybrid III 3 Year Old with and without the airbag restraint
system .

APPENDIX C

Head and Chest Injury Results for the Hybrid III 6-year-old with and without the airbag restraint
system.
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APPENDIX D

Hybrid III 3-year-old Results at 42 kph (26 mph) for Each Seat Track Position Considered.

APPENDIX E

E.1. Hybrid III 3-yr-old HIC injury with Less Optimal Level of Restraint at 42 kph (26 mph)
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E.2. Hybrid III 6-yr-old HIC injury with Less Optimal Level of Restraint at 26 mph.

APPENDIX F

Normalized Sled Test Results for Secondary Tests in Passenger Car Environment with Hybrid III 6-year-
old ATD.
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APPENDIX G

Normalized Sled Test Results for Secondary Tests in SUV environment with Hybrid III 6-year-old ATD.
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ABSTRACT

Requirements have been developed for the design of
a fifth percentile female version of the NHTSA
THOR male dummy.  These include the necessary
anthropometric requirements developed by Schneider
[1983] and appropriate scaling of dynamic responses
of the 50th percentile male THOR frontal crash
dummy.  The biomechanical requirements include
scaled versions of responses for the head, neck, chest
and knee.  They also include a set of new scaled
requirements for the face, kinematic response of the
neck in frontal and lateral flexion, impact to the
abdomen, responses of the ankle in
dorsiflexion/plantarflexion and inversion/eversion,
and response of the tibia to dynamic axial heel
impact.

INTRODUCTION

Since the early 1980s, the National Highway Traffic
Safety Administration (NHTSA) has supported the
development of an advanced frontal crash test dummy
with improved biofidelity under frontal impact
conditions and with expanded injury assessment
capabilities.  This has involved extensive research in
human anthropometry, biomechanics, and dummy
development [Schneider, 1983; Melvin, 1985;
Schneider, 1992].  

As part of the development effort, a prototype of a
frontal crash test dummy, corresponding to a 50th
percentile male, was completed in 1996.  The
principal features of the new anthropomorphic test
device (ATD), known as THOR, have been described
in White[1996], Rangarajan [1998], and Haffner
[2001].  The dummy has been tested extensively at a
number of different laboratories and the test results
have been reported in a number of different
proceedings [Ito, 1998; Hoofman, 1998; Petit, 1999;
Shams, 1999]. 

With the successful development of the THOR ATD,

preliminary requirements have been defined for the
design of a 5th percentile female dummy based on the
data developed for the 50th percentile THOR.  The
rationale for having several sizes of ATDs has been
described by Schneider [1983].  The need for a 5th
percentile female dummy in particular arises from the
fact that this size is representative of a large fraction
of the population who are in automobiles.  According
to a NCSS study [Schneider, 1983], about 50 percent
of automobile drivers and passengers have heights
within 4 inches of the height of a 5th percentile
female, though their weights are spread over a wider
range.  Review of the 1995-2001 NASS data files
indicated that over 22% of female occupants involved
in towaway accidents are 62 inches in stature or less,
and over 2.5% of these suffer serious and fatal
injuries [Backaitis, 2003].  The 5th percentile female
size is thus representative of a significant proportion
of occupants who suffer serious injuries.  This point
has been re-emphasized recently by the studies
revealing that a number of deaths and serious injuries
have occurred to small statured women because of
deploying air bags in out-of-position environments.

The performance requirements for a 5th percentile
version of THOR is based on scaling the
requirements of the 50th male.  The mechanics of this
scaling procedure was developed for the conversion
of the 50th percentile male Hybrid III to the small
female version, and has been detailed in Mertz
[1989].  In this paper we will examine the necessary
data for obtaining the proper anthropometry and the
scaling parameters needed to convert the
biomechanical requirements of the THOR-50M to the
small female size.  In the subsequent discussion, the
current 50th percentile male THOR will be denoted
by THOR-50M, while the 5th percentile female
version will be denoted by THOR-05F.

5TH PERCENTILE FEMALE
ANTHROPOMETRY

Several studies have examined the geometrical and
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inertial properties of various sized human subjects
[McConville, 1980; Schneider, 1983; Young, 1983]. 
The principal source of anthropometry for dummies 
used as vehicle occupants has been the work of
Schneider.  The McConville study obtained
landmarks and body segment definitions for a
standing subject, whereas the Schneider study looked
at these data for a seated subject.  This study
developed geometric dimensions and inertial
properties and surface landmark locations for three
dummy sizes: 50th percentile male, 5th percentile
female, and 95th percentile male.  For each of the
dummy sizes, 25 subjects were used to obtain average
and standard deviations for the various data items.

One aspect of the data obtained from the Schneider
study was that the shape of the buttocks, pelvis flesh
and upper thigh flesh was defined by the interaction
with the vehicle seat cushion.  The vehicle seat which
was modeled was essentially an average geometric
shape obtained from different vehicle seat sizes
ranging from subcompact to large.  In the final phase
of the study the actual vehicle seat (with cushion) was
replaced with a hard seat which had the surface
outline of the compressed seat cushion. 
Correspondingly, the surface of the upper thigh and
buttocks were defined in their compressed shape.

One departure from the normal population statistics,
was that the subjects in Schneider’s study were
selected to be in both the 5th percentile weight and
5th percentile height groups.  The general population
statistics indicate that an average individual in the 5th
percentile height group would have a weight
significantly higher than the 5th percentile weight
average.  The rationale for selecting the height and
weight characteristics for the 5th female was to
provide extreme data values for both stature and mass
in a crash environment to ensure that information
obtained from a corresponding dummy would reflect
what would happen for both variables.  The average
stature for the small female from the Schneider study
was 151.3 cm (59.6 inch) and the average weight was
46.9 kg (103 lb).

Body Segmentation

The THOR 50th percentile male dummy consists of a
number of components which are assembled together. 
The components are generally representative of the
corresponding segments of the actual 50th percentile
human. The procedure for segmenting the standing
adult was developed by McConville [1980].  The

procedure was used with some modifications for the
seated adult by Schneider [1982].   The standard
segments that McConville  defined are (along with
the approximate joint centers which the planes cut) :

Head -plane cuts approx.  at C1/C2
Neck -between head plane and planes

which cut approx.  at C7/T1
Thorax -between neck plane and a plane

which cuts through L2/L3 on the
spine at back and rib 10 in front

Abdomen -between thorax plane and plane
cut through iliocristale landmark on
pelvis

Pelvis -between abdomen plane and
planes cutting through hip joint
representing the thigh/pelvis crease

Upper legs -between pelvis plane (left or right)
and plane passing through knee

Lower legs -between bottom upper leg plane
and plane cutting through ankle

Feet -segment below bottom of lower
leg plane

Upper arms -between plane cutting through
shoulder (glenohumeral joint) and
elbow

Lower arms -between elbow and wrist
Hands -segment distal to wrist

The volume which provides the least precise
demarcation between separately moving segments is
the trunk consisting of the thorax, abdomen and
pelvis.  The rationale for the segmentation of the
thorax and the abdomen was to separate the section of
the trunk defined by the bony ribcage (thorax) and the
section consisting only of soft tissue (abdomen).  The
pelvis segment also includes the flesh/skin associated
with the pelvic bone.  All these three segments may
rotate as the individual moves from a standing to a
sitting position, so that unique separation planes are
difficult to define.  

Much of the anthropometry of the THOR-50M
segments is based on the measurements quoted by
Schneider.  One point of departure was the pelvis. 
The pelvis geometry was based on a model of the
mid-size male pelvis developed by Reynolds, et al.
[1982].  This model was based on an average pelvis
shape derived from 3-D data digitized from a set of
human pelvises from the Hamann-Todd collection at
the Cleveland Museum of Natural History.  This
provided more information than the smaller number
of landmarks developed in the Schneider study.  
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Another departure from the segmentation developed
by McConville and Schneider is in the shoulder
assembly.  A simplified version of the human
shoulder complex has been modeled within THOR. 
The dummy has a shoulder segment that has degrees
of freedom in fore/aft motion, limited shrug motion,
and some flexibility in the clavicular connections to
the sternum and the shoulder yoke.  At present, there
is limited geometrical and inertial data defining the
shoulder segment, and more importantly, the
compliance characteristics under impact.  The method
used in THOR was to design some degree of
flexibility so that approximately realistic motions
could be achieved under belt loading.  Again, a scaled
version of the THOR-50M shoulder would be a
starting point in the development of the THOR-05F
shoulder.

Each of the segments, have an estimated mass,
moments of inertia, and an orthogonal  coordinate
frame that is based on anatomical landmarks.  For the
body in a given configuration (standing or sitting),
there will be a coordinate transformation between the
laboratory coordinates (within which the whole body
is defined) and each of the segment coordinate
systems.  The importance of the segment coordinate
systems arises from the fact that as a body segment
moves about a principal joint, the segment coordinate
system moves approximately with it.  

Figure 1 shows the 5th percentile Advanced
Anthropomorphic Test Device (AATD), as developed
in the Schneider study, with the lines indicating the
segmentation planes.  The figure also shows
important anthropometric landmarks such as the
segment centers of gravity; joint locations; and
segment origins.

Figure 1.  General layout of the 5th percentile female form [Schneider, 1983].

Mass Properties

The masses of the defined segments are derived from
estimated segment volumes.  The segment volumes are
predicted from a set of regression equations based on
subject height and weight and certain critical segment
dimensions.  Assuming a specific gravity of 1.0 for the
human segments a corresponding segment mass is
derived.  The total mass of all the segments is

compared with the actual mass for the average subject
and a correction factor is derived which is used to
multiply the individual uncorrected segment masses
to derive the corrected masses.  For the 50th
percentile male, the average subject mass was .954 of
the mass estimated from the segment volumes (with
specific gravity of 1.0), and each of segment volumes
(in cubic centimeters) was multiplied by this factor to
derive the segment masses.



Shams, 4

A similar set of regression equations was used to
estimate the segment volumes for the 5th percentile
female.  In this case, assuming a specific gravity of
1.0, the average subject mass was .97 of the total
predicted mass derived from the segment volumes. 
Dempster [1955] suggested that because of the cavities
within the thorax, a specific gravity of 1.0 would be an
overestimation, and a value of .92 would be more
representative.  Using this scale factor for the thorax,
the estimated mass is then within 1% of the actual 5th
percentile average.

The predicted average masses for the segments of a
5th percentile female are taken from Schneider and
given in the Table 1. 

Table 1.  Body segment mass scales (with density
correction)

Segment 50th Male
Mass (kg)

5th Female
Mass (kg)

Mass
Ratio

Head 4.54 3.70 0.82

Neck 1.05 .60 0.57

Thorax 21.86 11.94 0.55

Abdomen 2.39 1.61 0.67

Pelvis 11.52 6.98 0.61

Upper Arm 1.87 1.12 0.60

Lower Arm 2.22 1.14 0.51

Upper Leg 9.00 5.91 0.66

Lower Leg 3.90 2.36 0.61

Foot 1.06 .64 0.60

Total 77.46 47.17 0.61

The table provides the ratio of the female segment
mass to the male segment mass.  This is a rough guide
for the scaling that would be involved in reducing the
corresponding part in the THOR-50M to the THOR-
05F.

It is seen that most segments have the mass ratio, 8m in
the range of .60 - .67.  The head has a high ratio of .82
while the neck, thorax and the lower arm (with hand)
have ratios at the lower end of .50 - .57.   These
immediately indicate that the same scaling cannot be
used for all the segments, and this is reaffirmed by
actual landmark measurements done within each
segment and presented later in this report.

As has been pointed out, the segmentation in the
THOR dummy for the thorax, abdomen, and pelvis is
not exactly identical to the definition of the
segmentation planes used for the human body by
Schneider.  Thus the masses in these segments have
to be revised to conform to the hardware definitions
used in the dummy.

Range of Motion

The range of motion signifies the angular amplitude
of relatively free motion between the adjacent
segments connected at a joint.  Schneider [1983]
provided range of motion data for the 50th percentile
male based on measurements made by a number of
authors.  No separate measurement of range of
motion for females was supplied in that report.  Some
studies appear to indicate that women have greater
mobility than men [Chaffin, 1991].  In a study of 100
men and 100 women in 20 - 50 year age range,
women had  5% - 10% greater mobility for the major
joints.  But, as established data were not available for
all the joints of interest, it is recommended that the
range of motion data provided by Schneider be
maintained as the design goals for the THOR-05F.

SCALE FACTORS AND BIOMECHANICAL
RESPONSE FOR SELECTED SEGMENTS

The biomechanical response requirements for the
THOR-05F was based on suitably scaled versions of
the response requirements of the THOR-50M.  The
latter requirements have been detailed in a separate
report to NHTSA [GESAC, 2001].  The procedure for
scaling will follow the methodology described by
Mertz, et al. [1989].  There is a distinct lack of
original data for the 5th female and analytical
methods have to be employed to develop the
necessary response corridors.  For the 5th female, the
Task Force formed by the Mechanical Human
Simulation Subcommittee of the Human
Biomechanics and Simulation Standards Committee
of the Society of Automotive Engineers agreed to
scale the Hybrid III responses by using the mass and
geometric scale factors generated from the ratio of the
corresponding elements of the 5th female and the
50th male sizes.

The basic assumption in scaling procedures used in
normalizing response data for adults, is that the mass
densities and elastic moduli of human tissue (muscle,
bone, etc) are about the same for all individuals,
irrespective of size or gender.  These assumptions are
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referred to as equal stress/equal velocity scaling. 
Eppinger [1984] and Mertz [1984] have both
developed scaling procedures based on these
assumptions.

In general, there will be different length scales along
the three different length directions.  I.e. there will be
scale factors, 8x, 8y, 8z for the X, Y, and Z directions. 
Also, the mass scale will be related to the length scales
by:  8m = 8x8y8z ;  assuming that density is the same
for the two sizes.  The time, acceleration, and force
scales may depend on combinations of scales in the
three directions.

Head

Some of the basic dimensions involved in the head are
given in Table 2, based on the data compiled by
Schneider. 

Table 2.  Principal measures for estimating scaling
factors for head

Measurement 50th
perc

5th perc Ratio

Mass (kg) 4.54 3.70 0.82

Head Breadth (cm) 15.8 14.5 0.92

Head Length (cm) 19.7 18.3 0.93

Head Height (cm) 23.1 20.0 0.87

Head Circumference (cm) 57.1 53.4 0.94

Glabella - Gnathion (cm) 14.2 11.3 0.80

O.C. jt - Head C.G.
X direction (post-ant) (cm)

1.7   .5 0.29

O.C. jt - Head C.G.
Z direction (inf-sup) (cm)

5.8 5.9 1.02

It is seen that the measurements in the X-Y plane
(length, breadth, circumference) have a higher ratio
(.92 - .94) than the vertical dimensions (height,
glabella-gnathion) which have a ratio of .80 - .87.  The
odd measurements are for the separation of the
occipital joint and the head C.G.  Neither the
separation in the X nor the Z direction match the other
ratios.  

From the above, assuming equal scaling in the X and
Y directions, and averaging the three measurements in
the X-Y plane and the two measurements in the Z
direction:

8x = 8y = .93; 8z = .84 (1)

The weight ratio expressed in terms of  the length
scaling, is based on the relation (1):

8m = ms/mi = 8x8y8z (2)

where: ms = mass of 5th percentile female head
mi = mass of 50th percentile male head

If the scaling ratios are equal in length and breadth
(8x = 8y) and different in z:

8m = 8x
2 8z = .73 (3)

which is significantly less than the mass ratio actually
observed.

If we approach the problem from the reverse direction 
and assuming length ratios are equivalent along all
three directions:
8z = 8m/8x

2 

then the length scale becomes:
8z = .95

The 8z value obtained from the mass ratio appears to
be consistent with the X-Y length ratios.  This
indicates that using a common scale for all three
directions may be most suitable for the head, but
points out the problem of using a simplified approach
to predicting dimensions of one size based on a
limited number of dimensions from another size. 
Using the average value for the three directions
obtained above, we have:  8x = 8y = 8z = .94 

NOTE: For the design of the Hybrid III small female
head, it was assumed to be geometrically
similar to the male, and the scale factors
were constant in all directions with a value
of:   8l = .931, based on scaling the
measurements in the X-Y plane.  The head
weight was then defined by the mass scaling
given above in relation (3) with 8m = .81.

Head Biomechanical Response - The head impact
requirements for the THOR-50M are based on the
tests performed at Wayne State and UMTRI
[GESAC, 2001].  The lower velocity impacts (approx
2.0 m/s impact) are based on the non-fracture tests
done at Wayne State by Hodgson [1975].  The
original tests were performed by drop testing cadaver
heads onto a rigid surface.  The response requirement
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defined for the male dummy was based on an
equivalent impact with a 23.4 kg impactor [Melvin,
1985].

The head/skull impact with a rigid surface of the
impactor can be modeled as a spring-mass system. 
The scaling of such a system is given in Mertz [1989]. 
Assuming the scaling is the same in x, y, and z this
leads to:  8k = 8x

The scaling for the maximum acceleration, and force
are given by:

8a = 8k
1/2 /8m

1/2 = 8x
1/2 / 8x

3/2 = 1/8x (4)

8F = 8k 8x = 8x
2 

The principal test environment for the 50th percentile
response requirements for  head impact, as described
by Melvin [1985] is given by:

Impactor wt: 23.4 kg
Impact speed: 2.0 m/s
Avg impact force: 5800 N
Avg impact duration: 3.9 msec

For the small female, the impactor mass is scaled by:
mi

05 = 8m mi
50 . .82 x 23.4 = 19.2 kg

and the scaled force and duration given by:

Avg.  impact force = F05 = 8x
2 F50 = 5100 N

Avg.  duration = T05 = 8xT50 = 3.7 msec

The scaled force vs duration response is shown in
Figure 2. 

Figure 2.  Scaled head impact response for 5th
percentile female.

Neck

The basic mass and linear dimensions for the neck, as
measured and reported by Schneider, are given in the
following table.

Table 3.  Principal measures for estimating scale
factors for neck

Measurement 50th perc 5th perc Ratio

Neck mass (kg) 1.05 .60 0.57

Neck Length (anterior) 8.5 8.1 0.95

Neck Breadth (mid) 11.4 9.1 0.80

Neck Depth (mid) 11.5 9.0 0.78

Neck Circumference (mid) 38.3 30.4 0.79

Neck Breadth (low) 12.2 10.4 0.85

Neck Depth (low) 11.5 9.3 0.81

Neck Circumference (low) 39.3 32.2 0.82

O.C. jt - C7 11.9 9.0 0.76

The linear scales in the X and Y directions (depth,
breadth, and circumference) are similar, and
averaging the estimates give:

8x = 8y = .81 (5)

There is a discrepancy in the scaling estimate for the
Z direction using the neck length and the length
between the O.C. joint and the C7 landmark. 
According to the definition of neck length as given by
Schneider, it is obtained by measuring the distance
between the compressed tissue under the chin and the
suprasternal landmark, (and adding two centimeters
to correct for reversing the blades in the
anthropometer).  It is possible that the compression of
the variable thickness tissue may lead to part of the
difference in scale factors.  Using the relation
between the mass scaling and the linear scaling:

8m = 8x8y8z and the values for the mass scale in the
table and the X, Y scales given in (5), gives:

8z = .87 (6)

which is in the neighborhood of the average of the
neck length and the O.C - C7 length scale factors.

NOTE: For the small female Hybrid III, the Z scale
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was determined from the scale factor for the
erect sitting heights of the two sizes, while
the X and Y scales were determined from the
mass scaling factor and assuming:

8x = 8y = (8m/8z)½ 

In this case, the mass scale was estimated to
be .60, while 8z = .90 and 8x = 8y = .82.

Neck Biomechanical Response - For the THOR-50M
neck, both kinematic and dynamic requirements were
specified.  The kinematic requirements specified the
motion of the head (relative to T1) for frontal and
lateral flexion.  A tentative requirement was also
defined for motion in extension but will not be
discussed here.

There is limited data on the strength of the neck
muscles of the female, that provide restitutive torque,
during flexion.  Lateral flexion responses of 96
volunteers were studied by Schneider et al. [1975].  He
found that the females generated about .67 of the
isometric lateral pull forces of the males.  These are
active muscular forces, as opposed to, the passive
resistive forces that are thought to be encountered
during a normal crash event.  If we assume that both
forces are proportional to the cross-section area of the
muscle fibers, then one would expect from (5), that the
female muscle forces should be about .66 that of the
male, which corresponds well to above data. 

To derive the appropriate scaling for the response for
the 5th female, for the kinematic conditions, the basic
relations for bending (Bernoulli-Euler formula) are
used [Ugural, 1979]:

(7)

where: 2 = bending angle
M = moment
I = moment of inertia of cross-section
yC = distance of farthest neck fiber 
r = effective radius of neck

From (7), we have a dimensional estimate for 2:

(8)

where: l = effective length of neck
F = stress on farthest neck fiber
E = effective Young’s modulus  

Using the equal stress-equal velocity assumption for
the two sizes, and the fact that l is measured in the Z
dimension and yC is measured in the X-Y plane:

82 = 8z/8x (9)
8M =  8x

3

 
Using (5) and (6) this leads to:

82 = 1.07 (10)
8M = .53

This scale factor will be used to convert both the
angle response and the C.G. displacement response in
frontal flexion, lateral flexion and extension. 

Since the curves given in the THOR-50M
biomechanical requirements are time histories, the
time values also need to be scaled.  The estimate of
the time scale is based on the dimensional scaling of
the simplified equations describing rotational motion,
assuming a resistive torque proportional to angle:

(11)

where: Iy = moment of inertia for rigid body rotation 
l = length of neck
T = time period for rotational oscillations

The relation showing that the moment is proportional
to the angle is obtained by integrating the equation in
(7).  The scale for the time period T is then derived
from the scaling for the factors on which it depends:
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(12)

where the relation:  8m = 8x8y8z =  8x
28z has been

used with the assumption that the scaling in the X and
Y directions are the same.

For the scaling factors being used here, this leads to:
8T = .93, using the scaling factors in (5) and (6).  The
following curves show the scaled kinematic and
dynamic response curves for the 5th percentile female. 
To simplify the test procedure, no scaling has been
performed on the crash pulse itself, since the delta-V
associated with the pulse is assumed to stay constant.

Kinematic Response for 15 G Frontal Flexion - The
input pulse for the 15 G level is defined in Figure 3.

Figure 3.  Input acceleration pulse for 15G neck
frontal flexion test.

The scaled corridor for the head angle rotation for this
input is given by Figure 4 and the X and Z
displacements of the head C.G. by Figures 5 and 6.

Figure 4.  Scaled head rotation angle corridor for
15 G frontal flexion test.

Figure 5.  Scaled head CG X displacement
corridor for 15 G frontal flexion.

Figure 6.  Scaled head CG Z displacement
corridor for 15 G frontal flexion test.

Kinematic Response for 7 G Lateral Flexion - The
sled pulse for testing lateral flexion is given in Figure
7.

Figure 7.  Input acceleration for 7 G neck lateral
flexion test.

The head angle rotation corridor for lateral flexion is
given in Figure 8, and the corridors for the head C.G.
displacement given in Figures 9 and 10.
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Figure 8.  Scaled head angle rotation corridor for 7
G lateral flexion test.

Figure 9.  Scaled head CG Y displacement corridor
for 7 G lateral flexion test.

Figure 10.  Scaled head CG Z displacement
corridor for 7 G lateral flexion test.

Neck Dynamic Response - The dynamic responses for
the 5th percentile female are defined by the scaled
version of the data developed by Mertz and Patrick for
frontal flexion and extension, and Patrick and Chou for
lateral flexion.  The derivation of the scaled corridors
has been given in Mertz [1989].  The expected
moment vs angle corridors for these are shown in
Figures 11 - 13 (measured at the O.C.).

Figure 11.  Scaled moment-angle corridor for
frontal flexion.

Figure 12.  Scaled moment-angle corridor for
lateral flexion.

Figure 13.  Scaled moment-angle corridor for
extension.

Spine

There is only limited biomechanical data at this time
to precisely define the response requirements of the
two flexible joints in the THOR-50M spine.  Until
such data is available, it is suggested that the
corresponding elements in the small female dummy
be based on the geometric scaling of the current 50th
male dummy properties.  The scaling proceeds
basically along the same arguments as for the neck,
and the relations (7), (8), and (9) are applicable.

Table 4 shows the lengths of the principal spine
linkages as presented by Schneider which can be used
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to develop scaling factors.

Table 4.  Principal measures for estimating scale
factors for spine

Measurement 50th perc 5th perc Ratio

C7 - T4 11.2 8.4 0.75

T4 - T8 12.7 12.3 0.97

T8 - T12 11.4 12.9 1.13

T12 - L2 6.6 4.7 0.71

L2 - L5 8.6 6.2 0.72

There is an interesting trend in this case.  The upper
thoracic spine and the lumbar spine have a scale of
about .73, while the lower thoracic spine consisting of
the segments between T4 and T12, have an average
scaling (in the Z direction) of 1.05, indicating that the
female lower thorax is somewhat longer than the
overall height scale.  The scaling in the X and Y
directions will again be assumed the same and based
on the scale factors obtained from the horizontal
dimensions.  For the torso at the level of mid-chest (at
level of the nipple), the scale factor is .82.  For the
lumbar flex joint, the relevant horizontal dimensions
also have a scale factor equal to .82.

These scale factors suggest that the upper flex joint
should be increased in length by a factor of 1.05, and
the cross-section decreased by the factor   8x

2 = .67. 
Similarly, the lower flex joint should be decreased in
length (since the lumbar scale factor is less than one)
by .72 while the cross section is reduced by .67.  Some
adjustment may need to be made to ensure that the
lumbar joint has enough stiffness to ensure stability of
the  upper body (torso, neck, head) under normal static
standing and sitting conditions.

Thorax

A number of measurements were available from the
Schneider study which could be applied for estimating
the necessary scale factors for the thorax segment. 
These measurements are shown in Table 5 below.  The
THOR-50M thorax consists of seven slanted ribs with
varying depths and breadths.  The layout of the ribcage
was to make it closer to the shape of the actual human
ribcage and to cover the anterior surface of the ribcage
up to the 10th rib (which is the last rib connected to
the sternum).  Similar geometry will be maintained for
the THOR-05F ribcage.  Couple of the measurements
in Table 5 were taken with the subjects standing. 
These have been included, since the aim of the THOR-

05F design is to develop a dummy that can be set up
in different configurations, including standing and
sitting.  

Table 5.  Principal measures for estimating scale
factors for thorax.

Measurement 50th perc 5th perc Ratio

Thorax mass (kg) 21.86 11.94 0.55

*Chest Circum (axilla) 97.3 79.2 0.81

*Chest Circum (nipple) 96.1 80.9 0.84

Chest Height (nipple) 55.4 51.7 0.93

Chest Height (posterior
scye)

57.0 55.1 0.97

Chest Breadth (axilla) 30.4 26.0 0.86

Chest Circum (axilla) 103.9 82.4 0.79

Chest Breadth (nipple) 34.9 27.6 0.79

Chest Circum (nipple) 101.0 83.3 0.82

Chest Circum (10th rib) 90.9 68.9 0.76
(*from standing measurements)

The scale factor in the X and Y directions are
obtained by averaging the measurements in the X-Y
plane.  Using the above numbers, this leads to   8x =
8y = .81.  The scale in the Z direction is found from
the two measurements of the thorax height in the
above table, and from the scale factor for the thoracic
spine length from C7 to T12 found from Table 4
given previously.  The average factor found from
these measurements is:  8z = .95.  If the thorax mass
scale factor is used, and the scale factor for 8x used,
then the estimate for  8z = .84, which is significantly
different.  At this time it is suggested that the scale
factors obtained from the dimensional scaling be
used.

NOTE: For the Hybrid III small female, the
following scale factors were used:  8x = .82
and  8z = .90

Thoracic Biomechanical Response - The principal
response for the thorax of the THOR-50M is defined
by the Kroell test, which involves a mid-sternal
impact, with a rigid impactor of 15.2 cm diameter and
of mass 23.4 kg, with impact speeds of 4.3 m/s and
6.7 m/s.  The response depends on the combined
effect of the elastic stiffness of the rib steel, and the
velocity dependent stiffness generated from the



Shams, 11

damping material attached to the ribs.  There is also an
effect from the sternal mass which contributes to an
inertial resistance to the impact.  The standard Kroell
corridors give an upper and a lower limit for the
expected force-deflection behavior during the course
of the impact. 

The scaling of the corridor has been described in
Mertz [1989].  The scale factor for stiffness is given
by:  8k = 8z, and the scale factor for deflection by  8d =
8x.  The scale factor for force is given by: 8F = 8k8z =
8x8z

In addition, the impactor mass is scaled by the mass
scaling factor 8p = 8m = 8x

28z.

Using the scale factors:  8x = .81, and 8z = .95
obtained previously from the direct thorax
measurements on 50th male and 5th female volunteers,
we have:

8F = .77;   8x = .81;   8p = 8m = .62

The mass of the impactor is scaled to:  
mp = 8p(23.4) = 14.5 kg

NOTE: These factors differ from those developed for
the Hybrid III small female.  There the factors
were:  8F = .70;  8x = .82;  8p = .60.  The
main difference is in the factor for the force.

Figures 14 and 15 show the scaled Kroell responses at
4.3 m/s and 6.7 m/s for the fifth female.

Figure 14.  Scaled force-deflection response of
thorax for central disk impact at 4.3 m/s.

Figure 15.  Scaled force-deflection response of
thorax for central disk impact at 6.7 m/s.

Abdomen

The THOR-50M abdomen assembly consists of an
upper abdomen which is actually covered by the
lower ribcage and a lower abdomen which partially
sits within the pelvic cavity.  Thus the abdomen
segmentation differs from the segmentation offered
by Schneider.  The abdomen measurements made by
him correspond most closely with the lower abdomen
in THOR.  We will use these measurements to arrive
at scaling factors for the THOR-05F abdomen.  The
relevant measurements made by Schneider, in the X-
Y plane, are given in Table 6.

Table 6.  Principal measures for estimating scale
factors for abdomen.

Measurement 50th perc 5th perc Ratio

Abdomen Mass (kg) 2.39 1.61 0.67

*Waist Circum 85.9 66.0 0.77

Waist Breadth (umbilicus) 31.4 24.7 0.79

Waist Depth (umbilicus) 24.4 18.8 0.77

Waist Circum (umbilicus) 90.4 70.8 0.78

Abdominal Breadth (max) 32.5 27.9 0.86

Abdominal Depth (max) 26.9 21.0 0.78

Abdominal Circum (max) 91.3 75.4 0.83
(* from standing measurements)

The measure for abdomen height is obtained from the
lumbar spine ratios in Table 4.  From these
measurements, the average scale factor in the X & Y
directions is:  8x = 8y = .82.  If we use the scale factor
in the Z direction, based on the lumbar spine lengths
given in Table 4, then:  8z = .72.  This leads to a mass
ratio much less than given above.  Conversely, if we
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use the mass ratio to estimate the scale factor in the Z-
direction, then:  8z = 1.00.  This factor is closer to that
used for the thorax and the spine, described
previously.  Because of the wide divergence for the
estimate of 8z, it is suggested that the scaling for the
thorax be maintained: i.e. 8z = .95.

Abdomen Biomechanical Response - The THOR-
50M abdomen response is scaled to that for a small
female by a procedure similar to that for the head and
thorax outlined previously.  The required response is
generated when a 32 kg impactor in the shape of 30
cm rigid bar with a diameter of 25 mm is impacted
against the abdomen at 6.1 m/s (at approximately the
location of L3).  The scaling equations are derived
from equations (4) with abdomen values substituted
for head.  The scaling factors for stiffness, force, and
deflection are given by:

8k = 8z = .95
8F = 8z8x = .78
8d = 8x = .82

The mass of the impactor is scaled to: 
mp = 8x

2 8z(32) = 20.4 kg

NOTE: Rouhana, et al. [1990] developed a frangible
abdomen for the 5th percentile Hybrid III by
scaling the 50th male data using a similar
procedure.  The stiffness scaling factor was
8k = .87.

Figure 16 shows the scaled force-deflection response
for the lower abdomen.

Figure 16.  Scaled force-penetration response for
lower abdomen impact with rigid rod at 6.1 m/s.

Femur

The appropriate scaling factors for the femur is
obtained from the relevant Schneider data given in

Table 7.

Table 7.  Principal measures for estimating scale
factors for femur.

Measurement 50th perc 5th perc Ratio

Upper Leg Mass (kg) 9.00 5.91 0.66

*Troch-Lat.  Fem Condyle 43.5 32.9 0.76

Troch-Lat.  Fem.  Condyle 44.7 38.1 0.85

Thigh Breadth (upper) 19.4 17.6 0.91

Thigh Circum (upper) 57.9 50.1 0.87

Thigh Breadth (mid) 15.5 12.5 0.81

Thigh Circum (mid) 50.4 42.7 0.85
(* from standing measurements)

The THOR-50M has a femur assembly with a
compliant rubber element inserted proximal to the
femur load cell.  This element, along with the skin
stiffness of the knee, provide the necessary response
of the knee-femur-pelvis complex to axial impacts of
the femur at the knee.  A similar structure is assumed
for the small female version of THOR.  

From Table 7, there appears to be a decrease in the
scale factor in the local X-Y directions for the femur
(breadth and circumference).  If we use an average of
the factors at the upper and mid positions, it  leads to: 
8x = 8y = .86.  For the Z direction, we use the mass
ratio to obtain it.  This gives:  8z = .89.  This is seen
to be much larger than the femur length ratios
(trochanter to femur condyle length) in the above
table from either the standing or sitting
measurements.  Again, this points out the problem of
variable scaling within a segment.  If we use the
average scale factor for the thigh in the X-Y
directions at the upper thigh location, it gives us:  8x
= 8y = .89.  When this factor is used with the mass
scaling, it gives: 8z = .83.  This appears to be closer
to the ratios seen for the femur length above.  We will
use these latter factors as our preliminary scale
factors for the femur.  Again, the X, Y, and Z
directions correspond to the local axes within the
femur, with the Z direction along the length of the
femur.

Femur Biomechanical Response - The THOR-50M
upper leg/femur system consists of two effective
springs in series - the spring associated with the knee
flesh/skin and the spring corresponding to the
compliant femur puck placed at the proximal femur. 
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The deflection characteristics of both these spring
systems are analyzed in the same way as for the head
and the abdomen described previously.  The response
requirement is defined by the force generated by an
impactor striking the knee so that the force is directed
along the axis of the knee.  The impact environment is
defined by the mass of the impactor and the impact
speed.  Impacts can be carried out on the complete
dummy, or only on the upper leg/lower leg system
with the femur attached rigidly at its proximal end.

In this case, the stiffness is the effective stiffness of the
two series springs described previously.  For a static
case:

(13)

where: kskin = stiffness of knee skin/flesh
kfem = stiffness of femur puck

Both stiffness have the form:

k = E A/ T

where: E = elastic modulus
A = effective contact area (either knee or
femur puck)
T = effective thickness (either knee or femur
puck)

Since both of these stiffnesses are geometrically
similar, they are scaled by the same factor.  This factor
is defined by:

(14)

This ratio arises because the contact area is aligned
with the local X-Y plane and the thickness with the
local Z direction.  This is different than the relation
obtained for the head and abdomen where the ratio is
simplified to:  8k = 8z .  It should be noted that these
scale factors are along the local X, Y, and Z axes and,
as such, X and Y is measured within the cross-section
of the leg and Z is measured along the length of the
leg.

In this case, the deflection is along the local Z axis,
and:  8d = 8z.  The force is scaled by:

8F = 8k8d = (8x
2/ 8z)8z =  8x

2

The impactor pendulum is also scaled in the same
way as for the chest and abdomen, i.e:

8p = 8x
28z

Using the values for 8x, 8z, we obtain:

8F = .79; 8p = .66

These will be used to scale the 50th male femur
response.  The standard impactor mass used for knee
impacts on the 50th male size was 5 kg.  This implies
that the equivalent mass for the 5th female should be
.66 x 5 = 3.3 kg.  For the required THOR-05F femur
response, the graph is defined by force and by the
equivalent initial energy which is a combination of
the reduced mass of the system and the impact
velocity.  This form allows results for different
impactor masses and different impact speeds to be
plotted on the same graph.

NOTE: For the Hybrid III small female, the
equivalent scaling factors were: 8F = .73 and
8p = .60.

Figure 17 shows the scaled response of the 5th female
to knee impacts.

Figure 17.  Scaled knee impact response in whole
body configuration for varying impactor mass and
velocity.

Knee Slider Response - The sliding response of the
tibia relative to the femur is scaled the same way as in
the 5th percentile Hybrid III [Mertz, 1989], since this
component remained unchanged in THOR-50M.

Face

The THOR-50M design includes capability for
evaluating likelihood of facial fracture during impact
with vehicle components such as steering wheels or
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side pillars.  This capability should be retained in the
small female version of THOR.  The dimensional data
for the face are the same as used for the head and
given in Table 2 and we will use the same scale factors
as that used for the head.  The factors were assumed to
be the same in the three directions, with:

8x = 8y = 8z = .94

Face Biomechanical Response - The facial impact
response for the THOR-50M is based on rod and disk
impacts performed by Nyquist, et al. [1986], Allsop, et
al. [1988], and Melvin and Shee [1989].  The response
requirements are in the form of force vs time curves
for rod and disk impacts and force vs deflection curves
for the rod impact.  The response requirements have
been summarized by Melvin [1989].

For the rod impact test to the face, a 32 kg impactor is
used to strike the face, horizontally, at the level of the
zygoma with an impact speed of 3.6 m/s.  For the disk
impact, a 13 kg impactor is used to hit the whole face
at an impact speed of 6.7 m/s.

The procedure for scaling the response and for
modifying the impact conditions is the same as given
for the head.  The force, deflection, and time variables
will be scaled by:

8F = 8x
2 = .88

8d = .94
8t = 8x = .94

The pendulum mass should be scaled by:  
8p = 8m = 8x

3 = .83.  Thus the impactor mass for the
rod impact should be reduced to 26.6 kg, and the
impactor mass for the disk impact should be reduced to
10.8 kg.

Figures 18 and 19show the scaled responses for the 5th
percentile female to face impact with rod and disk.

Figure 18.  Scaled force-time response for facial

impact with rigid rod to zygomatic region.

Figure 19.  Scaled force-time response for facial
impact with disk.

Lower Leg/Ankle/Foot

The design requirements for the lower leg/ankle/foot
of the THOR-05F are based on a scaled version of the
THOR-Lx developed for the current THOR dummy
[Shams, 1999].  The scaling procedures used for
designing these components have been recently
described in [Shams, 2002] and will not be presented
here.

DISCUSSION

The requirements for the biomechanical response of a
5th percentile female scaled from the response
requirements of the 50th percentile male THOR
dummy have been developed.  The requirements for
the head, chest, and femur impact follow the
procedure described by Mertz [1989] for the 5th

percentile female Hybrid III dummy.  Also the
dynamic response of the neck are similar to that
developed for the female Hybrid III.  Additional
requirements are described for the kinematic response
of the neck, impact response of the lower abdomen
and impact response of the face.  Requirements for
the response of the ankle and foot to impact loading
have also been developed, but described in a separate
paper [Shams, 2002].

The requirements form the basis for designing a
biofidelic, 5th percentile female counterpart to the
current male THOR dummy.  It is expected that such
a dummy would improve the capability of assessing
the likelihood of injuries in various crash conditions
over currently available crash dummies.
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ABSTRACT

The research reported in this paper is a follow-on to a
five year research program conducted by General
Motors in accordance with an administrative
Settlement Agreement reached with the US
Department of Transportation. In lieu of a vehicle
recall to reduce vehicle vulnerability to post-crash
fires, a research program was undertaken to provide
knowledge to assist reducing the fire vulnerability for
all future vehicles.

In this follow-on research project, GM agreed fund
more than $4.1 million in fire related research over
the period 2001-2004. This paper summarizes the
projects undertaken and the preliminary results.

Research projects that have been initiated include the
following: (1) statistical analysis of field data; (2)
assessment of state-of-the-art in fuel safety
technology; (3) test and evaluation of fuel tanks
exposed to fire and impact; (4) development of
recommended practices for the fire safety of 42-volt
electrical systems.

For the year 2001, there were a total of 1,657 fatal
crashes in which there was a fire. This is about 2.9%
of all fatal crashes. Analysis of FARS data indicates
that the fire rates in cars has dropped by 43.7% and
LTVs (pick-ups, vans and SUVs) by 59.7% since the
1979. In 2000, the fire rate for passenger cars was
5.14 fires/million vehicle years, compared to 6.39 for
light trucks.

For the years 1997-2000 the NASS/CDS contains
228 cases with fires. In these cases, frontal crashes
accounted for 51.3% followed by rollover (24.1%)
and side (18.4). Rear impacts accounted for the
smallest fraction – 6.1%. The most frequent origin
for the fire was the engine compartment, accounting
for 64.5%. The fuel tank accounted for 11.4%.
There were a relatively large number of unknown
sources – 17.1%. The most frequent object impacted
before the fire occurred was another vehicle (41.2%).
However, a variety of roadside objects made up

48.7%. Narrow objects such as poles and trees
contributed more than 25%.

Plastic tanks of three different shapes were evaluated
to fire and impact testing as required by ECE R34,
Annex 5 and US CFR 393.67 (e)(1). The ECE R34
fire test appeared to produce repeatable results and all
tanks demonstrated the capability to withstand the
test. All tanks passed the ECE R34 impact test. The
US CFR 393.67 (e)(1) requires the tank half full of
fluid to withstand a 30 ft. drop test. All new tanks
passed the test. However, two of three tanks that had
been in service for three years failed the test.

Research is now underway to identify state-of-the-art
technologies in present day motor vehicles. Other
research is oriented to developing test methods to
assure the fire safety of materials used in vehicles
with 42-volt electrical systems. The results of this
research will be made public as it progresses.

INTRODUCTION

On March 7, 1995, the U.S. Department of
Transportation (DOT) and General Motors
Corporation (GM) entered into an administrative
agreement, which settled an investigation that was
being conducted by the National Highway Traffic
Safety Administration (NHTSA) regarding an alleged
defect related to fires in GM C/K pickup trucks
[NHTSA 1994 and 2001].

Under the GM/DOT Settlement Agreement, GM
agreed to provide support to NHTSA's effort to
enhance the current Federal Motor Vehicle Safety
Standard (FMVSS) No. 301, regarding fuel system
integrity, through a public rulemaking process. GM
also agreed to expend $51.355 million over a five-
year period to support projects and activities that
would further vehicle and highway safety. Ten
million dollars of the funding was devoted to fire
safety research [NHTSA 2001].

Subsequent to the GM/DOT Settlement, GM agreed
to fund an additional $4.1 million in research related
to impact induced fires. This latter research project
was included under the terms of a judicial settlement.
The fuel safety project objectives are defined by the
White, Monson and Cashiola vs. General Motors
Agreement dated June 27, 1996 [Judicial District
Court 1996]. All research under the project will be
made public for use by the safety community. The
purpose of this paper is to provide an initial public
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report on the projects that have been funded under
this research program, along with results to date.

Research projects that have been initiated include the
following:
1. A statistical analysis of field data to determine

the frequency of fuel leaks and fires by model
year and by other crash attributes.

2. A case by case study of fuel leaks and fires in
NASS/CDS and an assessment of opportunities
for reduction of vulnerability.

3. The assessment of the state-of-the-art technology
to reduce the frequency of fires in motor vehicles
and/or to delay the time for fires to propagate to
the fuel or the interior of the occupant
compartment.

4. The evaluation of fuel tanks of various shapes
when subjected to fire and impact testing
required by ECE or other government standards.

5. The development of recommended practices for
the prevention of fires in vehicles equipped with
42-volt electrical systems.

The status and results of each of the above projects is
summarized in the sections to follow.

STATISTICAL ANALYSIS OF VEHICLE
FIRES

The occurrence of serious injuries and fatalities from
fires has remained virtually unchanged over the past
ten years. Based on data published by the NHTSA
for the year 2000, there were a total of 1,657 (2.9%)
fatal and approximately 5,000 (0.1%) injury crashes
in which there was a fire [NHTSA 2002]. Of these,
328 crashes, totaling 552 fatalities, coded
fire/explosion as the most harmful event. Between
1991 and 2000, the percentage of fire related fatal
crashes has continued to range between 2.6 - 2.9% of
all fatal crashes, and 0.1 – 0.2% of all injury crashes.
Although driving exposure has increased over this
time period, the occurrence of these fatalities and
serious injuries warrants a more detailed
investigation into the nature of these crashes.

Previous work has focused on the seriousness or
severity of fire related casualties, including injury
and fatality frequencies during impact induced car
fires. Additionally, impact induced fuel leakage has
also been studied, which may be another indicator of
the performance and crashworthiness of fuel systems.
Due to the continued occurrence of these events,
there appears to be a necessity to reevaluate this topic
as it applies to the current U.S. vehicle fleet. This
includes looking at the effects of model year, crash

severity, fuel leak hazard, impact modes, and vehicle
types. Previous studies have not focused on the
vehicle mix, which has changed dramatically over the
past decade. Of particular interest is the increasing
population of light trucks (pick-ups, vans, and
SUVs).

Several resources were used to determine the factors
related to the actual occurrence and impact of fires in
light passenger vehicles. These factors included (1)
an investigation into the availability of fire related
data from state, federal, private, and international
sources, (2) a statistical analysis of national data from
1975-present, (3) a statistical analysis of selected
state accident records from 1978-present. Results
from item (2) will be presented here. Work under
item (1) and (3) is still underway and results will be
published at a later date, along with updates in the
other areas.

Analysis of State and National Data from 1975-
Present

Previously, Malliaris examined FARS 1975-1987 to
understand certain trends in accidents associated with
fire events [Malliaris, 1991]. The analysis reported
in this paper further extends the Malliaris work to
include the present vehicle fleet and provide a
differentiation by vehicle type.

Malliaris also examined Michigan state data for the
years 1978-1984 to assess fire rates and fuel leakage
rates in police reported crashes [Malliaris 1991]. At
present the state data study is being updated and
applied to states other than Michigan. In 1990,
Michigan discontinued reporting fuel leakage.
Consequently, this condition could not be updated.
Initial studies have confirmed a number of findings
initially reported by Malliaris. The extension of the
analysis to later years in now underway and will be
reported when completed.

Fire Rates in Vehicles 0-4 Years Old Involved in
Fatal Accidents

Figure 1 shows the fire occurrence for vehicles 0 to 4
years old at the time they were involved in fatal
accidents. To be counted, a fire had to occur in the
vehicle after the crash and a fatality had to occur in
the crash. The fatality may or may not have been in
that particular vehicle or caused by the fire. Figure 2
displays the same data adjusted for vehicle exposure.
The exposure metric used in the figure is the number
of registered vehicle years by vehicle class, given as
million vehicle years or MVY.
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Figure 1. Frequency counts of vehicles involved in fatal crashes where a fire occurred in
that particular vehicle (fatality did not necessarily occur in the vehicle with the fire). Data
is from FARS 1979-2000, vehicle age is 0-4 years, and distributions are by vehicle type.

Figure 2. Rates per million vehicle registered years of vehicles involved in fatal crashes
where a fire occurred in that particular vehicle (fatality did not necessarily occur in the
vehicle with the fire). Data is from FARS 1979-2000, vehicle age is 0-4 years, and
distributions are by vehicle type.
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Figure 3. Fatality counts in vehicles where there was the occcurence of a fire/explosion
(fatalty is not necessarily attributed to the fire event). Data is from FARS 1979-2000,
vehicle age is 0-4 years, and distributions are by vehicle type.

Figure 4. Fatality rates per million vehicle registered years in vehicles where there was the
occcurence of a fire/explosion (fatalty is not necessarily attributed to the fire event). Data
is from FARS 1979-2000, vehicle age is 0-4 years, and distributions are by vehicle type.
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Figure 5. Fatality counts in vehicles where there was the occcurence of a fire/explosion
and the fire event has been coded as the most harful event (i.e. cause of death). Data is
from FARS 1979-2000, vehicle age is 0-4 years, and distributions are by vehicle type.

Figure 6. Fatality rates per million vehicle registered years in vehicles where there was the
occcurence of a fire/explosion and the fire event has been coded as the most harful event
(i.e. cause of death). Data is from FARS 1979-2000, vehicle age is 0-4 years, and
distributions are by vehicle type.
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This study looks at vehicles of age 0-4 years;
therefore, FARS year 2000 includes models years
1996-2000. A significant occurrence took place
during model year 1976 with the introduction of the
FMVSS 301 standard for fuel system integrity.
Based on data in these figures, FARS year 1981
would be the first year with all vehicles FMVSS 301
compliant.

Figures 3 and 4 provide the fatality counts and rates
for fatal crashes in which the fatality occurred in the
vehicle where there was a fire. In these figures the
fatality was not necessarily attributed to the fire
event. Figures 5 and 6 relate the number and rate of
fatalities to the fire event. In these figures, the fire
event has been coded as the most harmful event,
indicating it was the cause of the fatality. Often
times it may be difficult to discern the cause of the
fatality in these crashes (biomechanical trauma vs.
fire trauma). This distinction was not investigated
and the coding was taken directly from FARS.
Previous studies have attempted to investigate the
uncertainty and difficulty in coding fire as the most
harmful event [Davies 2002].

It is positive to note that fire occurrence rates and
fatality rates, including most harmful event rates,
have declined since 1979 for all vehicle classes.
With regard to fire occurrence counts and fatality
counts, passenger cars and pick-up trucks have
shown significant declines since 1979. Vans have
remained relatively constant, while SUVs have
shown a slight increase in recent years. The rise in
SUVs is offset by the increased number of vehicle
registrations over the same time period. SUV
registrations have increased by 790% since 1979, and
by over 300% since the early 1990’s. Even with the
increased exposure, rates have declined.

Passenger cars have shown the greatest decline in fire
occurrence counts (207 fires - 51.6%), while pick-up
trucks have the largest rate decline (9.62 fires/MVY).
Pick-ups still maintain the highest rate for vehicle
fires at 8.17 fires/MVY. In 2000, the fire rate for
passenger cars was 5.14 fires/MVY, compared to
6.39 fires/MVY for light trucks. When looking at the
overall decline in fire rates, cars have dropped by
43.7% and LTVs (pick-ups, vans, SUVs) by 59.7%.
More importantly fatality rates by most harmful event
have declined by 72.3% for cars and 79.7% for
LTVs. Tables 1 and 2 display data from 1979 and
2000 for fire occurrence rates and fatality (most
harmful event) rates respectively.

Table 1. Fire occurrence rates, vehicles age 0-4 in
FARS

Cars Pick-ups Vans SUVs All LTVs All Vehicles
1979 9.13 17.79 13.91 7.79 15.86 10.56
2000 5.14 8.17 4.61 5.56 6.39 5.69

Change 4.00 9.62 9.30 2.23 9.47 4.87
Percent 43.7% 54.1% 66.9% 28.7% 59.7% 46.1%

Table 2. Fatality rates by most harmful event,
vehicles age 0-4

Cars Pick-ups Vans SUVs All LTVs All Vehicles
1979 3.74 8.22 5.39 8.50 7.72 4.58
2000 1.03 1.45 2.77 0.99 1.56 1.27

Change 2.70 6.77 2.62 7.52 6.15 3.31
Percent 72.3% 82.4% 48.6% 88.4% 79.7% 72.4%

This FARS data is also being reviewed for such
variables as crash mode (frontal, rear, rollover, etc.),
impacting object, and more. Certain vehicle
characteristics may reveal trends; however the
relatively low number of fire events may prevent
significant findings as the data is further categorized.

CASE REVIEWS OF VEHICLE FIRES

For the first phase of this study, the National
Automotive Sampling System – Crashworthiness
Data System (NASS/CDS) was used as the source of
data in the analysis of detailed case studies. There
have been two primary tasks completed to this stage.
These include 1) the development of a NASS
analysis tool for fire and fuel leakage cases, and 2)
the application of this tool toward the study of
NASS/CDS cases.

A crash query and case summary reporting tool is
currently under development to help researchers
review historical crash cases collected through
NASS/CDS. The web based query page allows a
user to select a specific subset of crashes from the
database, based on desired crash conditions. It has
been further enhanced to identify cases based on
fire/fuel leakage variables.

The NASS/CDS tool performs a query based on a
series of limiting conditions, and then returns two
sets of information. First, data relating to the
generated subset of crashes is available in tabular
form. Since a large set of crash variables may be
returned, a user is able to perform sorting and
scanning on the data to look for trends and
relationships between variables not evident during
the initial query.

The second piece of information returned is a list of
all cases that meet the query criteria. A user can
select a case for further investigation. Following case
selection, an automated summary sheet(s) is
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generated with significant crash variables presented
along with applicable pictures and scene diagram.

This query tool was used to identify and summarize
228 cases from 1997-2000 NASS/CDS in which
there was a fire occurrence. These cases have been
further analyzed to identify certain attributes of the
crashes, which include:
• Investigate crash mode distribution in these cases

(frontal, side, rear, rollover, etc.).
• Identify the ignition sources of the fires, along

with fire location within the vehicle.
• Investigate accidents of similar severity and

impact mode in which there was no fire, looking
at injury distribution comparisons.

Although this study is ongoing, some initial results
are available. It should be noted that NASS/CDS
weighting factors were not used in this study due to
the complexity and relative randomness of fire
events. It was felt that the weighting factors could
not be definitively applied to the fire events.

When looking at impact direction, the cases were
divided into categories of impact that would be
associated with the fire event. For example, if a
frontal impact occurred with another vehicle
followed by a side impact to a tree, and the tree
impact was the source of a ruptured fuel tank, this
would be classified as a side impact for this study.
Based on this criterion, frontal impacts accounted for
117 cases (51.3%), side impacts 42 cases (18.4%),
rear impacts 14 cases (6.1%), and rollovers 55 cases
(24.1%). These results can be seen in Figure 7. It is
interesting to note that rear impacts had the lowest
frequency of fire events.

Impact Mode vs. Frequency
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Figure 7. Distribution of fire events by impact
direction.

Each impact mode is being further investigated to
identify any possible trends. This includes impact
mode in combination with impacting object and
origin of the fire. Rollover events are being reviewed

to understand the various contributions of the role
events. This includes roll severity (number of ¼
turns), roll direction, and fire origin relative to roll
events.

The location and/or origin of the fire can provide
useful information to researchers looking to further
improve vehicle design and prevent fire events. The
distribution of the fire origin within these NASS/CDS
cases is shown in Figure 8. Of particular interest is
that a large majority of fires (147 cases – 64.5%)
initiated inside the engine compartment. In 26 cases
(11.4%) it could be definitively determined that the
fuel tank was the source of the fire. Often times it is
difficult or impossible to determine the fire origin.
This typically occurs in cases in which the vehicle
was completely engulfed. There were 39 cases
(17.1%) with unknown fire origins. This distribution
is similar to previous studies and warrants further
investigation into specific sources of fire initiation
within the engine compartment.

Fire Origin vs. Frequency
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Figure 8. Distribution of fire origin/location.
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Figure 9. Distribution of fire events by impacting
object.

This initial review of the data also identified the
distribution of impacting objects for fire events
(Figure 9). In 94 cases (41.2%) another vehicle was
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the impacting object that was associated with the fire
event. Although Figure 9 shows a more detailed
breakdown of the impacting object, it can be seen
that in 111 cases (48.7%) a fixed roadside object was
the source of impact and the fire event. In a majority
of these cases the fixed object is narrow and results in
significant penetration at concentrated locations
along the vehicle. Though further investigation is
warranted and ongoing, impacts with fixed narrow
objects account for a larger portion of the fuel tank
related fires.

Of particular importance in any vehicle safety
investigation is to study the relationships with
occupant injury and fatality. While it is interesting to
look at injury distributions within a particular type of
event, it is also necessary to gage the relative
importance of the findings. For this study, it can be
done by comparing all crash events with fire events.
Injury distributions based on MAIS is shown in
Figure 10. The data is displayed for all fire event
cases along side all non-fire cases. It should be noted
that the MAIS for the fire cases is associated with the
fire event. For example, if the crash victim had an
AIS 5 associated with steering wheel contact, and an
AIS 2 associated with the fire event, the case is
classified as MAIS 2 for this study. This attempts to
normalize to a certain extent for the fire event, but it
should be noted that it is often difficult to discern
these injuries at higher severities.

Injury Distribution by Fire Occurence
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Figure 10. Injury distribution by MAIS for fire
and non-fire cases.

Results show some interesting initial findings. Fire
events tend to have a significantly greater percentage
of MAIS 3+ associated injuries. While fire events
are relatively infrequent, their occurrence tends to
have greater associated harm. Further investigation
into the injuries within each case is ongoing.

SURVEY OF STATE-OF-THE-ART IN FIRE
SAFETY TECHNOLOGY

An investigation of the state-of-the-art in fuel
systems has been undertaken with a focus on
identifying fuel system fire safety technologies for
preventing and/or mitigating post-crash fuel fires that
may be in use today. An extensive survey will be
conducted with in-vehicle evaluation and
documentation of the various systems. Additionally,
major fuel system components, such as the fuel tank
itself, will be evaluated. The project is divided into
two phases:
• Phase 1 defines the overall scope of the

investigation and establishes procedures for
carrying out the more specific review of
individual systems. Included is a review of
existing automotive fuel system standards.

• Phase 2 comprises the in-depth evaluation of the
fuel systems from vehicles identified in Phase 1.

The work performed under Phase 1 of the project is
discussed herein.

Forty two different fuel system performance
standards from world wide standards agencies and
governing bodies were reviewed as part of the
investigation into the state-of-the-art in fuel systems.
These standards have been summarized and reported
previously [Fournier 2001].

Various design strategies or technologies associated
with the fuel system, which includes the evaporative
emissions hardware, have been identified as potential
countermeasures for preventing or mitigating the
likelihood of post-crash vehicle fires. These strategies
or technologies, which may already be employed in
existing vehicles, include:
• Filler check valve: If the filler hose is torn from

the tank a check valve located at the spout on the
tank would prevent excessive fuel loss.

• Shielding: Shields may be used to increase the
fuel system’s resistance to damage resulting
from direct contact and debris by providing an
additional layer of protection.

• Tank materials, thickness: The choice of tank
materials (plastic vs. metal) and its thickness will
affect the resistance to punctures, tearing or
bursting.

• Multiple layered tanks: Although principally
used to address emission issues, multiple layered
constructions may improve robustness.

• Tank bladders: Compliant and tear resistant
bladders contained inside a tank prevent fuel
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leaks if the rigid outer shell of the tank system is
compromised.

• Tear away fuel line connections with check
valves: These connections are designed to
disengage and seal if excessive tension is applied
to the fuel lines.

• Fire shields/blankets: Fire retardant shields,
affixed to the hood fall into place to smother
engine compartment fires.

• Anti-siphoning: The routing of fuel lines are
such that if severed they would not continue to
siphon fuel from the tank.

• EFI Fuel Pump shut off: The fuel pump would
be deactivated if a crash is detected.

• Active fire suppression systems: Fire detectors
would trigger the release of fire suppressant
chemicals.

• Tank additives: Reticulate materials placed
inside the tank to prevent explosions of the tank.

• Location, tank environment and routing of fill
and delivery lines: Placement of fuel system
components relative to potentially intrusive or
aggressive components to minimize damage in
the event of a collision.

• Slip-in-tube drive shaft: In a frontal collision of a
rear wheel drive vehicle, the drive shaft would
collapse along its length to minimize damage to
a rear mounted tank.

The North American fleet comprises over three
hundred makes and models of vehicles, not including
variations within a model. The inspection of each one
is beyond the current scope of the review which
intends to gain a cross-section view of the best
practices in fuel system fire safety design. A subset
of these vehicles has been proposed and consists of a
cross section of vehicle type (car, SUV, truck, etc.),
manufacturer, price range, country of origin, etc.
Also, vehicles with known technology
implementations will be reviewed.

Information on each vehicle is collected and input
into a Microsoft Access© database. This includes, but
is not limited to:
• Tank shape and placement
• Presence of technologies listed previously
• Routing of fuel lines and components associated

with the fuel delivery system
• Type and location of batteries and power sources
• Proximity of potentially “aggressive” structural

components
In addition to visual inspections, vehicle brochures
and user manuals will be reviewed, along with repair
and maintenance manuals. Accompanying digital
photos are also placed in the database.

A sample vehicle inspection has been completed as
part of phase 1 of this study. Phase 2 – the inspection
of 70 vehicles – is underway and all data will enter
the public domain upon completion.

EVALUATION OF PLASTIC FUEL TANKS OF
VARIOUS SHAPES

The purpose of this program is to conduct
comparison evaluations of existing plastic fuel tanks
to performance standards applied in Europe and also
to standards applied to tanks for trucks in the US.
The tests also examined degradation in service. Two
ages of tanks were tested; 1) “conditioned” tanks, not
older than four years, and 2) “new” tanks, from
original equipment manufacturers (OEMs). The
conditioned tanks were from vehicles that have been
operated in a warm climate in the vicinity of San
Antonio, Texas. The new tanks were purchased from
the OEM supply and not from an after market
supplier. The project evaluated three different tank
design shapes.

The three tank design shapes are as follows: 1) a
“pancake” tank typical of tanks in front wheel drive
cars with a thin shape mounted to an underbody near
the rear seat area and in front of the rear axle; 2) a
“long” tank with a narrow shape mounted inside the
frame rail and in front of the rear axle; and 3) a
“square” tank mounted behind the rear axle. The
three types of tanks are shown in Figures 11-13.

Three types of tests were conducted for new and
conditioned tanks for each of the three tank shapes.
The tests were: fire resistance, concentrated energy
cold impact, and high energy impact.

The fire resistance tests were conducted in
accordance with the European Standard for plastic
fuel tanks, ECE R 34, Annex 5, Fire Resistance
Section. This standard requires the plastic tank to
withstand a pool fire for two minutes without leaking.
In this test, the tank is mounted on the actual vehicle
and filled with gasoline to 50% of capacity. For one
minute, the vehicle and tank were subjected to the
full intensity of a fuel-fed pool fire positioned
directly beneath the tank. For the second minute, the
intensity of the fire was mitigated by covering the fire
pan with a screen. If the tank survives for two
minutes it is said to “pass.”

In the research testing conducted under this project, a
third condition was imposed. In this third condition,
the screen was removed and the high intensity fire
was continued until tank leakage occurred. Once
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Figure 11. “Pancake” shaped tank pre-test.

Figure 12. “Long” shaped tank pre-test.

Figure 13. “Square” shaped tank pre-test.

Figure 14. “Pancake” tank after fire test.

Figure 15. “Long” tank after fire test.

Figure 16. “Square” tank after fire test.

leakage was observed, the fire was extinguished
quickly by fire suppressants. The results reported in
Table 3 shows the number of seconds after removal
of the screen at 2 minutes until the tank leakage
occurred

In these fire tests, all of the conditioned tanks were
the original tanks installed on the 1998 model year

vehicles that were subjected to the burn tests. These
conditioned tanks were tested before the “new” tanks
were installed on the same vehicle. In all cases, the
fire exposure caused some loss of body material from
the vehicle. Consequently, added area for ventilation
might exist in the second test. To reduce the effects
of differences in ventilation, the vehicle with the
“pancake” tank was rebuilt for the second test. The
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other vehicles suffered less degradation and were not
rebuilt. The second test of the “square” tank resulted
in tank leakage at 101 seconds – 19 seconds short of
the requirement. This difference could be explained
by the increased ventilation permitted by the test
buck.

Table 3. Number of Seconds After Removal of
Fire Screen Until Tank Leakage Occurred

Tank Type New Conditioned
Pancake 90 90
Long 38 21
Square -19 10

Other observations made from the tests included the
location and size of the initial leak that occurred
before the fire was extinguished. The two pancake
tanks leaked at the same place – the bottom left rear
corner. In both cases, the leaks were very small. The
two square tanks both leaked in locations that were
associated with loading by the mounting strap. Both
tanks also leaked or were severely weakened at the
front right top corner due to sagging of the tank. The
rate of leakage from the square tank was greater than
for the pancake tank. The two long tanks both leaked
due to sagging of the front part of the tank that
overhung the mounting straps. The leakage occurred
at the front of the tank or at the straps. The rate of
leakage was greater than the square tank. The post
test deformation of the “pancake” tank, the “long”
tank, and the “square” tank are shown in Figures 14
through 16.

Impact resistance was conducted on three new and
three seasoned tanks. The impact tests were of two
types. First tests were conducted in accordance with
the European Standard for plastic fuel tanks, ECE R
34, Annex 5, Section 1 “Impact Resistance”.
Second, tests were conducted in accordance with 49
CFR 393.67, Fuel Tank Drop Tests”.

For the ECE R 34 Impact resistance test, the tanks are
filled to rated capacity and chilled to -30 degrees C.
At this temperature, they are impacted by a pyramid
shaped 15 kg mass at an energy level of 30.1 Nm. In
the research tests, tanks were impacted at the right
front corner at energy levels ranging from 30.1 Nm to
43.6 Nm. No leakage occurred in any of the tests.

Federal Motor Carrier Safety Regulation CFR 393.67
“Liquid Fuel Tanks” requires an impact test condition
that has not been applied to passenger vehicles.
Section (e) (1) of the standard applies to side-
mounted tanks and requires a drop test of the tank. In
this test, the tank is filled with water to a weight

equal to the rated weight of fuel and dropped on its
corner from a height of 30 ft. onto an unyielding
surface. The standard limits the allowable leakage
after the test to 1 oz per minute.

Table 4. Leakage rate in oz. per minute for Three
Types of Tanks After 30 ft Drop Test per CFR
393.67 (e) (1)

Tank Type New Conditioned
Pancake <1 <1
Long <1 150
Square <1 900

The results of the 30 ft drop tests are shown in Table
4. All of the new tanks and the seasoned pancake
tank passed the test. However, both of the other
seasoned tanks ruptured at the pinch-off separation.
A typical breach of the tank is shown in Figure 17.

Figure 17. Seasoned “Long” Tank Post Drop Test

This limited research indicates that the tested tanks
performed in a repeatable manner when subjected to
ECE R 34, Annex 5, “Fire Resistance” Section.
However, considerable difference in the margin for
passing the test was present for the three tank types.
In addition, the amount of leakage that occurred once
the leak was initiated was vastly different. The
behind the axle location of the “square” tank
permitted the greatest amount of ventilation, and
consequently may have been the most severe
environment. The overhang of the long tank beyond
the supporting straps appeared to be the most
vulnerable feature of that tank shape. There was no
identifiable difference between the performance of
new and seasoned tanks in these tests.

All three tanks performed satisfactorily when
subjected to the ECE R 34 Impact Resistance test,
even when subjected to an impact with approximately
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50% more energy than required by the test. No
degradation was noted in the seasoned tanks.

All three new tanks performed satisfactorily when
subjected to the Federal Motor Carrier Safety
Regulation CFR 393.67 (e)(1) 30 ft. drop test.
However, the seasoned “long” and “square” tanks
leaked excessively after the drop. This result
suggests some degradation of the resistance to severe
impact with aging for these tanks.

DEVELOPMENT OF RECOMMENDED
PRACTICE IN 42-VOLT APPLICATIONS

Major auto manufacturers are currently developing
electrical systems that operate on 36-volt
architectures, transitioning from the current 12-volt
systems (14 volts when charging) typically used
today. The 36 volt architecture charges at 42 volts,
with possible voltage peaks as high as 58 volts.
Current best practice and recommendations from ISO
restrict the ability for human interface with voltages
above 60 volts, thus the selection of the 36-volt
architecture. Because the normal operating range is
42-volts, they are typically referred to as 42-volt
systems.

There are several reasons why this transition is taking
place. Power demands have been growing at about
6% per year for the last 15-20 years [SAE 2002,
TOPTEC 2002, Intertech 2002]. Modern cars
consume between one and three kilowatts of power.
They are near the limit of what can be done with the
12-volt architecture. This growth in power demand
results from the expanding use of electronics in
autos: radio and hi-fi systems, navigation systems,
use of electrical outlets for plug-in computers, etc. In
the future, there are many conventional systems that
can be driven electronically. Electrically assisted
power steering is now on the market. Electric brakes,
electric rear wheel steering, electric suspension and
stability control, electric drive for water and oil
pumps, advanced automatic crash notification (ACN)
systems, electric air conditioning and heating
systems, and 110 volt AC outlets are all new
applications which may be attractive after 42 volts
becomes available. Some of these new components
have fuel economy, emissions, and/or safety benefits.

Another major trend is toward “mild hybrids,” where
the engine is shut off when stopped in traffic, and
other systems, such as the air conditioning continue
to operate. This technology is commonly referred to
as an integrated starter generator and can provide
approximately a 10% fuel economy improvement in
city driving.

Even at 14-volts, there are fires caused by shorts and
other malfunctions in the electrical systems. As was
shown previously in the data analysis, more fires
occur in frontal impacts, and initiate within the
engine compartment. Since batteries are typically
mounted in that region of the vehicle, and most of the
under-hood fluids are flammable (including the
engine coolant), there is reason to suspect that the
battery may contribute to many under-hood fires.
Batteries contain a great deal of energy (~ 3 million
Joules for an 85 Ampere-hour battery). A short can
dissipate hundreds of Watts, and can ignite
surrounding flammable materials. A crushed battery
can create either external or internal shorts and begin
a heat release that can ignite the plastic battery case,
and then spread to other under-hood materials.

If a circuit is broken with a 14-volt circuit, some
sparking may occur, but not a sustained arc. With a
42-volt system there is likely to be a sustained arc
when a circuit opens or there is a short to ground.
This arc has tremendous power associated with it. It
can easily produce 1000 Watts of power and release
1000 Joules per second. The temperature of the
plasma can be 6000 C. This level of power can ignite
most materials and can burn holes in sheet steel.

There is also another phenomenon called “Carbon
Tracking” which can be present at 14 volts, but will
be more common at 42 volts. It is caused by an
electric field across an “insulator.” “Insulators” can
conduct small amounts of electricity and gradually
convert the hydrocarbons in the plastic to carbon -
which is a good conductor. After considerable time
(i.e. 10-15 years of a vehicle lifetime), this deposit of
carbon can grow until it is capable of conducting a
large amount of current. Shortly after the current
builds up, the material will effectively short and
cause an arc, and the material can flash into flame.

This process is accelerated by having conducting
liquids or solids on the surface of the conductor. Oil,
dirt, grime and moisture, which are readily available
in the engine compartment, can get on the plastic
electrical components and speed-up the process.
Road salt (and battery acid released in a crash) are
also conductors which can exacerbate the situation.
42-volt systems (with associated voltage margins)
will be more susceptible to this phenomenon.

MVFRI is working with the USCAR 42-volt
Working Group to fund a 42-volt research project at
Underwriter’s Laboratories (UL). The purpose of
this effort is to investigate Carbon Tracking
phenomena with 25 different plastic samples that are
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representative of materials used in connectors,
terminal strips, and wire insulation. A 5% salt
solution, typical of spray from salted roads in winter
conditions, will be used to stress the material. One
calibrated drop will fall every 30-seconds. After 50
drops (~25 minutes) the material is said to “pass.”
Some materials will be tested for 500 drops to
validate that 50 drops is an acceptable stopping point.

The second effort under consideration will be to test a
selection of materials to determine their flammability
after being exposed to arcs likely to be created by 42-
volt systems. These arcs are very high intensity and
most materials will ignite if exposed long enough.
The distinguishing factor is how much energy they
can absorb before igniting. The number of materials
is potentially much larger in number than for the
carbon tracking testing. Any material that could be
exposed to arcing needs to be tested - including some
of the flammable under-hood fluids.

Results from these studies will be published at a later
date and it is expected that these works may form the
basis for recommended best practice and/or test
standards associated with 42-volt systems.

CONCLUSIONS

For the year 2001, there were a total of 1,657 fatal
crashes in which there was a fire. This is about 2.9%
of all fatal crashes. Analysis of FARS data indicates
that the fire rates in cars has dropped by 43.7% and
LTVs (pick-ups, vans and SUVs) by 59.7% since the
1979. In 2000, the fire rate for passenger cars was
5.14 fires/million vehicle years, compared to 6.39 for
light trucks.

For the years 1997-2000 the NASS/CDS contains
228 cases with fires. In these cases, frontal crashes
accounted for 51.3% followed by rollover (24.1%)
and side (18.4). Rear impacts accounted for the
smallest fraction – 6.1%. The most frequent origin
for the fire was the engine compartment, accounting
for 64.5%. The fuel tank accounted for 11.4%.
There were a relatively large number of unknown
sources – 17.1%. The most frequent object impacted
before the fire occurred was another vehicle (41.2%).
However, a variety of roadside objects made up
48.7%. Narrow objects such as poles and trees
contributed more than 25%.

Plastic tanks of three different shapes were evaluated
to fire and impact testing as required by ECE R34,
Annex 5 and US CFR 393.67 (e)(1). The ECE R34
fire test appeared to produce repeatable results and all
tanks demonstrated the capability to withstand the

test. All tanks passed the ECE R34 impact test. The
US CFR 393.67 (e)(1) requires the tank containing
water equal to its rated weight of fuel to be dropped
on its corner from a height of 30 ft. All new tanks
passed the test. However, two of three tanks that had
been in service for three years failed the test. In both
cases the failure was pinch off separation, suggesting
a possible deterioration of this junction with time.

Research is now underway to identify state-of-the-art
technologies in present day motor vehicles. Other
research is oriented to developing test methods to
assure the fire safety of materials used in vehicles
with 42-volt electrical systems. The results of this
research will be made public as it progresses.
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 Starting-Point  

Although antilock brakes (ABS) for the prevention
of accidents are even more important for
motorcycles than for cars and contrary to the fact
that they are being offered in Germany since 1988,
only five percent of motorcycles are equipped with
them. According to findings of the Institute for
Vehicle Safety (Munich) ( Dr. Alexander Sporner)
more than 70 deaths and 3000 injured per year
could be prevented if all motorcycles were
equipped with ABS brakes. For Europe experts
estimate a potential of over 400 avoidable fatalities.

Problem Situation

A psychological analysis of causes brought the
following basic conflict to light:

Motorcycle manufacturers (excluding BMW and
HONDA) do not offer ABS brakes. They argue it is
due to the lack of acceptance by the customers.
Two manufacturers (Suzuki und Kawasaki) have
decided recently to withdraw again models with
optional ABS brakes from the German market due
to low sales.

Motorcyclists do not request ABS brakes since they
generally overestimate their riding skills. They
deem it unneccessary because their daily experience
(up to the first accident) seemingly validates their
assumption that they master their motorcycle. They
also lack an understanding about the difficulties
associated with braking and the performance
possibilities of ABS brakes. Another factor is that
ABS brakes do not carry a positive image value. On
the contrary: buyers of motorcycles with ABS are
often vilified as losers. Added to this is an attitude
of suppression. A conscious evaluation with ABS
would require the motorcyclists to confront the
given dangers and their own vulnerability
associated with riding a motorcycle. Since for most
of the bikers motorcycle riding is a hobby and
leisure activity they try to avoid these
confrontations.

An expanded analysis found a co-responsibility
with the motorcycle press. In Germany, most
magazines had presented ABS brakes for years as
negative. On the one hand the existing “weak
points“ of the first productions were often
highlighted (low working frequency, bad adaption
to friction jumps, pulsation at the hand and
footbrake, high weight). On the other hand driving
tests were conducted on test grounds with highly
qualified test riders in which they achieved under
laboratory conditions (prior practice phase, optimal
outer conditions, mental preparation) better results
without ABS and thus shorter braking distances,
then with ABS equipment in order to prove that

good riders can measure out braking power better
than ABS equipment.

Planning

In 2001, the Dr. Koch Consulting, a private German
enterprise specialized in motorcycle related
research and safety work, received the request from
the German Insurance Industry Association (GDV)
to develop a multimedia communication campaign
in order to overcome the existing blockade and
support the ABS system.

Three alternatives became evident in regard to the
target groups and thus for the strategic action:

� Influencing the manufacturers through public
pressure in order to get them to offer more
motorcycles with ABS brakes

� Influencing the motorcyclists in order to incite
them to buy ABS systems

� Influencing the legislation (national
governments, EU-Commission) in order to
achieve an enforced law for ABS requirement
with new motorcycles

The process of careful consideration with all
discussed advantages and disadvantages cannot be
recorded here, only the result. It was decided to
place the emphasis on the motorcyclists since this
promised the fastest and longest lasting success.
The following strategy was therefore developed for
the campaign: the industry shall be incited to offer
more motorcycles with ABS brakes through
directly stimulating the demands and indirectly
through a change of the attitude of the motorcycle
press.

In regard to this the following target groups were
identified:

� journalists of motorcycle magazines

� car- und motorcycle journalists of the general
press

� chiefinstructors and instructors of advanced
rider training programs

� safety oriented motorcyclists

� motorcyclists

As partial goals for the achievement of the above
mentioned main goal the following was formulated:
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� a change in ABS reporting by motorcycle
magazines and the daily press

� integration of elements concerning ABS brakes
in the existing advanced rider training
programs

� informing the motorcyclists about the
requirements and difficulties of braking and the
advantages of ABS brakes

� raising the acceptance of ABS brakes with
motorcyclists

� creation of pressure for demands of ABS
brakes with motorcycle dealers and industry

� lifting of existing impediments in regulations
and guidelines for example in regard to driving
schools and driver‘s exams.

Transposition

The practical transposition took place on a multi-
media level after an integrated concept.

The prelude was a professional symposium on May
21, 2001. Thus the following target groups were
reached: journalists (motorcycle magazines and
daily press), chief instructors and instructors of
advanced rider training programs, driving school
teachers, motorcycle dealers and the motorcycle
industry. Specialists from universities, research
institutes and industry conveyed the newest insights
of the research on motorcycle accidents and
deduced successfully the necessity of the ABS
system. The media reports were extensive and
without exception positive.

During the whole motorcycle season of 2001 the
campaign was continued on a double track. In the
advanced rider training programs, the instructors
placed their emphasis on ABS brakes. For that a
specially designed campaign video and information
folder was used. On top of it the video was also
offered to suitable TV stations and to our delight
broadcasted frequently.

Besides the knowledge factor a quiz game was used
as a motivational tool. The participants of the
advanced rider courses were invited to participate
in a quiz if they were willing to answer difficult
questions on the subject of motorcycle brakes
which refered positively to the ABS system and
send in a reply card. In December 2001 eight
winners were invited to the Motor Show in Essen
(the second biggest car and motorcycle fair in
Germany). They participated at the booth of the
campaign in a quiz show and took a riding test in a

driving simulator. The winner received a
motorcycle with ABS brakes (BMW R 1150 R).

The campaign was continued in 2002. Added to the
aspects of the year before (transposition in the
advanced training programs and quiz show) a
transposition took place in 2002 in the driving
schools. A brochure was produced for the
intensification of the technical and professional
discussion with the titel: “Better brakes. More
safety with modern braking techniques. A guide for
motorcyclists.“ Also a new film for the use in
training schools and driving schools was made.
Participating driving teachers and moderators were
technically schooled.

The final round of the campaign quiz took place in
September 2002 at the motorcycle fair
“INTERMOT“ in Munich, the worlds biggest
motorcycle show. The procedures were the same as
in 2001. The price was a HONDA VFR ABS-CBS.

In order to spread the message further and at the
same time promote the attainability of the goal an
internet site was founded (www.besser-
bremsen.de). It was designed interactively for
example with discussion rooms, chat rooms and a
newsletter. Participation online in the campaign
quiz was also possible.

Evaluation

A formal evaluation of the campaign results cannot
be given at the time due to a lack of comparable
data.

However, quite a few positive results came in.

The campaign succeeded in completely changing
the attitude of the motorcycle press towards
antilock brakes. Not only have all German
enthusiast magazines reported positively and
extensively about the campaign and its goals, but
contrary to the past leading articles refer now
positively to ABS brakes. Most of the chief editors
have taken on the subject in their editorials by
appealing to the industry to offer more ABS brakes
and by suggesting to motorcyclists to ask for ABS
systems when buying a new motorcycle. Europe‘s
largest motorcycle magazine “Motorrad“ has even
revised their own test criteria and distributes now
extra points for motorcycles with ABS systems. In
relative tests a number of magazines have examined
and proven that the modern ABS brakes of the third
generation are better than the highest qualified test
riders under laboratory conditions. Naturally, the
advantage of ABS brakes in real dangerous
situations increases again substantially because
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riders tend to react with shock and panic and often
brake too hard and lock the front brake.

Legislation has reacted and contrary to former
regulations allows now the use of ABS brakes both
in driving schools and on motorcycles used for
licensing tests of drivers.

Motorcyclists have shown significant changes in
attitude. In a representative inquiry which was done
by the Hagstotz Marktforschung, 75% of the
interviewed motorcyclists agreed with the
statement: “A new motorcycle needs ABS.“ In an
internet inquiry at www.motorrad.de about 22% of
the participants say they would definitely buy their
next motorcycle with ABS brakes.

Especially significant is the fact that the motorcycle
industry reacts positively on the production side
while still displaying a rejecting attitude through
their Association in Germany as well as in Europe.
In September 2002 at the world largest motorcycle
exhibition, the INTERMOT in Munich, Peugeot,
Yamaha and Ducati also displayed new ABS
motorcycles and scooters, even though at the
beginning of the campaign motorcycles with ABS
brakes were only in the program of BMW and
Honda.

The political interest of the European Commission
has been awakened by the campaign’s presence in
the media. The EU-Commission is now supporting
the campaign and wishes for an extension to other
European countries since their aim is to cut in half
the number of traffic deaths in Europe in the next
ten years. The Commission appeared as a partner of
the campaign in February 2003 at an international
symposium in Leipzig which was organized by the

campaign and titled: “Motorcycle Brakes of the
Future – Challenge and Responsibility.“

Summary

The acceptance of innovative safety elements by
motorcyclists cannot be expected a priori which
differs from the automobile field. Due to the
different motivation structure, the increase of safety
by such innovations demands - next to the
development and supply - specific and
psychologically supported communication
measures. Such an example is the campaign “better
braking“ - regarding ABS brakes. With this
campaign it was already possible within two years
to expose the contradiction between demand and
shortage of supply by winning the motorcycle press
for the subject. Also a significant change in attitude
can be seen with motorcyclists in regard to the
campaign’s goals as well as in the industry’s
creation of new products. Further developments are
expected to be positive since the campaign has been
discussed intensively in the German motorcycle
scene and is seen positively by all important
influential supporters. The existing political dialog
with the Federal Government and the EU
Commission and its subsequent political influence
will help to keep the achievements secure in the
future. An expansion to other European countries
seems logical.

In the future the motorcycle industry has to be
prepared that also other innovative safety
technologies may need a participating and active
communication campaign in order to be accepted
by motorcyclists.
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ABSTRACT

An advanced 50th percentile male mechanical
head/neck system has been developed which is
capable of duplicating the responses of human
head/neck kinematics and dynamics during multi-
directional impacts.  The head/neck system was
based on the head and neck originally designed for
the THOR Alpha advanced frontal dummy.  The new
system can be utilized on the THOR dummy, but can
also be directly retrofitted to the standard 50th

percentile male Hybrid III dummy.

In this paper, an overview of the new head/neck
system design is presented.  Simulation methods
utilized for design and validation purposes are
discussed.  Results of dynamic pendulum and multi-
directional mini-sled tests are also provided.  Finally,
responses are compared with benchmark human
volunteer data.

INTRODUCTION

The use of anthropomorphic test devices (ATD) or
crash test dummies is a practical way to evaluate the
safety of motor vehicles in a crash environment.
Injuries to the human head-neck complex are
commonly seen in vehicle crashes and may lead to
serious to fatal consequences. In particular, the
problem of deploying air bags in out-of-position
environments is of special concern because of the
potential for serious injury or even death (NHTSA,
2003).  Therefore, there is a need to have a
mechanical head/neck system with improved
biofidelity, which can be implemented into current
crash test dummies.

Over the years, different neck designs have been
developed with various degrees of success.  A neck
developed by General Motors Corporation (Foster et
al., 1977) is used in the current Hybrid III dummy.
This neck meets the standard Mertz-Patrick corridors,

which defines the moment acting at the occipital
condyle joint as a function of the head angle relative
to T1 (the first thoracic vertebra) (Mertz et al., 1973;
Patrick and Chou, 1976).  However, this neck does
not exhibit good agreement with respect to head
kinematics when compared to results from volunteers
tests conducted at the Naval Biodynamics Laboratory
(NBDL) (Ewing et al., 1975; Seemann et al., 1986).
The NHTSA has been performing and funding
research on improved mechanical neck systems for
several years.  A head-neck mechanical simulator,
which included muscular effects, was developed by
NHTSA in the early 1970s (Haffner and Cohen,
1973).  In 1985, the Vehicle Research and Test
Center (VRTC) of NHTSA developed an improved
version of the head/neck simulator based on the same
concept and presented the results at the 12th ESV
(Mendis et al., 1989).  One improvement in the
mechanical head and neck developed by VRTC was
to use a spring and cable system exterior to the neck
to simulate human neck muscular contribution during
impact. The spring/cable design was meant to
reproduce the proper excursions and lag which were
seen in the NBDL volunteer experiments (Klinich
and Beebe, 1994).  After the initial effort, the VRTC
researchers developed several prototype neck designs
and also formalized the performance criteria for
biofidelic dummy necks during follow-up work.  The
final neck design in the series fabricated by the
VRTC exhibited promising results relative to the
performance criteria.   However, this design was not
suitable for retrofitting into a crash test dummy
because of the size and location of the exterior
spring/cable system.

 In 1996, GESAC was funded by the NHTSA to adapt
the VRTC design and develop a head/neck system
which could be integrated into the NHTSA advanced
frontal dummy, THOR (White et al., 1996), the latest
revision of which is known as THOR Alpha (Haffner
et. al, 2001).  This neck was evaluated by several
research institutes such as TNO and JARI (Hoofman
et al., 1998) and the results indicated that the neck
substantially satisfied the frontal and lateral flexion
kinematic requirements.  However, additional
improvements to the neck were judged to be possible
in the areas of including new biomechanical data,
improved anthropometry and capability to adapt to
other dummies.  For example, neck extension
experiments on volunteers have been conducted by
several researchers in recent years (Davidsson et al.,
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1998; Ono et. al, 1999) and newly updated corridors
have been developed according to these data.
Another area of interest was in improving the
anthropometry of the THOR neck.  In the THOR
Alpha neck, the joint between the seventh cervical
vertebrae and the first thoracic vertebra (C7/T1) is
not clearly delineated and it was thought that a
properly defined location for C7/T1 would help in the
definition of any injury assessment using THOR.  In
addition, a THOR neck that could retrofit into the
standard Hybrid III dummy was thought to be
practical.  In order to meet these new design criteria,
modifications to the THOR-Alpha neck were needed.
In this paper, the modifications to the design of the
THOR-Alpha neck for these purposes are discussed,
which include design requirements, simulations,
design, and preliminary tests.

DESIGN REQUIREMENTS

 There are three major design requirements for the
new neck, which are anthropometry, geometry
constraints to retrofit to the Hybrid III dummy, and
matching the human neck responses in kinematics
and dynamics.  Since the mechanical neck is used to
represent a 50th percentile male, the new neck needed
to generally match the Advanced Anthropomorphic
Test Dummy (AATD) landmarks developed by
Schneider et al. (1983). For example, the joint
between head and neck around occipital condyle
(O.C.) and the junction between the neck and
thoracic spine (C7/T1) are among these landmarks.
In addition, because the neck is to be retrofitted to the
Hybrid III neck, the current constraints in the Hybrid
III head/neck complex have to be considered.  These
constraints include the length of the neck, a large
horizontal offset from the neck base to the occipital
condyle joint, and the location of the pitch change
relative to the thoracic spine. Since the neck is meant

to reproduce the response of a human neck under
impact, the most important criterion is to match the
dynamic and kinematic responses of the mechanical
neck with the human responses.  The main sources of
human head/neck response requirements for the
mechanical neck are listed in Table 1.  The corridors
define the trajectories of the head during dynamic
impacts.  The corridors will be plotted with the
simulation results in the discussion of the preliminary
simulations that follow.  In addition, the Mertz
corridors (Mertz et al., 1973; Patrick and Chou, 1976)
which define the dynamic response of the neck, have
been utilized as secondary requirements as well.

 
THOR-BETA NECK/HYBRID III RETROFIT
 
 Based on the design requirements described in
the previous section, a new neck was designed
and fabricated.  This neck is called the THOR-
Beta neck and shown in the Figure 1.
 
 

 Figure 1. THOR-Beta neck.

Table 1. Sources of requirements

Test Condition Sled Pulse Tested by Reference

Flexion 15g NBDL Thunnisen et al.(1995)

Extension 4g~5g
3g~4g

JARI
Chalmers University

Ono et al.(1999)
Davidsson et al.(1998)

Sled HyGe
Test

Lateral 7g NBDL Wismans and Spenny
(1983)

Strap Test Out of
Position

- JARI and MCW Ono et al. (2001)
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When compared to the THOR-Alpha neck (White et.
al., 1996), the new design includes several new
features, which are listed as follows:

(1) 4 pucks

As discussed in the previous section, the distance
from the O.C. to C7/T1 is a significant
anthropometric dimension for the dummy neck
design. By using a 4-puck design, the new neck
agrees with the O.C.-C7/T1 length derived from
NBDL tests and the T1 (the first thoracic vertebra) is
located at the bottom of the neck column. (Figure 2)

 

 

 Figure 2. THOR-Beta neck overlaying the
specifications for AATD

 
 (2) Slightly inclined neck structure

 One of the objectives for the new neck was to assume
that it could be used with the Hybrid III dummy.
Therefore, the new neck had to satisfy the design
constraints in the current Hybrid III head-neck
structure, which was described in the Design
Requirements section.  In order to do so, the new
shape was modified with small angles in the bottom
two of the four pucks (puck#3 and #4 in Figure 2).
As a result, the top of the new neck is offset from the
bottom.  The gradual inclined design is different from
the Hybrid III one-step change, and in this respect,
the Beta neck partly mimics the curvature of the
human neck structure.

(2) New puck shape to simulate extension stop

 For the human neck, the responses in flexion and
extension are different.  In the original THOR Alpha
design, neck extension stops were used to simulate

this difference. The stop produced a relatively
concentrated load, and a sharp transition in force and
moment.  In order to improve the smoothness of the
response, the new design, shown in Figure 3, replaces
the stops by adding a small wedge to the original
elliptical puck.  The wedge is made by cutting off
material from the edge of a larger, elliptical puck.

 

 Figure 3. Puck with wedge

The behavior of the new puck under loading is shown
in Figure 4.  Because of the wedge, the stiffness at
larger bending angles in extension is greater than in
flexion.

Figure 4. Kinematics of the new puck with wedge

(4) New spring with rubber tube insert.

 In the original THOR neck spring-cable design, there
were two spring-cable assemblies, one at the front
and one at the rear of the neck.  The springs are
contained within aluminum tubes and both tubes are
located inside the head.  One limitation of the current
design was that there would be a sharp increase in
force after the spring bottomed out.  Such an increase
would not be biofidelic and may also damage the
cable and create durability problems.  A simple way
to solve the problem is to reduce the stiffness of the
springs and add a rubber tube within both springs
(Figure 5).  The combination of rubber and spring
will reduce the sharp bottoming effect, make the
response more biofidelic, and also possibly prevent
possible cable damage.

WedgeElliptical
shape

Angled
bottom

F le x io n S tra ig h t E x te n s io n
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Figure 5. Spring with rubber insert

(5) New pitch change mechanism

A new pitch change mechanism was developed as an
interface between the THOR beta neck and the
Hybrid III spine. The pitch change mechanism is
capable of rotating the neck relative to the thoracic
spine every three degrees and rigidly fixing the neck
at a given angle.  A sketch of the pitch change
mechanism with the THOR-Beta head/neck system is
shown in Figure 6.  There are four major parts in the
mechanism: Pitch Base, Pitch Left, Pitch Right and
Pitch Top. Pitch Top and Pitch Base are the
interfaces to the THOR-Beta neck and the Hybrid III
spine, respectively.  Pitch Right is attached to Pitch
Top and Pitch Left is attached to Pitch Base. The
Pitch Right and Pitch Left consist of teeth arranged in
a circle which can engage each other.  With the new
pitch change mechanism, the THOR-Beta neck can
be easily retrofitted to the Hybrid III without any
modification of the Hybrid III spine.

Figure 6. New pitch changing mechanism with
THOR-Beta head/neck system

 (6) Rubber bushing in the central cable

The THOR-Alpha neck does not allow for axial
extension (Z direction).  However, this kind of
deformation may exist in the human neck during
impact (Ono et al. 1999).  Therefore, it was thought
useful to modify the design to allow for such a
deformation.  A simple way to do this is to use a
compressible material such as rubber to replace the
current rigid Delrin spacer at the bottom of the
central cable. Figure 7 shows the location of the
compliant bushing.

Figure 7. Location of rubber bushing

Apart from the above features, the instrumentation
used with the THOR-Beta head/neck system is the
same as its Alpha version. They are a nine-
accelerometer-array system inside the head, five face
load cells, upper and lower 6-axis neck load cells,
two uniaxial spring load cells, and a potentiometer at
the head/neck joint.  The data from these transducers
can be used to compute various head and neck injury
parameters.  For example, the upper and lower load
cells are capable of measuring the neck loads, which
include moment, shear force, and axial force. The
neck load cell data along with the spring load cell and
potentiometer data can be used to compute the total
moment acting that the O.C. or Nij both of which
have been used as injury indices.  These data can
provide the information to evaluate the likelihood of
neck injury in the crash environments such as air bag
deployment or vehicle rollover.

SIMULATION

In order to validate the new design, simulations using
the DYNAMAN model (Shams et al., 1992) were
performed. These simulations of 15g frontal flexion,
7g lateral flexion, and 3g - 5g rear extension tests are
based on the sources described in Table 1.  The
results for the simulations are shown in Figure 8, 9,
10,and 11, respectively.
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For 15g flexion simulations, the head angle is inside
the corridor and the head displacements (X and Z) are
at the lower boundary of the corridors.  For the 7g
lateral simulation, the head angle is inside the upper
boundary of corridors but the head Y and Z
displacements are slightly short of the corridor.  For
the Chalmers’ extension tests (Davidsson et al, 1998),
results from the simulation show good
correspondence with the X and Z displacements from
the tests, but the simulation head angle is larger than

the volunteers’. The reason probably is that the
appropriate properties for the headrest used in the
Chalmers’ tests, which were not available.   For the
JARI extension tests (Ono et. al., 1999), the
maximum head angle is around 35-50 degrees.  On
the other hand, the result from the simulation is
around 55 degrees. That is close to the upper
boundary from the JARI tests.  In conclusion, the
results from these three types of simulations show
generally good agreement with the corridors.
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Figure 8. Simulation results in 15g flexion

 

-10 
0 

10 
20 
30 
40 
50 
60 

An
gl

e 
(d

eg
re

e)

0 50 100 150 200 
Time (msec)

Corridor new model

Neck Simulation: Head Angle
7G Lateral Test

-20 
0 

20 
40 
60 
80 

100 
120 
140 
160 

Y 
D

is
pl

ac
em

en
t (

m
m

)

0 50 100 150 200 
Time (msec)

Corridor new model

Neck Simulation: Head CG Y
7G Lateral Test

-100 

-80 

-60 

-40 

-20 

0 

20 

Z 
D

is
pl

ac
em

en
t (

m
m

)

0 50 100 150 200 
Time (msec)

Corridor new model

Neck Simulation: Head CG Z
7G Lateral Test

Figure 9. Simulation results in 7g lateral flexion

 

-40 

-20 

0 

20 

40 

60 

An
gl

e 
(d

eg
re

e)

0 100 200 300 400 
Time (msec)

Volunteer Envelope Simulation

Neck Simulation: Head Angle
3~4G Rear Test; Chalmers

-60 
-40 
-20 

0 
20 
40 
60 
80 

100 

X 
D

is
pl

ac
em

en
t (

m
m

)

0 50 100 150 200 250 300 350 400 
Time (msec)

Volunteer Envelope Simulation

Neck Simulation: Head CG X
3~4G Rear Test; Chalmers

-30 

-20 

-10 

0 

10 

20 

Z 
D

is
pl

ac
em

en
t (

m
m

)

0 50 100 150 200 250 300 350 400 
Time (msec)

Volunteer Envelope Simulation

Neck Simulation: Head CG Z
3~4G Rear Test; Chalmers

Figure 10. Simulation results in 3~4g extension (Davidsson 1998)
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Table 2. Simulation results for JARI strap tests

Angle
(degree)

Moment
(N-m)

Shear Force
(N)

Axial Force
(N)

JARI Sim JARI Sim JARI Sim JARI Sim

Chin upward 10~20
(200ms)

11
(130ms)

-3
(45ms)

-1 ~1
(20~

100ms)

-30~30
(60~

140ms)

-20~30
(28~

130ms)

130
(50ms)

150
(25ms)

Chin rearward -5~5
(50~

150ms)

-3~7
(35~

130ms)

6
(40ms)

3~ -2.5
(40~

60ms)

60
(40ms)

170
(40ms)

30
(40ms)

120
(40ms)

Forehead 15~20
(200ms)

18
(125ms)

* -2.1
(80ms)

30
(25ms)

60
(100ms)

30
(25ms)

50
(200ms)

* not available

 In addition, a preliminary simulation was performed
for the strap neck tests (which was meant to simulate
out-of-position air bag impacts) conducted by Ono et
al. (2001).  The setup for the JARI volunteer strap
test is depicted in Figure 12.

 Figure 12. Setup for JARI volunteer strap tests

 

 In the graph, the forces were applied in three
different locations (upward at chin, reward at chin,
and reward at forehead).  The peak of the applied
force for these strap tests at JARI was 150 N and the
time period for this load was around 50ms.  In the
simulation, a single load, whose peak value and time
duration are the same as the JARI volunteer tests,
was applied perpendicular to chin or forehead of the
DYNAMAN head/neck model.  Both results from the
simulation and JARI volunteer strap tests are
compared in Table 2.

The results from the simulation of the strap tests with
the new neck design were encouraging.  Especially for
the kinematics at the rearward chin tests, the THOR-
Beta head according to the simulation was rotating in
both flexion and extension, which was similar to the
volunteer strap tests (Figure 13). The results of the
simulations are summarized as follows:
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Figure 13. Head angle for strap testing simulation
(Rearward Chin)

(1) Upward at Chin:
Kinematics: Extension occurred during the entire
period; the peak angle from the simulation (11.5
degree) was close to the volunteer but the unloading
part was faster than volunteer.  This is attributed to
the observation that the rubber neck posseses less
hysteresis than the human.
Force & Moment: There was good agreement for
both shear and axial forces (Fx, Fz); for the moment,
although the value was close, it was hard to compare
because the magnitude was small (peak for the
volunteer’s test around 3 N-m).

(2) Rearward at Chin:
Kinematics: The head rotated in flexion first; then in
extension; this was similar to the volunteer results.
Force (Fx,Fz) & Moment: Both forces were higher
than the volunteer but the shape was similar.  For the
moment, there were good agreements.

(3) Rearward at Forehead:
Kinematics: Extension during the entire period; the
peak (19 degree) was also close to volunteers’ results,
but the unloading part was early.
Force (Fx,Fz) & Moment: Detailed results from
volunteers for this series of tests were not available;
therefore, there was no comparison possible.

These were preliminary simulations, but they indicated
that the neck should qualitatively match the output
seen from volunteers.

PRELIMINARY DYNAMIC TESTS

In order to verify the new head/neck system, both
mini-sled and dynamic pendulum tests were
conducted.

Mini-sled Tests

A mini-sled was used to verify the performance of
the full Hybrid III dummy retrofitted with the new
THOR-Beta head/neck system.  The mini-sled is a
inclined ramp with a single seat sliding on a track and
is shown in Figure 14.  It is a slightly modified
version of a device the NHTSA has used to show the
benefits of wearing seat belts and is known as the
Convincer.  The travel distance for the seat is around
2.3 meters and the angle for the incline is 15 degrees.
Rubber pads are used to stop the sled and generate
the deceleration. The deceleration is adjustable by
using additional bungee cables.  In the mini-sled
tests, the THOR-Beta head/neck system was
retrofitted to the rest of the Hybrid III dummy by
using the new pitch-changing mechanism.  Tests,
both in flexion and extension, were conducted for this
series of experiments.  The dummies in these tests
were restrained by both shoulder and lap belts.

Figure 14.  Mini-sled device used for evaluating
neck response.

Target markers were placed at the major landmark
points such as head CG, O.C., and T1 and a high-
speed camera was used to record the motion.  In
order to compare with the Hybrid III neck, the
regular Hybrid III dummy was tested under the same
conditions, i.e. both in flexion and extension.

 Flexion
 
In flexion, the peak sled deceleration was around 15g
for both the THOR-Beta and Hybrid III necks. The
time duration of the pulse was around 60 ms. The
maximum displacements of the head were obtained
by analyzing the high-speed camera film.  The
maximum displacement of the head occurred around
140 ms for the THOR-Beta neck and 110 ms for the
Hybrid III neck.  Figure 15 shows the head/neck at
the time of maximum displacement for both necks.
Table 3 compares the head CG displacements of the
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THOR-Beta and Hybrid III necks, which were
derived by digitizing the pictures from the high-speed
camera. The THOR-Beta neck shows greater flexion
under this setup (15g and 60ms deceleration pulse)
than the Hybrid III neck.
THOR-Beta

HIII

Figure 15. Comparison of THOR-Beta and
Hybrid III head/neck systems at maximum

displacements in flexion

Table 3. Comparison of maximum displacements
between THOR-Beta and HIII neck in flexion

Max.  Head CG
Displacement

Time
(ms)

Max.
Head
Angle
(deg)

X
(mm)

Z
(mm)

THOR-
Beta 140 45 157 71

HIII 110 27 110 27

Extension

By turning the seat 180 degrees, extension tests were
also conducted on the mini-sled.  The peak
deceleration in extension was between 5-7g and the
time duration between 60~70 ms. The peak was
slightly higher (and duration shorter) than the tests
performed at JARI (4g; 100 ms) because of the
limitation in replicating the JARI deceleration profile.
Pictures at the time of maximum head displacement
are shown in Figure 16.  The maximum
displacements for both necks occurred about the
same time (160 ms). Table 4 compares the
displacement results for both THOR-Beta and Hybrid

III necks.  The maximum head angle relative to T1
for this series of tests is around 49 degrees for
THOR-Beta neck and 45 degrees for Hybrid III neck.
The result for maximum head angle from the corridor
developed by JARI is from 39 degrees to 52 degrees.
It is thought that the reason the peak head extension
angle is at the higher end of the corridor is due to the
higher peak deceleration used in the tests.  The tests
were meant to provide a qualititative evaluation of
the performance of the neck.  Tests which fully
replicate the JARI test conditions will be performed
in the near future.

THOR-Beta

HIII

Figure 16. Comparison of THOR-Beta and
Hybrid III necks at maximum displacements in

extension

Table 4. Comparison of maximum displacements
between THOR-Beta and HIII neck in extension.

Max.  Head CG
Displacement

Time
(ms)

Max.
Head
Angle
(deg)

X
(mm)

Z
(mm)

THOR-
Beta 160 49 158 46

HIII 160 45 160 42

Dynamic Pendulum Tests

 Tests in frontal flexion, extension, and lateral flexion
using a head/neck pendulum were performed with the
new neck.  In these tests, the head-neck assembly was
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dropped from a specified angle into a contact plate
which is covered with foam.  The peak deceleration
is controlled by choosing different drop angles for the
pendulum arm.  The peak decelerations for the
impact pulses in all three directions for this series of
tests are shown in Table 5. The main purpose for the
tests was to evaluate the kinematics rather than the
maximum sustainable loading.
 
 Table 5. Deceleration for dynamic pendulum tests

Flexion Lateral Extension

Peak
Deceleration

(g)

27 17 4

Duration
(ms)

40 45 120

 
 Since the current THOR-Alpha neck has been shown
to have reasonable agreement with the human
corridor (Hoofman et. al., 1998), it was used to
develop a baseline for comparing the new Beta neck.
Both the Alpha and Beta necks were tested in these
preliminary studies.  In addition, the Hybrid III
head/neck was tested in this series of experiments as
well. Results for these three head/neck systems are
described in the following section.
 
 Moment at O.C.
 
In the dummy neck, loads are normally measured by
using the neck load cell. The measurement from the
neck load cell represents the response at a point offset
from a point representing O.C. in dummy.  Thus a
correction to the total moment has to be made due to
the contribution of the shear force.  In the case of the
THOR necks, forces due to the two spring/cables
would also contribute to the moment at O.C.  In the
tests conducted at GESAC, the computations for the
total moment at the O.C. are carried out by a program
called THORTEST, which was developed to post-
process various instrumentation data collected by
THOR (NHTSA, 2002).
 Table 6. Peak moment at O.C. for pendulum tests

THOR-
Beta

(N-m)

THOR-
Alpha
(N-m)

Flexion 62
(68ms)

68
(68ms)

Lateral Flexion 35
(67ms)

35
(66ms)

Extension -24
(125ms)

-19
(125ms)

Results from this series were computed by using this
program and the peak moments at O.C. are given in
Table 6 for both the THOR-Alpha and Beta necks in
flexion, lateral flexion, and extension. It is seen that
the peak moments at O.C. are similar and the timing
is close.  The results suggest that both necks have
similar moment responses at O.C.  The head rotation
angle was obtained by digitizing the high-speed
camera output.  The moment at the O.C. was plotted
against head angle and compared to the
biomechanical corridors (Mertz et al., 1973; Patrick
and Chou, 1976).  These plots are shown in Figures
17, 18, and 19.  The graphs show that the THOR-
Beta neck responses fall within the corridors in all
three directions.  For lateral flexion, a small part of
the moment vs. angle curve goes outside the corridor.
These tests were conducted without the neck skin and
without a shoulder.  Thus the moment does not take
into account the contribution due to the interaction of
the neck flesh with the shoulder flesh which would
occur in the case of the volunteer at the higher
flexion angles.  This interaction would increase the
stiffness at the higher angles.

 

 
 Figure 17. Moment vs. angle in flexion

 

 Figure 18. Moment vs. angle in lateral flexion
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 Figure 19. Moment vs. angle in extension
 
 
 Kinematic Response
 
The kinematic responses were obtained by digitizing
the pictures from the high-speed camera (at an
interval of 2 msec).  The results for the three necks in
flexion and lateral flexion are shown in Table 7 and
Table 8, respectively.

Table 7. Peak kinematic response in flexion for
pendulum tests

Max.  Head CG
Displacement

Time
(ms)

Max.
Head
Angle
(deg)

X
(mm)

Z
(mm)

THOR-
Beta 74 55 172 132

THOR-
Alpha 72 64 202 142

HIII 50 54 123 77

Table 8. Peak kinematic response in lateral flexion
for pendulum tests

Max.  Head CG
Displacement

Time
(ms)

Max.
Head
Angle
(deg)

Y
(mm)

Z
(mm)

THOR-
Beta 60 51 168 79

THOR-
Alpha 60 55 184 82

HIII 44 36 125 42

From the tables, it is seen that there is a decrease in
the maximum head angle and maximum head
displacement with the THOR-Beta neck as compared
to the current THOR-Alpha neck.  Previous testing
(Hoofman et. al., 1998) indicated that the kinematic
response of the THOR-Alpha neck put it at the higher
end of the corridor for head angle and head X
displacement.  Thus the stiffer response of the Beta
neck is expected to move the response in the right
design direction.  When compared to the Hybrid III
neck, the results show that both THOR necks are
more flexible than Hybrid III in both frontal and
lateral flexion.  Also, the time to reach the peak
values for the THOR neck is longer than the Hybrid
III neck in these two directions.  In addition, some
rotation about the Z-axis (i.e. the about the neck
vertical axis) was observed for the THOR-Beta neck
during the lateral tests due to its inclined structure.  In
the volunteer tests, there is significant torsional
motion (Wismans and Spenny, 1983).  With the
straight necks found in the THOR-Alpha and in the
Hybrid III, the torsional effect was minimal.  Though
the slightly inclined structure in the THOR-Beta neck
generates some torsion, it is still lower than that seen
in the human volunteers.

Table 9 shows the kinematic results from the
extension tests.  In this case, the THOR-Beta neck
rotates more than the Alpha neck.  In addition, the
peak head rotation angle and head C.G.
displacements for Hybrid III are slightly higher than
corresponding values for the THOR-Beta neck in this
direction.  The times to reach the peak value in
extension are also similar for the three necks.

Table 9. Peak kinematic response in extension for
pendulum tests

Max.  Head CG
Displacement

Time
(ms)

Max.
Head
Angle
(deg)

X
(mm)

Z
(mm)

THOR-
Beta 126 35 101 20

THOR-
Alpha 116 21 110 10

HIII 124 33 90 2

-10 
0 

10 
20 
30 
40 
50 
60 
70 

M
y 

(N
-m

)

0 20 40 60 80 100 
Angle (Degree)

Corridor Beta Neck

Neck Pendulum Tests
Extension; Moment vs. Angle



Huang 11

DISCUSSION

A new head-neck system for THOR has been
fabricated and the new neck is called the THOR-Beta
neck.  The principal reasons for modifying the
existing Alpha neck are:

1. Improve anthropometry to make it closer to
the human neck structure

2. Improve biofidelity to make the neck more
useful in out-of-position air bag tests

3. Add capability to retrofit to Hybrid III.

The new Beta neck contains several new features:

1. 4 rubber pucks (instead of five in the Alpha
neck)

2. Introduction of angled rubber pucks to
generate a slightly inclined neck

3. Modified neck spring to prevent sharp
responses which are not humanlike.

4. New puck shapes to respond differently in
flexion and extension.

5. Rubber bushing to allow axial extension.
6. A mechanism to allow a simple retrofit to

the Hybrid III spine.

Design parameters, such as the size and shape of the
rubber pucks and the material characteristics were
obtained using lumped-mass simulations with the
DYNAMAN model (Shams et. al, 1992).  The
simulations indicated that the new neck should agree
well in kinematics with the volunteer corridors in all
three directions, namely frontal flexion, extension,
and lateral flexion.

A series of dynamic tests were performed under two
test conditions.  The first, using a head/neck
pendulum tested the kinematics of the THOR-Beta
head/neck system only and compared them to that of
the current THOR-Alpha head/neck and the Hybrid
III head/neck.  The second, used a mini-sled to test
the response of a Hybrid III dummy which had been
retrofitted with the new head and neck.  The results
from these tests were also compared with those of the
current THOR-Alpha and Hybrid III dummies.

Repeated dynamic tests were conducted with the new
neck.  Figures 20 and 21 show the O.C. moment
responses in frontal and lateral flexion in repeated
tests.  The graphs indicate that the new neck has good
repeatability.  Durability was also good, with the
neck being subjected to pendulum tests without
failure over 30 times.  The tests showed good
agreement with the THOR-Alpha neck as well.

From the pendulum test results, it was seen that in
both frontal and lateral flexion, the THOR-Beta neck
had slightly lower peak head angular motion and
head displacement than the THOR-Alpha.  If this
change in response is borne out in regular sled-tests
to be conducted, then it would make the Beta neck
more biofidelic than the Alpha.  From the pendulum
tests, it is also seen that both the THOR-Alpha and
Beta necks produce significantly  greater head motion
than the Hybrid III neck  in frontal and lateral flexion
and approximately the same motion in extension.

Figure 20. O.C. moment results for repeated
pendulum tests in flexion

Figure 21. O.C. moment results for repeated
pendulum tests in lateral flexion

CONCLUSION

 The improved kinematics of the THOR-Beta neck
should make it a better device for use in air bag
testing.  The preliminary testing using the head/neck
pendulum and the mini-sled indicated that the
kinematics using the THOR-Beta neck would be an
improvement over the Alpha neck.  Testing on a
standard HyGe sled is being planned to confirm the
results.  These tests will test the new head/neck
system in an environment similar to that used for the
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NBDL volunteers.  The capability to retrofit to the
existing Hybrid III dummy would also make the new
neck useful in a wider range of tests.

 A new cam/rubber mechanism design is being
considered for the O.C. in the THOR-Beta neck.  The
modification is meant to improve its response in out-
of-position air bag testing.  The modification
involves the redesign of the shape of rubber that
limits the movement of the head in frontal flexion
and extension.  The new design will make it easier to
tune the moment-angle response.  The NHTSA is
currently evaluating biomechanical data regarding the
response at O.C. under dynamic loading and coming
up with a representative moment-angle
characterization at the joint.  Once the
characterization is complete, the intention is to
implement it using the new rubber stop design.
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ABSTRACT

Considerable research has been initiated to develop
countermeasures to mitigate injuries to persons,
particularly children, who are present or out-of-
position at the time of airbag deployment. This paper
reports on the development of a camera-based optical
occupant position sensor system that can be used
with multi-stage inflation technologies for
modulating airbag deployment.

INTRODUCTION

In motor vehicle crashes where an occupant has been
seriously or fatally injured from a deploying airbag, a
common finding has been that the occupant was in
close proximity to the airbag (or out-of-position) at
the time of deployment. The occupant may have
been out-of-position for a variety of reasons
including: driver loss of consciousness, pre-impact
braking, multiple impacts, rearward-facing child seat
installation, or late firing of the airbag after the
occupant has already been forced against the airbag
by the crash deceleration. Considerable research has
been initiated to develop new or enhanced injury
countermeasures to mitigate injuries to persons,
particularly children, who are out-of-position at the
time of airbag deployment. This paper reports on the
development of a low-cost occupant position sensor
system based on a single CMOS camera that can be
used in conjunction with dual-stage or multi-stage
inflation technologies for modulating airbag
deployment.

The occupant position sensor system uses a CMOS
camera in conjunction with pattern recognition
algorithms for the discrimination of out-of-position
occupants and rearward-facing child safety seats. A
single imager, located strategically within the
occupant compartment, is coupled with an infrared
LED that emits unfocused, wide-beam pulses toward
the passenger volume. These pulses, which reflect
off objects in the passenger seat and are captured by
the camera, contain information for classification and

location determination in approximately 10
milliseconds. The decision algorithm processes the
returned information using a uniquely trained neural
network system. The logic of the neural network
system was developed through extensive in-vehicle
training with thousands of realistic occupant size and
position scenarios. Although the optical occupant
position sensor can be used in conjunction with other
technologies, such as weight sensing, seatbelt
sensing, crash severity sensing, etc., it is a standalone
system meeting the requirements of FMVSS208.

In the early 1990’s, ATI developed a scanning laser
radar optical occupant sensor that had the capability
of creating a three dimensional image of the contents
of the passenger compartment. After proving
feasibility, this effort was temporarily put aside due
to the high cost of the system components. ATI then
developed an ultrasonic-based occupant sensor that
was commercialized and is now in production on
some Jaguar models. ATI has long believed that
optical systems would eventually become the
technology of choice when the cost of optical
components came down. This has now occurred and
for the past several years, ATI has been developing a
variety of optical occupant sensors. This paper will
report on one low-cost camera-based optical system
that is now ready for commercialization for high
volume production.1

ATI’s first camera-based optical occupant sensing
system was an adult zone-classification system that
detected the position of the adult passenger. Based
on the distance from the airbag, the passenger
compartment was divided into three zones, namely
safe-seating zone, at-risk zone, and keep-out zone.
This system was implemented in a vehicle under a
cooperative development program with NHTSA.
This proof-of-concept was developed to handle low-
light conditions only. It used three analog CMOS
cameras and three near-infrared LED clusters. It also
required a desktop computer with three image

1 For a more complete discussion of ATI occupant sensor
systems, see the following US Patents: 05653462,
05694320, 05822707, 05829782, 05835613, 05485000,
50488802, 05901978, 05943295, 06309139, 06078854,
06081757, 06088640, 06116639, 06134492, 06141432,
06168198, 06186537, 06234519, 06234520, 60242701,
06253134, 06254127, 60270116, 06279946, 60283503,
06324453, 06325414, 06330501, 06331014, RE37260,
06393133, 60397136, 06412813, 06422595, 06452870,
06442504, 06445988 as well as others published more
recently.
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acquisition boards. The locations of the camera/LED
modules were: the A-pillar, the IP, and near the
overhead console. The processing speed of the
system was close to 50 fps giving it the capability of
tracking an occupant during pre-crash braking
situations – that is a dynamic system.

The second camera optical system was an occupant
classification system that separated adult occupants
from all other situations (i.e. child, child restraint and
empty seat). This system was implemented using the
same hardware as the first camera optical system. It
was also developed to handle low-light conditions
only. The results of this proof-of-concept were also
very promising.

Please note that both systems above were trained to
handle camera blockage situations, i.e. the systems
still functioned well even when two cameras were
blocked. It was decided to develop a single-camera
stand-alone system that is FMVSS208-compliant,
and price-competitive with weight-based systems but
with superior performance. Thus, a third camera
optical system (for occupant classification) was
developed. Unlike the earlier systems, this system
used one digital CMOS camera and two high-power
near-infrared LED’s. The camera/LED module was
installed near the overhead console and the image
data was processed using a laptop computer. This
system was developed to divide the occupancy state
into four classes: 1) adult; 2) child, booster seat and
forward facing child seat; 3) infant carrier and
rearward-facing child seat; 4) empty seat. This
system consisted of two subsystems: a nighttime
subsystem for handling low-light conditions, and a
daytime subsystem for handling ambient-light
conditions. Although the performance of this system
proved to be superior to the earlier systems it
exhibited some weakness mainly due to a non-ideal
aiming direction of the camera.

Later, a fourth camera optical system was
implemented using near production intent hardware
using, for example, an ECU (Electronic Control Unit)
to replace the laptop computer. In this system, the
remaining problems of earlier systems were
overcome. Finally, a fifth camera optical system was
implemented using the same hardware but in a
different vehicle. The uniqueness of this system is
that it is capable of continuously tracking the
occupant position. It is important to note that ATI’s
optical position-tracking system was implemented
with a single camera, and uses technologies other
than stereovision or triangulation.

This paper will not talk about all the systems above.
Instead, this paper will focus on the algorithms,
which represent the innovative heart of all these
systems. The following algorithms will be
introduced in this paper: 1) image preprocessing
techniques; 2) feature extraction algorithm; 3)
modular neural network architectures; 4) post neural
network processing technique. Data collection,
neural network training, and system performance
evaluation will also be discussed in this paper.

THE PROCESS

ATI believes that an occupant sensing system should
perform occupant classification as well as position
tracking since both are critical information for
making decision of airbag deployment in an auto
accident. Figure 1 shows the ATI occupant sensing
strategy. Occupant classification may be done
statically since the type of occupant does not change
frequently. Position tracking, however, has to be
done dynamically so that the occupant can be tracked
reliably during pre-crash braking situations. Position
tracking should provide continuous position
information so that the speed and the acceleration of
the occupant can be estimated and prediction can be
made even before the next actual measurement takes
place.

ATI has proved that occupant classification and
dynamic position tracking can be done with a
standalone optical system that uses a single camera.
The same image information is processed in a similar
fashion for both classification and dynamic position
tracking. As shown in Figure 2, the whole process
involves five steps: image acquisition, image
preprocessing, feature extraction, neural network
processing, and post-processing.

Image Acquisition

The imaging hardware mainly consists of a digital
CMOS camera, a high-power near-infrared LED, and
the LED control circuit.

Three types of imaging sensors were tested and many
more were investigated. The following key
characteristics of the sensors were identified:
� Digital CMOS sensor (so no additional

digitization hardware required)
� Spatial resolution 320×240 or 256×256 is

sufficient
� Medium high dynamic range (i.e. 70-100 dB)

with good image contrast
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� Automotive temperature requirement (i.e. -40°C
to 85°C)
� Customizable and hardware-implemented

automatic exposure/gain control
� Global shutter (that simplifies the

synchronization between LED’s and camera)

Various near-infrared LED’s were also investigated,
which include the high-power LED’s with special
packaging for heat dissipation, and small surface-
mount LED’s.

Image Preprocessing

A number of image preprocessing filters have been
implemented, which include noise reduction, contrast
enhancement, edge detection, image down sampling
and cropping, etc. Here is a list of the preprocessing
filters that have been implemented so far:
� 3×3 Gaussian filter (for noise removal)
� 3×3 Laplacian filter (for edge detection)
� Kirsch filter (for detecting edges with different

orientations)
� Histogram-based contrast enhancement filter
� Wavelet-based enhancement filter (including 54

wavelet functions from 7 families)
� Morphological filter (including dilation, erosion,

close, open, tophat, h-dome)
� Binarization filter
� Image down-size filter (for down-sampling and

cropping)

� Generic in-frame filter (i.e. a customizable
window-based spatial filter)
� Generic cross-frame filter (i.e. a customizable

window-based temporal filter)
� Pixel transfer filter (suitable for eliminating

regions with irregular shapes)

Under daylight conditions, the image contains
unwanted contents because the background is
illuminated by the sunlight. For example, the
movement of the driver, other passengers in the
backseat, and the scenes outside the passenger
window can interfere if they are visible in the image.
Usually these unwanted contents cannot be
completely eliminated by adjusting the camera
position, but they can be removed by image
preprocessing.

Feature Extraction

The image size in the current classification system is
320×240, i.e. 76,800 pixels, which is too much for
the neural network to handle. In order to reduce the
amount of the data while retaining most of the
important information, a good feature extraction
algorithm is needed. ATI’s block-based multi-scale
feature extraction algorithm is able to compresses the
data to only a few hundred floating-point numbers
while retaining most of the important information.
Figure 3 shows an example of the image and its
corresponding feature vector.

Static
Occupant

Classification

Empty
Seat

Infant Carrier or
Rearward-Facing

Child Seat

Child or
Forward-Facing
Child Restraint

Adult
Passenger

Dynamic
Position
Tracking

Dynamic
Position
Tracking

Recommended Action
suppress airbag

Recommended Action
suppress or depower
airbag based on
distance and crash
severity

Recommended Action
suppress, depower, or
fullpower airbag based
on distance and crash
severity

Image
Acquisition

Image Pre-
processing

Feature
Extraction

Neural Network
Processing

Post-processing

Figure 1. ATI occupant sensing strategy. Figure 2. Processing block diagram.
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Figure 3. Example of image feature extraction.

Table 1. Factors that may affect the image data.
Vehicle Configuration Occupant Child Restraint Lighting Condition
� Seat track position
� Seatback recline

position
� Other interior fixture

configurations (such
console, glove box,
seatbelt, etc.)

� Height
� Weight
� Clothing
� Hair and facial

hair
� Skin tone
� Seating position
� Personal objects

� NHTSA
FMVSS208
approved 11 rear-
facing child
restraints, 7
forward-facing
child restraints, and
4 booster seats.

� Nighttime condition
� Sunlight at different time

of the day and/or different
vehicle orientation

� Dome light
� Door light
� Headlight from other

vehicle

Neural Network Processing

Once an image is converted into a feature vector, the
classification decision can be made using any pattern
recognition technique. Literature studies show that
the neural network technique that simulates the
human brain is particularly effective in pattern
recognition applications. In our application,
however, the patterns of the feature vectors are
extremely complex. Table 1 shows a list of things
that may affect the image data and therefore the
feature vector. Considering all the combinations,
there could be an infinite number of patterns. For a
complex system like this, it is impossible to train a
single neural network to handle all the possible
scenarios. Studies show that, by dividing a large task
into many small subtasks, a modular approach is
extremely effective with complex systems.

Figure 4 shows some of the modular neural network
architectures that have been tested. Particularly, the

architecture in Figure 4(3) has two unique
characteristics:

1) Since the outputs of all the six neural networks
can be considered as binary, there are 64
possible output combinations, but only 32 of
them are valid. For an untrained data pattern, it
is more likely to have an invalid output
combination than a misclassification. Therefore
this architecture provides a way to identify
“unseen” patterns.

2) Since a positive classification requires
consistent outputs from three neural networks,
the chance of misclassification is very small.
Misclassification rate is reduced by replacing
the weak classifications with “undetermined”
states.

Post-Processing

The simplest way to utilize the temporal information
is to use the fact that the data pattern always changes
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continuously. And because the input to the neural
networks is continuous, the output from the neural
networks should also be continuous. Based on this
idea, post-processing filters can be used to eliminate
the random fluctuations in the neural network output.
Here is a list of the post-processing filters that have
been implemented so far:
� Generic digital filter
� Kalman filter
� Median filter
� Post-decision filter based on “age” and “locality”

Besides filtering, additional knowledge can be used
to remove some of the undesired changes in the
neural network output. For example, it is impossible
to change from an adult passenger to a child restraint
without going through an empty-seat state, and vice
versa. Based on this idea, a decision-locking
mechanism for eliminating undesired decision
changes was implemented. Once the system
stabilizes, any direct change between two non-empty-
seat classes is virtually prohibited.

Empty-Seat

Infant Neural Network

Empty
Seat?

Yes

No

Feature Vector

Empty-Seat Neural
Network

Infant Carrier or
Rearward Facing

Child Seat

Adult Neural Network

Infant?

Yes

No

Adult
Passenger

Adult?

Yes

No

Child or Forward-
Facing Child

Restraint
Empty-Seat

Infant Neural Network

Empty
Seat?

Yes

No

Feature Vector

Empty-Seat Neural
Network

Infant Carrier or
Rearward Facing

Child Seat

Adult Neural Network

Infant?

Yes No

Adult
Passenger

Adult?

Yes No

Child or Forward-
Facing Child

Restraint
Undetermined

(1) Architecture #1. (2) Architecture #2.

Neural
Network "AB"

Neural
Network "AC"

Neural
Network "AD"

Neural
Network "BC"

Neural
Network "BD"

Neural
Network "CD"

C D C D DA A A B B C
BA CA DA CB DB DC

B

1=Yes
0=No

1=Yes
0=No

1=Yes
0=No

1=Yes
0=No

1-0-0-0:
0-1-0-0:
0-0-1-0:
0-0-0-1:

otherwise:

Class A (empty-seat)
Class B (adult passenger)
Class C (child or forward-facing child restraint)
Class D (infant carrier or rearward-facing child seat)
undetermined

AND AND AND AND

Feature Vector

(3) Architecture #3.

Figure 4. Various modular neural network architectures were investigated.
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SYSTEM TRAINING

Currently ATI implements occupant classification as
two systems for handling ambient light (or daytime)
conditions and low-light (or nighttime) conditions
respectively. Under low-light conditions, the center
of the view is illuminated by near infrared LED’s.
The background (including the floor, the backseats,
and the scene outside the window) is virtually
invisible, which makes classification somewhat
easier. Classification is more difficult under ambient
light condition because the background is illuminated
by the sunlight, and sometimes the bright sunlight
projects sharp shadows onto the seat, which creates
false patterns in the feature vectors.

ATI’s optical position-tracking system was also
implemented with a single camera. The difficulty
with the position-tracking system is to obtain the
continuous distance information for training. An
ultrasonic distance-tracking device was developed for
this purpose. This device contains a sender (installed
near the airbag) and a receiver (attached to the
moving occupant), and is able to send continuous
distance measurements to a PC via serial port.

A Classification System for Nighttime Conditions

The data collection on the nighttime classification
system was done inside a building where the
illumination from outside the vehicle was filtered out
using a near-infrared filter. The data set consists of
about 725,000 images, and the data distribution is
shown in Table 2. The 3-network architecture shown
in Figure 4(2) was used, and the performance of the
whole modular system is shown in Table 3.

A Classification System for Daylight Conditions

The data collection on the daylight classification
system is more complex because different sunlight
conditions have to be considered. A systematic data
collection matrix was made to cover both sunny
conditions and overcast conditions. For sunny
conditions, a timely schedule was created to cover all
sunlight conditions corresponding to different time of
the day. The data set consists of about 860,000
images, and the data distribution is shown in Table 4.
Both the 3-network architecture in Figure 4(2) and
the 6-network architecture in Figure 4(3) were used.
The performance of the 3-network architecture is
shown in Table 5, while the performance of the 6-
network architecture is in Table 6. The results show
that the 6-network architecture gives higher success
rates.

A Position-Tracking System for Nighttime
Conditions

The occupants were wearing an ultrasonic distance-
tracking device during the data collection on the
position-tracking system. After learning from the
images associated with accurate distances, the system
is able to track the occupant continuously as the
occupant moves inside the passenger compartment.
Figure 5 demonstrates the tracking capability, where
the red lines indicate the readings from the ultrasonic
distance-tracking device and the blue lines are
outputs from the neural networks. The spikes in the
red lines were due to the fact that the ultrasonic
distance-tracking device has limited field of view and
it loses signal when the occupant turns their head
away from the receiver.

Table 2. Distribution of the database of nighttime conditions.

Adult Child and FFCR
(Forward-Facing Child Restraint)

Infant Carrier and RFCS
(Rearward-Facing Child Seat) Empty Seat

38.71% 25.14% 27.27% 8.88%

Table 3. Performance of the classification system for nighttime conditions.
Classified As

Adult Child & FFCR Infant Carrier & RFCS Empty Seat Undetermined
Adult 97.30% 1.83% 0.22% 0.01% 0.64%

Child & FFCR 0.92% 98.44% 0.62% 0.02% 0%
Infant Carrier & RFCS 0.09% 0.62% 98.60% 0% 0.69%

T
arget

C
lass

Empty Seat 0% 0% 0% 100% 0%
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Table 4. Distribution of the database of daylight conditions.

Adult Child and FFCR
(Forward-Facing Child Restraint)

Infant Carrier and RFCS
(Rearward-Facing Child Seat) Empty Seat

47.72% 11.98% 32.09% 8.21%

Table 5. Performance of the classification system for daylight conditions (3-network architecture).
Classified As

Adult Child & FFCR Infant Carrier & RFCS Empty Seat Undetermined
Adult 97.34% 1.06% 0.32% 0.35% 0.93%

Child & FFCR 0.88% 98.72% 0.37% 0.03% 0%
Infant Carrier & RFCS 0.33% 1.05% 97.69% 0.04% 0.89%

T
arget

C
lass

Empty Seat 0.02% 0.10% 0.01% 99.87% 0%

Table 6. Performance of the classification system for daylight conditions (6-network architecture).
Classified As

Adult Child & FFCR Infant Carrier & RFCS Empty Seat Undetermined
Adult 98.45% 0.48% 0.82% 0.06% 0.19%

Child & FFCR 0.15% 99.63% 0.15% 0.01% 0.06%
Infant Carrier & RFCS 0.70% 0.19% 98.97% 0% 0.14%

T
arget

C
lass

Empty Seat 0.03% 0% 0% 99.94% 0.03%
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Figure 5. The position-tracking system tracks the distance between the moving occupant and the airbag.
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Figure 6. The accuracy of the position-tracking system.

The accuracy of the position-tracking system is
shown in Figure 6. One can see that the accuracy
starts to decrease when the distance is below 5 inches
or above 32 inches, which was due to the limitation
of the ultrasonic distance-tracking device. Please
note that this system was trained with a rather small
database that contains only 36,000 images.

CONCLUSIONS AND DISCUSSIONS

In this paper, the technology of a standalone optical
occupant sensing system using a single camera was
introduced. During the development of the system,
new image preprocessing techniques were
implemented, the feature extraction algorithm was
developed, new neural network architectures and new
post-processing techniques were explored, data
collection techniques were improved, new modular
neural networks were trained and evaluated, many

software tools were created or improved, and also
problems present in data collection and hardware
installation were identified.

It is important to note that the classification/position-
tracking accuracies reported here are based on single
images and when the post-processing steps are
included the overall system accuracy approaches
100%. This is a substantial improvement over
previous systems even though it is based on a single
camera. Some additional improvement can be
obtained through the addition of a second camera.
Nevertheless, the system as described herein is cost-
competitive with a weight-only system and
substantially more accurate. This system is now
ready for commercialization where the prototype
system described herein is made ready for high
volume serial production.
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ABSTRACT 
 
In March of 1997, the National Highway Traffic 
Safety Administration (NHTSA) published a final rule 
amending the Federal Motor Vehicle Safety Standard 
No. 208 (FMVSS 208) Occupant Protection 
requirements to allow manufacturers to de-power their 
air bags.  The agency subsequently issued a notice of 
proposed rulemaking (NPRM) on advanced air bags in 
September 1998 and a supplemental NPRM (SNPRM) 
in November 1999.  The final rule was issued in May 
2000 amending the occupant protection standard to 
have the manufacturers design the air bags to protect 
small stature adults and young children in frontal 
crashes and to reduce the risk of serious air bag 
induced injury, particularly for small women and 
children.  In June of 2001, the NHTSA published in 
the Federal Register a request for comments on a plan 
to monitor the performance of advanced air bags and 
to develop data for potential future air bag 
rulemaking.  An ongoing research program was 
created to look at the air bags by following the new 
procedures in FMVSS No. 208. This paper looks at 
the findings of the out-of-position (OOP) air bag 
testing involving the 6-year old and 5th percentile 
female dummies for the model year 2001 vehicles.   
 
BACKGROUND 
 
FMVSS 208 (49 CFR Part 571.208) is the occupant 
protection regulation in the United States.  In May 
2000 and December 2001, the final rule amended the 
occupant crash protection standard to require future 
air bags to be less aggressive to small stature adults 
and young children, but still provide protection for all 
occupants.  To achieve these goals, the rule added 
many new requirements, test procedures, injury 
criteria and new dummies to FMVSS 208.  It also 
replaced the existing sled test with a rigid barrier crash 
test with unbelted dummies.   
 
 

The new rule improves protection and minimizes risk 
by requiring new tests and injury criteria for the entire 
family (12 month, 3, 6 year old, 50th percentile male 
and female) of test dummies. The rule will be phased 
in during two stages.  The first phase-in will include 
an unbelted rigid barrier test (32-40 kph) with the 50th 
percentile male dummy and the 5th percentile female 
dummy.  It also minimizes the risks to OOP young 
children and small adults (12 month CRABI, 3YO, 
6YO, 5th percentile female dummies).  The second 
phase-in covers the belted rigid barrier test (56 kph) 
with the 50th percentile male dummy. 
 
Automobile manufacturers must meet one of the 
following minimum requirements designed to 
minimize air bag risks: Option 1 – Automatic 
Suppression feature, Option 2 – Dynamic Automatic 
Suppression system that suppresses the air bag when 
an occupant is out of position, or Option 3 – Low Risk 
Deployment (LRD) or (OOP testing). This paper looks 
at Option 3- OOP testing on selected model year 
(MY) 2001 vehicles.  Recent studies of prototype dual 
stage air bags indicate that their performance has 
improved over single stage bags in providing 
protection to occupants in high speed crashes while 
reducing aggressivity to OOP occupants [3]. 
 
TEST MATRIX 
 
To fully evaluate the new model air bags, they need to 
be tested under several different conditions.  The new 
air bags must be able to protect adults in high-speed 
impacts, while protecting OOP small adults and young 
children at low speeds.  Vehicles were chosen for this 
study depending on what advanced safety features 
they had.  A wide variety of vehicles: passenger cars, 
light trucks and vans were included in this selection.  
Several vehicles make/models had dual stage air bags 
and advanced seat belts.  Table 1 shows the vehicles 
selected and their safety features.  
 
It should be noted that all the vehicles selected in this 
study were certified to a previous version of FMVSS 
208, which required performance in a sled test or 
crash test.  Therefore, these vehicles were not required 
to meet the OOP injury criteria listed in Table 3.  
These results setup a baseline to which future air bag 
designs that comply with the new FMVSS No. 208 
can be compared. 
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OOP Testing 
 
The out-of-position testing was performed on all six 
vehicles at the Vehicle Research and Test Center 
(VRTC), in East Liberty, Ohio.  The OOP testing was 
done with the Hybrid III 6-year-old (6YO) dummy on 
the passenger side and the Hybrid III 5th percentile 
female dummy on the driver’s side.  The vehicles with 
the dual stage air bags were tested in the low mode 
first.  If the dummy readings passed the injury 
assessment reference values (IARV) in the low mode, 
then the high mode was tested.  Table 2 shows the 
different fire times used during testing.   
 
Test Positions 
 
The dummy positions selected examine the head, neck 
and chest interaction with the deploying air bag. The 
test positions used for the OOP testing were the 
positions in the December 2001 version of the 
FMVSS No. 208 final rule. However, the descriptions 
and pictures in this paper should not be considered 
surrogates for the test procedures for the FMVSS No. 
208 final rule. 
 
 
Table 1.   Vehicle Selection 
Vehicle Dual 

Stage 
Air bags 

Force 
Limited 
Seatbelts 

Pre-
tensioners 
in the 
Seatbelts 

2001 Honda 
Accord 

 
X 

 
X 

 
X 

2001 Chevy 
Impala 

 
X 

 
X 

 

2001 Dodge 
Caravan 

 
X 

 
X 

 
X 

2001 Toyota 
Echo 

  
X 

 
X 

2001 Ford 
Escape 

  
X 

 
X 

2001 Ford 
F150 

  
X 

 
X 

 
 
 
 

Table 2.  Air bag Fire Times 
MY2001  
 

Time gap between stages, msec Pass. 
  

Vehicles Driver  Passenger Bag 

 Low High Low High Loc 

2001 
Honda 
Accord 

20 0 30 0 Top 

2001 
Chevy 
Impala 

Primary 
Only 

4 Primary 
Only 

4 Mid 

2001 
Dodge 
Caravan 

Primary 
Only 

0 Primary 
Only 

0 Mid 

2001 
Toyota 
Echo 

N/A N/A N/A N/A Top 

2001 Ford 
Escape 

N/A N/A N/A N/A Front 

2001 Ford 
F150 

N/A N/A N/A N/A Mid 

 
 
 
6-Year Old 
The 6-year old dummy was placed in the right front 
passenger’s seat and positioned according to the 
December 2001 FMVSS No. 208 final rule [1].  There 
are two positions for the 6-year old in the low risk 
deployment test procedure; Position 1, Chest on 
Instrument Panel and Position 2, Head on Instrument 
Panel.  Position 1 aligns the chest with the air bag 
opening.  Position 2 allows the dummy to sit with its 
head and neck close to the air bag.  Both positions 
look at the head, neck and chest interaction with the 
deploying air bag. 
 

    
Figure 1  Position 1                Position 2 
 

Position 1: In order to get the dummy in the 
required position, wooden spacer blocks or foam 
blocks were placed on the seat and were used to prop 
the dummy up to the opening from which the air bag 
deploys. A string was used to support the dummy 
from falling back into the seat.  For the first couple of 
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tests, the seatback was at the nominal seatback angle, 
but for the majority of the tests, it was adjusted to the 
most reclined position. This was done to avoid 
damage to the seats. 
 
 Position 2: For this position, in most of the 
vehicles, the dummy had to be pushed forward to 
make contact with the instrument panel. In some of 
the vehicles the dummy needed a string to help hold it 
in position.  For the first couple of tests, the seatback 
was at the nominal seatback angle, but for the majority 
of the tests, it was adjusted to the most reclined angle.  
This was done to avoid damage to the seats. 
 
5th Female  
The test positions that were used for the Hybrid III 5th 
percentile female dummy were positions 1 and 2 from 
the FMVSS No. 208 final rule [1].  The 5th female was 
tested on the driver’s side of the vehicle.  The two 
positions that were used were Position 1:  Chin on Air 
bag Module and Position 2:  Chin on Steering Wheel 
Rim. 
 

    
Figure 2. Position 1                     Position 2 

Position 1: This position aligns the chin with 
the air bag opening.  This position is sometimes 
unattainable, because the position is low on the 
steering wheel. In most of the vehicles tested in this 
study, this was unattainable.  The dummy was 
adjusted to be at the closest point to the opening as 
possible.  The seatback was adjusted to the nominal 
position and also was braced to avoid damage to the 
seat. 

Position 2: This position places the chin on 
the upper edge of the steering wheel rim and the chest 
close to the air bag.  This was obtained by placing 
foam blocks under the dummy to get the correct angle 
and to raise it higher in the seat so the correct 
alignment could be achieved. In some vehicles, the 
windshield interfered with this position, and the 
steering wheel had to be moved slightly lower than the 
mid position to get the correct positioning.   

 
INSTRUMENTATION OF THE DUMMIES 
 
The dummies were instrumented with the following: 
6YO:   

 
-      3-axis head CG accelerometers 
- 6-axis upper and lower neck load cells 
- 3-axis chest accelerometers 
- 1-axis chest deflection 
- Upper and lower sternum accelerometers 
- Lower thorax insert accelerometer 
- Upper spine box accelerometer 
- 3-axis pelvis accelerometer 
- Right and left ASIS upper and lower 

load cells 
5th Female: 

-      3-axis head CG accelerometers 
- 9-array head accelerometers 
- 6-axis upper and lower neck load cells 
- 3-axis chest accelerometers 
- 1-axis chest deflection 
- Upper, middle and lower sternum 

accelerometers 
- 6-axis lumbar load cells 

The femur load cells were not used for this testing. 
 
The data channels were digitally sampled at 20,000 
samples per second and processed per SAE J211 
March 1995.  The tests were filmed using two high-
speed digital video cameras at 1000 frames per 
second. 
 
INJURY CRITERIA 
 
The testing results were analyzed using the FMVSS 
No. 208 injury criteria for out-of-position occupants 
for the Hybrid III 6 year old (6YO) and 5th percentile 
female dummies.  The peak values for tension and 
compression are also lower.  The injury assessment 
reference values (IARV) used for this study are listed 
in Table 3. 
 
Table 3. Injury Assessment Reference Values 

 
OOP 

Threshold 
Values 

Injury Criteria 5th % 
Female 

6YO 
Child 

15ms HIC 700 700 
3ms Clip (g) 60 60 
Chest Deflection (mm) 52 40 
Femur Loads (kN) 6.8 N/A 
OOP Neck Injury Critical Values 
Nij 1.0 1.0 
Tension (N) 3880 2800 
Compression (N) 3880 2800 
Flexion (Nm) 155 93 
Extension (Nm) 61 37 
Peak Tension (N) 2070 1490 
Peak Compression (N) 2520 1820 
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6YO RESULTS 
 
The dummy injury measurements were normalized to 
the IARV and are shown in Table 4.  The green cells 
have injury values less than 80% of IARV, the yellow 
cells have injury values between 80% and 100% 
(inclusive) of IARV, and the red cells have injury 
values that exceeded the IARV. 
 
None of the vehicle passed all injury values for each 
position.  The Ford Escape and the Toyota Echo 
passed all the IARV for position 1, however the 
Toyota Echo exceeded Nij for position 2. The Ford 
Escape exceeded Nij and neck tension for position 2.  
The Honda Accord passed all the IARV for position 2, 
but exceeded Nij and neck tension for position 1.  The 
Nij IARV was exceeded for all the other vehicles, in 
both positions.  Similarly, the neck tension IARV was 
exceeded for all the other vehicles, in both positions, 
except for the Toyota Echo.  Those values were below 
0.80 for both positions.  
 
There were three vehicles that had dual stage air bags, 
but only the Dodge Caravan was tested in the high 
mode with the 6YO dummy.  The information on 
firing time was not made available to NHTSA for 
these tests.  NHTSA assumed that for the low mode, 
the primary stage inflator alone would be fired, and 
for the high mode both stages would be fired 
simultaneously.  When tested in the low mode with 
the 6YO, the Caravan exceeded Nij and neck tension 
in position 1, and it exceeded Nij, neck tension, and 
15ms HIC for position 2.  For the high mode, the 
injury values exceeded these same IARV for both 
positions, although the 3 ms clip and chest deflection 
increased into the 80-100% IARV range. 
 
5TH FEMALE RESULTS 
 
The Toyota Echo and the Chevrolet Impala (two of 
the six vehicles) passed all the injury values for both 
positions for the 5th female tests.  The Chevrolet 
Impala was equipped with dual stage air bags, in 
which both modes were tested and both modes passed 
without exceeding the IARV’s.  The Honda Accord 
was equipped with dual stage air bags, but wasn’t 
tested in the high mode since it exceeded the IARV 
for Nij in position 2. 
 
There were three vehicles that exceeded the IARV for 
Nij for position 1: the Dodge Caravan (high mode), 
the Ford Escape, and the Ford F-150.  The Caravan 
(high mode) also exceeded the IARV for neck tension. 
 
The Ford F-150 passed all the injury values with 
position 2, but exceeded the Nij in position 1.  The 

Honda Accord passed all of the injury values with 
position 1, but exceeded the Nij in position 2.  
Position 2 also produced some high chest deflections, 
exceeding the IARV for the Dodge Caravan (low and 
high modes). 
 
OBSERVATIONS  
 
None of the vehicles passed all tests for both the 6-
year old and the 5th percentile female adult dummies.  
At least one position for each vehicle exceeded the 
injury criteria limits.  None of the vehicles passed all 
the injury measures for both positions tested with the 
6YO.  Only the Ford Escape and the Toyota Echo 
passed all the IARV for position 1, and only the 
Honda Accord (low mode) passed all the injury 
measures for position 2.  Two vehicles passed all 
injury measures for both positions tested with the 5th 
percentile female.  These were the Toyota Echo and 
the Chevrolet Impala (low and high modes).  The 
Honda Accord (low mode) and the Dodge Caravan 
(low mode) passed all the IARV for position 1, and 
the Ford F-150 passed all the injury measures for 
position 2.  
 
For testing with the 6YO, the failures were primarily 
due to high Nij and neck tension values.  Only the 
Ford Escape and Toyota Echo passed the Nij IARV 
for position 1, and only the Honda Accord passed that 
measure for position 2.  Similarly, only the Toyota 
Echo and Ford Escape passed the neck tension IARV 
for position 1, and only the Toyota Echo and Honda 
Accord passed that measure for position 2. 
 
For testing with the 5th percentile female dummy, the 
failures for position 1 were due to high Nij values, 
although the Dodge Caravan (high mode) also 
produced high neck tension.  For position 2, the 
failures were primarily due to high chest deflections, 
although the Honda Accord failed due to a high Nij 
response. 
 
Three of the vehicles tested had dual-stage air bags.  
When tested in the low mode, none of these were able 
to pass all injury measures for the 6YO in both 
positions, although the Honda Accord passed all the 
IARV for position 2.  Only the Chevrolet Impala 
passed all the injury measures for the 5th female in 
both positions, although the Honda Accord and Dodge 
Caravan passed all the IARV for the 5th female in 
position 1.  The Chevrolet Impala also passed all 
injury measures for the 5th female in both positions, 
when tested in the high mode.  
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CONCLUSIONS 
 
• The first stages of the dual stage inflator air bags 

were powerful enough to prevent the 6YO from 
meeting the OOP requirements. 

 
• The predominant failure mode for the 6YO was 

Neck Injuries: 
-  11/14 (79%) tests exceeded Nij 
-  10/14 (71%) tests exceeded Neck Tension 

 
• The predominant failure for the 5th percentile 

female was Neck Injury (Nij) and Chest 
Deflection 

-  4/16 (25%) tests exceeded Nij 
-  3/16 (19%) tests exceeded chest deflection 

 
• There are vehicles whose air bags are not certified 

but can meet the requirements of the advanced air 
bag for the 5th percentile female OOP testing. 

 
• None of the vehicles chosen could pass both the 

5th female and the 6YO OOP performance 
requirements. 
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Table 4 Test Results 

Hybrid III 5th Percentile Female Position 1 

 

Hybrid III 5th Percentile Female Position 2 

Vehicle 
15ms  
HIC 

3ms  
Clip 
(g's) 

Chest  
Def. 
(mm) NIJ 

Neck 
Tension 

(N) 

Neck 
Comp. 

(N) 

 
15ms  
HIC 

3ms  
Clip 
(g's) 

Chest  
Def. 
(mm) NIJ 

Neck 
Tension 

(N) 

Neck 
Comp. 

(N) 
2001 Toyota Echo 0.071 0.247 0.247 0.728 0.678 0.004  0.023 0.480 0.553 0.670 0.394 0.010 
2001 Ford Escape 0.039 0.281 0.451 1.493 0.600 0.009  0.036 0.664 1.003 0.590 0.384 0.018 
2001 Ford F150 0.030 0.260 0.428 1.386 0.841 0.157  0.027 0.621 0.931 0.582 0.479 0.020 
2001 Honda Accord (low) 0.039 0.243 0.203 0.310 0.455 0.044  0.061 0.422 0.607 1.015 0.520 0.065 
2001 Dodge Caravan  
(low) 0.023 0.418 0.718 0.736 0.905 0.092 

 
0.040 0.586 1.217 0.670 0.828 0.129 

2001 Dodge Caravan 
(high) 0.061 0.483 0.815 1.870 1.113 0.041 

 
0.060 0.667 1.241 0.845 0.741 0.027 

2001 Chevrolet Impala 
(low) 0.007 0.314 0.483 0.229 0.322 0.048 

 
0.010 0.264 0.540 0.273 0.181 0.054 

2001 Chevrolet Impala 
(high) 0.044 0.263 0.258 0.411 0.320 0.040 

 
0.027 0.278 0.756 0.493 0.285 0.041 

Hybrid III 6YO Position 1 

 

Hybrid III 6YO Position 2 

Vehicle 
15ms  
HIC 

3ms  
Clip 
(g's) 

Chest  
Def. 
(mm) NIJ 

Neck 
Tension 

(N) 

Neck 
Comp. 

(N) 

 
15ms  
HIC 

3ms  
Clip 
(g's) 

Chest  
Def. 
(mm) NIJ 

Neck 
Tension 

(N) 

Neck 
Comp. 

(N) 
2001 Toyota Echo 0.001 0.548 0.720 .998 0.783 0.078  0.059 0.221 0.060 1.128 0.383 0.783 
2001 Ford Escape 0.420 0.477 0.788 0.659 0.895 0.300  0.506 0.595 0.630 2.494 2.745 0.519 
2001 Ford F150 0.097 0.625 1.303 1.415 1.714 0.004  0.329 0.577 1.105 1.681 2.019 0.015 
2001 Honda Accord (low) 0.054 0.238 0.461 1.378 1.061 0.010  0.273 0.247 0.028 0.695 0.557 0.724 
2001 Dodge Caravan  
(low) 0.243 0.506 0.623 1.996 2.264 0.005 

 
1.620 0.768 0.209 1.593 1.993 0.179 

2001 Dodge Caravan 
(high) 0.217 0.571 0.713 1.979 1.865 0.004 

 
1.930 0.872 0.892 2.224 2.267 0.016 

2001 Chevrolet Impala 
(low) 0.043 0.371 0.718 1.095 1.094 0.004 

 
0.586 0.266 0.028 1.016 1.004 0.004 
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ABSTRACT 
 
The knee joint is especially susceptible to injury in the 
pedestrian impact loading environment. However, the 
mechanical response, injury mechanisms and injury 
thresholds for lateral impact loading of the knee joint 
remain poorly understood. This paper reviews real 
world crash data and PMHS tests and identifies knee 
joint injuries commonly seen in pedestrian crashes. 
This is compared with results from knee joint shearing 
and bending tests reported in the biomechanics 
literature. It is shown that lateral knee joint shearing is 
unlikely to occur in real world pedestrian crashes.  
 
Next, the ability of mechanical knee joint impactors, 
commonly used in vehicle countermeasure 
development, to replicate PMHS tests is studied by 
performing quasi-static and dynamic lateral bending 
and shearing tests on the TRL legform and the POLAR 
II knee joint. The test boundary conditions chosen are 
similar to those used in PMHS knee joint tests 
performed at the University of Virginia. Results show 
that both mechanical impactors are stiffer than PMHS 
knees in bending, although the relative difference is 
smaller with the POLAR II knee. In shear loading, the 
PMHS knee is capable of much higher shear 
displacement than that permitted by the TRL impactor. 
While the POLAR II knee permits larger shear 
displacement, the loads required to produce these 
displacements are much higher. 
 
 
INTRODUCTION 
 
Despite the prevalence of knee joint related injuries in 
pedestrian impacts, only a small number of 
experimental investigations have been performed to 
quantify the response of the knee joint to high rate 
lateral loading. An understanding of the level of forces 
that lead to injury is important for the development of 
impactors for use in vehicle countermeasure 
development. In addition, recent advances in 
computational techniques have made it possible to 
develop structurally detailed models of the knee joint 
(Takahashi et al. 2000, Schuster et al., 2000) using 

sophisticated material representations. Unfortunately, 
in the absence of experimental studies, validating these 
models has been difficult and finite element models of 
the knee joint have so far found limited applications in 
the design and development of vehicles for pedestrian 
safety. 
 
Most current computational models and knee joint test 
devices have been validated by comparing with knee 
shear and bending tests performed by Kajzer et al. 
(1990,1993,1997,1999). The knee joint tolerance levels 
reported have been used to propose acceptance levels 
for sub-system impactor tests (EEVC, 1998) for 
vehicles sold in Europe. Similar testing is also being 
considered in other parts of the world, such as in Japan 
and Australia, even though the validity of these test 
methods remains controversial. For instance, authors 
have argued that legform impactors should not ignore 
the effect of upper body mass on knee bending 
(Takahashi et al., 2001) and that rigid segments in 
impactors do not account for bone bending effects 
(Konosu et al., 2001), which can have a significant 
effect on measured knee bending and shear. In addition, 
University of Virginia (UVA) recently reported data 
from a pilot study (Kerrigan et al., 2003) of knee lateral 
loading that questioned the biomechanical validity of 
the results found in the literature, which form the basis 
for these test methods and the design of most physical 
knee joint models.  
 
In this paper, a more thorough analysis of the Post 
Mortem Human Subject (PMHS) data reported by 
Kerrigan et al. (2003) is presented and comparisons are 
made with literature. New data is presented for the 
response of two of the most commonly used 
mechanical legforms, the EEVC legform from TRL 
and the knee joint of the POLAR II pedestrian dummy 
from Honda R&D. These impactors are subject to 
dynamic and quasi-static, lateral, 4-point-bending and 
shearing loads using a test set up similar to that used in 
the PMHS knee experiments by Kerrigan et al. (2003).  
Stiffness of the test devices and the proposed injury 
thresholds are compared with the knee joint response 
observed in the PMHS knee experiments. 
 



  Bhalla 2 

REVIEW OF REAL WORLD PEDESTRIAN 
KNEE INJURIES 
 
The knee joint is a complex mechanical structure and 
its response is sensitive to the loading environment 
applied. Thus, it is important that in experimental 
studies of knee injuries, the joint is subject to the same 
boundary conditions that exist in a pedestrian-vehicle 
crash. Therefore, the ability to replicate real world 
pedestrian injuries is the most important measure of the 
validity of experimental testing.  
 
Ashton et al. (1981) performed detailed accident 
reconstruction of 44 pedestrian crashes with knee 
injuries. They found tibial plateau and femoral condyle 
fractures (25% cases) and ligamentous injuries (43% 
cases). In 39% of the cases the knee on the non-struck 
side (side of pedestrian not struck by vehicle) sustained 
injuries. Bunketorp et al. (1981) performed a 
retrospective study of 34 injured pedestrians and found 
knee injuries in 13 cases (7 intra-articular fractures, 6 
isolated ligament injuries. 
 
Analysis of AIS 3+ lower limb injuries (PCDS, see 
Takahashi et al., 2000) from data collected from 
pedestrian impacts with late model vehicles showed 
that leg injuries occurred in 29.8%, femur injuries in 
12.4%, and knee joint injuries in 18.67% (8.4% tibial 
plateau, 4.4% dislocation, 4.0% ligament 0.9% patella 
and 0.9% femoral condyles) of the cases. Teresinski et 
al. (2001) performed a detailed analysis of 357 
pedestrian fatalities, 214 (60%) of which had knee 
injuries. Among pedestrians struck from the side (165 
cases), knee injuries were found in 94% of the cases. 
Bone bruises on the tibial plateau due to compression 
were found in a large proportion of the cases, although, 
bruises of the femur were rare. Isolated injuries to the 
ACL were also rare (in 2 cases out of 165) in lateral 
impacts. Furthermore MCL injuries were found in 35% 
of the cases and damage to bone near the insertion site 
in more than 13% of the cases (Teresinski, 2003). From 
an analysis of injury mechanisms, the authors 
hypothesized that in lateral impacts 73% of all injuries 
resulted from valgus loading.  
 
While an analysis of real world crash data is useful for 
identifying the most common injury mechanisms, the 
large amount of uncertainty associated with pedestrian 
impacts makes it difficult to analyze the loading 
environment which leads to these injuries. Further 
insight in this regard can be gained from detailed 
reconstruction of pedestrian crashes using simulations. 
For instance, Rooij et al. (2003) have reconstructed a 
case from the PCDS database that involves a 35 year 
old subject of close to 50th % male anthropometry. 
Reconstruction shows that a vehicle moving at 65 km/h 

struck the pedestrian, who was in a walking stance. 
Bumper contact is below the knee. Injuries reported 
included leg fracture and ACL avulsion on the struck 
side knee; ACL + PCL rupture and fracture of the 
medial tibia plateau on the non-struck side knee.  
 
Full-body PMHS tests are another important source for 
understanding the response of pedestrian impact 
loading. While such tests permit careful measurement 
of forces and motion, the role of active muscle 
response in pedestrian impacts is not well understood. 
Brun-Cassan et al. (1984) performed four PMHS (aged 
70-84 years) tests using a small production car moving 
at 40km/h. They reported comminuted fractures of the 
tibia-fibula complex in all tests. In one case, this was 
accompanied by partial rupture of the cruciate 
ligaments. Kallieris et al. (1988) reported results from 
11 PMHS tests at speeds ranging from 23 to 41 km/h. 
Leg fractures were found in almost every case but no 
ligamentous injuries were produced. Cesari et al. 
(1989) reported knee joint injuries occurring in 12 
staged cadaver collisions at speeds ranging from 20 
km/h to 39 km/h. The main injuries were either bone 
fracture, which occurred more commonly at higher 
speeds, or ligament rupture, but both never occurred 
simultaneously. Bunketorp et al. (1981) tested 19 lower 
limb specimens by impacting with simulated vehicle 
fronts that included an adjustable bumper and hood 
leading edge. Tests were performed at speeds of 20-
28km/h using varying car front geometries. Leg 
fractures outside the joint were reported in only 4 of 19 
tests. Ligamentous damage included 10 cases of MCL 
injury, 10 cases of PCL injury, 3 cases of ACL injury, 
and 3 cases LCL damage. A high incidence of PCL 
injuries have not been reported in other studies. 
 
It is important to understand the role of leg fractures in 
relation to knee joint related injuries. Contact failure of 
the long bones in pedestrian impacts results in 
subsequent lowered forces in the knee joint and thus 
fewer knee injuries. There are two factors that can 
contribute to a loading environment which lead to leg 
fractures. First, at higher loading rates knee joint 
ligaments are stiffer and stronger ( see, for instance, Lee 
et al., 2002,). Thus, as confirmed from the PMHS tests 
discussed above, higher impact speeds increase the 
likelihood of leg fractures. Second, a stiff bumper can 
lead to high impact forces resulting in stress 
concentrations at the impact site and thus failure at the 
impact point. Most PMHS tests performed in the 1980s 
used older vehicles. In the last few decades, however, 
bumper designs have evolved from the narrow and 
rigid designs in the 1970s to present day bumpers that 
are wider (i.e. distributed leg loading) and bumpers 
with an outer polymer shell (i.e. more compliant). 
Furthermore, although bumper standards, such as 
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FMVSS 581 and FMVSS 215, require bumpers to be 
strengthened to protect damage to the vehicle exterior 
in low speed crashes, increasingly vehicles are being 
designed for pedestrian safety, which require more 
compliant bumpers. Thus, it is hypothesized that as 
bumpers continue to become softer and wider, leg 
fractures will be less common and the focus of lower 
limb safety research will shift to preventing 
ligamentous damage to the knee joint. 
 
In the studies reviewed here, the knee structures most 
commonly injured are 

• MCL (valgus loading), 
• ACL (medial shear) in the struck side knee, 

although these are rarely isolated injuries. 
• PCL (lateral shear) in the non-struck side knee 
• Tibial plateau fractures (varus or valgus 

loading leading to compression of tibial 
plateau by the femoral condyles)  

 
Thus, experimental tests designed to study knee joint 
injuries should focus on designing boundary conditions 
that reproduce these failure mechanisms. 
 
 
REVIEW OF KNEE JOINT TESTING  
 
A vast number of experimental studies of knee joint 
loading have been reported in the orthopedic 
biomechanics literature. However, these studies 
involve loading the knee joint at low rates to sub-
failure levels. Since several of the load bearing 
structures of the knee joint, such as the ligaments and 
articular cartilage have a non-linear rate dependent 
response, extrapolation of results from these studies to 
higher strain and higher strain rates is not appropriate. 
Thus, experiments that involve loading rates equivalent 
to those produced in pedestrian crashes need to be 
performed. 
 
Viano et al. (1978) were among the first to study the 
impact response of the human knee joint. Since their 
experiments were designed to study the effect of knee 
bolsters on vehicle occupants, the tests included 
anterior-posterior loading (56 kg impactor at 6 m/s) of 
the tibia of a flexed knee joint. The injuries induced 
were either multiple fractures of the impacted bone or 
ligament failure (PCL and LCL avulsion). Since the 
knee was not loaded laterally, these tests only provide 
limited insight for the pedestrian loading environment.  
 
Ramet et al. (1995) reported results from 20 quasi-
static loading of PMHS knee joints in shear and 
bending. In the bending tests that produced injuries, 
MCL damage was observed in every case. Interestingly, 

MCL injuries dominated the shearing tests as well, 
with ACL injuries occurring in only 2 cases.  
 
Kajzer et al. (1990, 1993) reported results from low 
speed impact loading of the knee joint in shear (9 tests 
at 16 km/h and 10 tests at 20 km/h) and bending (7 
tests at 16 km/h and 10 tests at 20 km/h). Full lower 
limbs were tested by rigidly mounting the femur end 
and impacting the leg at the ankle level in the bending 
tests and with a twin pronged impactor that loaded the 
knee at the ankle and just below the knee joint for the 
shear tests. An axial pre-load of 400 N was applied to 
the specimen to simulate half body weight. The tests 
were performed on an older populations (mean age 77 
years). 
 
In the shear tests, injuries obtained were tibial spine 
fracture (10/19 cases), which have not been reported in 
real world crashes, and ACL failure (14/19 cases). 
Injury to the fibula head on impact and damage to the 
LCL, which is attached to the fibula head, was reported 
in 16/19 cases.  
 
Kajzer et al. (1997) reported results from 10 tests 
performed in shear and 10 tests performed in bend 
loading by impacting PMHS (age 51 (SD 15) years) 
limbs near the knee joint (shear) and at the level of the 
ankle (bend tests) at 40km/h.  The test set up was 
similar to that shown in figure 1. As before, an axial 
compressive load of 400N was applied on the 
specimens. In 6/10 tests, comminuted fractures outside 
the knee joint were observed. This was accompanied 
by ACL damage in 5 cases and MCL damage in 2 
cases. Only in one case was the ACL injury the only 
injury induced. As has been discussed earlier, it is 
questionable to use damage outside the knee joint to 
characterize the response of the joint, especially since 
the bone fractures occur early in the test. Similarly, in 
7/10 bending tests the only damage was outside the 
knee joint. All of the remaining three cases had MCL 
damage accompanied by ACL damage (1 case), PCL 
damage (1 case), or both (1 case). 
 
In the bending tests (Kajzer et al. 1993) MCL rupture 
or avulsion in 12/17 cases includes fracture of the 
medial condyle. In 3 cases, the MCL damage was 
accompanied by ACL damage. A tibial condyle 
fracture was obtained in one case. These injuries have 
been reported in real world crashes and result from 
valgus knee joint loading.  
 
Kajzer et al. (1999) reported results from 5 tests 
performed in shear and 5 bending using PMHS (age 63 
(SD 16) years) limbs loaded at 20 km/h with a test 
apparatus similar to that used by Kajzer et al. (1997, 
see figure 1).  In shear loading, injuries were induced 
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in only 3/5 cases, all of which had ACL damage. One 
of these cases included a fracture outside the knee joint. 
In bending tests, 2 tests produced only MCL injuries, 1 
only an extra-articular bone injury and no injuries were 
produced in 2 tests. Thus, at slower impact rates a 
higher incidence of ligamentous damage within the 
knee joint was produced. This is in line with 
observations made earlier based on cadaver tests, 
where at higher speeds, lower limb injuries were 
dominated by fractures. However, in order to study 
knee joint injuries tests need to be developed that are 
capable of producing damage within the joint.  
 

 
 
Figure 1.  Schematic of the test set up used in the 
shear tests performed by Kajzer et al. (1999). In the 
bending tests, the impactor was lowered to load the 
limb at the ankle. 
 
Kerrigan et al. (2003) reported results from a pilot 
study of knee joints performed at the University of 
Virginia (UVA) that suggested significant differences 
from past studies. The ability of these bending and 
shear tests to replicate the pedestrian knee joint loading 
environment is evaluated. The tests data is 
appropriately scaled in order to compare with the 
response of a 50th adult male. The scaled stiffness 
curves are analyzed and the injury threshold and injury 
mechanism are compared with earlier tests.  
 
UVA KNEE JOINT TESTS 
 
Figures 2 and 3 shows a schematic of the bend and 
shearing test set-up used. Details of the testing, such as 
specimen information, specimen preparation 
techniques, test fixtures and methodologies are 
available in the earlier publication (Kerrigan et al. 
2003).  
 
Rather than test whole limbs, as has been done in 
earlier studies, knee joints were isolated by sectioning 
the femur and the tibia-fibula complex. This permitted 

isolating the knee joint by two six-axis load cells and 
directly recording the load envi ronment experienced by 
the knee joint. Since multiple knee structures are often 
damaged in knee joint studies, it is important to 
identify the timing of failure events in the tests. 
Analysis of high speed video (used in earlier studies) is 
not reliable because the load bearing structures cannot 
be seen in the intact joint. Thus, Kerrigan et al. (2003) 
used acoustic sensors mounted on the femur and tibia. 
These sensors record acoustic emission that 
accompanies failure events. 
 
In the knee joint bending tests, the rotation of the 
supports was directly measured using angular velocity 
sensors, which provide an accurate measurement of 
knee bending angle. In the shear tests, applied shear 
displacement was measured using displacement 
transducers. However the results reported for actuator 
displacement are expected to be higher than the applied 
knee shear displacement because there was bending in 
the fixtures of the test set up (Kerrigan et al., 2003). 
Since the tests were imaged using high-speed digital 
cameras, the motion of the cups was obtained from 
video analysis. Thus, shear displacement results after 
compensating for bending are shown in this paper. 
 
 
   

 
Figure 2.  Schematic of the four-point knee bend 
test set up used in the UVA knee tests (Kerrigan et 
al. 2003). 
 
 

 
Figure 3.  Schematic of the shear test set up used in 
the UVA knee tests (Kerrigan et al. 2003). Constant 
force springs are used to apply a compressive axial 
force on the knee joint.  
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As suggested by Irwin et al. (2002), results should be 
appropriately scaled in order to account for the varying 
anthropometry of the subjects tested. Using a 
methodology of dimensional analysis similar to the one 
proposed by Irwin et al. (2002), scaling factors for 
force, λforce, momentum, λmoment, and displacement λdisp 
are easily related to an equivalent length scaling factor 
λLequiv:  

• λforce = (λLequiv)2 
• λmoment = (λLequiv)3 
• λdisp = λLequiv 

An equivalent length scaling factor, λLequiv, can be 
derived by accounting for both mass and height of the 
subject as λLequiv =  (λmass.λL) 1/4 by recognizing that 
λmass~λL

3. Scaling factors were derived by using the 
weight, 164.1lb, and height, 69.29”, of the H-model 
(Finite Element Human Model, Takahashi et al., 2000) 
as a reference. It should be noted that these numbers 
are close to that for a 50th % Male (169.8lb, 69.8”, 
based on Cheng et al., 1994). Table 1 shows the 
derived scaling factors and the scaled results are shown 
in Figures 4 and 5. 
 
 
Table 1: Factors derived for scaling test results 

Notes: λx =  (x in test subject) / (x in target anthropometry)  
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Figure 4.  Bending stiffness of the knee joint. 
Results have been scaled to match an adult male of 
164.1lb, mass, and 69.29”, height.  
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Figure 5.  Shear stiffness of the knee joint. Results 
have been scaled to match an adult male of 164.1lb, 
mass, and 69.29”, height. Results from Test 0.2RR 
should not be used for quantitative analysis, since 
the specimen used had been subject to prior testing.  
 
In each of the bending tests (figure 4), an initial peak is 
observed which lasts for the first few milliseconds. 
Since the load cells that isolate the knee joint rotate 
with the specimen, this initial spike is a result of 
inertial loading of the specimen. However, these 
accelerations occur only at the beginning of the test 
(less than 4o bending, figure 4) and do not affect the 
failure data recorded. This was confirmed by 
measurements made with an actuator mounted 
accelerometer. After the initial peak, the moment 
continues to rise steadily until a rapid fall in load 
representing failure, which was accompanied by 
acoustic emission in each case recorded by acoustic 
sensors placed on the femur and tibia. Figure 6(a) 
shows the injury mechanism (MCL tear) common to all 
three knee bending tests performed. In one case (Test 
0.1), this was accompanied by fracture of the medial 
femoral condyle and in another case, Test 1.1, by a 
partial tear of the ACL and damage to the lateral 
meniscus. Thus, the peak in bending moment between 
12o and 14o, which is accompanied by acoustic signal 
suggesting a failure event, is hypothesized to be due to 
failure of the MCL. 
 
Three shear tests were performed, one (Test 0.2RR) of 
which was subject to repeated testing and thus the 
force-displacement data should not be used for 
quantitative analysis (figure 5).  An initial inertial spike 
is not seen in the shear tests data shown in figure 6 
because the loads reported are from the femoral side 
knee load cell which moves little during the test. Figure 
6(b) shows the most common injury mechanism 
(partial ACL tear and osteo-chondral fracture).  In one 
of the two tests, Test 2.2, where the applied shear 
displacement was larger, this injury mechanism was 
accompanied by damage to both menisci and the ACL 
tear was complete. The osteo-chondral fracture 

Spec Test 
Age 
(yrs) 

Sex 
(M/F) 

Height 
(in) λL λmass λLequiv 

124R Bend 58 F 5'9" 1.00 1.31 1.07 

167L Bend 66 M 5'10" 1.01 0.81 0.95 

135L Bend 63 M 5'8" 0.98 0.93 0.98 

121L Shear 40 M 5' 0.87 0.82 0.92 

167R Shear 66 M 5'10" 0.87 0.82 0.92 

169R Shear 62 M 5'7" 1.01 0.81 0.95 
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observed in all the shear tests results from the tibial 
spine gouging/plowing into the femoral condyles. Thus, 
it is clear that the applied shearing force is resisted by 
both, bone-bone contact within the knee joint and the 
ACL. The importance of bone-bone contact in resisting 
shear displacements in pedestrian impact is unclear 
since real world pedestrian crash data currently 
reported in the biomechanics literature does not suggest 
that such an injury mechanism is common. It is likely 
that osteo-chondral fractures were observed in these 
tests because the shearing displacement was applied in 
the presence of axial force corresponding to full body 
weight. Future testing should investigate the role of this 
compressive joint load in order to mimic real world 
crash injuries. 
 
In comparison with bending tests, the relative timing of 
knee damage in shear tests is difficult to evaluate. The 
knee shear forces are seen to have a steadily increasing 
trend with shear displacement. Since tibial-spine 
gouging/plowing is likely an ongoing process, a drop in 
forces is likely due to ACL damage. Thus, it is 
hypothesized that the early peak in shear forces (at 12.7 
mm of shear displacement, 693N shear force) in Test 
2.2 is due to ACL failure. Similarly, ACL failure in 
Test 2.1 occurs at a shear force of 1839N and a shear 
displacement of 17.8 mm.  
 

 
Figure 6.  Damage mechanism in knee bending, (a), 
and knee shear, (b), loading. 
 
Table 2 compares the results of these knee tests with 
the test results from Kajzer et al. As pointed out earlier, 
most of the tests performed by Kajzer et al. caused 
extra-articular damage rather than knee joint damage. 
Thus, in Table 2 only load levels from tests that caused 
ligamentous damage are included. While the results 
from Kajzer et al. (1993) are comparable with those 
reported in the UVA tests, results from Kajzer et al. 
(1997,1999) are much higher.  Similarly, for the shear 

tests (Table 3), the tests performed by Kajzer et al. 
which led to knee joint damage are compared. The 
mean shear forces ranging from 2400N to 3200N 
reported are much higher than those reported in the 
UVA tests, 1839N and 693N in the two shear tests 
performed. 
                                 
Table 2: Reported bending tolerance of the knee 

 Speed Structure 
damaged 

Moment 
Nm(±SD) 

Angle 
o(±SD) 

7  @ 
16km/h 

MCL in 5 
tests  

101  
(±21) 

9  
(±2) Kajzer et 

al. 1993 10 @ 
20km/h 

MCL in 7 
tests  

123  
(±35) 

11  
(±3) 

Kajzer et 
al. 1997 

10 @ 
40km/h 

MCL in 3 
tests  

284  
(±18) 

14.6 
(±0.2) 

Kajzer et 
al. 1999 

5 @ 
20km/h 

MCL in 2 
tests  

358  
(±167) 

12  
(±3) 

Kerrigan** 
et al. 2003 

3 dynamic, 
nonimpact 

MCL in all 
tests  

143  
(±20) 

12.7 
(±0.9) 

* Results from Kajzer et al. (1993, 1997, 1999) shown are only for 
the tests in which knee ligament damage was induced 
** Peak bending moments at time of MCL failure shown. 
 
These differences in results can be largely attributed to 
differences in test methodologies. As pointed out 
earlier, if the loading environments are different, the 
injuries produced are different and thus the reported 
tolerances will be different. In the bending tests 
performed at UVA, a twin pronged impactor was used. 
The resulting four-point bend environment ensures that 
the knee joint is subject to minimal shear forces. A 
servo-hydraulic test machine was used to apply 
displacement controlled (constant velocity) boundary 
conditions in both the bending and shear tests. Such a 
methodology minimizes inertial effects by ensuring 
that the joint is loaded at constant velocity with 
minimal acceleration of the impactor during most of 
the impact phase. It should be noted that even in such a 
test environment, some acceleration is unavoidable as 
the impactor starts from rest and accelerates to a 
constant velocity. However, this usually lasts only for 
the first few milliseconds, well before the onset of 
injury. Using a servo-hydraulic test machine is 
preferred over using a free flying impactor because 
controlled acceleration of the specimen makes it 
possible to produce knee joint injuries without failure 
of bone outside the knee joint. 
 
As discussed earlier, the presence of rate-dependent 
load bearing structures in the knee (such as the 
ligaments) makes both the stiffness and failure levels 
of the entire knee joint sensitive to the applied loading 
rate. Thus, in order to reproduce the loading 
environment existing in a 40 km/h (11.11 m/s) vehicle-
pedestrian impact loading environment, appropriate 
boundary conditions should be chosen in order to 
match the knee joint loading rate (ideally, by matching 
the knee joint bending rate and knee shear 

(a) (b) 
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displacement rate). Since in a vehicle-pedestrian 
impact, the lower limb is free to move at both the hip 
joint and at the ankle joint, these motions are restricted 
in knee joint tests, lower impact velocities need to be 
chosen. Kajzer et al. (1997) mention an alternative 
approach where they state that the effective mass of the 
free flying impactor used was calculated from the 
bumper force and leg accelerations developed in 
former full-scale car pedestrian impactors. In the UVA 
knee bending tests, the mean knee bending rate is 
0.952o/ms, which is similar to those (approximately 
0.941o/ms over first 17 ms) produced by Kajzer et al. 
(1997) in their tests at 40 km/h. In the UVA knee shear 
tests, the mean knee shearing rate is 0.898 mm/ms, 
which is much lower than those (approximately 4.3 
mm/ms over the first 6 ms) produced by Kajzer et al 
(1997).  
 
Table 3: Reported shearing tolerance of the knee. 

 Speed Structure 
damaged 

Force,  
N (±SD) 

9 @ 15km/h ACL in 7 
tests  

2570 
 (±370) Kajzer et al. 

1990* 
10 @ 20km/h ACL in 7 

tests  
3220  

(±460) 
Kajzer et al.  

1997** 
10 @ 40km/h Epiphysis, 

ACL 
3200 

(±1000) 
Kajzer et al. 

1999*** 
5 @ 20km/h ACL in 2 

tests  
2400 

(±200) 
Kerrigan et al. 

2003**** 
3 dynamic 
non-impact 

ACL in all 
tests  

1266 
(±810) 

* In all but 1 of these cases, the ACL injury was accompanied by 
damage outside the knee joint (fibula head crush). Results shown are 
for all tests. 
** Results shown are for the cases with no diaphyses or metaphysic 
fracture (ie damage outside the joint). 
*** Results are for the two cases with only ACL damage. 
**** Test 0.2RR was repeatedly tested and is not analyzed. 
 
 
KNEE JOINT MECHANICAL IMPACTORS 
 
There are several instrumented mechanical legs that 
have been developed for use in vehicle design and 
pedestrian safety countermeasure development. Most 
of these model the knee joint by a deformable element. 
Examples of these include the Rotationally Symmetric 
Pedestrian Dummy (Cesari et al., 1991); the JARI-I 
impactor (Matsui et al. 1999) and the TRL legform 
impactor. The TRL legform is the device 
recommended for EEVC WG 17 sub-system impactor 
tests and is, thus, the most widely used device. 
However, the biofidelity of the device has been 
questioned by several researchers (Takahashi et al., 
2001, Konosu et al., 2001). In addition, Matsui et al. 
(1999) performed tests on the JARI-1 and TRL 
legforms to replicate the bending and shear tests 
performed by Kajzer et al. (1990, 1993, 1997 and 
1999) and found that these legforms did not fall in the 

proposed biofidelity corridors, especially for shear 
displacement.  
 
Recognizing that a geometrically accurate model of the 
knee joint would be necessary in order to build a knee 
joint model that could be validated for use in both 
bending and shear, Artis et al. (2000) and Wittek et al. 
(2001) discuss the development of a new legform 
impactor based on the knee joint of the POLAR II 
dummy. The development of the original version of the 
POLAR pedestrian impact dummy (Honda R&D) was 
reported by Akiyama et al. (2001) and Huang et al. 
(1999). The design was based on the advanced frontal 
crash test dummy, THOR (Rangarajan et al., 1998). In 
subsequent work, POLAR II was developed by adding 
more geometric details especially to the knee joint. In 
this knee joint, reusable compressions springs are used 
to represent the cruciate and collateral ligaments, 
ellipsoids are used to represent the femoral condyles 
and an elastomeric pad is used to represent the tibial 
meniscus. The resulting force bearing structures, 
springs, rubber tubes, polymer menisci have a highly 
nonlinear response. Wittek et al. (2001) and Takahashi 
et al. (2001) evaluated the response of this impactor to 
knee joint studies performed by Kajzer et al. (1997, 
1999) by subjecting it to similar impacts. They found 
that the response was close to those reported by Kajzer 
et al. for both shear and bending experiments. 
 
It should be noted that none of the existing legform 
impactors incorporate the effect of active musculature. 
However, this is justifiable since past studies 
(Takahashi et al. 2000) have found that the lateral 
bending response of the knee joint is not significantly 
affected by the muscles and tendons surrounding the 
knee. 
 
In the present study, the response of the POLAR II 
knee joint and the TRL legform were compared with 
those reported by Kerrigan et al. (2003) from PMHS 
tests. This is done by applying boundary conditions, 
similar to those in the PMHS tests to the impactors. 
 
TEST METHODOLOGY 
 
Figure 7 shows the bending test set up for the POLAR 
II knee. As in the PMHS tests, the knee joint was 
attached to rectangular cross-section tubes that were 
mounted on rollers. Load was applied using a hinged 
twin-pronged fork. The test configuration results in 
pure bending with minimal shear forces transmitted to 
the knee joint.  Load was applied using a servo-
hydraulic test machine in displacement control. 
Instrumentation to measure the history of displacement, 
angles, and loads was the same as that used in PMHS 
tests to permit direct comparison. Thus, it should be 
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noted that the results reported here are not from the 
instrumentation available standard with these impactors. 
 
The POLAR II knee shear test set up is shown in figure 
8.  The femur end was mounted through supports on a 
linear bearing and a compressive axial force of 800 N 
was applied using four constant force springs. The tibia 
end was attached directly to the actuator of the servo-
hydraulic test machine. 
 
In both test configurations, the knee loading 
environment (including knee lateral bending moment) 
was measured directly using a 6-axis load cell mounted 
between the impactor and the femur attachment. The 
bending angle of the knee joint was measured with 
angular rate sensors mounted directly on the femur and 
tibia. As discussed earlier in the context of the PMHS 
tests, this shear set up results in bending of the fixtures. 
Thus, the shear displacement was computed from 
analysis of the high speed video recordings of the tests. 
 
Since the PMHS test was designed for knee joint 
specimens isolated by sectioning mid-femur and mid-
tibia, the methodology had to be modified to account 
for the TRL impactor, which is a full legform and thus 
much larger. For the TRL bending tests (figure 9), 
simply supported boundary conditions were used. The 
twin pronged fork was used to push directly on the 
surface of the impactor to force it into valgus loading. 
Idealized four-point beam bending was assumed and 
the measured support loads were used to calculate the 
bending moments reported here.  
 
 

 
 
Figure 7.  POLAR II knee 4-point bend test set up. 
 
 

 
Figure 8.  POLAR II knee shear test set up. 
 
 

 
Figure 9.  TRL impactor 4-point bend test set up. 
 
 

 
Figure 10.  TRL impactor shear test set up. 
 
 
For the TRL shear tests (figure 10), since the knee joint 
does not have an articulating surface, it was judged that 
the application of a compressive axial load would not 
affect the knee shear response. Thus these tests were 
performed without the axial load. As shown in figure 
10, shear was produced in this impactor by holding the 
femur end fixed and attaching the tibia end to the 
actuator. Shear forces reported here were measured at 
the fixed support. Shearing displacement was 
computed from video analysis by tracking the 
displacement of the tibia relative to the femur. 
 
Table 4 shows the impactor test matrix. Tests were 
performed in both quasi-static and dynamic loading at 
1 m/s. As previously stated, for knee bending tests, this 
impactor velocity results in knee bending rates similar 
to those reported by Kajzer et al. (1997) in impacts at 
40 km/h. Multiple tests were performed in each 
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configuration in order to establish repeatability of test 
procedures. A fresh pair of ligaments was used in each 
test with the TRL impactor. The POLAR II knee 
consists of reusable parts and thus none of the 
components were replaced between tests. Post test 
inspection of the knee joint showed that permanent 
damage had not been produced in any of the 
components. 
 
Table 4: Impactor bending and shear test matrix 

 Quasi-static Dynamic 

TRL Legform Bend 1 tests 2 tests 

TRL Legform Shear - 1 test 

POLAR II Knee Bend 2 tests 2 tests 

POLAR II Knee Shear - 1 test 

 
 
RESULTS 
 
Figure 11 shows the results of the dynamic and quasi-
static bend tests performed on the TRL legform plotted 
along with the three PMHS tests (data shown is scaled 
to 50th % male) performed by UVA. The two dynamic 
TRL bending tests show identical results. This 
establishes repeatability of test procedures. Since the 
bending deformation is resisted by the two deformable 
knee elements, the trend of the bending results show an 
initial steep slope elastic portion followed by reduced 
stiffness corresponding to plastic, permanent 
deformation of the knee elements. The dynamic tests 
result in slightly higher forces, which could be due to 
slight rate dependence in the deformable metal 
elements. In addition, it is possible that during the 
bending tests, some shear deformation is produced 
which engages the shear damper, leading to a loading 
rate dependent response 
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Figure 11.  Comparison of the TRL legform lateral 
bending stiffness with that measured in the PMHS 
knee tests. 
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Figure 12.  Comparison of the POLAR II knee 
lateral bending stiffness with that measured in the 
PMHS knee tests. 
.  
In comparison with the UVA PMHS tests, figure 11 
shows that the TRL knee joint is much stiffer. MCL 
failure in the three PMHS tests starts at a bending angle 
of 12.7o (mean) , which corresponds to a mean bending 
moment of 143 Nm (mean at start of MCL failure). At 
the same bending angle, the bending moment produced 
in the dynamic TRL legform bend tests is 470.5  Nm, 
which is over 3 times larger than that in the PMHS 
tests.  
 
Figure 12 shows the results of the two dynamic and 
two quasi-static bend tests performed on the POLAR II 
knee joint plotted along with the three PMHS tests 
(data shown is scaled to 50th % male) performed by 
UVA. The dynamic tests show higher forces, which 
can be attributed to the various rate dependent load 
bearing structures in the POLAR II knee. At 12.7o of 
bending, which corresponds to MCL damage in the 
PMHS tests, the bending moment in the POLAR II 
knee had a mean value of 178.5Nm in the quasi-static 
tests and 218.3 Nm in dynamic loading. While these 
values are much higher than those reported in the 
PMHS tests (, the relative difference is smaller when 
compared with the results from using the TRL 
impactor. 
 
Figure 13 shows the results of the dynamic shear tests 
performed on the TRL legform and POLAR II knee 
plotted along with the two PMHS shear tests (data 
shown is scaled to 50th % male) performed by UVA. 
The TRL impactor is designed for a maximum shear 
displacement of 8mm (injury is assumed to occur at 6 
mm of displacement), thus the forces rapidly increase 
when it is loaded beyond this point. The PMHS tests 
performed at UVA do not clearly identify the timing of 
injury in the PMHS shear tests. Nevertheless, it is clear 
that the tolerance for shear displacement is at least 
12.7mm (PMHS test 2.2) and possibly much higher, as 
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discussed earlier. In contrast, the POLAR II knee 
permits higher shear displacements. However the 
forces generated are much higher than those in the 
PMHS tests. 
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Figure 13.  Comparison of the lateral shear stiffness 
of the POLAR II knee and the TRL legform with 
that measured in the PMHS knee tests. 
 
It should be noted that there are some differences in the 
way shear displacements should be interpreted in the 
PMHS tests and the POLAR II knee joint. In the 
PMHS tests, the shear displacement is computed from 
the motion of the bone cups and any bending of the 
tibial and femoral end of the specimens was ignored. 
Such bending is not possible in the POLAR II knee 
joint, which has rigid ends for the femur and tibia. 
Bending of the long bones, which is considered 
important for biofidelity (Konosu et al.,2001) is 
incorporated by using a deformable tibia and the 
response of the entire legform has been validated by 
comparing with Kajzer et al. (Takahashi et al.,2001, 
Artis et al.,2001). However, in the current tests, only 
the knee joint was used. Thus, the deformations 
measured are under estimated for this loading condition. 
 
 
DISCUSSION AND RECOMMENDATIONS FOR 
FUTURE WORK 
 
Thus, it is seen that in comparison with the PMHS tests 
the TRL legform is much stiffer in lateral bending and 
is not capable of the large lateral shear displacements 
that can be induced in a human knee without injury. 
Similarly the POLAR II knee joint is stiffer than the 
PMHS knee in bending although the difference is 
smaller when compared with the TRL legform. In shear, 
the POLAR II knee permits application of larger 
displacements. However, the results suggest that the 
shear forces required may be much higher. 
 
It is important to recognize that while these results 
suggest that the response of PMHS knees are not 
replicated by the knee joint impactors, the validity of 

some of the PMHS tests in reproducing pedestrian 
impact loading is still under question. The legitimacy 
of the test boundary conditions should be evaluated by 
comparing the resulting injuries with real world crash 
data. In lateral-medial impacts of the limb, current 
pedestrian injury data indicate the need to reproduce 
MCL damage, tibial plateau fractures, and ACL 
ruptures. The bending tests performed at UVA 
(Kerrigan et al., 2003) were able to repeatedly produce 
the first injury listed, MCL damage. Since it has been 
hypothesized that tibial plateau fractures occur due to 
valgus knee loading in the presence of compression, 
the effect of including an axial compressive load in 
knee bending tests needs to be studied in future tests. 
ACL ruptures were produced in the shear tests 
performed. However, these were always accompanied 
by osteo-chondral fractures from tibial spine 
gouging/plowing into the femoral condyles, which 
have never been reported as an injury mechanism in 
knee joint tests. While, the use of an axial compressive 
force (equivalent to full body weight) may be partly 
responsible, it is unlikely that tibial spine gouging can 
be completely eliminated in shear tests. Thus, pure 
shear loading of the knee joint may be an unrealistic 
scenario and it is possible that shear is always 
accompanied by knee joint bending in real world 
pedestrian impacts.  
 
In the pedestrian injury data analyzed by Teresinski et 
al. (2001), isolated ACL injuries were rare in lateral 
impacts. Among the bending tests performed at UVA, 
a partial rupture of the ACL was observed in addition 
to MCL damage in one test (Test 1.1). These 
observations agree with the recommendations by 
Takahashi et al. (2001), that a combined knee bending 
and shear criteria should be used for knee injury 
thresholds. Thus an alternative test procedure for 
PMHS knees should be considered, in which the 
relative fraction of shear and bending load on the knee 
joint is systematically varied. One approach for such 
testing would be to perform three point bend tests on 
knee joints by varying the location along the limb at 
which the bending force is applied. 
 
CONCLUSIONS 
 
In summary, the following conclusions can be drawn 
from this study: 
 
PMHS Knee Joint Tests: 
 
• In most PMHS leg tests, early fracture of the 

impacted bone results in injuries outside the knee 
joint. Such data should not be used to determine 
the tolerance of the knee joint. 
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• Dynamic, non-impact (displacement controlled 
boundary conditions) knee tests (UVA tests, 
Kerrigan et al., 2003) ensure that there are no 
extra-articular injuries. 

• Knee bending tests are capable of reproducing real 
world pedestrian injuries. 

• Pure shear of the knee joint is an extreme case that 
does not occur in real world pedestrian crashes.  

• Additional knee tests are urgently needed to 
characterize the response of the pedestrian knee. 
These tests should seek to replicate real-world 
pedestrian injuries.  

 
Mechanical Knee Joint Tests: 
 
• Both the TRL legform and the POLAR II knee 

joint are stiffer than the PMHS knee in pure 
bending. However, the relative differences using 
the POLAR II knee are much smaller. 

• Both the TRL legform and the POLAR II knee are 
much stiffer than the PMHS knee in shear loading. 
However, pure shear of knee joints is an extreme 
loading environment that occurs rarely in real 
world impacts.  
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ABSTRACT

The fundamental understeer/oversteer signature of a
vehicle has historically been evaluated through
steady state circular skid pad testing done according
to one of the four methodologies outlined in SAE
J266. These tests evaluate a vehicle’s fundamental
handling behavior but are insufficient to fully
establish its yaw stability and control characteristics
and performance envelope. Transient testing of the
vehicle is also necessary because vehicles are not
operated under steady state conditions. This becomes
of greatest importance in an emergency situation
where a driver must respond quickly.

For good handling and control, it is necessary for a
vehicle to understeer in circular skid pad testing.
Additionally, the vehicle must not become yaw-
unstable in a J-turn.

In the present work, full-scale handling tests were
conducted on a 15-passenger van configured in a
variety of loading and design conditions. The test
results showed substantial differences in vehicle
performance when comparing steady state tests
(constant radius tests per SAE J266) and transient
tests (J-turns). The tests revealed some undesirable
handling characteristics during the transient
maneuvers that were not uncovered by steady state
tests alone. Design changes were tested and found to
substantially improve the vehicle’s dynamic handling
characteristics.

INTRODUCTION

Vehicle handling has a long-established relationship
to motor vehicle safety. A vehicle that is not stable
in yaw up to its limit of performance is more likely to
lose control. This can potentially lead to any number
of accident scenarios including rollover, impact with
fixed objects, impact with other motor vehicles, and
impact with pedestrians. Traditional measures of
vehicle handling are based on a combination of
subjective driving evaluations along with some
objective steady state testing. SAE J266 “Steady-

State Directional Control Test Procedures for
Passenger Cars and Light Trucks”1 is often used.

Subjective evaluation will typically result in a
number of test drivers providing their personal
feedback to the designer. Subjective vehicle
handling evaluations often use ill-defined
terminology. Some common terms include crisp,
sluggish, on-center-feel, firm, and soft. Terms such
as these lack objective definition and do not properly
compare vehicles for a range of vehicle utility,
vehicle class, and vehicle operator demographic. An
objective description of vehicle handling based upon
subjective driver evaluations is not possible.

Steady state testing does provide an objective
analysis of the vehicle’s directional control.
However, steady state test results cannot always
predict how a vehicle will behave in a transient
environment similar to that encountered in the real
world. This is critically important when a vehicle’s
response to an emergency requires an evasive steer.
Under these circumstances, the driver needs the
vehicle to behave in a predictable and stable manner.

Modern vehicles, with rare exception, meet steady
state measures of handling performance under normal
conditions. For good handling, as judged by steady
state testing, it is desirable that the understeer
gradient of the vehicle be as follows:

1. Linear and positive at low lateral acceleration
levels

2. Increasing in magnitude (or at worst, constant
and positive) at high lateral acceleration levels.

For the population of motor vehicles in use today the
objectively determined steady state handling
characteristics vary widely within an acceptable
range of values. However, when a rapid steering is
input (such as when an evasive maneuver is required)
the handling characteristics described by steady state
tests and subjective driving evaluations are
insufficient to completely determine if a vehicle will
respond in a stable and predictable way. This paper
demonstrates the need for additional transient
maneuver testing by reporting on the results of both
steady state and transient tests of vehicles that fill
very different positions in the spectrum of vehicle
utility.
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TEST DESCRIPTION

Test Methodology

Two different test procedures were performed during
the vehicle evaluation testing reported in this paper:

1. Constant radius tests

2. Step steer (J-turn) tests.

Constant Radius Tests
This test is designed to measure the steady state
understeer and/or oversteer characteristics of the
vehicle. The tests were conducted per SAE J266,
Method 1, on a closed asphalt skid pad around a
100 ft (30.5 m) radius circle.

The continuous test procedure was used requiring
that the vehicle begin at a stop and slowly accelerate
around the prescribed circle at less than 1 mph/sec
(.05 g) until reaching the maximum speed attainable.
The procedure required that the vehicle be driven
around the circle within 1.6 ft (0.5 m) of either side
of the perimeter.

Step steer (J-turn) tests
Step steer testing was performed to evaluate the
transient response of each test vehicle. The target
speed for each test was 45 mph (72.4 kph) with a
target step input to the steering wheel of 180°. The
test driver accelerated the vehicle as quickly as
possible to the target test speed. After a steady state
condition at the target speed was reached, the driver
released the throttle and steered the vehicle to the
designated steering angle as rapidly as possible. The
steering wheel angle was held fixed until the vehicle
came to rest or for a minimum of five seconds. The
speed and steering wheel angle were chosen to insure
that the driver could easily provide the necessary
steer angle in one continuous motion and to insure
that the tires would saturate.

Test Vehicles

This paper presents the results for testing of a front
wheel drive 4-door sedan with a front weight-bias
and a rear wheel drive 15-passenger van with a rear
weight-bias. The van was tested in its baseline
configuration with a Single Rear Wheel (SRW) axle
and the same vehicle was tested again after being
modified to use a Dual Rear Wheel (DRW) axle.

The two base vehicles tested were a 1993 Ford
Taurus GL sedan (Figure 1) and a 1996 Ford E-350
Club Wagon XL 15-passenger van (Figure 2). The
Taurus was equipped with a 3.0 liter V6 engine and
P205/65R15 tires. The E-350 was equipped with a
5.8 liter V8 engine and LT245/75R16 load range E
tires in the SRW configuration and LT225/75R16
load range D tires in the DRW configuration.

The Taurus was loaded to its curb weight plus the
weight of the driver for all tests. Both the SRW and
DRW vans were tested in their curb-plus-driver
configurations, and the tests were repeated with the
vehicles in a fully loaded configuration for which 14
water dummies weighing approximately 175 lb. each
were added.

Figure 1. 1993 Ford Taurus GL.

Figure 2. 1996 Ford Club Wagon XL.

Test Instrumentation

The vehicles were each equipped with a set of
instruments to record the test inputs and the vehicle
response. As a minimum, one of each of the
following instruments was used:

Datron velocity sensor
Used to measure longitudinal and lateral speed, this
instrument was mounted at the center of the rear
bumper on the Taurus test vehicle and at the center of
the front bumper in tests of the E-350.

String potentiometer
Used to measure steering wheel angle, this
instrument was mounted within the engine
compartment adjacent to the steering shaft. The
string was extended and wrapped around the steering
shaft such that turning the steering wheel produced
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either an extension or contraction depending on
direction that the steering wheel was turned. The
potentiometer was calibrated to each vehicle,
providing a known relationship between the steering
wheel angle and the extension of the string.

Triaxial accelerometer
Used to measure longitudinal, lateral, and vertical
accelerations, this instrument was mounted on the
floor of each vehicle at the centerline near the
longitudinal center of gravity.

Additional on-board equipment included a laptop
computer for data acquisition and a tripod with a
video camera mounted just behind the driver’s right
shoulder. The video camera was set up to record the
steering wheel movement as well as the view through
the front windshield.

Test Location/Surface

All tests were conducted on the skid pad at Firebird
International Raceway in Chandler, Arizona. The
skid pad consists of a flat level asphalt surface of
approximately 590 by 460 ft.

Data Analysis

Constant Radius Tests
The constant radius test data were analyzed by
plotting the lateral acceleration (Ay) versus the

steering wheel angle divided by the steering gearbox
ratio (δ). This plot is used to determine if the vehicle
is understeer or oversteer at any given lateral
acceleration. A generic plot is shown in Figure 3. A
positive slope at a given lateral acceleration indicates
understeer. A slope of zero indicates neutral steer. A
negative slope indicates oversteer. It is obviously
undesirable for a vehicle to exhibit oversteer.

Figure 3. Generic understeer gradient.

A plot of the actual test data fitted with a least
squares fifth order polynomial was used to separately
analyze each of the constant radius tests. Such a plot
for a right turn constant radius test of the SRW E-350
is shown in Figure 4.

Figure 4. Constant Radius Test Results: SRW E-350 in Curb-Plus-Driver Configuration.
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The polynomial equation describing the data was
differentiated (dδ/dAy) to arrive at an equation for its
slope. The slope of the polynomial equation is the
understeer gradient. The understeer gradient can be
calculated at each value of lateral acceleration of
interest from the equation for the slope. If there was
an inflection in the curve, the maximum or minimum
could also be derived. This is particularly useful to
determine the steady state lateral acceleration level at
which a vehicle transitions from understeer to
oversteer. Neither the Taurus nor the E-350 vans
experienced a transition from understeer to oversteer
during the constant radius tests described in this
paper.

Transient Step Steer Test
The data were analyzed by plotting the measured
quantities of interest vs. time. The data presented in
the paper include the two key input parameters of
speed and steering wheel angle and the response
parameter of slip angle. The two input parameters
were compared between each test vehicle to insure
that all vehicles were given the same input
conditions.

The slip angle data were analyzed to answer the
question: Did the vehicle respond by achieving a
steady state body slip angle which diminished over
time as the vehicle bled off speed? This kind of
response provides predictability for the driver and
maximizes the opportunity to maintain vehicle
control. A vehicle response resulting in an increasing
slip angle could ultimately lead to vehicle loss of
control if the slip angle became too large.

DISCUSSION OF RESULTS

Steady State Tests – Constant Radius Turns

All three test vehicles exhibited a positive understeer
gradient throughout the entire range of lateral
acceleration up through tire saturation. The trends in
the results were the same for tests performed to the
right and to the left. The data from the right turn
constant radius tests are presented in Figure 5.

The data indicate that the SRW E-350 has a greater
understeer gradient than the Taurus throughout most
of the lateral acceleration range when comparing both
vehicles in the curb-plus-driver load configuration.

Figure 5. Understeer Gradient Data from Constant Radius Testing

The data further indicate that the SRW E-350 has a
greater understeer gradient when fully loaded than
when in the curb-plus-driver configuration. This
second finding, while counterintuitive, is likely a

result of the vehicle’s suspension design.

The DRW E-350 exhibited the largest understeer
gradient of the three vehicles tested. This vehicle’s
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understeer gradient was greater in the fully loaded
configuration than in the curb-plus-driver
configuration. This is the same trend observed in
comparing the test results for the two loading
configurations of the SRW E-350.

Using the steady state constant radius test as the sole

criteria for yaw stability would indicate that the
DRW E-350 is the most stable vehicle (i.e., it has the
largest understeer gradient), followed by the SRW
E-350, and lastly, the Taurus. The transient test
maneuver is necessary to find out if this result will
hold true in more realistic, non-steady state steering.

Figure 6. Test speed input for right step steer maneuvers

Transient Tests – Step Steer Turns

Figure 6 shows the test speed for each run. The
target speed was 45 mph (72.4 kph). The data
illustrate that the target speed was achieved within
plus 0.3 mph (0.5 kph) and minus 3.0 mph (4.8 kph)
at the time that the steering input was made for all
runs. Four of the runs were within 1 mph (1.6 kph)
of each other while the DRW E-350 in the curb-plus-
driver configuration was at a slightly higher input
speed, just above the target speed.

Figure 7 shows the steering wheel angle (SWA) input
for each of the five runs. The target SWA was 180°.
Analysis of these data indicates that the input for all
of the five tests was within plus 1.0° and minus 9.0°
for the duration of interest. Some of the runs
experienced a brief SWA overshoot of 20° or less as
the step steer approached the target value. The
steering wheel angle was held for a minimum of five
seconds. Two of the runs which resulted in vehicle
spinout had a greater variance in the SWA as the

violence of the spinout made it more difficult to hold
the SWA constant.

The body slip angle was analyzed as the vehicle
response to the input parameters discussed above.
These data are presented in Figure 8. The body slip
angle is calculated from the arctangent of the lateral
velocity divided by the longitudinal velocity. These
velocities were measured by the Datron sensor.

An initial peak is observed during the first second
following steering wheel input in all of the plotted
slip angle data. This peak is in the positive direction
for the E-350 and in the negative direction for the
Taurus. This peak is the result of the mounting
location of the Datron velocity sensor. The mounting
of the Datron instrument on the vehicle bumper
introduces a small error based on its distance from
the rotational center of the vehicle. When the
instrument is mounted on the front bumper, the error
will be in the positive direction for right-hand turns.
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Figure 7. Steering wheel angle input for right step steer maneuvers.

Figure 8. Slip angle response for right step steer maneuvers
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This was the case for all of the E-350 tests. When the
instrument is mounted on the rear bumper, the error
will be in the negative direction for right-hand turns.
This was the case for the Taurus tests.

Analysis of the slip angle data indicates that the
Taurus and the DRW E-350 van maintain a vehicle
slip angle of less than 5° throughout the duration of
the maneuver. The test vehicles were observed to
track throughout these maneuvers. The SRW E-350
van obtains measured body slip angles in excess of
25° in both the curb-plus-driver and loaded
configurations. Examination of the video indicates
that the test vehicle becomes yaw-unstable and spins
out during these two runs. The spinout is evident in
the slip angle data of Figure 8 as a sudden sign
change which is a result of the vehicle experiencing a
directional change in the lateral velocity

The SRW E-350 in the loaded configuration exceeds
a 25° slip angle in approximately 2.8 seconds. The
SRW E-350 in the curb-plus-driver configuration
exceeds a 25° slip angle in approximately 4.8
seconds. While both results indicate that this vehicle
has an undesirable response to the transient step steer
maneuver, the response of the loaded van is worse.
This result is opposite that demonstrated by the
steady state constant radius tests in which the
vehicle’s handling appeared to improve when fully
loaded compared to its handling in the curb-plus-
driver loading configuration.

FINDINGS AND CONCLUSIONS

An unstable response to steady state or transient test
maneuvers is undesirable. A vehicle that exhibits an
unstable response to either type of test will be much
more difficult (and perhaps even impossible) for a
driver to control when faced with an emergency that
requires an evasive steer maneuver. This can lead to
a loss of control which in many instances results in a
rollover event or other collision.

Steady state constant radius tests showed that the
DRW E-350 had the greatest understeer gradient
followed by the SRW E-350 and then the Taurus.
Under transient testing, the Taurus and DRW E-350
exhibited a stable response to the step steer
maneuvers, but the SRW E-350 experienced loss of
control and spinout in both loading configurations.
This result is much different than that predicted by
the steady state analysis.

While suspension design can overcome some of the
steady state yaw stability problems that are inherent
in a vehicle with an aft weight-bias, there is no
guarantee that this will resolve potential yaw stability
problems during transient maneuvers. The SRW
E-350 had an unstable response during the transient

step steer tests which was not detected during the
steady state testing. Further, the steady state tests
alone would have suggested that the yaw stability of
this vehicle improves with loading. This was proved
to be incorrect by the transient test results.

It is critical to evaluate vehicles in both steady state
and transient test maneuvers. The opposing results of
constant radius tests and step steer tests performed on
the SRW E-350 demonstrate that transient test
maneuvers must be part of a vehicle’s overall
evaluation for directional stability.
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ABSTRACT

     The purpose of this study is to examine
compatibility test procedures proposed in the IHRA
Vehicle Compatibility Working Group. Various crash
tests were conducted with different vehicle weights and
stiffness in our previous study, and each of the
compatibility problems, namely mass; stiffness and
geometric incompatibility were identified in these tests.
In order to improve the compatibility, it is necessary to
evaluate and control relevant vehicle characteristics of
compatibility in test procedures.
    According to the IHRA study, relevant aspects for
compatibility in frontal impact are

• Good structural interaction
• Frontal stiffness matching
• Maintaining passenger compartment integrity
• Control the deceleration time histories of

impacting cars
     Possible candidate test procedures to evaluate
four items given above are as follows:
    1) A full width Load Cell Barrier test in which the
load cell data was analyzed to evaluate structural
interaction of vehicles, and some geometric indices
such as Average Height Of Force, interaction area, and
stiffness indices were measured. It was found from the
analysis that several candidate metrics could be
identified given their high correlation with laboratory
vehicle-to-vehicle crash tests.
    2) An MDB-to-vehicle test, which allows the mass
ratio to be taken directly into account. Potentially it can
generate a realistic delta V and vehicle acceleration
pulse. It has been recognized that the MDB could be
used as a representative of an actual vehicle, and it
provides more flexibility in compatibility test
procedures. MDB-to-vehicle tests were conducted to
confirm the reproducibility of vehicle-to-vehicle tests;
the test results and analysis are reported in this paper.

INTRODUCTION

     Crash compatibility can be defined as the ability
of a vehicle to help protect not only its own occupants,
but other users as well. Compatibility in vehicle-to-
vehicle crashes has become an issue in countries with
various vehicle compositions; thus compatibility is
strongly affected by fleet composition. The National

Highway Traffic Safety Administration (NHTSA)
reported the aggressivity issue of sport utility vehicles
(SUV) and light trucks and vans (LTV) in the U.S. fleet
(1). In Japan, the sales volume of small and medium
sedans has been decreasing over the past decades, and
the sales of mini-cars, station wagons and minivans
have been increasing. As the range of the vehicle
composition has been spread widely in Japan, the
concern with crash compatibility has been growing for
the last several years.
    After the International Harmonized Research
Activity (IHRA) was set up, a number of studies have
been made on compatibility between vehicles in the
IHRA Vehicle Compatibility Working Group (2).
Referring to the IHRA work, various crash tests were
performed with different vehicle weights and stiffness
in our study, and each of the compatibility problems,
namely mass; stiffness and geometric incompatibility
were identified in these tests.
     A major focus of compatibility research is a
development of a laboratory test procedure to evaluate
compatibility. Within the IHRA Compatibility WG, a
number of possible candidate test procedures have been
proposed for a frontal impact test. We have studied each
of the proposed test procedures, and the present
development activity is being focused on both a full
width barrier test with load cells and an MDB test.
In order to improve compatibility, it is necessary to
evaluate and control relevant vehicle characteristics of
compatibility in test procedures. According to the
IHRA study, relevant aspects for compatibility in
frontal impact are

• Good structural interaction
• Frontal stiffness matching
• Maintaining passenger compartment integrity
• Control the deceleration time histories of

impacting cars
     The work described in this paper provides a
comparative analysis of the vehicle-to-vehicle test and
vehicle-to-fixed/moving barrier test. The full width
barrier test with load cells is mainly used to evaluate
the aggressivity and the MDB test is intended to
evaluate the self-protection. The barrier load cell data
obtained from full width rigid barrier is analyzed to
evaluate the aggressivity of a SUV/LTV, and the MDB-
to-Car impact was compared to the SUV-to-Car impact.
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SUV/LTV-TO-CAR CRASH TESTS

Test configuration

     Figure 1a,b and Table 1 show the selected
vehicles and their associated weight used in SUV/LTV-
to-Car impacts. The target vehicle was a compact four-
door sedan representing a small passenger car in the US
fleet. SUV and LTV with different mass and geometry
were selected for striking vehicles in SUV/LTV-to-Car
impacts. SUV/LTV-to-Car crash tests have been
performed with these cars impacted at 50 km/h each.
The offset ratio for this test was 50% width of the
compact sedan. Although a Hybrid Ⅲ 50th percentile
male dummy for the driver and a Hybrid Ⅲ  5th

percentile female dummy for the passenger was used in
these SUV/LTV-to-Car impacts, however we limit the
discussion to the structural behavior of these vehicles.

Figure 1a.  SUV-to-Car impact.

Figure 1b.  LTV-to-Car impact.

Table 1
Selected vehicles and test weight

Vehicle type Vehicle test weight Mass ratio
Compact Sedan 1310 kg 1.0
SUV 2205 kg 1.68
LTV 2680 kg 2.04

     Figure 2a,b and Table 2 show the geometrical
alignment of the two bullet vehicles compared to the
target vehicle. Regarding the overlap of their front
longitudinal member, there is no clear difference
between the SUV-to-Car and LTV-to-Car, however the
SUV has an engine sub-frame as an extra load path of
the impact. In terms of structural interaction, the sub-

frame could reduce the structural mismatch between the
SUV and the compact sedan.

Figure 2a.  SUV-to-Car.

Figure 2b.  LTV-to-Car.

Table 2
Dimension of vehicle front-end structures

Car SUV LTV
Longitudinal Top
Height (mm)

510 550 590

Longitudinal Bottom
Height (mm)

412 460 479

Sub-Frame Height
(mm)

181 312

Longitudinal
Overlap (mm)

50 31

Crash test results

     The deformation mode of the target vehicle is
shown in figure 3a,b In the SUV-to-Car impact, the
main element in the front structure of both vehicles
absorbed kinetic energy and the passenger compartment
integrity of the compact sedan was maintained. No
over-riding phenomenon was seen in the SUV-to-Car
impact. There was good structural interaction between
the front longitudinal member of the passenger car and
the sub-frame of the SUV.
     However, in the LTV-to-Car impact the lack of
the sub-frame of the LTV caused the structural
mismatch between the two vehicles, thus it was a
disadvantage for the vehicle aggressivity. Overriding
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phenomenon was seen in the LTV-to-Car impact. This
overriding was caused by structural mismatch between
the two vehicles. The LTV caused significantly more
intrusion in the passenger compartment of the target
vehicle compared to those caused by the SUV-to-Car
impact. It was clear in the LTV-to-Car impact that there
was little structural interaction due to geometrical
difference that caused the LTV to override the target
vehicle.

Figure 3a.  Deformation of the target vehicle in the
SUV-to-Car impact.

Figure 3b.  Deformation of the target vehicle in the
LTV-to-Car impact.

FULL WIDTH BARRIER LOAD CELL DATA
ANALYSIS

Geometrical Compatibility

     The LTV-to-car test result revealed that a poor
structural interaction between two vehicles led to
overriding. The difference in height between the vehicle
front-end structures of the passenger car and the LTV is
a good example to illustrate the geometric
incompatibility. The geometric incompatibility must be
examined in more detail.

     Basically, the crash incompatibility is
characterized by three vehicle factors:
(1) Mass Incompatibility
(2) Stiffness Incompatibility
(3) Geometric Incompatibility
Several studies have been made on a measurement of
stiffness and geometric compatibility (3), (4). NHTSA
used a full width barrier test data with 36 load cells to
evaluate stiffness and geometric compatibility (5), (6). The
full width rigid barrier test has been conducted in New
Car Assessment Program (NCAP) in the US.
     In this study, the load cell data of the NCAP test
(36 Load Cells Barrier) and that of our in-house test
(180 Load Cells Barrier) was used to assess the
geometric and stiffness compatibility. The barrier load
cell wall configurations are displayed in Figure 4a,b.
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Figure 4a.  36 Load Cells Barrier configuration.
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Figure 4b.  180 Load Cells Barrier configuration.

     In order to assess the structural interaction,
Average Height Of Force (AHOF) derived from the
barrier load cell data was analyzed. The vehicle
deflection was obtained by double integration of the
acceleration derived from the accelerometer placed on
the center of the vehicle. The barrier load cell data and
the acceleration data were filtered with CFC 60
according to SAE J211 standard.
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      The Height Of Force (HOF) and the Average
Height Of Force (AHOF) used in this study are
computed as follows.
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∑ ×
= cell

cell

i

HiFi
dHOF

1

1

F
)(

∑

∑ ×
= d

0

d

0

)(

)()(

dF

dFdHOF
AHOF 　(d)=deflection

     The HOF at each deflection is computed from
balancing the moments acting on each load cell with
the total moment acting on the barrier. The AHOF is
then averaged using the F (d) data as a weighing
function. The reason why F (d) data was used as the
weighing function in this study is that the height of
force could be strongly affected by the Force-
Deflection characteristics in the full width barrier test.
Especially, the contact force of engine with load cell
wall could act the important role for the AHOF analysis.
The crush based AHOF is helpful to realize the vehicle
structure and the location of the engine.
     The AHOF for the LTV was compared with that
for SUV as a predictable parameter of the overriding
phenomenon. Figure 5 shows a plot of vehicle weight
versus AHOF. The AHOF for the SUV and the LTV is
generally higher than for the passenger cars. However,
the AHOF for the LTV indicated similar value to that
for the SUV. Thus the AHOF could not discriminate the
overriding phenomenon of the LTV.
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Figure 5.  Vehicle weight vs AHOF

    The variation on the HOF-Deflection curve was
analyzed in detail. The HOF for the passenger car, SUV
and LTV in the full width rigid barrier test are shown in
Figure 6 as a function of deflection.
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Figure 6.  HOF-Deflection curve

 　　Higher HOF values are indicated for the SUV
within 200-500 mm at the HOF-Deflection curve. In
order to investigate the relationship between the
overriding and the HOF, each load cell output at 200-
500 mm was investigated. The force distribution
derived from the barrier load cells at 300 mm and 400
mm on HOF-D curve is shown in Figure 7. The test
data for the LTV was from 36 load cells, and that for
the SUV was from 180 load cells in this study. An
important point to emphasize is that the 36-barrier load
cell is about twice as large as 180-barrier load cell. If it
sees roughly, similar force distribution was seen in the
load cell output for both vehicles. The force distribution
for the LTV at 300 mm demonstrates two of the main
load paths clearly; these are the two longitudinal
members.

　
Barrier force distribution at 300 mm on F-D curve

  
Barrier force distribution at 400 mm on F-D curve
Figure 7.  Barrier force distribution for LTV and
SUV.

　　　　　Figure 8 shows the vehicle front structure of
the LTV. The vertical distance from the bottom of the
longitudinal member to the ground was 479 mm. The
crush force of the longitudinal member of the LTV is
measured by the second row from the bottom of 36
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barrier load cells, whereas it is measured by fourth row
of 180 barrier load cells. In that case, the HOF
computed by the 36 load cells is different from that of
the 180 load cells in that the moment arms for HOF is
derived from the center height of the load cell.
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Figure 8.  Relationship between the longitudinal
member of the LTV and barrier load cell height.

     In order to examine the AHOF, we have to clarify
the influence of the load cell size first. By getting
adjacent 4 load cells together in the 180 barrier load
cells, imaginary 45 barrier load cells were created.
（Figure 9） The total barrier load of the imaginary 45
load cells is exactly same as that of the 180 load cells.
The HOF of the SUV computed by 45 load cells was
compared with original HOF. It was found from the
result that there was a considerable variation of the
HOF that comes from the different load cell size. The
result shows that the load cell size affects greatly the
HOF because of the difference in the center height of
the load cells. (Figure 10)
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Figure 10.   HOF of the different load cells size.

     Let us now return to the discussion of the
overriding phenomenon. It is important to note that the
difference of load cell size affects the AHOF analysis,
as stated above. Since 36 load cells are about twice as
large as 180 load cells, 36 load cells were divided into
imaginary 144 load cells tentatively. The measured
barrier forces for the LTV from the 36 load cells were
assigned to the imaginary 144 load cells. Assuming that
the main reason for the overriding is caused by the
structural mismatch between the main load paths for
energy absorption, barrier load analysis was focused on
the longitudinal member of the LTV. The bottom of the
longitudinal member of the LTV was 479 mm in height;
therefor it is reasonable that the 3rd row from the ground
in the imaginary 144 load cells does not contact with
the longitudinal member. The barrier force distribution
was reflected according to the above reason, and the
result is shown in Figure 11.

         LTV              Compact Sedan

         SUV              Compact Sedan
Figure 11.  Force distribution between the LTV and
the passenger car at 400 mm crush.

     Compared with the SUV, only the two
longitudinal　members of the LTV place any significant
force on to the load cell wall, and this was very
localized. This was far from ideal and indicates a
potentially aggressive structure. The SUV had a sub-
frame as an extra load path, which provided a much
more homogeneous force distribution. The force
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distribution of the LTV in height indicates that the
amount of overlap for the structural interaction between
the LTV and passenger car was only approximately 1
load cell row. It is quite likely that this poor interaction
area for the interface force leads to the overriding of the
LTV. Therefore, the vertical width of interaction area
should be considered to be a geometric compatibility
index.
     Generally speaking, as the AHOF of the LTV
becomes high, the structural interaction would decrease
between LTV and passenger cars in frontal impact.
From this point of view, one may say that the AHOF
could be a geometric index for compatibility. However
no overriding phenomenon was seen in the SUV-to-Car
impact with reasonable interaction area between two
vehicles, thus the interaction area could also be one of
the important factors to prevent overriding. The
SUV/LTV-to-vehicle impacts in this study revealed that
the reasonable extent of the interaction area should be
taken as a geometric compatibility index. (Figure12a,b)

AHOF AHOF

Interaction Area

Interaction Area

Figure 12a.  AHOF and Interaction Area.

AHOF

Interaction Area

Interaction Area

AHOF

Figure 12b.  AHOF and Interaction Area.

     Ideally, the AHOF and the interaction area should
be matched completely to absorb energy, however it is
necessary to study the reasonable extent of the
interaction height and area. The geometrical alignments
of the bumpers and the longitudinal members of
passenger cars in the US fleet are derived from the US
bumper standard. Additionally, a lot of passenger cars
in other countries are having the similar longitudinal
members in height, because they have a US model. This
concentration of the longitudinal member in height
provides an opportunity to encourage the resolution of
the interaction area. SUV/LTV should respond to
support this bumper height range that prevent partner
cars from being overridden.

Stiffness Compatibility

     The force concentration causes a local
penetration into partner vehicle, which is far from an
ideal and indicates a potentially aggressive structure.
Vehicle front-end structures must be homogeneous to
avoid a “fork effect”, and must absorb a sufficient
energy to reduce a passenger compartment intrusion. In
order to assess the stiffness compatibility, full with
barrier load cell data was analyzed by using the
coefficient of variance (CV) (7).

CV = Standard Deviation / mean

     The localized barrier forces were seen in the LTV
test, however the number of 36 load cells used in the
NCAP test is not acceptable for the CV analysis,
therefor an example of another case was selected to
assess stiffness compatibility. The lateral structural
mismatch between vehicles can be often seen in the
vehicle-to-vehicle impact that has a single load path for
energy absorption. Here is another example of single
load path car shown in Figure 13a.

Figure 13a.  Single load path Car A after vehicle-to-
vehicle impact test.
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Figure 13b.  Multiple load paths Car B after
vehicle-to-vehicle impact test.

Figure 13b shows a Car B that has a multiple load path
for energy absorption and more homogeneous structure
in vehicle front.  A subjective visual inspection of
force distribution on each load cell shows a force
concentration of the higher load for the car A caused by
the single load path. The CV was computed for the Car
A and the Car B and shows substantially higher values
for the Car A.

Barrier force distribution at 400 mm on CV-D curve
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Figure 14.  The CV for the Car A and the Car B

     To demonstrate the potential of this analysis, the
load cell data for more compatible family cars have
been compared to those for less compatible vehicle. To
make direct comparison of the results of the CV
possible, overall average was computed using the
deflection data as a weighing function.

     As shown in Figure 15, Passenger cars and
Minivans were found to be the similar homogeneous
vehicle category with a CV from CV = 0.75 to CV =
1.2. The CV of SUV was obviously higher and ranged
from CV = 1.25 to CV = 1.3. The difference in these
values demonstrates the potential of this parameter as
an index to evaluate the stiffness compatibility of
vehicle front structure.
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Figure 15.  Average CV for various vehicles.

   Here the question now arises: the SUV-H and the
Minivan-F have almost same framework in the vehicle
front structure (Figure 16), however SUV-H with CV =
1.3 was much higher than that of Minivan-F with CV =
1.0. Assuming that the similar framework provides
the similar CV value, the question is why those two
CV values were very different. Since the major
difference between the two vehicles is a ride height,
the influence of the ride height was investigated in
the first place.

Minivan F SUV H

Figure 16.  Vehicle front structure of Minivan F
and SUV H.
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Figure 17b.  CV-Deflection curve.

   Figure 17a,b shows the F-D and CV-D curve for
the SUV-H and the Minivan-F. The F-D curves for
both vehicles showed similar trend in early stage of
the impact on the ground that they have the similar
framework, whereas the CV for both vehicles
showed considerable difference. The difference of
the CV value has resulted from the assessment area
that was used for computing the CV. The assessment
area is identified with the area that at least one load
cell in the outside row or column was indicated a
peak force greater than 5 kN in the impact. The
difference of the assessment area was derived from
the different ride height; namely the higher SUV has
the larger assessment area. The mean value of the
barrier force of the SUV-H was lower than that of the
Minivan-F because of its larger assessment area. The
low mean value of the barrier force causes the high
CV value. That is the reason why the CV for the
SUV-H has become higher than that for the Minivan-
F as a consequence.
   The CV is too sensitive when the mean value of the
force is low in early stage of impact, because the gap
between the mean force and higher force causes large
standard deviation. The CV for the SUV-H and the
Minivan-F were computed again with the assessment
area that was defined at each deflection, then the
results appear in Figure 18. By using this method,
the CV value of the SUV-H became similar to that of
the Minivan-F. In other words the homogeneity of

the vehicle front structure was assessed more
precisely.
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Figure 18.  CV computation for each deflection.

     A local penetration issue would be controlled by
homogeneity assessment. However, in addition to
homogeneity assessment, there is one other thing that is
important for stiffness compatibility. There is no doubt
about the fact that heavier vehicles have a higher global
stiffness than lighter vehicles, because heavier vehicles
must absorb their kinetic energy in approximately same
crash distance in a fixed barrier test. The stiffness of the
vehicle is somewhat related to its mass. In order to
assess the stiffness matching between vehicles, some
candidate test procedures have been proposed. A further
research direction of this study will be to examine those
test procedures to clarify reasonable global stiffness. As
discussed in geometrical compatibility, it is important
for stiffness compatibility that the stiffness within the
interaction area would be investigated carefully with
regard to frontal impact.

MDB-TO-CAR TEST

     Various test procedures are being used to evaluate
the self-protection of occupants provided by production
vehicles in frontal crashes. The offset deformable
barrier (ODB) test is designed primarily to reproduce
the deformation patterns seen in real world crashes,
accordingly addressing intrusion induced injuries. In
contrast, the full width barrier test is designed to
provide information relating to deceleration pulse
induced injuries.
     The NHTSA has been developing an MDB test to
evaluate both self-protection and the compatibility of
the vehicle (8). A fixed mass MDB test allows the mass
ratio effect to be taken into account, and it can generate
a realistic delta V and vehicle deceleration pulse. One
of the goals to use the MDB is to reproduce a vehicle-
to-vehicle crash response, deformation of the vehicle
and occupant kinematics seen in the real world type
crashes.
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     One of the concerns of the MDB testing is its
proneness to overriding issue, and IHRA WG report
says that the overriding was greater when a vehicle was
stationary (2), (9). Offset frontal vehicle-to-vehicle test
with same two passenger cars was carried out to
confirm this issue according to the test configuration
shown in Figure 19. In this test, the initial velocity of
striking vehicle was chosen at 112 km/h and the struck
vehicle was stationary.

112km/h

Stationary

Figure 19.  Car-to-Car test configuration.

     In this test, injury measures of the dummies in
the struck vehicle was the same level as those in the
striking vehicle, therefore the injury measures did not
indicate either vehicle being overridden. The result of
the intrusion indicated that the deformation of the
struck vehicle was slightly greater than that of the
striking vehicle.

Figure 20a.  Deformation mode of the striking car
(front).

Figure 20b.  Deformation mode of the struck car
(front).

Figure 20c.  Deformation mode of the striking car
(side).

Figure 20d.  Deformation mode of the struck car
(side).

     The different bending mode of the bumper beam
was observed in both vehicles; to put it briefly, the
bumper beam of the striking vehicle bent downward,
and that of the struck vehicle bent upward to the
contrary. (Figure 20a,b) The upper rail of the struck
vehicle was more deformed than that of the striking
vehicle and the lower rail of both vehicles demonstrated
a different failure mode. (Figure 20c,d) There was no
obvious over-riding phenomenon during the test,
however the deformation profile of the struck vehicle
showed the signs of being over-ridden. It was found
from the result that the proneness of overriding to the
stationary vehicle holds true, consequently the MDB-
to-Car test has been conducted with both vehicles
moving to prevent overriding.
      Another issue for the MDB test is the bottoming
out of the defomable face. The Federal Motor Vehicle
Safety Standard (FMVSS) 214 MDB was studied in our
previous study and the honeycomb bottoming out
phenomenon was observed. There is no bottoming out
in vehicle-to-vehicle impact; therefore the barrier must
be design to avoid this phenomenon.
     A Progressive Deformable Barrier (PDB) has a
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depth of 700 mm and was developed to avoid
bottoming out (10). Judging from the above, the PDB
was selected as one of the candidates of deeper
honeycomb, and MDB-to-Car test was carried out with
the deformable face of PDB. Figure 21 shows the test
MDB-to-car test configuration. The 1362 kg MDB was
used to strike the compact sedan in 40% offset collinear
with both vehicles traveling at a speed of 56 km/h. In
the MDB-to-Car test, Hybrid Ⅲ 50th percentile male
dummies were used to evaluate the injury levels for the
driver and passenger.

Figure 21.  MDB-to-Car test configuration.

     This preliminary MDB test was conducted to
compare the vehicle deformation and injury levels in an
equivalent vehicle-to-vehicle test. Target compact sedan
was subjected to three energy equivalent crash tests
shown in Table 3, and results were compared.

Table 3.
Test matrix

Test Test speed Total Kinetic
Energy

Offset
Ratio

Car-to-Car 50 km/h 4451 kN･m 50%
MDB-to-Car 56 km/h 4312 kN･m 40%
ODB-to-Car 64 km/h 4262 kN･m 40%

     The deceleration pulses of the target vehicle in
the vehicle-to-vehicle collinear test, in the MDB test,
and in the ODB test are shown in Figure 22.

Figure 22.  Comparison of Deceleration Pulses.

     The overall deceleration pulse shape and timing
in the MDB 40% test was generally similar to that in
the vehicle-to-vehicle 50% test, in contrast the peak
deceleration occurred approximately 40 millisecond
later in the ODB 40% test. This figure shows that the
MDB test matched the vehicle-to-vehicle response very
well, whereas the crash pulse resulting from the ODB
test does not appear similar to the vehicle-to-vehicle
crash pulse.
    Figure 23 and 24a,b show the comparison of
dummy responses for the three crash test conditions for
the compact sedan. Injury Assessment Reference
Values (IARV) were used to normalize the injury
measures. These reference values are defined in
FMVSS 208 except for the tibia index that uses a
reference value of 1.3, as defined by the EU96/79
standard.

0 0.5 1 1.5

TIBIA INDEX L

TIBIA INDEX R

FEMUR L

FEMUR R

CHEST DEF

CHEST G
（3ms）

HIC

Car-to-Car

MDB-to-Car

ODB-to-Car

Figure 23.  Comparison of IARV

     A very good match was observed between the
Car-to-Car dummy responses and the MDB test.
This MDB test is slightly more severe than
corresponding Car-to-Car test, resulting in higher
vehicle response and higher dummy head, chest and
femur response. The ODB test responses was compared
to the Car-to-Car response and MDB-to-Car test.
Comparing dummy responses from Figure 23 shows
much lower dummy responses for all major injury
measures, even though the ODB is at similar impact
energy.
    This holds especially true for the head and chest
response comparisons. (Figure 24a,b.) This match is
expected since the MDB test was designed to reproduce
the vehicle-to-vehicle test mode.
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Figure 24a.  Comparison of Driver Head
Deceleration　Pulses.

Figure 24b.  Comparison of Driver Chest
Deflection Pulses.

     Figure 25 and 26 show the overall vehicle
deformation. A very good reproducibility was observed
with regard to the vehicle deformation as well as
dummy responses. These results lead us to the
conclusion that Car-to-Car crashes can be better
reproduced using an MDB-to-Car test. It is thought that
this MDB test will allow realistic evaluation of
compatibility.
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Figure 25.  Comparison of vehicle deformation

    Car-to-Car test         Car-to-MDB test

　　　―Car-to-Car
　　　―Car-to-MDB
Figure 26.  Comparison of 3-D measurement data
of the Compact Sedan.

     The result of Car-to-Car crash depends on the
characteristics of the two opposing vehicles. Although
Car-to-Car crashes have a low initial deceleration
similar to ODB crashes, they also produce extremely
high input loads into the cabin and high deceleration
levels in the second half of the crash. As a result, the
crash energy translated to the occupant by Car-to-Car
offset crash is actually equal to or greater than that for a
full width barrier test. However, the cabin survival
space is significantly reduced compared to the other
two tests, and there are many cases where this causes
secondary collisions with interior parts which worsen
the occupant injury severity (11). (Table 4)

Table 4.
Body DecelerationTest Procedure
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     An examination of evaluation test procedure that
combine these characteristics shows the moving
deformable barrier (MDB) crash test to be ideal. The
MDB test procedure is currently one test method which
models Car-to-Car crashes from the dual perspective of
body deceleration characteristics, which control
occupant injury severity, and occupant survival space.
Test results show that the body deformation and
deceleration of the test vehicle closely approximated
those in an actual Car-to-Car crash. As a result, it was
found that vehicle-to-vehicle crashes might be better
reproduced using an MDB-to-Car test as opposed to a
conventional fixed barrier test.
 
DISCUSSION

    The barrier load data analysis calls for further
investigation. The full width rigid barrier test is too
sensitive to the inertia force when hard structures hit
with the rigid wall. The load cell data in the rigid
barrier test should be compared with that in the full
width deformable barrier test proposed by the Transport
Research Laboratory (TRL) with respect to the AHOF
and the CV (12).
     In the case of SUV/LTV-to-Car offset crashes, the
target vehicle experienced a lower deceleration level in
the early stage of the impact (up to 30 ms) and a higher
deceleration in the later stage of the impact. The lower
deceleration pulse can be reproduced by the ODB test
and the higher deceleration pulse can be reproduced by
the full width barrier test. However, the combination of
initial low deceleration and the following higher
deceleration, which causes severer injury levels, will
not be reproduced by those test procedures. Nothing
will reproduce the realistic deceleration pulse in the
vehicle-to-vehicle impact better than that in the MDB
test. A further research direction of this study will be
examining if the MDB characteristics will allow
realistic evaluation of compatibility in various countries.
MDB test procedure should be considered varying the
crash angle, speed, offset ratio and other factors of the
vehicle fleet in each country. Then, these results should
be used to determine vehicle specifications that can
improve occupant injury severity and metrics for the
future evaluation of compatibility.

CONCLUSION

     This report has examined the compatibility
between SUV/LTV and passenger cars in vehicle-to-
vehicle crash tests.
1. The LTV overrode the passenger car during the

LTV-to-Car frontal offset crash. Significant
deformation and dash intrusion were observed in
the target vehicle in the LTV-to-Car impact
compared to that in the SUV-to-Car impact. This

was caused by vertical structural mismatch
between the two vehicles. In the studied frontal
SUV/LTV-to-Car impacts, it was found from the
result that good structural interaction was a
fundamental requirement to crash compatibility.

2. In order to improve compatibility, it is necessary
to develop test procedures that can evaluate the
various criteria for both aggressivity and self-
protection. Our development activity is being
focused on two test procedures, namely one is a
full width barrier test with load cells and the other
is an MDB test.

3. The load cell data in the full width barrier at 56
km/h was analyzed to assess the structural
interaction. The AHOF could become a geometric
compatibility index and interaction area should
also be taken as a compatibility index at the same
time. As one of the indices for stiffness
compatibility, the CV could evaluate homogeneity
of the vehicle front structure. However, further
study for the calculation method of the CV is
needed to assess the homogeneity more precisely.

4. It was clear that the barrier load cell size affects
seriously the result of the AHOF and the CV.
Therefore, barrier load cells should be smaller and
identical size among various laboratories in order
to assess these compatibility indices correctly.

5. The issues of bottoming out the honeycomb and
overriding of the MDB were improved in this
study. It was found that the MDB test could
reproduce the body deformation and deceleration
observed in actual vehicle-to-vehicle impact by
using a PDB as a deformable face. The resulting
vehicle deformation, vehicle deceleration and
occupant injury severity matched closely with
actual vehicle-to-vehicle tests. The MDB would
address deceleration-induced injuries in addition
to contact-induced injuries.

6. Combining the full width barrier test and the
MDB test has a possibility to provide an improved
compatibility. This combination of the test
procedures can evaluate the vehicle characteristics
from vehicle front-end homogeneity to passenger
compartment strength. The MDB provide more
flexibility to reproduce vehicle-to-vehicle crash,
hence the MDB test would offer the best overall
coverage of real world accidents.



                                                                        Takizawa - 13 -

REFERENCES

1. Stephen M. Summers, Aloke Prasad, William T.
Hollowell “NHTSA’s Research Program for
Vehicle Aggresivity and Fleet Compatibility” 17th

International Conference on the Enhanced Safety
of Vehicles Paper No. 249, Amsterdam, the Nether
lands, June 2001

2. Peter O’Reilly “Status Report of IHRA Vehicle
Compatibility Working Group” 17th International
Conference on the Enhanced Safety of Vehicles
Paper No. 337, Amsterdam, the Nether lands, June
2001

3. K H Digges and A M Eigan  “Analysis of Load
Cell Barrier Data to Assess Vehicle Compatibility”,
Society of Automotive Engineers Paper No. 2000-
01-0051. March 2000

4. K H Digges and A M Eigan  “Measurement of
Stiffness and Geometric Compatibility in Front-to-
Side Crashes”, 17th International Conference on
the Enhanced Safety of Vehicles Paper No. 349,
Amsterdam, the Nether lands, June 2001

5. Stephen Summers, Aloke Prasad, Willam T.
Hollowell“NHTSA’s Compatibility Research
Program Update”, Society of Automotive
Engineers Paper No. 2001-01-1167. Detroit,
March 2001

6. Stephen Summers, Willam T. Hollowell, Aloke
Prasad“Design Considerations for a compatibility
Test Procedure”, Society of Automotive Engineers
Paper No. 2002-01-1022, March 2002

7. Mervyn Edwards, Julian Happian- Smith, Huw
Davies, Nigel Byard and Adrian Hobbs “The
Essential Requirements for Compatible cars in
Frontal Collisions”, 17th International Conference
on the Enhanced Safety of Vehicles Paper No. 158,
Amsterdam, the Nether lands, June 2001

8. Carl L. Ragland “Offest Test Procedure
Development and Comparison” Enhanced Safety
Vehicle Paper No. 98-S1-O-03, Windsor, Ontario
CANADA, June 2001

9. Koji Mizuno, Kazumasa Tateishi, Yukihiro Ezaka
“Test Procedure to Evaluate Vehicle
Compatibility” 17th International Conference on
the Enhanced Safety of Vehicles Paper No. 127,
Amsterdam, the Nether lands, June 2001

10. Alain Diboine, Pascal Delannoy  “Improvements
in car to car compatibility: Physics, design
constraints and assessment test methodology and
criteria ” Vehicle Safety 2002 , London, UK, May
2002

11. Tomiji Sugimoto, Hideki Suzuki, Yoshiji
Kadotani ”Infuluence of Body Intrusion and
Deceleration on Occupant Injuries in Frontal
Collisions between Passenger Cars” 17th

International Conference on the Enhanced Safety
of Vehicles Paper No. 433, Amsterdam, the Nether
lands, June 2001

12. Mervyn Edwards, Adrian Hobbs, Huw Davies,
and Alex Thompson “Development of Test
Procedures and performance Criteria to Improve
Compatibility in car in Frontal Collisions” Vehicle
Safety 2002 , London, UK, May 2002



Jiang 1

REVIEW OF CAR FRONTAL STIFFNESS EQUATIONS FOR ESTIMATING VEHICLE
IMPACT VELOCITIES

Jiang T.1, Grzebieta R.H.1, Rechnitzer G.1,
Richardson S.2 and Zhao X.L.1
1Department of Civil Engineering,
Monash University, 2DV Experts
Australia
Paper Number 439

ABSTRACT

This paper reviews different force versus crush
empirical equations for cars used in accident
reconstruction over the past three decades. These
equations are compared to numerous data obtained
from various sources. A strategy for selecting the
most appropriate equations to use for determining
the frontal stiffness characteristics of a car for
accident reconstruction, simulation modeling, and
design purposes is also proposed. Estimates of error
bands for a particular strategy chosen given
available crash test data, are also provided.

INTRODUCTION

Estimates of vehicle speed changes during impacts
are important for assessing the impact speed and
hence crash severity of real world road accidents
for research, insurance claims and litigation
purposes. The term commonly used to define the
speed change during an impact is Delta V. A
method, essentially empirical, based on a vehicle’s
crush deformation and crush energy has been
widely used to determine Delta V. Generally, for a
frontal collinear car-to-car impact, from the crush
profiles of the two cars involved, the crush energy
can be calculated as

∫ ∫= 01 1

0 0 11 )(
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dCdwCFE (1).
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dCdwCFE (2).

where E is the crush energy (J); F(C) represents the
impact force per unit width of crush (N/m), C is the
residual crush depth (m), w01, w02 are the crush
widths (m) and subscripts 1 and 2 refer to car 1 and
car 2 [1]. Using the conservation of momentum, the
conservation of energy, and assuming zero
restitution, Robinette et al [2] provide the following
equations for calculating Delta V:
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where M1, M2 are the mass of the respective
vehicles(kg). Some commonly used crash
reconstruction programs such as CRASH3,
EDCRASH and PCCRASH make use of these type
of equations for predicting pre and post crash
impact speeds [3, 4].

Obviously, the accuracy of Delta V predicted using
Equation 3 largely depends on the accuracy of the
relationship between the vehicle’s frontal impact
force per unit crush width F(C) and the crush depth
C. Numerous research and crash tests have been
carried out in regards to the frontal crush resistance
of a car. However, because of the wide diversity of
vehicle frontal structures and their complex crush
behaviour, F(C) must be empirically determined
from full-scale crash tests.

As full-scale crash tests are expensive and need a
lengthy time to prepare, only several car models
have been tested at a limited range of impact
speeds. Nevertheless, different trends of F(C)
versus C were observed from this limited data [5-8].
For most car models, full-scale frontal crash tests
were only conducted at 48.3 km/h (30 mph) for
regulation compliance purposes and/or at 56.3
km/h (35 mph) for New Car Assessment Program
(NCAP) tests. With regards to accident
reconstructions involving cars that have one or two
crash test data points, the common practice is to
empirically assign a linear relationship between
impact speed and residual crush depth, which is
expressed as

Cbb
V

106.3
+= (4).

where C is the residual crush depth (m), b0 is the
intercept or “zero crush” speed (m/s), b1 is the
slope of the speed-crush relationship (ms-1/m) and
V is the impact speed (Note that the term impact
speed is used loosely here. In most reconstruction
handbooks the symbol V is used for velocity and is
expressed in m/s. In this paper V will be used to
symbolize speed expressed in km/h). b0 is usually
set at 2.2 m/s (8 km/h or 5 mph) [5, 6, 9]. Thus, b1

can be calculated from Equation 4 using the data (V
and C) obtained from a single frontal crash test.

Campbell [1] originally proposed that if there is a
linear relationship between impact speed and crush,
the simplest characteristic for a vehicle’s front
structure that will reproduce the linear V-C
relationship is a linear force-crush relationship.
Hence

BCACF +=)( (5).
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where A and B are coefficients. Coefficients A and
B can be determined as
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where M is the vehicle mass (kg) and w0 is the
crush width (m) [1].

However, there are some concerns about this
method for determining F(C). One concern is that a
single linear model type is used for all car models
and used over the whole impact speed range.
Vehicles do vary in their structures, within
manufacturing tolerance, from one vehicle to the
next that can result in significant differences in
force versus crush values. Test set-ups can also
vary from one crash to another. Another concern is
that coefficients A and B are derived from only one
crash test. The basic assumption here is that
coefficients A and B hold for a particular vehicle
over all speed ranges.

Hence it is not clear to what level of accuracy Delta
V can be estimated. Variance is inevitable in crash
tests due to various reasons. It is important for
accident reconstructionists to quantify the error
bands in regards to the accuracy of Equation 4.
Over the past three decades, a wealth of crash test
data has been made available from NCAP,
regulatory and laboratory crash tests. This data
provides the possibility to clearly assess the F(C)
equations used for Delta V estimations.

This paper reviews the different force versus crush
equations proposed and various approaches used in
accident reconstruction over the past three decades.
These equations are then compared to numerous
data obtained from various sources. A strategy for
selecting the most appropriate equations to use for
determining the frontal stiffness characteristics of a
car for accident reconstruction, simulation
modelling, and for design purposes is also
proposed. Estimates of error bands for a particular
strategy chosen given available crash test data, are
also provided.

REVIEW OF CAR FRONTAL STIFFNESS
MODELS

As mentioned above, because of the high expense
of a crash test, only a limited number of car models
have been crash tested over a range of impact
speeds. Nevertheless, it was possible to estimate
different frontal crush characteristics from this
data.

Single Linear Equation

In the late 1960s, Emori [10] suggested that the
impact force a car being subjected to in a head-on
collision is directly proportional to the crush,
somewhat similar to that of a spring force versus
displacement. He also proposed that the frontal
crush should be directly proportional to the impact
velocity.

On the basis of Emori’s work as well as a range of
frontal fixed rigid barrier crash tests on 1971~1972
model full size GM cars and 1971~1974 model
Chevrolet Vegas, Campbell [1] found a linear
relationship between residual crush depth (C) and
impact speed (V), as shown in Figures 1 and 2.
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Figure 1. Impact speed vs residual crush for
1971~1972 model full size GM cars [1].
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Figure 2. Impact speed vs residual crush for
1971~1974 model Chevrolet Vegas [1].
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Campbell further proposed that this linear
relationship between V and C could be transformed
into a linear impact force-crush relationship,
expressed as Equation 5. Crash test data indicated
that the linear equation for F(C) was workable for
estimating crush energy in frontal, oblique and off-
set crashes. Campbell also gave the methods for
determining coefficients A and B in the linear
equation, as expressed in Equations 6 and 7.
Campbell’s findings have been extensively used for
accident reconstructions and laid the theoretical
foundation for some commonly used reconstruction
programs, such as CRASH3 and EDCRASH [3, 4].

Since Campbell’s “classical” work, numerous
research papers have been published and crash tests
have been carried out to investigate a vehicle’s
crush behaviour in relation to Equations 4 to 7.
Frontal fixed rigid barrier impact tests on several
car models (other than the ones tested by Emori
[10] and Campbell [1]) also showed a linear V-C
relationship, such as those proposed by Navin et al
[6] when he analysed crash test data for 1974 to
1981 model Honda Civic cars (see Figure 3).
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Figure 3. Impact speed vs crush for 1974~1981
model Honda Civic [6].

In order to account for the weight differences
between different test vehicles, Varat et al [7] used
an Energy of Approach Factor (EAF) to analyse
crash test data. If the frontal structure of a vehicle
behaves as a linear dissipator and zero restitution is
assumed, the energy absorbed is

2

2

1
kxE = (8).

where E is the absorbed energy (J); k is the
dissipator’s linear force characteristic (N/m) and x
is the crush distance (m). Energy absorbed per unit
crush width is
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Through some algebraic manipulation, we have
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considering that some initial elastic deformation
energy is required before permanent crush results,
the following equation is arrived at

xBEAFEAF ⋅+= 0 (11).

where EAF0 is the Onset Energy Factor and B
represents the vehicle frontal impact coefficient
which is a constant based on a vehicle’s crush
properties [7]. Note that for a car crashing into a
rigid barrier, the crush energy E can also be
equated to the car’s kinetic energy just prior to
impact such that E = ½ M (V)2 (assuming zero
rebound speed). As can be seen from Equation 11,
the quantity EAF is theoretically linear to the
residual crush depth. If a linear relationship exists
between EAF and the residual crush depth from
crash test data, it can be demonstrated the
assumption that a vehicle behaves as a linear
dissipator is acceptable, and using a linear force-
crush equation to estimate crush energy is
appropriate. Otherwise, if EAF is not linear in
regards to crush depth, a linear force-crush
equation may not be suitable for representing the
vehicle crush behavior.

Varat et al [7] used Equation 11 to analyse a
number of vehicle models where full frontal rigid
barrier crash tests were carried out over a range of
impact speeds. Eleven vehicle models were
analysed. Varat concluded that two vehicle models
showed a linear relationship between EAF and the
residual crush up to 80 km/h (50 mph) (see Figure
4), and four vehicles exhibited a linear relationship
up to 56 km/h (35 mph) (see Figure 5).
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Figure 4. EAF vs crush for 1974 model Ford
Pinto up to 50 mph [7].
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Figure 5. EAF vs crush for 1981~1985 model
Ford Escort up to 35 mph [7].

Neptune [8] also observed that a linear relationship
existed between EAF and residual crush up to
80km/h (50 mph) based on full overlap and partial
overlap rigid barrier crashes for 1986 to 1991
model Ford Taurus cars (see Figure 6). He further
stated that a review of available crash test data
revealed that the linear relationship between impact
force per unit crush width and crush depth was
valid for full frontal collisions with rigid barriers up
to a speed of 56 km/h.
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Figure 6. EAF vs crush for 1986~1991 model
Ford Taurus [8].

Bi-Linear Equation

Some vehicles’ crash test data also showed a non-
linear trend. Strother et al [5], using EAF versus

residual crush plots, found that a bi-linear equation
was more suitable for 1980~1982 model GM
Citation cars (see Figure 7).
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Figure 7. Energy Factor vs crush for 1980~1982
model Citation cars [5].

Neptune [8] also found that while a linear force-
crush relationship could be demonstrated up to 56
km/h for 1981 to 1985 model Ford Escort cars,
when the impact speed was greater than 56 km/h,
the vehicle no longer displayed a linear
relationship. The Escort dissipated less energy per
unit crush above 56 km/h (see Figure 8). Neptune
further concluded that in high severity collisions,
the crush response characteristic of this vehicle
could be divided into two regions, the engine
compartment crush region and the occupant
compartment crush region. Hence, the vehicle
could be modelled as a bi-linear dissipator where
the second dissipator (occupant compartment) does
not compress until the first dissipator (engine
compartment) bottoms out.
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Figure 8. Energy factor vs crush for 1981~1985
model Ford Escort [10].

Varat [7] also drew similar conclusions in his
research. For the six vehicle models that had a
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range of impact speeds up to 80 km/h, four vehicles
displayed a bi-linear trend as shown in Figure 9.
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Figure 9. Comparison of a linear (dash) and a
bi – linear (solid) model [7].

Constant Force Equation

Some crash test data also displayed a quadratic
trend, e.g. full frontal barrier tests of 1974 model
Plymouth Satellites as shown in Figure 10.
Accordingly, Strother [5] proposed that a constant
force value, expressed as F/w0 = D, might be more
suitable where F is the crush force.

Some researchers used sophisticated finite element
models in conjunction with test results to develop a
two-stage constant force relationship as shown in
Figure 11. Wood et al [11] cited Sakuria’s work
and stated that a two-stage constant force-crush
relationship with a transition as the deformation
reaches the engine, could be used to represent
vehicles’ frontal crush characteristics. Futamata [12]
and Toyama [13] confirmed Sakuria’s two-stage
force model by examining the pattern of energy
absorbed by the various elements, such as side
rails, suspension members and so on, in the course
of crushing.
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Figure 10. Energy Factor vs crush for 1974
model Plymouth Satellites [5].

Figure 11. A two-stage constant force-crush
relationship [11].

CRASH DATA

Most of the findings in the previous section were
based on a limited number of crashes of vehicle
models dating from 1960 through 1986. To extend
these findings, as well as investigate the accuracy
of equations adopted that describe a car’s crush
characteristics, data from over 1000 crash tests
were collected. Vehicle models ranged over a large
number of vehicle types and manufacturers and
over a period starting from 1960 through to 2002.

Data Collection

Over the past three decades, a wealth of crash test
data has been made available from NCAP,
regulatory and laboratory crash tests. A literature
and web search was carried out to collect as many
frontal rigid barrier crash test results as possible.
As a result, 1368 crash test points were collected
from the database of the National Highway Traffic
Safety Administration (NHTSA) [14], 50 crash
tests were found from Australian NCAP [15], and
38 crash tests were obtained from some
publications [6, 7, 9].

Data Analysis

As rebound velocities are not available for all tests,
the EAF method was used where

48 km/h (30 mph)
data point
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where the crush width w0 was taken as the vehicle’s
overall width obtained from vehicle specification
data sheets. Average crush depth was used in this
analysis and was calculated based on a minimum of
at least three crush measurements. However, in
most cases, average crush was calculated from six
measurements (C1~C6) [16, 17].

The data was first grouped according to the
following body styles: passenger cars, vans, pickup
trucks and four-wheel-drive vehicles (4WDs).
Figures 12 through 15 show the plots of EAF
versus average crush for these vehicles.
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Figure 12. EAF vs crush for passenger cars.

0

100

200

300

400

500

600

700

0 300 600 900 1200

Average Crush (mm)

E
A

F

Figure 13. EAF vs crush for vans.
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Figure 14. EAF vs crush for pickup trucks.
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Figure 15. EAF vs crush for 4WDs.

As can be seen from Figure 12, an approximate bi-
linear trend can be observed for all passenger cars.
With regards to vans, pickup trucks and 4WDs,
crash data over 56 km/h is not available, and there
are only several crash tests available at low impact
speeds. Nevertheless, a linear trend up to 56 km/h
is evident as shown in Figures 13, 14 and 15.

Crash data of passenger cars was further grouped
according to engine configurations. Data was
segregated and graphed for cars with the same
engine placement (transverse or inline), the same
number of cylinders (4 cylinders, V6 cylinders,
Straight 6 cylinders or V8 cylinders) and with
similar engine capacity. Only the data for cars that
were crash tested over a range of impact speeds are
shown here. Where cars were only tested at two
speeds (48 km/h and 56 km/h) data was omitted as
these were effectively single point tests.

Figure 16 shows the data plotted for cars that have
a 4-cylinder transverse engine with engine
capacities ranging from 1.0 L to 1.9 L. All data is
clearly located in the same narrow band that has a
bi-linear trend. Similarly, data for cars with a 4-
cylinder inline engine and for cars with a straight 6-
cylinder transverse engine exhibit a bi-linear trend,
as shown in Figures 17 and 18 respectively.
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Figure 16. EAF vs crush for cars with a 4-
cylinder transverse engine (1.0L~1.9L).
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Figure 17. EAF vs crush for cars with a 4-
cylinder inline engine (1.3L~2.6L).
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Figure 18. EAF vs crush for cars with an S6-
cylinder transverse engine (2.5L~3.8L).

Figure 19 shows data for cars that have a V8-
cylinder inline engine with engine capacities
ranging from 4.9 L to 6.9 L. The maximum impact
speed in this case is 57 km/h. Figure 20 shows data
for cars that have a 2.5L 4-cylinder transverse
engine where the maximum impact speed is 56.6
km/h. Both data plots indicate that a linear
relationship exists between EAF and average crush.
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Figure 19. EAF vs crush for cars with a V8-
cylinder inline engine (4.9L~6.9L).
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Figure 20. EAF vs crush for cars with a 4-
cylinder transverse engine (2.5L).

DETERMINING F(C) MODELS

On the basis of the literature review and the data
presented in Figures 12 to 20, a strategy for
determining a vehicle’s frontal crush force F(C)
and the coefficients A and B in Equation 5 is
proposed here.

When A Range Of Crash Test Points Are
Available

The most accurate way to determine the F(C) of a
given vehicle model is to conduct a series of full
frontal rigid barrier crash tests at different speeds.
Obviously, from a financial perspective, this is the
most expensive method. If such crash test data is
available, plot EAF versus residual crush, or plot
the Energy of Crush Factor (ECF) versus residual
crush, as outlined by Kerkhoff et al [18], if the
rebound speed is available. ECF is expressed as

0

22

0

)(2
w

VVM

w

E
ECF R−== (13).

where VR is the rebound speed (km/h) and ECF is
the Energy of Crush Factor ( N ).

• If the data plot is linear, Equation 5 can be used
where the stiffness coefficients are

2)(slopeB = (14).

BEAFA 0= (15).

where slope is the slope of the graphed line and
EAF0 is the intercept with the vertical axis [5].

An alternative is to use a V-C plot (e.g. Figures
1 and 2). The least squares method is
recommended to obtain the best-fit line of the
plotted data. b1 and b0 in Equation 4 is the slope
of the straight line and the intercept of the line
with y-axis respectively. The coefficients A and
B can then be determined from Equations 6and7.
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• If the data plot displays a bi-linear relationship,
then the linear F(C) equation (Equation 5) can
be used in two stages. The same method as
presented above can be used to determine the
coefficients A1 and B1 for phase one and A2 and
B2 for phase two.

• If the data plot shows a quadratic trend, the
constant F(C) equation can be used. In such
cases, construct a plot of energy (E/w0) versus
residual crush. A true constant force model
would appear as a straight line and the slope of
the line is the constant crush force value [5].

When Only One Crash Test Data Point Is
Available

Most cars only have a 48 km/h impact test and/or a
56 km/h NCAP crash test. In such cases where the
relationship between the EAF and crush is not
known, a bi-linear F(C) model can be used.

The first stage of the bi-linear F(C) model can be
used up to 56 km/h. b0 is usually set at2.2 m/s (8km/h
or 5 mph) on the basis of some crash test data, and
this has been commonly accepted in accident
reconstruction literature [5,6,9]. If either a 48 km/h
test or a 56 km/h test is available and the vehicle’s
crush profile is uniform, b1 from Equation 4 is

C

bV
b 0

1

)6.3/( −
= (16).

If the crush profile is not uniform and is measured
via 5 equal crush width zones (C1~C6) [16, 17],
Neptune et al [19] propose that b1 can be calculated
such that

3/2

3/))6.3/((20)( 22
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Coefficients A and B for the first linear phase can
then be determined using Equations 6 and 7.

For the second stage of the bi-linear model, where
impact speeds are over 56 km/h and up to 80 km/h,
Varat [7] recommends setting a new intercept with

the y-axis ( '
0b ) at 6.7 m/s (24 km/h or 15 mph)

according to crash test data he analysed. Using
'
0b =6.7 m/s and the 48 km/h crash test point, '

1b
can be obtained via Equation 16 or 17. Similarly,
coefficients for the second phase linear equation
can be determined using Equations 6 and 7.

ERROR BANDS

It should be noted that errors are inevitable using
the strategy outlined in the previous section to
determine F(C) and its coefficients. This is
particularly so when using only one crash test data
point. Figure 21 shows a plot of impact speed
versus crush for 1971~1974 model Chevrolet
Vegas vehicles [1]. A linear V-C relationship can
be derived from the range of test data as shown in
Figure 21. Assuming that only one 48km/h (30
mph) crash test point is available and it happens to
be the test with minimum crush depth, a linear V-C
line for a 2.2 m/s (8 km/h or 5 mph) intercept (b0)
shown as Line 1 in Figure 21, can be plotted.
Alternatively, another V-C line (Line 2) can be
obtained if the crash test point happens to be the
test with maximum crush depth. Obviously, if Line 1
or Line 2 is used to derive A and B and to predict
Delta V, errors can be expected.
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Figure 21. Impact speed versus crush for 1971~
1974 model Chevrolet Vegas [1].

Crash test data also indicate that even for the same
model car tested at the same impact speed, the test
results differ, as shown in Figure 22. To illustrate
the effect of test data variation (scatter) on the
estimation of Delta V, an example is given here.
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Figure 22. Comparison of average crush at
the same impact speed.
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Two data points were selected from the NHTSA
database (Test Numbers 3127 and 3113) [14]. The
crash data points represented results from full
frontal crashes of 1999 model GM Saturn sedans
into a rigid concrete barrier. This model car has a
1.9L 4-cylider transverse engine. The mass, crush
width and average crush depth for the first crash
(Test 3127) were assumed as known (M1=1242 kg,
w01=1.685m and C=0.468 m), whereas the impact
speed had to be determined. The second data point
(Test 3113) was used to estimate the coefficients
b1, A and B in order to estimate the impact speed
for the first “unknown” crash.

The mass of the car representing the second
“known” data point was 1181 kg, its width was
1.682 m, its impact speed was 48.3 km/h and the
average crush depth was 0.350 m. Using Equation
16 and b0=2.2 m/s (8 km/h),

0.32
350.0

2.2)6.3/3.48()6.3/( 0
1 =−=

−
=

C

bV
b (ms-1/m)

From Equations 6 and 7, the coefficients A and B
are

49431
682.1

0.322.21181

0

10 =××==
w

bMb
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2
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Mb
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Using Equations 1 and 5, and assuming zero
restitution, we have
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where G = A2/2B [1, 5]. Hence, Delta V can be
determined such that
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Thus, the predicted Delta V of the car crashed
representing the “unknown” first data point is

Delta V =

1242

7189922

4943149431
468.0468.0718992

2

1
468.049431685.12 









×
×+×××+×××

= 16.8 (m/s) = 60.5 km/h

However, the actual Delta V for the first data point
was in fact 48.1 km/h. The predicted Delta V
overestimates the actual Delta V by nearly 26%.
Therefore, when using one crash test data point to
predict Delta V, care must be exercised to evaluate
the accuracy of the test data.

Figure 16 shows the data band for cars with a 4-
cylinder transverse engine (1.0L~1.9L). A low
F(C) line, an average F(C) line and a high F(C)
line is graphed in Figure 23. These F(C) lines were
also used respectively to estimate Delta V of the
above 1999 model GM Saturn example. Figure 24
shows the comparison of the actual Delta V and
predicted Delta V using the different F(C) lines.

As can be seen, for a car with a 4-cylinder 1.0L to
1.9L transverse engine crashing into a rigid barrier,
when the frontal crush is 0.468 m, the possible
Delta V ranges from 41.2 km/h to 72.1 km/h and
the average Delta V is 56.7 km/h. In other words, if
a high F(C) line was used from a single data point,
the error could be as much as 50%. This data band
as well as all other data plots for cars with different
engine configurations can be used as a guidance for
determining the possible Delta V range, particularly
when the scatter of the crash test is uncertain or no
crash test is available.

CONCLUSION

Theoretically, there is no unique frontal stiffness
equation that can represent all vehicle models
because of the wide diversity of vehicle frontal
structures and their complex crush behaviour. In
practice, unless the stiffness equation for a
particular vehicle can be determined via a range of
crash test data points, a linear stiffness equation can
be used for impact speeds of up to 56 km/h and a
bi-linear model can be adopted for high severity
collisions for impact speeds ranging from 56 km/h
to 80 km/h. In most cases, when using only one
crash test point to determine the coefficients of the
linear F(C) equation to estimate Delta V, extreme
care must be exercised when the crush versus speed
scatter is uncertain. Determining the possible Delta
V range is a useful guidance in Delta V estimations
for crash reconstructions. This conclusion would be
of particular interest to research centres relying on
this methodology to estimate Delta V during the
collection of real world data.

What is of particular importance is the need for
frontal crash tests of common vehicles over a large
range of speeds. National authorities should
provide funding for tests because such data is being
used in Civil and Criminal legal cases every day
around the world. It is also essential for safety
research and design of roadside barrier systems and
impacts into structures.
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Figure 23. EAF vs crush of cars with a 4-cylinder transverse engine (1.0L~1.9L) and its data band.

Figure 24. Comparison of the actual Delta V and predicted Delta V using different F(C) lines.
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ABSTRACT

Head injuries are the most common cause of
pedestrian deaths in car-pedestrian accidents. To
reduce the severity of such injuries, the International
Organization for Standardization (ISO) has proposed
subsystem tests in which child and adult head-form
impactors are impacted upon a car bonnet top. The
ISO designated the mass of the child head-form
impactor as 3.5 kg (i.e., the average mass of a 6-year-
old child’s head), and that of an adult as 4.5 kg.
However, such head-form impactors have not been
developed so far. Therefore, in the present study we
report the development of new child and adult
head-form impactors according to the requirements of
the ISO subsystem test procedures. The technical
specifications, including the location of the center of
gravity, the location of the seismic mass of
accelerometers, the moment of inertia, and first
natural frequency of the impactors, were summarized.
Then, the results of biofidelity certification tests of the
skin of these newly developed impactors were
investigated.

INTRODUCTION

Head injuries are the most common cause of
pedestrian deaths in car-pedestrian accidents [1], and
countermeasures against them are of the highest
priority in traffic safety strategy. The key element in
this strategy is improvement of the safety performance
of the car front. The most common method of
evaluating this performance is subsystem tests using
head-form impactors. The present study focuses on
the tests proposed by the International Organization
for Standardization (ISO) that were used as a basis by
the Japan Ministry of Land, Infrastructure and
Transport (Japan MLIT) when developing proposals

for Japanese standards for the evaluation of car-front
safety performance in terms of pedestrian head
protection.

In the subsystem test procedure proposed by the
ISO, two distinct head-form impactors are used to
simulate the child and adult pedestrian’s head. The
mass of the child head-form impactor has been
designated as 3.5 kg (i.e., the average mass of a
6-year-old child’s head), and that of an adult as 4.5 kg
[2][3]. The ISO has also specified the biofidelity
requirements for both child and adult head-forms in
terms of the peak value of the resultant gravity center
(CG) acceleration measured in drop tests. Since the
mass of a child head-form impactor is smaller than
that for an adult, its head acceleration at the impactor
center of gravity is higher than for the adult head-form
(Table 1).

As summarized in Table 1, any impactor built
according to the Japan MLIT standard proposal [4]
fulfills the ISO specifications [2][3]. However, the
opposite may not be true. To ensure reliability and
accuracy when evaluating car safety performance, the
MLIT proposal [4] contains more specific
requirements regarding an impactor’s inertia moments,
CG position, the position of the seismic mass of
accelerometers, and the impactor dynamic
characteristics (Table 1). For instance, to improve
accuracy and repeatability of the acceleration
measurement, the Japan MLIT proposal requires
greater precision when attaching accelerometers than
ISO specifications. For the same reason, this proposal
requires that the first natural frequency of an impactor
should be above 5000 Hz. This requirement is aimed
at preventing aliasing when digitizing the acceleration
data (sampling rate is typically 10000 Hz).

Both ISO [2][3] and Japan MLIT [4] requirements
are quite demanding. No impactors that fulfill these
requirements have been built so far. Therefore, in the
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present study, we developed prototypes of new child
and adult head-form impactors specifically to meet the
requirements of ISO/Japan MLIT proposals. They are
referred to as JAMA-JARI child and adult head-form
impactors. This paper summarizes the technical
specifications of these newly-developed impactors,
such as the location of CG, moments of inertia,
location of seismic mass of accelerometers, first
natural frequency, and the results of their biofidelity
tests. Moreover, the manufacturing process is
discussed in some detail.

Table 1 Specifications of child and adult head-form
impactors proposed by ISO and Japan MLIT

ISO * Japan MLIT**

3.5 kg 3.5 0.07 kg

4.5 0.1 kg 4.5 0.1 kg

165 mm 165 1 mm

10 mm from Ge.C. 2 mm from Ge.C.

around Y axis Not specified from 0.0075
to 0.0200 kgm^2

around Z axis Not specified Not specified

in direction of
measurement

axis
Not specified 10 mm from Ge.C.

in direction
perpendicular to

measurement
axis

Not specified 1 mm from Ge.C.

Not specified over 5000 Hz

child head-form 245 G - 300 G 245 G - 300 G

adult head-form 225 G - 275 G 225 G - 275 G

*: ISO/TC22/SC10/WG2 N622 and N623

**: 12th IHRA/PS N230, Adelaide, Australia 20-22 November, 2002

C.G.: Center of gravity; Ge.C.: Geometric center

Y and Z axes are shown in Figure 12.

First natural frequency

Corridor of
resultant
acceleration in
drop
certification
test

Specification
Parameter

Seismic mass
location of
accelerometer

Moment of
inertia

Mass of child head-form

Diameter

Location of C.G.

Mass of adult head-form

SPECIFICATION, DEVELOPMENT AND
MANUFACTURE OF PROTOTYPE JAMA-JARI
HEAD-FORM IMPACTORS

The JAMA-JARI child and adult head-form
impactors consist of the core and what is called the
skin (Figure 1).

Core of Head-form Impactors

Core of the JAMA-JARI child and adult
head-form impactors are made of aluminum
(A2024BR T4/JIS H4040). A steel plate (SS400/JIS
G3101) is attached to the bottom surface of the core,
(Figure 2) in order to secure the impactor on the
magnetic holding system. This arrangement is

commonly used in Japan to secure the head-form
impactor before propulsion in tests for evaluation of
car-front safety performance (Figure 3). The bottom
surfaces of the core of the JAMA-JARI child and
adult head-form impactors have two M2 nylon screws
for a European-type propulsion fixture system (Figure
4). The nylon screws are designed to break so as to
release the impactor during propulsion [6].

Figure 1. JAMA-JARI child (left) and adult (right)
head-form impactors consisting of core and skin.

Figure 2. Steel plates attached to the bottom surface of
the cores of the child head-form (left) and adult
head-form (right) impactors (reverse side view).

Figure 3. Magnetic system holding a head-form
impactor.

Steel plate

Magnet

Skin

Core
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Figure 4. Head-form impactor holding method using
two M2 nylon screws.

Skin of Head-form Impactors

JAMA-JARI child and adult head-form impactors
feature a newly developed skin for use with both
impactors. The skin is made of polyvinyl chloride
(PVC), which is a combination of polymer, plasticizer,
stabilizer, and vinyl toner color. The polymer
(powder) is the main material in PVC. The plasticizer
(liquid) controls the skin plasticity, and the stabilizer
is added to ensure uniform distribution of all four
PVC components. When manufacturing the skin, the
components are mixed, placed into a mold after
removing the air bubbles, then heated to 180°C for
one hour. The skin is then removed from the mold
(Figures 5 and 6).

The present development of the head-form
impactor skin was done using a trial and error process,
since the preliminary test results for the impactor
biofidelity certification indicated that both the relative
contents of the PVC components and methods applied
when mixing them appreciably affect the skin
properties. The relative contents of the PVC
components and the method for mixing them were
repeatedly tested so that the resultant skin would
indeed comply with the ISO/MLIT biofidelity
requirements when used with both child and adult
head-form impactors (Figures 7 and 8).

Figure 5. Mold for skin production.

Figure 6. View of new JAMA-JARI head-form
impactor skin.
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Figure 7. Corridor of resultant acceleration used in
drop certification test of child head-form impactor.
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drop certification test of adult head-form impactor.
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Assembly of JAMA-JARI Child and Adult
Head-form Impactors

JAMA-JARI child and adult head-form impactors
are shown in the assembled condition in Figure 9. The
skin is fitted on the core spherical forms. Six M8 bolts
and eight M8 bolts are used to secure the core
spherical body to the end plate of the JAMA-JARI
child and adult head-form impactors, respectively
(Figure 10). Both these impactors are equipped with
three accelerometers installed near the impactor
gravity centers (Figure 11) in order to measure
acceleration in the respective direction of the
impactor’s three inertia axes.

Figure 9. JAMA-JARI child (left) and adult (right)
head-form impactors in assembled condition.

Figure 10. JAMA-JARI child (left) and adult (right)
head-form impactors in disassembled condition.

Figure 11. Accelerometers mounted on JAMA-JARI
head-form impactor.

VERIFICATION OF GEOMETRY, MASS/
INERTIA PROPERTIES AND PERFORMANCE
OF JAMA-JARI PROTOTYPE HEAD-FORM
IMPACTORS

At first, the location of the center of gravity,
moment of inertia, the location of the seismic mass of
the accelerometers, and the first natural frequency of
the newly developed impactors were investigated.
Then, their perfomance was verified by biofidelity
certification according to the ISO [2][3] specification.
The results were then compared to the requirements
proposed by ISO [2][3] and Japan MLIT [4]. When
verifying the mass/inertia properties, the impactor
Z-axis was defined in the propulsion direction as
shown in Figure 12.

Figure 12. Coordinate axis with Z-axis in the direction
of propulsion.

Method

Mass – The masses of the new head-form
impactors were measured using a digital scale with an
accuracy of 0.1 g. During the mass measurement, the
accelerometer cables were removed.

Outer Diameter – The outer diameter of the
head-form impactors was measured by means of a
vernier.

X-axis

Y-axis
Z-axis

Sphere

End plate
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Position of Gravity and Geometric Centers of
Head-form Impactors – The position of the impactor
gravity center on the Z-axis was determined using the
arrangement shown in Figure 13. It consists of two
scales (1 and 2) and a plate supported on two fulcrums
placed on the scales. The Z-axis coordinate (Z) of the
impactor gravity center was determined with reference
to the endplate bottom surface using the following
formula:

(L2+Z) × (W1+W2) = L3×W2 , (1)
where L2 is the distance from the fulcrum placed

on the scale 1 to the endplate bottom surface and L3 is
the distance between fulcrums placed on the scales 1
and 2. W1 and W2 are the forces measured by digital
scales 1 and 2, respectively (Figure 13).

In addition to the position of the gravity center, the
distance dZ between the impactor gravity center and
the impactor sphere geometric center along the Z-axis
was determined. This distance is one of the key
parameters describing the impactor geometry and
mass properties, and was calculated using the
following formula:

dZ =| Z − L1| , (2)
where L1 is the distance from the endplate bottom

surface to the impactor sphere geometric center.
The maximum accuracy of the present method

when determining dZ was not greater than 0.05 mm.
This is sufficient accuracy since the Japan MLIT
requires |dZ| to be below 2 mm.

L1

L2

W2W1

Z

L3

Center of gravity of
head-form impactor

Geometric center of
head-form impactor

Figure 13. Measurement of location of center of
gravity.

Moment of Inertia – To verify if the JAMA-JARI
child and adult head-form impactors fulfill the

requirements proposed by the Japan MLIT [4], the
moments of inertia around both Z and Y axes of these
impactors were measured. The measurements were
done in respect to the axes through the geometric
center of the head-form impactor sphere. The torsional
pendulum method used was shown in Figure 14, and
the following formula was thus applied when
determining these moments of inertia:

I1= C×(τ/2π)2 , (3)
where I1 is the moment of inertia in respect to the axis
through the impactor sphere geometric center, C is the
stiffness of the torsional spring, and τ is the measured
vibration period. Then, the moments of inertia in
respect to the axes through the center of gravity of
head-form impactors were calculated using the
parallel axis theorem:

I= I 1 + m×dZ2 , (4)
where I is the moment of inertia in respect to the

axis through the center of gravity, I1 is the moment of
inertia in respect to the axis through the impactor
sphere geometric center, m is the head-form impactor
mass, and dZ is the distance between the center of
gravity and the geometric center in the Z-axis
direction (Figure 12).

Figure 14. Measurement of moment of inertia around
Y-axis (left) and Z-axis (right) through geometric
center of head-form impactor.

Location of Seismic Masses of Accelerometers –
A beam accelerometer is conceptualized as a thin
beam with a seismic mass fixed to one end of the
beam, with the other end of the beam incorporated
into the housing of the accelerometer [5] (Figure 15).
The seismic mass location depends on the type of
accelerometer used. In the present research, the three
ENDEVCO type 7264B accelerometers used to
determine the location of the seismic mass (Figure 11)
are conventionally employed for this purpose by the
Japan Automobile Research Institute (JARI). The
location of the seismic mass of each accelerometer
was designed to be on the axis of the gravity center
coordinate (Figure 16). However, the Japan MLIT has
adopted the seismic mass location as the distance from
the geometric center. To determine the location of the
accelerometers, the distance from the center of gravity
to the geometric center should be measured.
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Seismic mass Beam

Center of
seismic mass

Housing

Force resulting from
inertial tendencies
of seismic mass

Figure 15. Conceptualization of a beam accelerometer
showing seismic mass.

Z

Y

SMA for acceleration
measurement in Z direction

(0, 0, 4.4)

(8.5, 0, 0)
(0, 8.5, 0)

X

(0, 0, 0)

Seismic mass of accelerometer (SMA)

SMA for acceleration
measurement in X direction

Center of gravity of head-form impactor

SMA for acceleration
measurement in Y direction

Figure 16. Design concept of seismic mass location of
accelerometers (unit: mm).

First Natural Frequency according to
Hammering Test – The first natural frequency is
obtained by a hammering test using the core of the
head-form impactor. The sphere and endplate were
assembled by securing with M8 screws at a fastening
torque of 17 Nm. The skin is removed in this
hammering test. Three small accelerometers (NEC
9G10S; 0.15 g) were mounted directly on the three
ENDEVCO 7264B accelerometers in order to
measure the response. The sphere was impacted by a
steel-headed hammer in order to measure the input
signals (force). A force of approximately 20 N was
applied. The sample frequency of acceleration and
force of the hammer were 20 kHz. The power spectra
of the input and response accelerations were
determined using the FFT algorithm.

Drop Certification Test – The setup of the drop
certification test was shown in Figure 17. The child
and adult head-form impactors were dropped from a
height of 376 mm in such a way as to ensure instant
release onto a rigid supported flat horizontal steel
plate (55 mm thick and 610 mm2) below with a clean
dry surface. The child and adult head-form impactors
were dropped at a drop angle of 60 degrees, i.e., close
to the mean drop angle proposed by the ISO (53 or
54°) and category 1 of the Japan MLIT (65°). The

drop tests were performed three times for child and
adult head-form impactors, respectively. The
head-form impactor was rotated 120° around Z-axis
after each test. The temperature of the test room was
21.4°C. The skin was soaked for 24 hours in the test
room until the drop test was performed. The results of
the drop certification test were assessed by means of
the maximum resultant acceleration calculated from
three axis accelerations, then compared with the
proposed corridor (Figures 7 and 8).

Release mechanism Drop rig

Drop angle

String

Drop height

Rigid steel plate
Figure 17. Drop certification test.

Results

Mass, Outer Diameter, Location of Center of
Gravity, Moment of Inertia, Seismic Mass Location
of Accelerometers, First Natural Frequency – Table
2 summarizes the various child and adult head-form
parameters (mass, outer diameter, location of center of
gravity, moment of inertia, seismic mass location of
accelerometers, first natural frequency of
manufactured prototype) tested in the present study in
terms of the ISO and Japan MLIT specifications. The
manufactured prototype JAMA-JARI child and adult
head-form impactors fulfilled these technical
specifications.

The relationship between the seismic mass
location of the accelerometers on the axis of the
coordinates for the gravity center and geometric center
of head-form impactor is shown in Figure 18. The
geometric center of the head-form impactors was
located 0.4 mm below the center of gravity in the Z
direction, because the location of the seismic mass of
each accelerometer was designed to be on the axis of
the gravity center coordinate. On the other hand, the
location of the seismic mass of each accelerometer
was regulated by the coordinate of the geometric
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center of the head-form impactor [4]. The seismic
mass location of the accelerometers and the center of
gravity on the coordinate of the geometric center of
the head-form impactor were shown in Table 3. The
seismic mass of the accelerometer is located within
8.5 mm of the measurement axis. The seismic mass of
the accelerometer in the direction perpendicular to the
measurement axis is located within 0.4 mm of the
measurement axis. These values fulfilled the
specification proposed by the Japan MLIT.

Z

Y

SMA for acceleration
measurement in Z direction

(0, 0, 4.4)

(8.5, 0, 0)
(0, 8.5, 0)

X

(0, 0, 0)

(0, 0, -0.4)

Seismic mass of accelerometer (SMA)

SMA for acceleration
measurement in X direction

Center of gravity of head-form impactor

Geometric center of head-form impactor

SMA for acceleration
measurement in Y direction

Figure 18. Relationship between seismic mass
location of accelerometers on the axis of coordinate of
gravity center and geometric center of head-form
impactor (unit: mm).

Table 3 Seismic mass location of accelerometers and
center of gravity in the coordinate of geometric center
of head-form impactor (unit: mm)

x y z

X-axis measurement 8.5 0.0 0.4

Y-axis measurement 0.0 8.5 0.4

Z-axis measurement 0.0 0.0 4.8

0.0 0.0 0.4

Seismic mass of
accelerometer
for direction of

Coordinate of geometric center

Center of gravity

Drop Certification Test Results using Child
Head-form Impactor – The maximum resultant
acceleration measured with the JAMA-JARI child
head-form impactor rotated 120° around Z-axis after
each test is shown to comply with the proposed
corridor in Figure 19.

Table 2 Parameters measured in relation to ISO and Japan MLIT specifications

ISO Specifications* Japan MLIT
Specifications**

Manufactured
JAMA/JARI child

head-form
(present study)

Manufactured
JAMA/JARI adult

head-form
(present study)

3.5 kg 3.5 0.07 kg 3.504 kg -

4.5 0.1 kg 4.5 0.1 kg - 4.494 kg

165 mm 165 1 mm 164.5 mm 164.5 mm

10 mm from Ge.C. 2 mm from Ge.C. 0.43 mm from Ge.C. 0.36 mm from Ge.C.

around Y axis Not specified 0.0075 -
0.0200 kgm^2

0.0089 kgm^2 0.0115 kgm^2

around Z axis Not specified Not specified 0.0104 kgm^2 0.0123 kgm^2

in direction of
measurement

axis
Not specified 10 mm from Ge.C. Maximum 8.5 mm

from Ge.C.
Maximum 8.5 mm

from Ge.C.

in direction
perpendicular

to measurement
axis

Not specified 1 mm from Ge.C. Maximum 0.4 mm
from Ge.C.

Maximum 0.4 mm
from Ge.C.

Not specified over 5000 Hz 7424 Hz 8496 Hz

*: ISO/TC22/SC10/WG2 N622 and N623

**: 12th IHRA/PS N230, Adelaide, Australia 20-22 November, 2002

C.G.: Center of gravity; Ge.C.: Geometric center

Seismic mass
location of

accelerometer

First natural frequency

Parameter

Mass of child head-form

Diameter

Location of C.G.

Mass of adult head-form

Moment of
inertia
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Figure 19. Maximum resultant acceleration measured
from drop certification test using JAMA-JARI child
head-form impactor in comparison to the proposed
corridor.

Drop Certification Test Results using Adult
Head-form Impactor – The maximum resultant
acceleration measured for JAMA-JARI adult
head-form impactor rotated 120° around Z-axis after
each test in comparison with the proposed corridor is
shown in Figure 20. The adult head-form impactor
proved to be compliant. The tested skin is the same as
that used in the child head-form impactor drop
certification test. They fulfilled the proposed corridor.
Hence, the same newly developed skin can fulfill both
proposed corridors of drop certification tests for child
and adult head-form impactors.
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Figure 20. Maximum resultant acceleration measured
from drop certification test using JAMA-JARI adult
head-form impactor in comparison to the proposed
corridor.

Therefore, the manufactured prototypes of the
JAMA-JARI child and adult head-form impactor both

fulfilled all the technical specifications required by
ISO [2][3] and the Japan MLIT [4].

DISCUSSION

In the present study we developed new child and
adult head-form impactors which satisfied the
technical specifications mandated by the ISO [2][3]
and Japan MLIT [4]. The above-mentioned three
uni-accelerometers (ENDEVCO 7264B) were
equipped in the head-form impactors. Users wishing
to employ another type of accelerometer can do so,
provided the accelerometer mount is redesigned
according to specifications.

The result of the drop certification test
demonstrated that the performance of the
just-produced skin was within the satisfactory corridor
(Figures 18 and 19). However, given the repeated
impact to the critical car-front location in the
experimental vehicle test, the properties of the skin
could conceivably change. The impact durability of
this newly developed skin should thus be investigated.

All results shown in the present study were
obtained with the prototype JAMA-JARI head-form
impactors. The technical specifications must be
checked if the head-form impactor is mass produced.

The specifications mandated by the Japan MLIT
are more detailed than those proposed by the ISO. The
present research confirmed that compliance with the
detailed specifications of the Japan MLIT is
technically feasible.

Following the requirements proposed by the Japan
MLIT in the present study, the ISO drop certification
test was conducted to evaluate the impactor skin
performance and overall impactor biofidelity. The
impactor natural frequency was verified in a separate
test in which the impactor core was struck by a
hammer. The key benefit of conducting separate tests
to verify the skin performance and impactor vibration
characteristics is the high repeatability and reliability
of the measurements. However, this is not the only
method for evaluation of these performance and
characteristics in the field today. For instance, the
EEVC/WG17 [7] proposed to simultaneously
investigate the skin performance and vibration
characteristic using a test in which the head-form
impactor is impacted laterally by a ram with a mass of
1 kg. However, a result with high repeatability using
this test method is unlikely, because matching up the
ram line of impact through the center of gravity of the
head-form impactor could be difficult. As the
repeatability of this method has not been verified so
far, we did not use it in the present study.

In Japan, pedestrians account for 28% of all road
fatalities annually [1]. The pedestrian body region
most severely injured in fatal car-pedestrian accidents
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has been the head. Therefore, the Japan MLIT will
have new regulations in place as of 2005 to govern the
pedestrian head safety performance of passenger cars.
Plans call for the program involving head impact
severity assessment in relation to the car-front to be
launched in 2003 by the Japanese new car assessment
program (J-NCAP). The head-form impactor
specification of J-NCAP will meet the specifications
staked out by the Japan MLIT. The newly developed
JAMA-JARI child and adult head-form impactors
investigated and found to be compliant in the present
study are available for the coming assessment tests.

CONCLUSION

The following are the overall conclusions obtained
from the present study.
1. New child and adult head-form impactors were
developed by JAMA-JARI. The technical
specifications of the prototype JAMA-JARI child and
adult head-form impactors manufactured as described
in this paper fulfilled both the ISO and Japan MLIT
requirements. Therefore, they can be used for safety
performance assessment tests conducted by the Japan
MLIT and J-NCAP.
2. Both the magnetic holding system and the nylon
screw breaking system can be used to hold the
newly-developed head-form impactors in a launch
device when performing a safety impact test using a
car.
3. A new system to measure the location of the center
of gravity with 0.05 mm accuracy was developed.
4. The study proved that the same newly developed
skin can be used with both child and adult head-form
impactors.
5. The present study demonstrated that compliance
with the detailed specifications of the Japan MLIT is
technically feasible.
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info@s-techinc.co.jp).

The skin for the new JAMA-JARI head-form
impactors is available from Jasti Co., Ltd., Japan
(www.jasti.co.jp, or info@jasti.co.jp).
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ABSTRACT 
Objectives of the study : test out the possibilities 
to simulate the lift-up of tires on cornering 
maneuvers on various vehicles with rollover 
propensities. This simulation is to be validated for 
different speeds and different payloads and center 
of gravity heights. 
 
Context : in Europe, roundabouts are more and 
more built in place of traditional crossings, giving 
an important reduction of fatalities ; although few 
cases of heavy vehicles rollover have been 
recorded, in spite of low velocity, due to the 
geometric features. This study is a contribution to 
the comprehension of this kind of accidents. 
 
Ground test validation :  
A heavy truck of 10-tons payload was chosen, and 
instrumented with different sensors, and for safety 
reasons, equipped with stabilizers. The vehicle the 
dynamic parameters of the input vehicle file of the 
simulating model were adjusted on basis of 
elementary longitudinal and transversal ground 
tests. The model used is a French society SERA-
CD package called PROSPER V4, which was 
proved to give accurate predictions, even in strong 
inputs [1,2]  
Two different trajectories were chosen: a circle and 
a roundabout trajectory rebuilt on the test track. 
Test parameters were different speeds and load 
cases, with changing center of gravity height.  
Measurements, digital video and GPS-trajectory 
were CD-recorded : from these data, the location of 
the beginning of wheel lift-up was precisely 
determined. This information was compared to the 
simulation. This is considered to be the main 
validation criteria.  
 
Synthesis : this study was the first step of the 
validation process. The next steps will include other 
rollover prone vehicles.  
The package will be then used as a tool to define 
safety load conditions and to determine rollover 
stability limits ; these information would be brought 
to driver’s attention. 
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1. INTRODUCTION 
The work presented hereafter, conducted in 
collaboration between LCPC and ETAS, is dealing 
with accident on runabouts, and simulation of  
rollover of heavy trucks. 
LCPC (In French : Laboratoire Central des Ponts et 
Chaussées, English: Roads and Bridges Central 
Laboratory) is a research body partly financed by 
both the French Research and Transportation  
Ministries. LCPC conducts research on civil 
engineering (among which road and bridges is the 
main part) and environment. Regarding roads, apart 
from engineering questions, current research at 
LCPC is more and more concerned with road 
serviceability and in this framework with traffic 
safety. The global aim of numerous subjects being 
dealt with is to investigate the effect of the 
infrastructure features and characteristics on vehicle 
dynamic control (ex : [3]). 
ETAS (Etablissement technique d’Angers, in 
English : Angers Technical establishment) carries 
out evaluation and trials of land combat vehicles, 
and is certified according to CEI 17025 norm (by 
French association named COFRAC) for its test 
activities concerning vehicle dynamic. Reducing 
fatal injuries or material losses during road 
accidents is something highly important for the 
French ministry of defense, too.  
For LCPC, this work is a part of a research 
conducted for the French Directorate of Traffic and 
Safety (In French: Direction de la Sécurité et de la 
Circulation Routière , DSCR). 

2. OBJECTIVES OF THE STUDY 
In France, roundabouts are more and more built in 
place of traditional road intersections. This has 
proved to reduce vehicle collision risk and 
correspondingly injuries and fatalities. Although 
few cases of heavy vehicles (in general semi trailer) 
rollover have been recorded in spite of the low 
velocity imposed by the geometric features. This 
study is aiming to the comprehension of this kind of 
accidents.  

 
Picture 1  A roundabout being observed 

 
Two tasks were defined: 
 Task 1: various roundabouts on site observation 
of heavy vehicle drivers behavior (speed and 
trajectories) (picture 1) 
 Task 2: test out the ability of a vehicle simulation 
program to detect the beginning of wheel lift up 
during cornering maneuvers (figure 1) 

This paper is mainly concerned with task 2. In this 
task the simulation software named PROSPER was 
tested out by comparison of measured and 
computed dynamic parameters of a instrumented 
Truck for different maneuvers. 
 

 
 

Figure 1  Example of simulation with PROSPER 

3. SIMULATION SOFTWARE PROSPER 

3.1. Presentation of PROSPER software 
PROSPER is a 3D-road vehicles dynamic 
simulation software build by SERA, R&D 
Company involved in road vehicles analysis and 
design (www.sera-cd.com). 

 
Figure 2  Prosper in block diagram 
 
PROSPER is basically an open loop system : inputs 
are driver's commands (steering, braking, and 
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throttle), ground and wind disturbances or any 
combination of both. 
It has a 3D-computation engine, with 28 1 Degrees  
of Freedom, coupled and non-linear with 800 
variables. It has been validated for all the vehicle 
utilization range, until performance peak and 
beyond the peak the loss of control (spinning) [1,2]. 

The software is user-friendly. It runs on PC 
(including notebook) with WINDOWS interface 
(online help, visualizations…) 
• it uses a design language (notions, names, unit, 

load condition…) 
• it gives outputs allowing to understand: tables, 

graphs, animation 
• it is interfaced with Microsoft Office 2000. 
• the vehicle is defined by 50 windows of 

numerical data inputs  

3.2. The 3D open & closed loops dynamic  
PROSPER simulate the dynamic situation with all 
its complexity:  
• driver's command (throttle, hand-wheel, brake) 

versus time 
• atmospheric disturbances 
• ground disturbances. 
These 3 inputs types are not only added, they really 
interact together. 
To compute performance that is car maximum 
obtained for an unknown optimal command, we use 
controls and close loop simulation. 
 

DRIVER DYNAMIC
RESPONSE

VEHICLE
MODEL

ENVIRONMENT

Ground wind

Steering Wheel

GAZ PEDAL

BRAKE PEDAL

 
 

 
Figures 3,4  Simulation in block diagram 

 
                                                           
1 With 10 wheels and no trailer 

The number of Dof  with mass is depending on the 
presence of a trailer and wheels number. 
Beyond mass DoF, there is differential equations of 
first order for control or transient, and the total the 
order of the differential system is 90.  
The main Degree of Freedom (for each vehicle) 
are: 
• 6 body DoF 
• for every wheel, rotation speed  
• 1 engine rotation and one control 
• for every wheel,  loaded radius 
• 2 steering DoF ( rack and hand wheel angle) and 

2 control for the auto-driver (closed loop). 
Other state variables without mass (first order 
equation) are per wheel :  
• 2 tire transient per wheel (advanced tire module) 
•  brake pressure transient. 

3.3. Preset tests list 
Around 35 tests are preset, it means that you just 
few values are needed to specify a test. 
• acceleration family: 
- performance acceleration (perfect driver) with 
standard test extraction 
- acceleration on ratios 
- dynamic acceleration with several options 
- passing acceleration between 2 speeds on a given 
ratio 
• braking family: 
- performance braking with perfect driver 
correcting trajectory and modulating the braking 
force, with standard test extraction 
- dynamic braking with several options 
- unilateral braking: half turn standing still, with - - 
- max steering, inner wheels braking and throttle at 
max regulation braking giving ISO adhesion curve 
- Mu-Split with active driver 
• steering family: 
- steady state cornering with constant speed: all the 
steering response up to lateral acceleration peak 
- maneuverability: speed 2 km/h and max steering, 
curb and wall radii 
- constant speed steering ramp 
- J-turn 
- power off 
- optimum cornering steering envelope (best 
cornering at all speeds) 
- constant radius 
- acceleration in cornering 
- acceleration on a constant radius circle 
- slalom with varying amplitude and/or frequency 
with frequency response analysis for yaw speed, 
roll and lateral acceleration  
- Pivot 
- Unilateral braking 
• straight line family: 
- straight line at constant speed (ride height and 
consumption) 
- coast down test to identify the passive forces 
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free steering wheel release test 
• gradient and banking: 
- maximum speed vs gradient 
- steady state on banking with active driver to keep 
the straight line 
• side wind sensitivity: 
- steady state vs vehicle speed 
- dynamics vs constant wind 
- wind signal 
• emergency simulation: 
- braking in curve 
- change lane maneuver with active driver 
- combination of braking and change lane 

3.4. Utilization conditions 
• Road 
Road is taken into account among 4 types, with 
force modulation changing the tires ones defined 
for optimal condition (smooth dry road). 
• Passengers and/or loads 
The choice of the passenger amount and fuel 
quantity will modify all data linked to the new load 
condition: new ride height, inertia, CG position, 
suspension travel, deflection and properties of the 
tire… 
• Controls 
Vehicle can be used with following control mode 
(or regulation): 
- braking regulation with pedal effort modulation 
(simulating a perfect driver applying just the ideal 
force on pedal) or wheel by wheel (ABS) 
- propulsion regulation (anti skidding) with engine, 
wheel by wheel, or “cruise control” 
- with or without engine braking 
- automatic or non-automatic gear shifting, time lag 
or not. 
- sometimes, trajectory control by an active driver 
can be connected 

4. TEST VEHICLE 

4.1. Vehicle type 
The validation procedure is essentially the 
comparison between simulation results and data 
acquisition on the relevant parameters : longitudinal 
and lateral accelerations, yaw, pitch and roll 
velocities and angles, suspension travels [1,2]. 
 
The vehicle selected for the validation experiments 
is a French military truck, from the RENAULT 
Trucks firm, named TRM 10000 ; it is a typical 
logistic vehicle, with a maximum load of about 
10 000 kg. TRM is a French acronym for AWD 
(all-wheel drive vehicle). 
 
It has been chosen for the following reasons: 
- Its important payload ; 
- The possibility to modify with large amplitudes 

the center of gravity height of the load ;  

- All characteristics and model parameters required 
for the simulation are known. 

Its main characteristics are the following (table 1) : 
 
weight (unloaded) 12 000 kg 
c.o.g height 
(unloaded) 

about 1.20 m 

max load about 10 000 kg 
number of axle 3 
number of wheels  6 
steering axle  front axle 
rear axles rear tandem  
front suspension  semi-elliptical leaf springs 

(auxiliary and main springs), 
mechanical stops and 
telescopic shock absorbers 

rear suspensions semi-elliptical leaf spring, 
mechanical stops 

tires on and off-road tires 
from Michelin  
14.00 x 20 

length / width / 
height  

9.2 m / 2.5 m / 3.1 m 

wheelbase axle 1-2 4.3 m 
wheelbase axle 2-3 1,4 m 
max speed about 90 km/h 

Table 1 

4.2. Payload arrangements 
In this study we intend to investigate the effect of 
different cases of load on the dynamic 
performances of the vehicle chosen. 
A specific lest, simulating a heavy standard 20ft 
ISO container, has been developed. 
This lest (see picture 2) consists of a steeled frame 
with 4 rigid boxes containing variable weights. 

Picture 2  Test vehicle TRM 10000 
 
The boxes can be set up and down on the frame to 
give to the lest a center of gravity (c.o.g.) height 
from 0.60m to 1.85m (reference level : bottom of 
the lest) : in fact, the c.o.g. height of the load from 
ground can change from about 2.10m to 3.35m. 
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Such a lest has important roll, pitch and yaw 
inertias while 80% of the weight are on the corners 
of the lest. 
  
Three cases for the lest were chosen (table 2). 
Inertia have been calculated by C.A.D. (Computer 
Aided Design) and Huyghens formula : 
 
Lest characteristics n° 1 n° 2 n° 3 
Weight (kg) 9400 9400 9400 
Load position Low 

level 
Average 

level 
High 
level 

c.o.g. on the z-axis 
(height from ground)

2.1m 2.7m 3.35m 

c.o.g. on the x-axis; 
0-axis in the middle 
of front axle 

4.5m 4.5m 4.5m 

c.o.g. on the y-axis; 
0-axis in the middle 
of front axle 

0 0 0 

Roll inertia (kg.m²) 7460 7160 8855 
Pitch inertia (kg.m²) 53780 53470 55170 
Yaw inertia (kg.m²) 56940 56940 56940 
global c.o.g height2 
(vehicle + lest) 

1.60m 1.86m 2.14m 

Table 2 

4.3. Preliminary static tests 
Firstly, precise measurements of length, weight, 
and axle angles as castor, camber or toe-in were 
done , to verify conformity of the specimen chosen 
for tests and ensure the accordance with the model 
parameters. 
 
Then, before performing the dynamic experiments, 
a test using a tilt platform (picture 3) to measure 
static rollover thresholds was carried out. 
 

Picture 3  ETAS Tilt platform 

                                                           
2 calculated from barycenter theory 

Some definitions for this test : 
• rollover threshold : tilt table angle when one of 
the wheels on one side of the vehicle have lost 
contact with the table surface. 
• front roll angle : measurement of the roll angle at 
a rigid point in front of the vehicle (i.e. here : on the 
front bumper) ; this measurement is made when the 
vehicle reaches the rollover threshold 
• rear roll angle : similar to the front, on the rear 
bumper. 
The initial level of front and rear angle is 
determined when the tilt platform angle is equal 
to 0°. 
Results of the tilt table measurements are given in 
table 3. 
 

Lest 
number 

n° 1 n° 2 n° 3 

rollover 
threshold 

27° 22.5° 18.5° 

front roll 
angle 

2.75° 5.35° 5.7° 

rear roll 
angle 

5.3° 6.8° 7.5° 

Table 3 
 

Figure 5  Rollover threshold versus c.o.g. height 
 
One can notice on figure 5 that the rollover 
threshold decreases dramatically when the c.o.g. 
height increases. 
 
The difference between the front and rear angle, is 
mainly a consequence of chassis torsion. 
Furthermore, one can notice an asymptotic 
tendency for the highest levels of c.o.g, due to an 
extreme compression of suspensions. 

4.4. Vehicle instrumentation 
The TRM 10000 was fitted with a data collection 
systems and sensors. The main parameters recorded 
were driver actions (steering angle or rack 
displacement, throttle position, braking force) and 
vehicle dynamic parameters : vehicle speed, 
longitudinal and lateral accelerations, suspension 
travels, wheel rotations, braking pressures. Yaw, 
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roll and pitch angles and angular velocities were 
measured, too. 
 
Characteristics of the used sensors are given in 
table 4. 
 

device sensor range 
“fifth wheel” longitudinal 

velocity 
80 km/h 

yaw velocity 60°/s 
yaw angle 0 to 360° 
roll angle 15° 

inertial 
reference 

lateral 
acceleration 

10 m.s-² 

steering wheel 
angle 

720° dynamometer 
steering wheel 

steering wheel 
velocity 

500 °/s 

rear wheels 
velocity 

15 radian/s 

suspension 
height 

0.5 m 

gas pedal level 0-100% 

specific sensors 

engine rotation   0-4000 rpm 
differential 
GPS 

trajectory  

weather sensor wind velocity 10 m/s 
Table 4 

 
Data were recorded on a PC-computer, with a 
sampling frequency of 100 Hz and then digitally 
low pass filtered at 10 Hz to prevent from aliasing. 

5. MODEL VALIDATION 

5.1. Validation MODULE of PROSPER 

Figure 6  Validation block diagram 

On figure 6 the procedure to validate the open loop 
model is presented in block diagram form. 
Simulation inputs are the driver commands. 
 
Validation is essentially the comparison between 
simulation results and data acquisition on the 
relevant parameters : longitudinal and lateral 

accelerations, yaw, pitch and roll velocities and 
angles, suspension travels. However this 
comparison is meaningful only when the model and 
car speeds are equal with a 1 km/h tolerance. This 
requires car longitudinal subsystems to be 
accurately modelled and to have the right parameter 
values : engine torque, transmission ratio, 
aerodynamics, rolling tyre drag.  

5.2. Specific dynamic tests 
Validations are conducted in relation to the main 
interests needed for the model. longitudinal 
accuracy were initially proved by comparison 
between real vehicle and model of the curves 
acceleration and braking. 
 
More important were the lateral validations ; 
steady-state circular tests have been carried out in 
the conditions described on table 5 ; 
 
Lest number n° 1 n° 2 n° 3 
Radius (m) 30 
Vx (km/h) 5 to 40  5to36 5to33 
Direction Left/right 

Table 5 
 
The facility for real tests was a 160m-diameter slip 
pad, situated at ETAS. 
 
Validation between simulation and real test is 
conducted step by step with a logical order on the 
response parameters : 
• Step 1 : validation of the forward velocity, for a 

gas-pedal position ; 
• Step 2 : validation of the curve radius and yaw 

velocity obtained, for a  steering-wheel input, as 
shown on figure 7 (example for the lest n° 3, with 
Vx = 32 km/h) ; 

• Step 3 : validation of the lateral acceleration ; 
• Step 4 : validation of the chassis motion, 

particularly roll angle and suspension heights ; 
• Step 5 : validation of the lift-off for one wheel or 

tandem axle. 

Figure 7  Curve radius at c.o.g. 
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5.3. Results for different loads 

5.3.1. Roll angle level validation 
On figure 8, comparison between experimental 
results and simulation for the three lest conditions 
(see step 4 before) are shown. 

Figure 8  Roll angle vs real/simulated tests speed 
 
Figure 9 shows the lateral acceleration level 
obtained when rollover threshold is reached ; this 
level is also calculated for the tilt-table. 

Figure 9  Lateral acceleration at rollover threshold 
 
For each case of load, we have a good agreement 
between the three type of calculation. One can note 
that rollover threshold obtained on tilt-table is 
always higher than for real or simulated lift-up 
conditions. We can explain this because test on tilt-
table, tests are static, whereas real tests are 
perturbed by road roughness, defects and wind. 

 
Comparison between video and simulation play 
prove the accuracy of model. 

5.3.2. Cornering speed limits validation 
Picture 4 obtained from simulation shows the case 
just over the limit ; for lest n°3 (highest level of 
c.o.g), rollover occurs on a 30m-radius at a speed of 
34 km/h. At 33 km/h, a inner rear wheel has been 
lifted-off the ground, but the vehicle doesn’t 
overturn, whereas at a speed of 32 km/h, all the 
wheels stay on the ground. 

 
Picture 4  Rollover simulation with PROSPER 
 
We can see the same phenomenon on real test on 
picture 5 corresponding to a 30-m radius steady-
state cornering, at a speed of 33 km/h. Rear wheels 
are is lifted up (about 15 cm). 
 
 

Picture 5  Lift up of rear wheels of the TRM10000 

 
This good agreement between real and simulate 
cornering behavior, for very different cases of load,  
implies that this model can be considered as 
reliable for analyzing the problem of trucks rollover 
on roundabouts. 

6. ROUNDABOUTS TESTS 

6.1. Roundabouts observations 
18 roundabouts were selected from a data base of 
local authorities in the west suburb of Paris. 
On site measurements and observations were 
carried out by a technical staff. 
The roundabout approach speed of 99% of truck 
drivers is 40 km/h. Geometric features of 
roundabout have no effect on this speed.  
5 roundabouts were finally selected for an in depth 
investigation : speed profiles along the trajectory 
per truck type, variation of these speeds against 
measuring periods (day/night), variation of these 
speeds against climatic conditions ; variation of 
these speeds against vehicle type. 
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 dry drizzle rain 

RA1 25,6 24,7 24,6 
RA2 24,5 24,5 23,0 

 type 1 type 4 type 5 
RA1 26,2 25,7 25,4 
RA2 24,3 23,3 24,5 

 day night 
RA1 25,8 24,7 
RA2 24,3 24,3 

Table 6 

Values given in table 6 for two roundabouts are the 
traveling speed (in km/h) of 85% of trucks. Only a 
very slight difference between dry weather and rain 
was observed. 

6.2. Proving ground experiment 

 
Picture 6  Trajectory of a roundabout (ETAS)  

A lane corresponding to a typical trajectory of 
trucks on the roundabout 1 was materialized on the 
ETAS proving ground (Picture 6). 
 
Many runs upward and downward were done by an 
ETAS professional driver until rear wheels lift up 
(picture 7). 
 

 
Picture 7  TRM 10000 rear wheels lift up 

6.3. Runabouts experiments and simulations 
Figures 10, 11 and 12 exhibit typical results 
obtained for the most unfavorable case. 
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Figure 10  Speed profile 
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Figure 11  Yaw comparison 
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Figure 12  Rear wheel lift up 

Good agreements between measured and computed 
values were sometimes obtained but it is considered 
that improvement of suspension parameters would 
be necessary to ensure good agreement for the roll 
curves. 

7. FINDINGS 

7.1. A reliable Software  
This experiments and numerous previous ones 
confirm the quality of the reliability of the 
simulation Software PROSPER.  
 
Another advantage of simulation is to give some 
information on parameters as vertical load or slip 
angle, not easily measured in real conditions 
(figure 13).  
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various parameters evolution vs lateral acceleration in steady-state 
conditions
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Figure 13  Various parameters vs lateral accel. in 
steady –state conditions 
 
On this figure, vertical loads (Fz) on inner rear 
wheels decrease quickly over a lateral acceleration 
level of 2m.s-² (about 1500 daN on each wheel for 
this level) ; at the level of 2.6 m.s-², inner wheels 
are lifting off, but without rollover, whereas after 
2.70 m.s-² threshold, rollover is occurring. 
 
Besides, simulation can be used to investigate the 
effect of different load conditions on wheel lift up. 
The effect of the position of the center of gravity 
along the longitudinal x-axis was also analyzed. 
Figures 14 and 15 give for an increasing lateral 
acceleration in steady-state condition the slip angle 
variation  (respectively the minimum vertical load 
on inner tandem) for three c.o.g x-positions. The 
first position is the usual one, whereas the second 
and the third have got a change of one meter 
backward and forward. 
 
On figure 14, one can note that slip angles decrease 
after a lateral acceleration level of 2 m.s-² ; this 
effect is more important for a x-position of the c.o.g 
forward (red points). The rollover occurs when slip 
angles become negative. 

slip angle vs lateral acceleration  for three x-position of the c.o.g. 
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Figure 14  Slip angle vs lateral acceleration 

The vertical load on inner tandem (figure 15) 
present the same phenomenon ; changing the x-
position of c.o.g. backward increases the rollover 
threshold of about 10%. Moreover, another 
parameter must be consider : the vertical load on 
the front axle must not decrease too much, because 

we have the risk to limit the steering capacity of the 
truck. 

minimum vertical load on inner tandem vs lateral acceleration for three 
x-position of the c.o.g. (simulation)
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Figure 15  Minimum vertical load on inner tandem 
vs lateral acceleration 

7.2. Future developments 
A new experiment with a semi trailer truck is a 
necessary complement. 
What is sought from these simulations is to see 
whether on one hand advice regarding loading 
arrangement and on the other hand warning about 
bad load arrangements can be devised. 
Then these results could be brought to truck driver 
attention for each type of vehicle. 
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ABSTRACT

On behalf of NHTSA and the Dutch Ministry of
Traffic and Transport the Safety department of TNO
Automotive is performing numerical fleet studies using
multi-body models. Aim is to develop strategies for
optimization of front-end structures minimizing the total
harm in car-to-car crashes on a fleet-wide basis. For these
studies multi-body models are being constructed from
existing finite element models. Front-end structure and
passenger cell are modeled in detail to provide realistic
deformation modes. Furthermore dummies, airbags, belts
and main interior parts like dashboard and steering wheel
are included. Currently four models are available, each of
a different vehicle class.

To indicate the performance of the multi-body vehicle
models for crashworthiness optimization of a fleet a study
on offset frontal impacts is performed. Using the multi-
body models a series of parameter sweeps over relevant
accident and design parameters were performed. The
accident parameters included vehicle type, belt usage and
occupant size. The design parameters relate to the front-
end geometry of the two smaller vehicles and the front-
end stiffness of all vehicles. A total set of 2500 scenarios
was simulated.

INTRODUCTION

Compatibility is an important subject in road traffic
safety research, because in many accidents more than one
road user is involved. In that case the passive safety of the
different road users is often in unbalance. This leads to an
incompatible situation in which one of the parties suffers
from the relative aggressiveness of the other. A solution to
this problem may be found in improved vehicle
compatibility which combines self and partner protection
characteristics. During the last decades extensive research
was done on the statistics of car-to-car crashes giving a/o
interesting rates of aggressiveness [1,2]. Although the
occupant safety has improved significantly car-to-car
crashes form an increasingly important class of accidents
to be examined making it one of the most important safety
issues for the car industry and governmental bodies [1,3,
4, 5, 9].

There are two main injury-causing aspects to car
collisions in general but also with respect to compatibility:

excessive deceleration and intrusions [8]. The deceleration
aspects relate to the phenomenon that lighter cars undergo
larger decelerations than heavier cars in a collision
between both. So, in the lighter car the occupants can get
injured more easily, due to these large decelerations and
contacts directly resulting from these decelerations. On
the other hand, intrusions relate to entering of structural
car parts into the passenger cabin that should be avoided
as much as possible. A first important step to avoid
intrusions is the avoidance of geometrical mismatch.
Shearlaw and Thomas [6] show that it is very difficult to
tackle the question whether or not cars are compatible
with respect to these intrusion effects.

Furthermore, the passenger compartment integrity
should be preserved as much as possible: collapse of the
compartment should be avoided. For this purpose, the
global strength of the passenger compartment should be
larger than the strength of the front and of course large
enough to withstand the forces during the whole crash.
This also means that the strength of two cars in a crash
should be optimized such, that the collision energy is
dissipated without compartment collapse of any of the
cars [3]. Of course, the strengths of the cars are closely
related to the deceleration of the cars.

When assessing compatibility the overall safety of a
fleet should be considered. For the evaluation of the
overall safety of an automotive fleet systems modeling
approaches have been developed. In the nineteen-
seventies Ford Motor Company developed a method for
maximizing a single vehicle’s safety performance in
frontal crashes [10]. This program was updated by the
University of Virginia to include new biomechanical
transforms and updated accident data as well as
multivariable analysis capability [11]. Other car
manufacturers also developed programs, mainly for
optimizing single vehicle design. On behalf of NHTSA
Volpe developed a model that predicts the total harm over
a range of vehicle types rather than a single subject
vehicle [12]. The model estimates injuries over a given set
of crashes considering air bags, seat belts and occupants
of varying size. It incorporates updated accident data for
the statistical accident environment model and injury risk
functions that convert injury measures into the AIS scale
[14]. Injury values are obtained from MADYMO
occupant kinematic models of a car and LTV loaded by
crash pulses obtained from one-dimensional lumped
parameter models. Figure 1 summarizes the methodology.
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The method does not include an optimization strategy to
minimize the overall Harm in a fleet environment.

Figure 1. Fleet Systems Model Methodology [12]

Ideally injury values are to be computed using detailed
vehicle FE models. However, while potentially very
accurate these are computationally too expensive to
execute for fleet systems models that a substantial amount
of simulations [15]. Alternatively simpler but faster
running lumped mass models in MADYMO may be used.
Although less accurate these models require substantially
less computer time making it easier to conduct the
necessary simulations. The models were successfully
applied in numerical optimization studies bringing all
injury levels in a small fleet (limited number of scenarios)
below critical values by adjustment of the frontal stiffness
[9, 16]. The result was obtained by optimizing the
stiffnesses of main load carrying members in the front-
ends. Geometrical interaction was not considered, as it
could not be translated into a continuous parameter for
numerical optimization using direct methods.  However,
while the front-end stiffness does affect compatibility,
geometrical interaction is regarded as the prime factor for
good compatibility. Therefore structural variants should
be considered in the optimization process which may be
stated as [15]

Minimize Inj (x,u) = pI sI (x,u)

subject to:
Wgt(x) < Wgtmax
Cost(x,w(x)) < Costmax
xmin < x < xmax

where:
x = Vector of design variables
u = Belt usage rate
Inj(x,u) = Total injuries
Wgt(x) = Incremental weight for with design ‘x’
Cost = Incremental cost for x and Wgt(x)
Wgtmax = Upper constraint on incremental weight
Costmax= Upper constraint on incremental costs
pi = Probability of event i
si = Injuries resulting from event i

The restraints on the design variables x are included to
limit weight as well as costs of the proposed design
modifications and to ensure that modifications remain
within realistic ranges. Each crash event i may be
characterized by six accident variables namely vehicle

types, impact mode, impact speed, seat position, occupant
size and belt usage [12, 15].

In view of the large number of scenarios to be
considered in fleet studies optimization by considering
structural variants can only be achieved using design of
experiments (DOE) or identical methods that scan the
design space by variation of relevant design parameters.
Correct interpretation of results requires an adequate
formulation of the object or target function.

Figure 2. Fleet Systems Model Methodology using multi-
body vehicle models with occupants

Figure 2 depicts the fleet systems model using multi-
body vehicle models to predict injuries. In this paper the
vehicle models, the injury risk functions that form the
basis of the object function and results of a fleet study
considering design variants will be discussed.

VEHICLE MODEL DEVELOPMENT AND VALIDATION

Based on existing FE models four lumped mass
models representative for the US fleet were developed.
The vehicles are listed in table 1.

Table 1. Available vehicle models

Model Class Mass

[kg]

Test Mass

[kg]

Geo Metro Subcompact 800 1191

Chrysler Neon Compact pass. 1085 1371

Ford Taurus Midsize pass. 1488 1728

Ford Explorer SUV 1971 2205

The front-ends and the side structures were modeled in
detail to describe the actual interaction for frontal and side
impacts. The rigid bodies are connected by non-linear
spring and damper elements, which represent the stiffness
behavior. Characteristics of these elements were derived
using FE models and component test data. Attention was
focussed on the main load carrying components like
longitudinals and shotguns. The occupant compartment
intrusion is described using contact surfaces. The interior
of the car is modeled including a dashboard, steering
wheel, belts, airbag and Hybrid III dummy at the driver
side. Figure 3 shows the models of the Ford Taurus and
the Chrysler Neon in the undeformed configuration.
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Interaction between the vehicles is realized with contact
facets at the front and the side.

Figure 3. Undeformed frame model of Neon Chrysler
(left) and Ford Taurus (Right)

The frame models were validated against Full Width
barrier NCAP test data. In addition, the vehicle signals are
validated against FE simulations under different angels
and different crash scenarios. Figure 4 shows typical
results for vehicle signals (left) and dummy response
(right). Results correlate well.

MADYMO (980429)
Test (V2320)

time (s)

acceleration (m/s2)

displacement (m/s)

velocity (m/s)

 

Figure 4. Validation frontal Chrysler Neon model: frontal
car structure (left) and resultant head acceleration of a 50th

percentile Hybrid-III (right)

In addition to the vehicle and dummy signals the
proposed compatibility measurables were compared.
Table 2 compares the Average Height of Barrier Force
(AHoBF) which is calculated as follows [17]
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where:
- Fi = Force on cell i
- hi = height of cell i

Except for the Chrysler Neon all vehicle models show a
good correlation with test results. Based on NCAP test
data NHTSA has identified AHoBF ranges for different
vehicle classes [17].  Results for all vehicle models except
the Neon are within the specified class range. Findings for
the Neon are currently being investigated in more detail
using FE models.

Table 2. Comparison of Average Height Of Barrier Force.

Car AHoBF

[m]

AHoBF

(NCAP)

Class range

[m]

Geo Metro 0.44 0.421) 0.41 – 0.47

Chrysler Neon 0.51 0.45 0.43 – 0.48

Ford Taurus 0.49 0.501) 0.43 – 0.50

Ford Explorer 0.58 0.63 0.50 – 0.62
1) Data somewhat different than values indicated by

NHTSA in ref. [20]

The Average Height of Barrier Force is known as a
relevant measure, however, for compatibility the force
distribution on the barrier is even more important.
Figure 5 therefore compares load cell data at two time
frames for the Ford Taurus.

Figure 5. Comparison of simulated (left) and
experimental (right) load cell wall data for the Ford
Taurus at t = 25 ms (top) and t = 60 ms (bottom). Note
that the dimensions of the grid sizes in the simulation are
somewhat different from the test (simulation: 8*8; test:
4*9).

At 25 ms high loads are located at longitudinal
locations. Note that the dimensions of the cells and
therefore the grid sizes are somewhat different, which may
affect the results to some extend. At 60 ms the sub-frame
and engine of the simulation model partake in the load
transfer which is not the case in the actual test. Despite
this discrepancy the simulated results generally correlate
very well with experimental data and the models may be
regarded adequate for usage in fleet studies.

INJURY RISK FUNCTIONS

For frontal impacts the most commonly used injury
measures include Head Injury Criterion (HIC), Viscous
Criterion (VC), 3 millisecond acceleration (3 MS),
Combined Thoractic Index (CTI), Femur Force
Compression (FFC), Nij, FNIC, Tibea Index (TI) and
TCFC. See also figure 6. All of these injury measures
used as regulatory criteria except for the CTI. CTI though
is recommended by NHTSA for research use [13].
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Prediction of the lower leg injuries requires accurate
representation of intrusions, which can only be achieved
by use of detailed finite element models with correct
geometry and material modeling. The multi-body models
have insufficient detail to represent intrusions correctly
and therefore TTI and TCFC are not considered here.

Figure 6. Hybrid III 50th percentile frontal impact dummy
with injury criteria. Except for the lower leg injuries all
indicated mechanisms are considered in this study.

Each MADYMO simulation results in a set of injury
values for the drivers in both vehicles. To compare risks in
the different scenarios results need to be converted into a
measure that gives an indication for the overall injury risk
(AIR). In previous studies into the optimization of the
front-end stiffness this was achieved by summing squared
normalized injury values for head, upper leg and chest
[16]
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The injury values used in eq. (2) were selected based on
results of parametric studies [16]. This function was found
to be quite effective as it is very discriminative for critical
or near critical injuries. Main disadvantage tough is that
all injuries have identical weights, which is not realistic
when considering the harm. Therefore injury significance
ratings should be introduced:
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where α, β and γ are the weight factors for the respective
injury types. Estimates for the weight factors are provided
in table 3. These numbers, based on field studies, were
derived in the early nineties to evaluate the performance
of restraint systems [18].

Table 3. Injury significance factors [18]

Body region Significance Weights

Head 60% α = 0,60

Chest 35% β = 0,35

Extremities 5% γ = 0,05

Alternatively an approach based on the Abbreviated
Injury Scale (AIS) may be used, see e.g. [19]. Injury risk
functions are used to convert injury values into AIS levels,
which subsequently may be transformed into an overall
injury risk using the Injury Severity Scale (ISS).

Figure 7 and figure 8 show mathematical models to
transfer CTI and HIC values into the AIS probabilities.
Identical models have been derived for 3ms, CD, FFC,
and Nij. The models, generally known as the injury risk
functions, have been proposed by NHTSA on the basis of
experimental data and previous research [14]. The
experiments were performed within the regulatory range
of interest up to critical values. For higher injury values
the plotted approximations are therefore more heuristic.

Figure 7. Injury risk function for CTI [14]

Figure 8. Injury risk function for HIC [14]

Mathematical expressions for the injury risk functions
can be found on the NHTSA website
(http://www.nhtsa.dot.gov/cars/rules/rulings/AAirBagSNP
RM/PEA/pea-III.n.html). Using these cumulative
functions a vector of AIS probabilities (AIS=0,1,2,3,4,5,6)
is obtained by subtracting each AIS probability at the
computed injury level from the next AIS probability. For
each injury type a vector of AIS probabilities is computed
which is converted into an expected AIS value according
to
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where
X = Injury value
E = Expected AIS value
Pwi = Probability of AIS level wi

wi = AIS level 0,1,2,3,4,5,6

The expected AIS values for each injury mechanism
may be converted into an overall body criterion using
normalized cost functions to obtain communal costs
(HARM) or using the Injury Severity Scale (ISS) [19]. In
this paper the ISS will be used.

FLEET SETUP AND ACCIDENTS SCENARIOS

To explore the potential of the multi-body models for
usage in optimizing the crashworthiness behavior of a
fleet a study with four vehicles was performed. Frontal
offset impacts at a closure speed of 50 km/h were
analyzed in a fleet consisting of the Geo Metro, Neon
Chrysler, Ford Taurus and Ford Explorer. Figure 8 shows
the accident scenarios. Crashes between the Explorer and
the Geo Metro are not considered, as this scenario is
strongly incompatible, even when applying the design
modifications suggested below. The accident variables
occupant size (5th percentile female, 50th percentile male
and 95th percentile male) and seat belt usage (belted an
unbelted) were varied.

Figure 8. Crash scenarios between vehicles. The Explorer
Geo scenario is not considered, as it is highly
incompatible.

For the optimization two design variables were
introduced namely front-end stiffness and front-end
geometry. For the stiffness structural components relevant
for the crash behavior were identified in each vehicle and
related bodies grouped such that their connecting springs
and damper characteristics can be changed
simultaneously. The scaling of the characteristics
corresponds to overall changes in elastic and plastic
stiffness of the component. The allowable range of the
stiffness was set between 75 and 150% of the original
values to be within physically realistic bounds. Weight
and cost restraints were not considered here but are largely
covered by the above-mentioned restraint. For the front-
end geometry design variants of the Geo Metro and the
Neon Chrysler were created, see figures 9 and 10. The

depicted modifications are easily implemented in the
multi-body models.

Figure 9. Modified front-end Geo Metro. To improve the
interaction with other vehicles cross members have been
reinforced (Green bodies) and two vertical members
linking shotguns and longitudinals (red bodies) have been
added.

Figure 10. Modified front-end Chrysler Neon. To
improve the geometrical interaction a sub-frame was
added (red bodies) and the lower cross-beam was
reinforced (yellow bodies)

SIMULATION RESULTS

Parametric simulation of all scenarios for relevant
design variables yields a total of 2500 individual cases.
Here the stiffness for each vehicle is varied in five discrete
steps ranging between 75% and 150% of the original
stiffness. Each case requires approximately 20 minutes of
CPU time on a PC server system. The total required CPU
was about 830 hours. For each case a vector of injuries is
obtained which is processed into an overall body value
using eq. (2) or the alternative method based on AIS and
ISS.

Results of the simulations are analyzed with the SPSS
statistical program [21]. The computed distributions for
the entire subset are shown in figures 10 (ISS) and 11
(weighted squared injuries using eq. (2)). Both figures
show identical trends but results based on eq. 2 appear to
have larger relative differences which is mainly due to use
of squared relative values rather then relative values, see
also [16].  This finding may be important for optimization
studies as it focuses the search towards critical or near
critical cases. However, as it is based on a limited set of
accident variants care should be taken when generalizing

Geo

Taurus

Neon

Explorer
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this finding. Therefore ISS will still be used in the sequel
of this paper.

To obtain an indication for the contribution of
different injuries to these results 3MS, HIC and FFC are
plotted in Figure 12 through 14 for the entire subset. FFC
values for the smaller vehicles are near or over critical
(FFCcrit = 10000). Chest values are relatively high
especially for the smaller cars (3MScrit = 60 g). HIC values
are generally low at values up to 400 (HICcrit = 1000).

Figure 15 shows ISS values sorted by belt usage. Only
limited influence of the belt usage is observed, which is
unrealistic. Figure 16 and 17 show FFC and 3MS values.
From these figures it is observed that the upper leg load
levels for belted drivers are significantly lower as to be as
expected. However, 3MS values for the belted drivers are
higher than for the unbelted. This is explained by the fact
that the belt systems in the vehicle models do not have a
load limiter resulting in high chest loads. For a more
realistic representation of the fleet behavior a load limiter
should be included.

Figure 11. ISS distribution (mean values) for entire subset
plotted as function of victim and opponent car.

Figure 12. Weighted squared injury distribution (mean
values) for entire subset plotted as function of victim and
opponent car.

Figure 13. 3MS distribution (mean values) of entire
subset plotted as function for victim and opponent car.

Figure 13. HIC distribution (mean values) of entire subset
plotted as function of victim and opponent car.

Figure 14. FFC distribution (mean values) of entire subset
plotted as function of victim and opponent car.

Figure 15. ISS distribution (mean values) of entire subset
plotted as function of victim car and belt usage.
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Figure 16. FFC distribution (mean values) of entire subset
plotted as function of victim car and belt usage.

Figure 17. 3MS distribution (mean values) of entire
subset plotted as function of victim car and belt usage.

Figure 18 shows ISS values of the Geo driver for
stiffness variations in the front-end of the Geo. The
columns indicate the 25% to 75% range of samples. The
vertical lines related to each column indicate ultimate and
meridian values. Minimum ISS values occur at the
original stiffness. However, when considering separate
injuries, figures 19 through 21, different trends are
observed. HIC in figure 19 shows an identical behavior as
the overall measure. 3MS in figure 20 is fairly insensitive
to the front-end stiffness. FFC-left in figure 21 shows a
clear reduction with front-end stiffness bringing the 95%
range below critical. This trend is not observed in the ISS
result due to the relatively low weight factor for FFC. The
finding is in agreement with previous studies using direct
optimization [9, 16].

Figure 22 and 23 show results of the Geo driver for
stiffness variation in the Taurus front-end. The influence
on ISS is fairly low but the FFC shows a trend with
reduced injury for reduced stiffness of the Taurus front-
end, as to be expected.
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Figure 18. ISS of Geo driver as function of frontal
stiffness
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Figure 19. HIC of Geo driver as function of frontal
stiffness
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Figure 20. 3MS of Geo driver as function of frontal
stiffness
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Figure 21. 3MS of Geo driver as function of frontal
stiffness
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Figure 22. ISS of Geo driver as function of frontal
stiffness Ford Taurus
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Figure 23. FFC of Geo driver as function of frontal
stiffness Ford Taurus

Figures 24 through 26 compare injury values between
the updated and the original Chrysler Neon. The figures
show results for the reference configurations (original
stiffness and a belted 50-percentile dummy) only as
simulations for the complete statistical study were still in
progress at the time of writing. The modification of the
front-end depicted in figure 10 was meant to improve the
structural interaction and as such reduce intrusions.
Knowing the limitations for the lower extremities, results
related to upper legs, chest and head are plotted. The
results indicate that acceleration related injuries for head
and chest remain nearly unaffected whereas intrusion
related injuries for the upper legs reduce significantly. The
reduction of intrusion becomes clear from figure 27 that
shows deformed configurations for the Neon-Geo
scenarios. Identical results where found for the adjusted
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Figure 24. FFC values for original and updated Neon for
crashes against other cars.
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Figure 25. HIC values for original and updated Neon for
crashes against other cars.
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Figure 26. 3MS values for original and updated Neon for
crashes against other cars.

Figure 27. Deformed configurations at 80 ms for Neon-
Geo scenarios: original Neon (top) and updated Neon
(bottom). Neon is blue, Geo is green.

CONCLUSIONS AND RECOMMENDATIONS

To indicate the performance of the multi-body vehicle
models for crashworthiness optimization of a fleet a study
on offset frontal impacts was presented. Using models of
four different vehicles, that represent the US car fleet,
parameter sweeps over relevant accident and design
variants were performed.

The vehicle models are 3-D rigid mass models derived
from FE models. The rigid bodies are connected by non-
linear spring and damper elements representing the
stiffness behavior. Main interior parts and dummies are
included. Comparison with test results shows that the
models provide realistic crash and occupant behavior. The
models integrate vehicle and occupant models that were

separated in previous fleet studies. Front-end stiffness and
geometry can be adjusted easily by scaling the stiffness of
main members and adding new bodies and joints.
Although less accurate than finite element models the
multi-body models require substantially less CPU making
them suitable for the large amount of simulations required
in fleet studies.

In the fleet study frontal offset impacts between the
four vehicles (Geo Metro, Chrysler Neon, Ford Taurus
and Ford Explorer) were considered. Crashes between the
different vehicles were simulated with belted an unbelted
drivers of different size (5th percentile female, 50th

percentile male and 95th percentile male dummies).  The
front-end stiffness of each vehicle was varied between 75
and 150% of their original value. For the two smallest
vehicles design variants that provide improved structural
interaction were considered. A full factorial parameter
sweep over these accident and design variables resulted in
2500 scenarios where the stiffness of each vehicle was
varied in five steps. Simulating these scenarios required an
acceptable 830 hours of CPU on a PC server system.
Statistical analysis of results showed that injury levels for
these considered accident scenario can be reduced below
critical values.

Evaluation of results for belt usage showed that the
modeling of restraints needs improvements. Despite this
the study showed that the models have high potential for
this type of fleet studies since they provide realistic
vehicle behavior at limited CPU costs. Also structural
modifications are easily introduced.

In future work the modeling of the restraint systems
should be improved. Comparison of belted and unbelted
results showed that the belt models should include load
limiters to provide more realistic chest loads. Also the
triggering of the airbags should be made dependent on the
accident scenario in terms of impact speed and other
relevant factors. This allows the simulation of scenarios at
different impact speeds. With these improvements fleet
studies using scenario weight factors from a statistical
accident environment model can be made. Resulting
injury distributions can be compared with real world data
for validation purposes. In these studies the accident
scenarios can be extended, e.g. with side impacts for
which validated models are available.

Apart from the fleet modeling work the multi-body
models and their improved variants will be employed to
improve proposals for compatibility test procedures.  Car
to barrier simulations with original and improved vehicles
will be performed to evaluate proposed barrier design and
assessment criteria. This activity will be performed in the
European 5th framework project VC Compat.
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ABSTRACT

This study set out to compare a number of counter-
measure options to restrain drivers in far-side crashes
using the modified BioSID crash test dummy. The
findings showed that 3-point belts alone were not
sufficient for far-side occupant protection. Attaching
double (buckle and belt) pretensioners to the std. 3-
point belt also failed to improve protection
substantially. The cross-belt configuration did
improve protection but not as much as the inclusion
of an additional side support. However, even the best
restraint combination employed here would probably
not provide optimal protection for two occupants.
Further research is warranted to improve far-side
occupant kinematics and far-side restraint systems.

INTRODUCTION

Side impacts are frequent and extremely harmful
crashes. Twenty five percent of vehicle casualties (28
percent of fatalities) occur from these crashes,
accounting for roughly one-third of occupant Harm
on our roads (Fildes, Lane, Lenard & Vulcan, 1994).
The likelihood of being killed or seriously injured is
very high in side impact crashes.

Current side impact regulations in Europe, the USA,
Japan and Australia specify acceptable performance
levels for a single crash configuration and impact
speed for near-side occupants. This is appropriate as
near-side crashes are extremely common and harmful
to occupants involved in side impact collisions.
Fildes, et al, 1994; Frampton, Brown, Thomas and
Fay (1998); and Digges and Dalmotas (2001) all
reported that near-side occupants account for up to
70% of all side impact injuries. However, far-side
occupants are involved in 30% of injuries and up to
40% of occupant Harm in real-world side impact
crashes (Fildes, Gabler, Fitzharris. & Morris, 2000).
This seating position and Harm is currently not

addressed by existing vehicle safety initiatives around
the world. Optimal benefits across all side impact
crash types and impact speeds require attention be
given to both near-side and far-side occupants in
future efforts and regulations.

Previous research undertaken in Australia (Fildes,
Sparke, Bostrom, Pintar, Yoganandan and Morris
2002) identified a number of strengths and
weaknesses with existing side impact test dummies
for far-side occupant protection. It concluded that
while there was scope for improvement in dummy
design for far-side crash testing, a BioSID dummy
with a modified lumbar spine unit gave reasonably
similar results to those of a human specimen during
the early phases of occupant kinematics. Hence, it
was judged suitable for developing countermeasures
immediately aimed at restraining the far-side
occupant in the seat.

METHOD

This study set out to compare a number of
countermeasure options to restrain drivers in a far-
side crash using the modified BioSID crash test
dummy. Crash testing was carried out at Autoliv’s
crash test facility in Australia using a pre-deformed
cockpit of a Holden Commodore fitted out with a
driver’s seat and console but no passenger seat. The
cockpit was constructed from a pre-deformed
Commodore vehicle that had been involved in an
earlier side impact crash test. The test buck was
attached to a sled and used in a bending bar sled test
designed to replicate the full-scale test (the sled test
setup had been validated against full car crash tests
and reported in Bostrom, Judd, Fildes, et al., 2002).
All tests adopted the ECE95 test procedure using a
Holden Commodore vehicle and the European MDB
but at a higher 65km/h test speed. Figure 1 shows the
test buck fitted to the sled.

Figure 1 Pre-deformed test buck used in the sled
test series
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Test Dummy

A 50% Male BioSID test dummy that had been fitted
with a modified spring spine unit was used in the
tests. An earlier trapezoid spine unit had been shown
to give reasonable kinematics to that of a human
cadaver (Fildes, Sparke, Bostrom, Pintar,
Yoganandan & Morris, 2002) although it had two
shortcomings; limited crash directions (90deg only)
and no spine elongation capability. Hence, a new
spine unit was subsequently developed comprising a
central spring unit with flanges that overcome these
limitations (see Figure 2). Subsequent testing showed
this to be superior to the original trapezoid unit
(Fildes, Bostrom Haland and Sparke, 2003).

Figure 2 Spring-spine unit

Test Conditions

The sled was fitted with the test buck and driver
dummy and impacted the bending bars at 24km/h to
give the required crash pulse. Tests were carried out
with the test buck set at 90deg and 60deg to the
direction of impact. Four countermeasure options
were tested at 90deg and two at 60deg as detailed
below.

90deg impact

• Test 90-1: Std 3-point seatbelt (no pretensioners)

• Test 90-2: Std 3-point seat belt (with both buckle
and retractor pretensioners)

• Test 90-3: Std 3-point seatbelt plus an extra
(reversed configuration) 2-point cross-belt, both
fitted with buckle pretensioners (Figure 3).

• Test 90-4: Std 3-point seatbelt (with buckle pt)
plus a side support welded to the inside of the seat
frame just below the shoulder position (Figure 4).

60deg impact

• Test 60-1: Std 3-point seat belt (no pretensioners)

• Test 60-2: Std 3-point seatbelt (buckle pt) + side
support

Figures 3 and 4 shows the cross belt and seat side
support arrangements.

Figure 3 Cross-belt arrangement

Figure 4 Seat side support arrangement

Belt Specifications

The 3-point belt was the standard unit normally fitted
to the Holden Commodore and was retractor-
pretensioned in test 90-2 and buckle-pretensioned in
all tests except for 90-1 and 60-1. The extra 2-point
belt was buckle pretensioned in test 90-3. For the
cross-belt configuration, the 2-point retractor was
attached to the top of the seat frame.

RESULTS

Table 1 lists the measures of interest obtained from
the modified BioSID test dummy for both the 90deg
and 60deg crash tests.



Fildes, Page 3

Table 1 Dummy measures obtained from the 6 crash tests

Test HIC
MVy

(head)
MVz

(head)
Fz

(comp)
Fz

(tension) Nij F-DI

90deg tests

90-1:Std 3-point seatbelt 524 9.5m/s 6.3m/s 3.2kN 1.8kN 0.85 0

90-2: 3pt belt + pretension 342 8.3m/s 6.0m/s 4.4kN 2.1kN 0.78 0

90-3: 3pt belt + 2pt belt 156 7.9m/s 6.8m/s 0.02kN 1.4kN 0.21 1.1kN

90-4: 3pt belt + side support 34 6.8m/s 3.0m/s 0.01kN 1.3kN 0.25 0

60deg tests

60-1: Std 3-point seatbelt 22 6.6m/s 6.8m/s 2.2kN 1.0kN 0.55 0

60-2: 3pt belt + side support 14 5.3m/s 6.3m/s 0.01kN 0.3kN 0.07 0
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Figure 6 MVz test results (90deg Tests)

90deg Impacts

Figures 5 & 6 show the head-to-sled lateral and
vertical speed by displacement results obtained from
the modified BioSID test dummy for the 4-90deg far-
side counter-measure tests.

3-point Belt alone

In the 3-point seatbelt test, the test dummy
experienced a full lateral excursion to the far-side and
impacted the B-pillar. HICmax. was 524 at the
moment of impact and maximum speed was 9.5m/sec
laterally and 6.3m/sec downward vertically during its
travels.

Maximum z-loads to the neck measured at T1 were
3.2kN in compression and 1.8kN in tension. The
computed Nij reading was 0.85 for this baseline
countermeasure strategy.

3-point Belt with Double Pretenstioners

The countermeasure strategy of adding retractor and
buckle pretensioners resulted in a gentler head strike

to the B-pillar (HICmax. of 342) and slightly lower
MVy (8.3m/s) and MVz (6.0m/s) readings.

The neck loads though were higher in both
compression (4.4kN) and tension (2.1kN) although
Nij was slightly diminished at 0.78.

3-point and 2-point cross belt (buckle pretensioners)

The next countermeasure strategy comprised a std. 3-
point belt system with an additional 2-point “cross”
belt, both fitted with buckle pretensioners. This
configuration restrained the dummy sufficient enough
to prevent a head strike with the B-pillar and a lessor
HICmax. of 156. Maximum lateral velocity was
reduced to 7.9m/s although vertical velocity was
higher at 6.8m/s.

Neck loads reduced substantially with this
configuration with Fz (compression) down to 0.02kN
and Fz (tension) to 1.4kN. Nij also reduced to 0.21
although here, the resultant neck shear load (F-DI)
was a positive 1.1kN.



Fildes, Page 4

3-point belt (buckle pt) plus side wing

The final countermeasure option considered for a
90deg crash was a 3-point seatbelt (with a buckle
pretensioner) and a side support, welded to the inside
of the seat.

Again with this configuration, there was no head
contact with the B-pillar or the struck door (the

dummy movement to the far-side was reduced) with a
resultant maximum head injury criteria (HIC) of only
34. Maximum velocity was 6.8m/s laterally and
3.0m/s vertically.

Neck injury criteria also reduced with Fz
(compression) = 0.02 kN, Fz (tension) = 1.3kN and
Nij = 0.25.
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60deg Impacts

Figures 7 and 8 show the head-to-sled lateral and
vertical speed by displacement results obtained from
the modified BioSID test dummy for the 2-60deg far-
side counter-measure options tested.

3-point Belt

Based on the previous findings, only 2-counter-
measure options were tested for the 60deg tests. The
first was a 3-point belt alone condition as baseline.

The results in Figure 7 show that there was a full head
excursion with a very mild head swipe against the
struck door (HICmax = 22). The maximum lateral
speed was 6.6m/s with a max. vertical speed of
6.8m/s.

Neck injury measures comprised Fz (compression) of
2.2kN and Fz (tension) of 1.0kN. The Nij was 0.55.

3-point belt (buckle pt) plus side wing

The second countermeasure strategy examined in the
60deg tests was again, a 3-point seatbelt (with a
buckle pretensioner) and a side support, welded to the
inside of the seat.

These results are very impressive. They show a head
trajectory without B-pillar contact (maxHIC = 14)
and lower values of head-to-sled lateral and vertical
speed (5.3 and 6.3m/s). The neck injury measure for
Fz (comp) was 0.003, for Fz (tension), 0.3kN and Nij
= 0.07. All measures show a substantially improved

outcome for this countermeasure option apart from
the relatively high MVz measure.

Dummy Kinematics

Video recordings were taken of each of the 6 far-side
crash tests reported above to examine the dynamic
consequences of each countermeasure strategy.

For each of the 90deg tests, the film clips showed that
the dummy was not contained adequately within its
seat. While there were apparent improvements in the
dummy injury measures for the head and neck, these
would have been mitigated substantially had there
been a second occupant in the near-side position.

Figure 9 Maximum head displacement in test 90-4
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The dummy’s head lateral excursion was confined, at
best, to approximately 50cm from the centre of the
passenger seat with the pretensioned seat belt and the
side support (the distance from the centre of the seat
to the deformed B-pillar was 65cm). However, this
would have taken the occupant well into the space
occupied by the second occupant (see Figure 9). For
the 60deg tests, the lateral containment was about the
same for the same countermeasure options.

Vertical displacements were less dramatic but
nevertheless, still significant. The dummy’s head was
seen to travel up to 25cm vertically downwards in
both the 90deg and 60deg tests when there was
contact with the intruding near-side B-pillar. Without
contact, downward displacement was still around
15cm. Moreover, there was considerable rotational
movement of the dummy’s head and shoulders in the
space where the near-side passenger would have
been. This would almost certainly have resulted in
occasional occupant-to-occupant contacts when both
front seats were occupied.

DISCUSSION

These results reveal some very interesting findings
for improved far-side occupant protection in a side
impact crash.

First, it was apparent from these results that the
standard 3-point seat belt is not sufficient alone for
providing occupant protection in the far-side seating
position. In these relatively severe crashes, the far-
side occupant with a conventional 3-point seat belt
was propelled laterally across the vehicle towards the
impacting object and struck the deformed B-pillar
around the top of the door. The lap section of the belt
offered no restraining capabilities whatsoever for the
dummy kinematics.

In addition, firing both a buckle and a retractor
pretensioner fitted to the seatbelt early in the crash
cycle added little to the dummy kinematics or the
restraining properties of the sash belt. While there
was some sign of reduced lateral speeds in 90deg
crashes, the dummy still struck the deformed B-pillar,
albeit with a lower lateral acceleration.

It was only when the seat belt was supplemented with
a cross-belt (an additional 2-point sash belt running
diagonally opposite to the original belt) or a side
support on the inside of the far-side occupant seat just
below shoulder level that the far-side occupant
trajectory was reduced and head contact against the
B-pillar was eliminated. However, even with these
additional restraining features, it was not possible to
contain the dummy within its own seat.

The best restraining combination tested here for far-
side occupants was a 3-point seat belt, fitted with a
buckle pretensioner and a seat side support. Dummy
trajectory was minimised, lateral velocity was
reduced, and neck loads were substantially less for
both 90deg and 60deg crash configurations. In spite
of this, however, even this countermeasure strategy
failed to constrain the occupant sufficiently within its
seat to prevent the likelihood of contact with the near-
side occupant (the trajectory traces showed
considerable movement within the space that would
have been occupied by the near-side passenger).

These findings are consistent with those reported
from in-depth real-world crash studies (Fildes,
Vulcan, Lane & Lenard, 1994; Frampton, Brown,
Thomas & Fay, 1998; Digges & Dalmotas 2001).
Severe head injuries were predominant for far-side
impacted occupants and roughly one-third of all
severely injured side impact occupants sustained their
injuries at an impact severity of 27km/h or less. The
dummy measures reported here concur with these
injury reports for these crash severities.

Digges and Dalmotas (2001) performed full-scale
side impact crashes with different belt systems. They
noted that for all three belt systems tested, the dummy
slipped out of the sash belt in the manner described
here. While they found low injury readings, they
claimed that the test configuration they used was
subsequently shown to be not representative of the
crashes that produce severe injuries in the real world.
This is not the case with the tests conducted in this
study, where 65km/h 90deg and 60deg crashes were
targeted as Harmful crashes based on in-depth studies
(Fildes et al, 2000).

In contrast to the findings here for pretensioners,
Stolinski et al (1999) did report that firing belt
pretensioners significantly reduced lateral excursion
for far-side occupants in a side impact crash test.
However, he used a combination of Hybrid III and
US-SID test dummies, which were not validated for
these crash types.

Kallieris and Schmidt (1990) tested reversed seat belt
geometry using human cadavers seated on the far-side
in the rear and concluded that this reversed belt
configuration did prevent large lateral displacement
of the upper part of the torso. Lateral excursion was
also reduced in this series of tests with the cross-belt
configuration, although it was argued that a superior
result was still obtained for a seat side support with
buckle pretensioner.
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Further Research

The results from this series of tests were promising
for improving far-side occupant protection in a side
impact collision. However, while some improvement
was evident by the use of the countermeasure options
employed here, the results were far from optimal
especially for crashes involving both near-side and
far-side occupants. There is clearly a need for further
research in the development of effective far-side
countermeasure options as noted below.

• More extensive research is required of
countermeasure effectiveness for a range of
impacts aimed at keeping the far-side occupant
restrained in their seat;

• A closer examination of near- and far-side
occupant kinematics and interactions is warranted
to understand the likely implications of far-side
countermeasures;

• The Spring Spine offered improvements in the
kinematics of BioSID over the standard unit and
the trapezoid modified version. However, this
needs to be evaluated further for a range of
different crash types and impact speeds

• Finally, there is an urgent need to understand the
neck, chest and abdominal consequences of far-
side protection measures in more detail. The
measures included in this series of tests were
useful for evaluating countermeasure options but
not for specifying the likely injury outcome of
these treatments for humans.

CONCLUSION

The findings from this study showed that 3-point
belts alone are not sufficient for far-side occupant
protection. Attaching double (buckle and belt)
pretensioners to the std. 3-point belt also failed to
improve protection substantially. The cross-belt
configuration did improve protection but not as much
as the inclusion of an additional side support.
However, even the best restraint combination
employed here would probably not provide optimal
protection for two occupants. Further research is
warranted to improve far-side occupant kinematics
and far-side restraint systems
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ABSTRACT  
 Side-impact crashes are often segregated into near-

side and far-side crashes because the injury 
mechanisms in these crash types differ. Most side-
impact research and regulations are based on near-
side occupant injuries, but far-side occupants 
(Figure 1.B) can also incur serious harm. Near-side 
occupants are those which are situated on the same 
side as the impacted side of the vehicle (Figure 
1.A). Moreover, side-impact regulatory crash tests 
in Australia are limited to one crash configuration 
(90°) and at one speed, 50 km/h.  

Lower extremity (LE) injuries sustained in side 
impact car crashes are debilitating due to the loss of 
weight bearing function and long rehabilitation 
times. In Australia such injuries rank third in terms 
of Harm after the head and thorax. Moreover, it is 
estimated around 20% of the total annual motor 
vehicle trauma treatment costs are devoted to 
rehabilitation of such injuries.  
 
Regulatory design rules protecting the knee, lower 
leg and ankle/foot in side-impact crashes do not 
exist.  However, in order to adopt sensible 
mitigation strategies and appropriate design rules, it 
is essential to identify and validate injury 
mechanisms.  

 
In this study based on real-world crashes, injury 
mechanisms in three crash configurations were 
investigated.  
 

 

 

While considerable work has been carried out 
identifying lower limb injuries occurring in frontal 
crashes, little work has been carried out regarding 
side-impacts. Three injury mechanisms, identified 
from a real-world side-impact case-study analysis 
carried out at Monash University were proposed at 
a Melbourne crashworthiness conference in 2002 
[2]. MADYMO computer models simulating near- 
and far-side occupants in three typical crash 
scenarios were constructed. Occupant kinematics 
and force outputs from the models were compared 
with the injuries and hence the mechanisms 
identified in the study. 

 
Figure 1.A  A near-side occupant is on the 
struck-side of the target vehicle. After [40]. 

 

 
Results from the simulations were compared to 
published, known injury tolerances and are 
presented in this paper. Injury countermeasures for 
these three side-impact configurations are also 
discussed. 

Figure 1.B A far-side occupant is on the non-
struck side of the target vehicle. After [40]. 

 
Near-Side Occupant Injuries  
 INTRODUCTION 
Researchers have found that near-side occupants 
are at greater risk than far-side occupants. There is 
little space between the occupant and the impacting 
object; i.e. there is a shorter vehicle exterior to 
occupant distance [42]. “A (near) side-impact 
collision is violent because the occupant is 
immediately struck by the door and the incoming 
car” [36].  

 
Side-Impacts 
 
Side-impacts are the second most significant cause 
of serious injury and death after frontal-impact 
[16]. The cost of injury from side-impacts is high: 
25% of vehicle casualties are from side-impacts 
and account for one third of occupant Harm on 
Australian roads [12]. Stolinski et al. [39] state that 
the annual cost of side-impacts in Australia has 
been estimated at around $870M per annum. 

 
The causes of near-side occupant injuries are varied 
and complicated. Injuries are dependent on the 
dynamic crush characteristics of the side door  
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Even though injuries of the knee and below are 
common and debilitating, few studies detailing how 
injuries occur to the lower leg in side-impacts exist. 
“While there have been numerous fracture 
tolerance studies conducted on the femur there has 
been relatively little emphasis on tibial strength” 
[30]. Morgan et al.  [26] reported that injuries of 
the thigh have been reduced to around 10% but 
knee injuries still account for 20% to 30% of LE 
injuries in frontal-crashes. In a study by Thomas 
and Bradford (cited in [44] ), the LE was the most 
frequent site of severe injuries of survivors. 
Fractures of the tibia and femur (Figure 2) were 
most common. According to Crandall and Martin  
[7], “more than half the more severe LE injuries 
occurring in frontal-crashes were of regions below 
the knee”. Pattimore et al. [33] reported, lower leg 
fractures accounted for 38% of LE fractures in 
side-impacts. The AAAM  [1] and Fildes et al.  
[13] concluded that injuries of the lower parts of 
the LE were the most common types of injuries.  

structure, occupant interaction and occupant 
response. “The door velocity history, occupant 
location relative to the door and the stiffness and 
the shape of the door interior all affect the injury 
outcome” [17].  
 
Far-Side Occupant Injuries 
 
Injuries to far-side occupants in Australia account 
for 40% of occupant Harm in side-impact crashes 
[12]. This is significant and worth considering in 
automotive safety research. Thomas and Frampton 
[44] found more casualties died in side-impacts 
than in frontal impacts in their UK in-depth study. 
They also found that one third of those injured or 
killed were seated on the far-side. 
 
Few studies ([10], [40], [41]) have reflected on the 
nature and causes of LE injuries resulting from far-
side crashes. There are no far-side occupant 
protection regulations. However, “real-world crash 
evidence has shown that occupants seated away 
from the struck side are still subject to a risk of 
injury...Relatively little research literature is 
available that addresses the protection of far-side 
occupants” [41]. 

 
Hence, it is clear that further work on 
understanding injuries of the knee and below and 
how they occur in side-impact crashes is required.  

 
LE Injury 
 
LE injuries cause high levels of impairment and 
require costly rehabilitation and treatments. They 
are debilitating due to the loss of weight bearing 
function. About $80M in Harm is caused by LE 
injuries incurred in side-impacts in Australia 
[Fildes et al. cited in [39]]. The most commonly 
injured body regions of survivors in the study by 
Thomas and Frampton in the UK [44] included the 
LE (55% of MAIS 3+ injuries). Thomas and 
Bradford (cited in [44]) showed that most injuries 
to survivors of side-impacts involved the tibia 
(Figure 2) (about 23% of survivor injuries and 49% 
of fatality injuries). Pattimore et al. [33] in a study 
of frontal and side-impacts found that skeletal 
injuries of the lower limb were more common in 
side-impacts. 

 
Figure 2.  The lower leg bones. (After Funk et al. 
[14]).  

Side-impact regulations (FMVSS 214 and ECE 
Regulation No. 95) have helped reduce LE side-
impact Harm by about 25% ($20M pa in Australia) 
[Fildes et al. cited in [39]].  However, there is still a 
significant cost incurred by occupants in side-
impact as seen by the high frequency of LE injuries 
[44]. Neither EuroSID nor US-SID (side-impact 
dummies) have the capability of measuring the risk 
of injury to the LE below the pelvis. Hence 
improving the capabilities of these dummies to 
measure  LE loads and displacements may help 
firstly to gain a better understanding of how LE 
injuries occur and secondly to mitigate these 
injuries.  

 
Previous LE Injury Studies  
 
A number of vehicle-crash injury studies have been 
carried out to date where some LE injury 
mechanisms have been identified. In a study by 
Fildes et al. [12] the main causes of injury in side-
impacts were contact with the door, an external 
impact object or to a lesser extent the dashboard 
(instrument panel/knee bolster). In impacts with a 
frontal component, inertia carries the driver 
forward striking the dashboard resulting in 
disruptive knee injuries including the tibial plateau 
(Figure 2) [9]. Impact of the knees with the dash 
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with entrapment and interaction with the toepan 
from intrusion causing axial loading in the lower 
leg have also been reported as injury mechanisms 
in several other frontal studies [19], [25-27]. 
Hoglund et al. [19] and Schreiber et al. (cited in 
[19]) reported that a combination of axial loading 
and bending moments in the tibia decrease its 
strength. 
 
Nyquist et al. [30] reported that “lower leg bending 
loads can occur to occupants as a result of contact 
with lower portions of the instrument panel (in 
frontal collisions) as well as other contacts during 
uncontrolled flailing of the LEs in a broad cross 
section of collision modes”. “Regardless of the 
initial position of the heel, contact between the heel 
and floorpan is inevitable during a severe crash” 
[Pilkey et al. cited in [14]] and hence entrapping 
the lower leg between the floor and the instrument 
panel. 
 
Forces perpendicular to the proximal tibia can 
cause tibial plateau fractures. Nagel et al. [27] 
reported these injuries to occur when the knee 
impacted a rigid steering column support or 
instrument panel. 
 
Lau et al. [23] reported the effect of door intrusion 
in side-impact on the LE. In a side-impact, the 
struck door encroaches into the occupant 
compartment and strikes the occupant directly and 
the impact object punches the dummy. In a side-
impact a stiff armrest or other protrusions on the 
trim can produce concentrated loads. Door 
buckling induced by barrier impact can also present 
a non-uniform surface to the occupant. 
 
Previous Injury Threshold Studies 
 
Again, a number of studies have been carried out to 
determine injury tolerances of the LE. Impact tests 
have yielded the following injury tolerances.  
 
Kajzer et al. [20] conducted lateral impacts to 
determine shearing and bending effects of the knee 
joint. The injuries incurred were upper tibial 
fractures. Kajzer et al. stated that the injury 
mechanism is directly related to the knee impact 
(contact) force. The mean peak force values which 
corresponded with the injuries were 1.8 (±0.38) kN 
(at 15 km/h) and 2.57 (±0.45) kN (at 20 km/h).  
 
For the ligaments in the knee: the ultimate tensile 
load for the anterior cruciate ligament (ACL) is 
1.9 kN for younger people and 0.6 kN for older 
people according to Silver [35]. According to 
Melvin et al. (cited in [18]) the posterior cruciate 
ligament (PCL) can be avulsed at a peak contact 
force of 7 kN. Arnoux [3] found the cruciate 
ligaments to fail at loads between 0.17 kN and 

0.5 kN and the collateral knee ligaments to fail at 
between 0.15 kN and 0.3 kN. They conducted 
high-velocity stress tests (2m/s). Kajzer et al. [21] 
found knee ligaments to fail at 1.4 kN shearing 
force at the knee joint. 
 
According to Kramer et al. (cited in [29]) in 
pendulum catapult impacts perpendicular to the 
long axis of the tibia, the forces required to fracture 
the upper tibia ranged between 1 kN and 4.3 kN. 
The difference in force values corresponding to 
different injuries is due to the behaviour of bone 
under different loading rates. According to Viano 
et al. (cited in [29]) the forces for tibia fractures 
ranged between 3.28 kN (females) and 6.89 kN 
(youngest and male) (from Table 4 in [29]). They 
impacted seated subjects’ proximal tibias below the 
joint centre. 
 
For the fibula, Levine [24] reported the following 
fracture tolerances. In bending, the forces required 
to fracture are between 0.35 to 0.54 kN for males 
and between 0.21 and 0.39 kN for females. In 
compression along the long axis, a fibula can fail 
under loads of between 0.24 to 0.88 kN (males) 
and between 0.2 and 0.83 kN (females). 
 
OBJECTIVES 
 
The objectives of this study were to: 
 
• Understand the significance of LE 

fractures/dislocations in side-impacts. 
• Simulate the injury mechanisms identified 

from real-world side-impact crashes where 
typical LE injuries occur using MADYMO.  

• Discuss the results of these models and 
compare them to injury tolerance data reported 
in other impact studies.  

• Discuss some injury countermeasures reducing 
LE injuries in side-impacts. 

 
THE DATA 
 
Real-world crash information was extracted from 
the crash files, namely the Crashed Vehicle Files 
(CVFs) and the Australian Crash Injury Study 
(ANCIS). Data were  collected  between 1989 and 
2002 and supplied by Monash University Accident 
Research Centre (MUARC) for analysis. Twenty-
four side-impact crashes involving twenty-five 
injured occupants were analysed including four far-
side crashes.  
 
The injuries described in the data included severity, 
location and description where possible, contact 
sources of injury (e.g. knee contacting dash or 
door), angle of impact (Figure 3), speed of crash 
and impact object. Information about the vehicles 
included types (make, model, year) (in the CVF 
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cases only). The occupant information included 
height, weight and age. Injury data were obtained 
from hospital records and x-ray reports. Variables 
like positioning of the seat (forward, middle, 
rearward) were not recorded in the CVFs but this 
was estimated from the occupant height. Foot 
positioning on pedals was also not recorded as it 
was difficult for occupants to recall.  
 
Sixty-two percent of occupants who had LE 
fractures were females. Hence in the three side-
impacts simulated, and reported here, two of the 
occupants were female.  

 
Figure 3.    Impact    Angle   (θ)    Definition. 

 
Impact Objects  
 
Impact objects included other cars, 4WDs, 
poles/trees and trucks/buses. Impacts with fixed 
objects such as trees/poles and heavier vehicles like 
buses/trucks and 4WDs commonly cause more 
serious injuries than those with light vehicles. 
 
According to Ginpil et al. (cited in Stolinski and 
Grzebieta [38]) 40% of all side-impacts result from 
impact with a tree or pole. Others reported the 
following rates of impacts with narrow fixed 
objects (poles/trees): 22% [15] to 25% [12] of 
Australian side-impacts, 31% of seriously injured 
survivors and 16 to 43% of fatalities in the UK 
[Thomas and Bradford (cited in [44])], [Gloyns and 
Rattenbury (cited in [43])]. 
 
For this study [2] Figure 4 shows the impact object 
type where a LE fracture was sustained. Of the 24 
crashes 37.5% were with poles/trees correlating 
with the figure given by Ginpil et al. (40%). Fifty-
four percent were with other cars and 8.3% were 
with trucks/buses. 
 
Results from the Previous Study 
 
The earlier analysis of the data described above 
identified three fundamental injury causation 
mechanisms. The mechanisms of LE fractures and 

dislocations differ according to the type of crash. It 
was found that they depend on the severity and 
angle of impact.  
 
The LE fracture and dislocation mechanisms 
identified were: 
 
(1)  Axial compression and/or bending of the lower 

leg caused by entrapment resulting from leg 
area volume reduction and/or a side intrusion 
force; 

(2) High-energy, side impact, striking force 
resulting from being in direct contact with the 
struck portion of the vehicle; and  

θ

Crush profile

θ - angle
of

- near-side
occupant

impact

(3)  Inertial movement of the body causing loading 
of the lower limbs resulting from interaction 
with the vehicle interior, where intrusion is not 
the cause of injury. 

Number of fractures/disolcations by Impact Object 

0

4

8

12

16

20

24

Car Pole/Tree Truck/Bus

Impact Object

N
um

be
r o

f f
ra

ct
ur

es
/d

is
lo

ca
tio

ns No. of Injuries (n=37)

No. of Crashes (n=24)

Figure 4.  No. of fractures by Impact Object. 

 
CRASH SIMULATIONS 
 
The real-world crash data were accessed at 
MUARC for this study. Computer simulations were 
conducted at Monash University’s Department of 
Civil Engineering. The real-world case studies of 
the occupant LE fractures and dislocations 
provided a basis for establishing how each of the 
three fundamental mechanisms should be 
simulated. Three crashes were chosen for 
reconstruction, i.e. one from each of the 
mechanism categories described above.  
 
MADYMO computer models were used for the 
crash simulations.  “MADYMO allows users to 
design and optimise occupant safety systems and 
vehicle designs efficiently, quickly, cost-
effectively” [37] and safely and assess injury 
outcome parameters in different crash 
configurations. “It is a standard tool for occupant 
safety analysis and is used extensively in 
automotive design and safety research centres 
around the world” [37] with a clear audit path to 
validated model components.  
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The three crashes simulated were those in which 
most variables (details about the injured occupant, 
crash and vehicles) were available. Occupants had 
injuries to their lower leg bones (tibia, fibula) and 
one occupant also had a knee joint disruption. The 
three cases modelled were:  
 
Mechanism (1): a 30° oblique crash between a 
medium sized car (1185 kg) impacting a small car 
(865 kg); 
 
Mechanism (2): a 90° crash between a medium 
sized car (1141 kg) impacting a larger car (1323 
kg); and 
 
Mechanism (3): a 270° far-side crash between two 
medium sized cars (1050 kg target car and 1060 kg 
bullet car). 
 
Car into car crashes were modelled as they are 
more typical of crashes generally. The simulations 
were modelled using a customised standard side-
impact model of a small European car with a 
compatible, mobile barrier taken from the 
MADYMO Applications database [45]. The bullet 
vehicle used in the simulation was a mobile crash 
barrier/trolley (as specified by the European ECE 
Regulation No. 95) with front vehicle 
characteristics where it impacted into the stationary 
target vehicle. Bullet vehicle speed was set to twice 
the delta-V recorded in the case data. 
 
For each case simulated a vehicle of the same make 
and model as that in the database was measured. 
Internal surfaces, where the occupant could have 
contact and injury may have been caused, were 
coded into the MADYMO model.  
 
The modification of each vehicle modelled 
involved the addition of a 3 plane knee bolster, 
toepan and footwell plane, steering column and 
brake, accelerator and clutch (for manual vehicle 
only) pedals, centre console (case 3 only), floor and 
door geometry such as rigid pockets, speakers and 
armrests. These were used as contact sources from 
which contact forces with the dummies were 
obtained in the simulations. The steering column 
was assumed to be stiff (as there was no 
deformation from knee strike). Tape measures and 
long and short rulers as well as a protractor were 
used to measure the dimensions and angles of the 
vehicle parts modelled. Contact interactions were 
added between the barrier and target vehicle and 
between the dummy and vehicle interior after 
potential injury sources were assessed. A front-left 

side panel for contact with the barrier was added as 
in the basic model this was not present and was 
required for barrier contact.  
 
The driver side door was modelled as four planes to 
represent the lower and upper, forward and 
rearward parts of the door. The armrest was 
modelled as an ellipsoid. The velocities of the 
bullet vehicle for each case, in the x (longitudinal) 
and y (lateral) directions, were calculated and 
incorporated in the model. 
 
The dummy used in two of the simulation crash 
models (90° and 270°) was the EuroSID (left hand 
side) provided by the Netherlands Organisation for 
Applied Scientific Research (TNO) [46] in the 
MADYMO-3D dummy database. The dummy for 
the 30° impact (Mechanism (1)) was a Hybrid III 
5th %ile female. The seat was modelled from 
ellipsoids. The belt was a series of springs attached 
to the dummy hips, floor, base of the B-Pillar and 
positioned around the dummy’s pelvis. The 
positions of the dummies were different for the 
males, i.e. further from the dash in the middle seat 
position 0.39 m behind the vehicle’s centre of 
gravity (COG). Females were more forward at 
around 0.14 to 0.19 m behind the COG. 
 
The basic model was set up with the impacting 
vehicle and near-side driver dummy as shown in 
Figures 5, 6 and 7. Figure 5 shows the 
configuration for the 30° near-side oblique crash 
(Mechanism (1)). Figure 6 shows the configuration 
for the near-side 90° crash demonstrating 
Mechanism (2). Figure 7 shows the configuration 
for the far-side 270° crash demonstrating 
Mechanism (3). The driver dummy was moved to 
the opposite side of the vehicle for the far-side 
crash and the measured interior vehicle parts 
modelled in the target car were mirrored.  
 
MADYMO was coded to list results such as door 
displacement and velocity, and forces on the parts 
of the LE resulting from the crash. The actual mass 
ratios of the vehicle crashes were used in the 
simulations.  
 
Only injuries to the lower leg and knee were 
analysed as no ankle or foot injuries were reported 
in these cases. There are, however, numerous 
studies on the ankle already performed by other 
researchers ([4], [5], [8], [22]). 
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Mechanism (1) Near-Side 30°Oblique Crash  
 
In this crash, the injured occupant was the driver. 
The LE injuries sustained included: ruptured and 
distracted right knee joint and right fibula fracture 
(injured leg on near-side to crash/impact object). 
The crash mass ratio (target vehicle mass/bullet 
vehicle mass) was <1.0 and delta-V was 46 km/h 
(Figure 5). A frontal dummy (5th %ile female 
Hybrid III taken from the MADYMO database [46] 
was used because the major inertia component was 
predominantly in the frontal direction. The 
occupant was a female, 62 years of age and belted, 
whose height and weight was not known. The 
vehicles involved were a small 1982 automatic 
hatchback sedan impacted by a 1974 medium sized  
vehicle. 
 

Figure 5: Mechanism (1) 30° near-side oblique 
crash. 

Mechanism (2) Near-Side 90°Crash  
 
In this crash, the injured occupant was a near-side 
driver. The LE injuries sustained included a 
fractured right fibula (injured limb on near-side to 
crash). The mass ratio was >1.0 and delta-V was 
32 km/h (Figure 6). The impact was at 90°, near-
side and perpendicular. The occupant was a male, 
67 years of age and belted. His height was 168 cm 
(close to an average male: 175 cm [47]) and weight 
55 kg. The vehicles involved were a 1986 medium 
automatic car impacted by a 1993 large sized 
vehicle. The dummy used in this particular 
simulation was a 50th %ile male EuroSID. 
 
Mechanism (3) Far-Side 270°Crash 
 
In this crash, the injured occupant was a driver on 
the far-side. The LE injuries sustained included a 
fractured right tibial plateau (Figure 2) (the injured 
leg was on the opposite side to the impact). The 
mass ratio was 1.0 and delta-V was 23 km/h, 
(Figure 7). The impact was at 270°, perpendicular, 
in the forward part of the vehicle on the far-side. 
The driver was female, 58 years of age and belted. 
Her height was 163 cm and weight 70 kg. The 
vehicles involved were a 1981 automatic medium 
car impacted by a 1986 medium car. 

 
Figure 6: Mechanism (2) 90° near-side 
perpendicular crash. 

 
The dummy used in this particular simulation was a 
50th %ile male EuroSID. There is no female side-
impact dummy available nor a smaller side-impact 
male. The dummy’s right foot was positioned on 
the brake and the left foot in a relaxed position to 
the left of the brake. The distances between the 
occupant and modelled vehicle parts were 
determined using a person who was the same 
height and weight as the injured occupant and 
seating her in the car while taking measurements. 

 
Figure 7: Mechanism (3) 270° far-side crash. 
  

                                         Arndt, 6



RESULTS 
 
The relative intrusions simulated were compared 
with the intrusions noted in the real-world crash 
data. The dummy contact sources and contact loads 
which were compared to tolerances specified by 
other researchers are presented in Table 1 
(Appendix). The contacts for the upper leg and foot 
were also provided even though the upper leg was 
not examined in this study and there were no 
ankle/foot fractures or dislocations reported in the 
cases examined.  
 
Mechanism (1) Near-Side 30°Oblique Crash  
 
Maximum intrusion of the front door was 31 cm in 
the computer simulation model, correlating with 
the intrusion recorded in the actual crash data as 
30 cm. The injuries recorded in the database for 
this case included a disrupted right knee joint and 
fractured fibula. It should be noted that the dummy 
model did not have a fibula, only a tibia, which 
approximates the lower leg bones. 
 
There was side-intrusion at the door and front side 
panel, as noted from the 5th %ile Hybrid III’s 
contact with the pelvis plate.  
 
The results show there was contact of the leg plate 
with the knee and upper part of the lower leg 
(upper tibia).  The fibular fracture was probably 
due to the contact with the door as well, as 
identified by lower leg contact with the leg plate 
(Table 1).  
 
The values of force obtained from the first model 
output resulting from the dummy contact with the 
vehicle in the crash were as follows: left hip 
contacting the upper door (pelvis plate) at (2.0 kN), 
the upper part of the lower leg (1.3 kN) and the 
middle part of the lower leg (0.36 kN) contacting 
the lower door (leg plate) and the left knee 
contacting the leg plate (2.2 kN).  
 
Large compressive forces were not observed but 
fracture from bending was likely due to the side 
forces being above the tolerance values for a 
female fibula. The measured loads are likely to 
cause bending in the lower leg. The calculated 
values are all higher than the tolerances described 
by Levine [24] for females for the fibula (bending 
failure loads: 0.21 to 0.39 kN; compression loads: 
0.2 to 0.83 kN) and thus fracture is likely to occur. 
A value of 0.36 kN found in this study for the 
middle part of the lower leg corresponds to 
Levine’s [24] failure load for the fibula injury and 
falls within the range specified for a female. 
 
The side force from door intrusion could have 
caused the knee to open up and the ligaments to be 

disrupted with subsequent knee joint failure. The 
upper tibia force value of 1.3 kN calculated using 
MADYMO is higher than the loads found by others 
to cause ligament failure (anterior cruciate (ACL)  
failure: 0.6 kN and collateral ligaments failure: 
between 0.15 kN and 0.3 kN). These findings 
verify the recorded knee injury.  
 
The ligaments in the knee can be ruptured by 
differential movement between the tibia and femur. 
This crash simulation did not yield any contact 
between the knee bolsters and the knees, although 
in a crash of this type this kind of interaction could 
be likely, due to the forward component of force in 
such a configuration.  
 
In an oblique angled crash such as this one, it is 
possible that the frontal component of inertia and 
intrusion could cause the knee to be entrapped by 
the knee bolster/dash and with toepan intrusion, 
causing axial loading of the lower leg especially 
when fixed at either the dash and/or toepan. The 
side component of force can cause bending in the 
lower leg. 
 
The interaction of the foot with the clutch (Table 1) 
is probably due to inertia causing the foot to hit the 
pedal. The hip contact with the upper door (pelvis 
plate) was not examined further as this study only 
concerns the knee and below parts of the LE. 

 
Mechanism (2) 90° Near-Side Crash 
 
Maximum intrusion of the front door reached 50 
cm for this model. In the recorded crash data the 
door intrusion was reported as being 40 cm.  
 
In this case the EuroSID (left hand side) dummy 
was used. Results were compatible with the 
recorded real-world crash injury data. The LE 
injury sustained by the male driver in this crash 
was a fibular fracture (type of fracture not 
specified). The injury recorded in the real-world 
data was identified as being caused by “interaction 
with the floor and crushing between the footwell  
and pedal”.  
 
There was significant door intrusion. From the 
contacts with the LE in this crash simulation, there 
was a small force applied to the upper leg by the 
armrest, and forces from contact with the side of 
the vehicle, represented by the pelvis plate at the 
location of the knee and upper leg and leg plate at 
the location of the lower leg. 
 
Dischinger et al.  [11] also identified this 
mechanism in their study of side-impacts:  “the 
door and armrest impacted the LE of the driver 
with loading from lateral to medial from the inside 
panel of the door”.  
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The results of the second computer simulation 
show contact of the left upper leg with upper part 
of the door (pelvis plate 1) (2.1 kN), left knee with 
the upper door (pelvis plate 1) (11.9 kN) and lower 
leg with the leg plate (6.6 kN). The loads in the 
lower leg (fibula) are greater than the tolerances as 
found by Levine [24] for the male fibula (bending 
failure loads: 0.35 to 0.54 kN; compression loads: 
0.24 to 0.88 kN). 

The two near-side (30° and 90°) crashes simulated 
in this study indicated possible fibular fractures. 
Similarly these simulations indicated that the tibia 
compression tolerance was not exceeded. For 
Mechanism (2) the tibia bending tolerance was 
exceeded by a small amount. It should be noted 
that tolerance fracture values documented by 
Levine and others were found from tests on 
isolated bones. Failure load values for an intact leg 
with soft tissues attached would be slightly greater.  
Lower leg fractures including fractures of the fibula 
are relatively common in these types of crashes. 
However, there are few studies, which investigate 
lower leg fractures, especially relating to the fibula. 
Pattimore et al.  [33] in a frontal- and side-impact 
study found that 39% of skeletal leg injuries from 
impacts involved the fibula and 61%, the tibia. The 
results from this study indicate a more even 
distribution, being 56% tibia and 44% fibula 
fractures. More cases are required to determine the 
propensity of either bone to fracture in Mechanism 
(1) or (2) crash types. 

 
Mechanism (3) 270° Far-Side Crash 
 
There was no intrusion in this case. The LE injury 
sustained by the far-side, female driver occupant in 
this crash was a right tibial plateau (knee) fracture. 
The injury contact sources as reported in the 
original crash data were “Lower leg contact with 
the steering column and lower dash”.   
 
There was also a small inertial force causing the 
right foot to contact the brake pedal. 
 

 The dummy, which is restrained in the seat by the 
belt at the abdomen, exhibited flailing of its lower 
extremities towards the crashed side of the vehicle 
with the right LE impacting the steering column. 
No shoulder sash was added in the model as this 
would not affect the LE [40]. 

Door contact with the LE is a common cause of 
injury in side-impact crashes [12], [17], [23], [36]. 
In this study, impact with the door (represented by 
pelvis and leg plates) occurred in the 30° and 90° 
simulated crash cases. Pattimore et al.  [33] also 
found the most frequent source of injuries in near-
side impacts was the front door. They additionally 
found vehicle intrusion was an important factor 
associated with the LE fractures. The footwell was 
also a major contributor for lower leg injuries. 
Their findings are in agreement with the findings 
from the MADYMO simulations in this study.  

 
The contact force between the upper tibia and 
steering column was perpendicular to the long axis 
of the tibia, thus shear loading took place. Bone is 
weaker in shear than compression (Carter cited in 
[28]). The force of contact between the steering 
column and knee in the simulation was 4.6 kN. 
This force is greater or within the range of upper 
tibia fracture loads found by other researchers 
([20], [29], Kramer et al. and Viano et al. cited in 
[29]).  

 
Collection and examination of more cases is also 
required to ascertain if major footwell intrusion and 
entrapment caused by interaction with knee 
bolsters is occurring. In this study, entrapment was 
not modelled but it does occur, though it is more 
common in frontal impacts. 

 
Analysis of the outputs of this model showed that 
the peak force (4.6 kN) on the knee occurred at 
about 40 ms into the crash, from contacting the 
steering column. The peak acceleration also 
occurred at 40 ms into the crash. However, this was 
not investigated any further. Kajzer et al.  [20] and 
Strother et al.  [42] reported all injuries occurred 
during the first 30 ms of the crash.  

 
In regards to the far-side Mechanism (3) 
simulation, knee impact with the steering column 
exceeded the tolerance values. This confirms 
Stolinski et al.’s [40] report that the steering 
column is a contact source of injury in far-side 
impacts. Crandall and Martin  [7] also reported the 
steering column to be a source of injury for drivers, 
increasing the driver’s injury risk. 

 
DISCUSSION 
 
The results compared favourably with the real-
world crash data injuries recorded despite the 
approximate nature of the models. The loads 
calculated by MADYMO on the LE exceeded the 
tolerance values set by other researchers for the 
specific injuries noted in each case and lower for 
those parts of the LE that were not injured. Hence 
trends are discernible.  

 
Brooks [6] stated from a study by Saab’s Female 
Reference Group in Australia that when looking at 
vehicle comfort and general functionality, “women 
and men operate vehicles differently...Most women 
sit with their legs closer together than men, who 
normally sit with their legs apart. This means that 
the space under the steering column, where they 
place their knees, can easily become cramped”.  
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Women also sit closer to the dash and column. 
There were no cases with men contacting the 
steering column recorded in the data analysed. The 
female (163 cm tall) in the simulated case who was 
shorter than an average male would have had her 
knees closer to the dash and lower part of the 
steering column and thus more likely to have a 
knee injury.  
 
The contact sources estimated from post-crash 
inspection  are based on signs of contact. Some of 
the reported contacts in the real-world data may not 
correlate exactly with those found using 
MADYMO though the trends are certainly evident 
here.  
 
COUNTERMEASURES 
 
Analysis of the CVF, classification of the observed 
LE injuries into the three mechanisms and the 
MADYMO analysis have allowed new injury 
countermeasures to be considered to mitigate LE 
injuries in side-impacts. However, as in the case of 
identifying the injury mechanisms, these strategies 
are only preliminary suggestions and require more 
research to validate their possible effectiveness. 
The strategies are as follows: 
 
Seatbelts 
 
In the case of frontal and in some far-side impacts, 
belts prevent upper body injuries when combined 
with airbag use. However, belts have little effect in 
preventing LE injuries in near-side impacts [7]. 
Most of the effect they have on the LE is above the 
knee. Their main role is frontal restraint and 
preventing ejection [17], [40].  Belts can reduce 
pelvis/thigh injuries including femoral fractures in 
frontal-impacts but not knee, lower leg and 
ankle/foot injuries [7], [31]. In far-side crashes, a 
lap belt would only help prevent sliding across the 
cabin. 
 
A greater number of cases is required to determine 
the effect of belts on LE fractures and/or 
dislocations in side-impacts, but considering the 
above, it is likely that there will be little difference 
between LE injuries of belted and unbelted 
occupants. In near-side and severe far-side crashes 
it is more likely that intrusion will cause injury 
before a belt would have any effect. 
 
Strengthening the Toepan, Door and Lower      
A-Pillar  Region  
 
Fundamental Mechanism (1): Initial consideration 
of this case suggests that strengthening the toepan 
to reduce its intrusion, could reduce over 50% of 
LE injuries caused by entrapment from the 
deforming footwell. However, toepan 

strengthening may increase other (head, neck, and 
chest) injuries caused by increasing the vehicle 
crush stiffness. Thus the effect of such changes to 
the vehicle structure needs to be further 
investigated to determine if overall harm is 
reduced. 
 
Changing the shape and properties of the bolsters 
would be beneficial, so that the knee misses the 
bolster in a crash (bolster sloping away from the 
leg). If the knee does contact it, the bolster should 
be sufficiently and appropriately padded so that 
knee contact forces are reduced, mitigating 
fractures and dislocations. 
 
Fundamental Mechanism (2): Strengthening the 
door and A- and B-pillars in combination with 
padding can reduce the transfer of high energy 
impulse forces to the knee and lower leg. However, 
this again increases vehicle stiffness possibly 
increasing Harm in other body regions. 
 
Strengthening  the door and A- and B-Pillars would 
have a detrimental effect for Mechanism (3) as 
decelerations would increase, thus increasing 
inertial effects. It is clear that strengthening alone 
could prove detrimental. 
 
Reducing Intrusion and Providing Padding 
and/or  Airbags 
 
A combination of reducing intrusion with addition 
of padding is required in side-impacts to reduce 
injuries. Reinforcing side structures such as the 
doors and footwell as suggested by Palaniappan et 
al.  [32] combined with strategically placed 
padding could be a useful countermeasure to test. 
Originally the regulations for side-impact were to 
reduce side intrusion to a maximum of 3 to 4 
inches (7.62 to 10.16 cm) in the US in pole and car-
car impacts. Doors were stiffened and front ends of 
vehicles softened, but increasing the door stiffness 
actually increased test dummy injury parameters 
[42]. However, when increasing stiffness, other 
energy-absorbing vehicle parts must be enhanced 
to provide soft ride-down within a firm protective 
shell.  
 
Fundamental Mechanism (2): Lower door airbags 
may reduce knee and lower leg injuries from high-
energy, side-impact loads, where the LE may be in 
direct contact with the portion of the vehicle that 
has been directly struck by the bullet vehicle or 
when it hits an object (such as a pole). Because in a 
side-impact the occupant is effectively punched by 
the encroaching vehicle interior, padding or an 
airbag can provide wider contact areas and an 
“earlier and prolonged contact period for the 
occupant, and hence provide a greater distance to 
dissipate the kinetic energy” [23]. 
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Fundamental Mechanism (3): Airbags and padding 
on the steering column, centre console and dash 
may reduce contact forces preventing injury caused 
by knee impact with these structures. Floor airbags 
could help foot slip-off-pedal injuries by making 
the floor flush with the pedal level. 

Measurement of the timing of intrusions and 
accelerations and forces on the LE during the crash 
event would also provide data useful for validating 
simulations.  
 
For further verification of injury mechanisms, a 
greater number of side-impact crashes in which a 
LE fracture or dislocation is sustained is required. 

 
Padding in the door will reduce the relative 
velocity between the occupant and vehicle but not 
the effects of intrusion. Padding will allow injury 
criteria based on acceleration to result in a better 
outcome but criteria based on intrusion may 
provide greater gains in reducing LE injuries. 
Combination of these two strategies would be 
useful in reducing injuries. 

 
The effects of age and gender should also be 
considered when designing side-impact injury 
prevention systems for the LE. It is clear from the 
data that females and older occupants have lower 
LE injury tolerances in side-impact crashes. 
 
CONCLUSIONS  
 The occupant’s location relative to the door also 

determines the contact velocity of the door when it 
strikes the occupant and hence injury outcome. 
Delaying the occupant contact with the 
encroaching door can decrease the energy 
transferred from the punch to the occupant. If 
contact begins while the door is already 
decelerating, less energy is transferred to the 
occupant [23]. Vehicle size and seat position in the 
vehicle design could have an effect on how close 
the occupant’s LE is to the door. 

• LE injuries are significant and should be 
addressed in regards to their mitigation. 

 
•  The three fundamental LE mechanisms identified 

in [2] were successfully simulated and validated 
using a multi-body model. 

 
•  Simulations of the three fundamental 

mechanisms identified showed that injury 
tolerance levels were exceeded (Table 1), hence, 
providing plausible validation of how the injuries 
occurred. 

 
RECOMMENDATIONS 
  
Future data collections should have more detailed 
fracture descriptions of the LE including their exact 
locations and types. This would help in the 
determination of LE injury mechanisms as the 
types of fractures can reflect the types of loading 
conditions on the bone. In particular, more detailed 
recording of information regarding ankle and foot 
injuries would be useful. 

•  A number of possible LE countermeasures were 
identified from the simulations of the three 
mechanisms that included strengthening the 
footwell region, providing padding and airbags to 
reduce side-punch forces, and/or redesigning 
interior surfaces away from direct contact with 
LE (contact with door, raising steering column, 
etc). More research work needs to be carried out 
to assess which of these measures would be the 
most cost effective particularly in relation to total 
Harm. 

 
According to Thomas and Frampton  [44] “past 
research has shown that speeds at which serious 
injury occurred were above those used for 
regulation crash testing, as seen by the delta-Vs of 
the real-world crashes where injuries were 
sustained”. Current side-impact regulation crash-
test configurations are limited to around 50-60 
km/h. A greater range of crash configurations 
should be tested, and at higher speeds than current 
regulations, if more injuries are to be prevented and 
Harm on the road from side-impacts reduced. 
However, “at (very) high speeds side-impact 
protection may disappear” [44]. (The vehicle 
design may not be able to cope with very high-
speed impacts). 
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Improved dummy legs with greater measurement 
potential for injury tolerances would help improve 
the understanding of LE injury mechanisms in side-
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APPENDIX 
 
 
Table 1.  Dummy Contact Interactions, Associated Contact Forces* and Tolerances 

 
Contact Source  Dummy Body Part Associated 

Contact 
Force (kN) 

      Tolerances (kN) 

MECHANISM (1)    Near-Side   30°   Oblique   Crash,  Female  Occupant 
                                   (Knee  Joint  Disruption  and  Fibula  Fracture)       
Upper door  
(Pelvis Plate 1) 

Left hip 2.0  5.6 female pelvis lateral impact tolerance [Cesari 
et al. cited in [15]. Not examined in this study. 

Lower door  
(Leg plate) 

Left knee 2.2  0.15–0.3 collateral ligs [3] 
0.6  ACL  [35] 

Lower door  
(Leg plate) 

Left (upper) lower leg  1.3  

Lower door  
(Leg plate) 

Left (middle) lower leg  0.36 

0.21-0.39   female fibula in bending  
0.2-0.83     female fibula in compression  
1.86-2.65   female tibia in bending  
4.89-10.37 female tibia in compression [24] 

Clutch  Left sole of shoe 0.44 2.0 [34], 3.3-5.5 [Begeman and Aekbote cited in 
[48]]. No ankle/foot injury reported. 

MECHANISM (2)   Near-Side  90°  Crash,  Male  Occupant   (Fibula  Fracture) 

Armrest  Left upper leg (femur) 0.35  
Upper door  
(Pelvis Plate 1) 

Left upper leg (femur) 2.1  
3.1 femur in side-impact [Kress cited in [15],  
2.58 (female femur bending) [24]].  
Upper leg not examined. 

Upper door  
(Pelvis Plate 1) 

Left knee 11.9 >15.0 [Melvin et al. cited in [18]].  
No knee injury reported. 

Lower door  
(Leg plate) 

Left lower leg  6.6 0.35-0.54  male fibula in bending  
0.24-0.88  male fibula in compression  
2.3-4.9  male tibia in bending  
7.05-16.39 male tibia in compression [24] 

MECHANISM (3)   Far-Side  270°  Crash,  Female  Occupant   (Tibial  Plateau  Fracture) 

Steering column  Right upper leg (femur) 0.25  3.1 femur in side-impact [Kress cited in [15]],  
2.26-3.33 female femur in bending [24] 

Steering column  Right knee 4.6  1.0-4.3 upper tibia (Kramer in [29]) 
Steering column  Right lower leg  0.06  1.86-2.65   female tibia in bending 

4.89-10.37 female tibia in compression  
0.2-0.83     female fibula in bending  
4.89-10.37 female fibula in compression [24] 
No lower leg injury reported 

Brake pedal Right foot 0.34  2.0 [34], 3.3-5.5 [Begeman and Aekbote cited in 
[48]]. No ankle/foot injury reported. 

 
* The Associated Contact Forces of the LE segments in Bold exceeded their tolerances. 
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ABSTRACT

3-point belted occupants are still being injured in
numerous crashes. In frontal collisions this is partly
explained by the range of hard tissue tolerance
amongst car occupants. In side collisions occupants
on the far side of the intrusion are mainly restrained
by the lap part of the 3-point belt, with an
associated high risk of sustaining a severe head
injury. During a rollover crash the 3-point belt
cannot fully prevent harmful head impacts.

In this study an additional 2-point belt (single
handed optional operation) is combined with an
inboard torso side support. The idea is simply to
distribute the belt load on more anatomical
structures (bones) as well as constituting a non-
injurious inboard and upward restraint. The inboard
side support prevents a direct loading by the 2-
point belt to the cervical spine in far-side collisions.
It also supports the torso when the 2-point belt is
not buckled.

To prove if this design measure is advantageous,
frontal, far side and rollover tests were performed.
Current standard crash test dummies lack
appropriate biofidelity when assessing
sophisticated enhancements of standard safety
restraints. Therefore the Thor dummy with a set of
modifications from the BioSID were used in the
tests.

The results showed a considerable reduction of
chest deflection in the frontal crash tests, head
horizontal motion in the far side tests and head
upward motion in the rollover tests. To conclude,
an additional 2-point belt, in conjunction with, a 3-
point belt and inboard torso side support offer a
considerably increased protection in various crash
situations without any negative consequences.

INTRODUCTION

The 3-point belt, standard equipment in almost all
cars, has been one of the most cost effective life
and suffer saving cure during the last decades. One
reason for this success, apart from being a legal
requirement, is the combination of user friendliness
and minimal constriction of the occupant.
Additional features such as belt load limiters and
pretensioners as well as additional restraints like

frontal airbags have been introduced to enhance the
effectiveness of the 3-point belt. In side impacts,
torso and head airbags have been introduced and
shown in crash simulations to offer a great benefit
for the near struck side occupant (Pilhall et al.
1994, Håland and Pipkorn 1996, Brambilla et al.
1998, Bohman et al. 1998). Nevertheless,
manifested in the about 50% fatal-protective
effectiveness (see for example Viano and Arepally
1990), the standard 3-point belt plus the existing
airbag systems possess a few principal
shortcomings, or potentials of improvements. To
begin with the occupant easily slips out of the
shoulder part of the belt in side impacts and in
rollovers. Therefore the 3-point belt is less
effective in restraining in the inboard and upward
directions (Mackay et al. 1991, Ward et al. 2001,
Parenteau et al. 2001, Digges and Dalmotas 2001,
Fildes et al. 2002). Not surprisingly, rollover and
far side impacts are among the main causes for 3-
point belted occupants to sustain a severe head
injury (Fildes et al. 1994, Thomas and Frampton
1999, Parenteau and Shah 2000, Digges and
Dalmotas 2001). In frontal impacts, another
shortcoming is the fact that the 3-point belt load on
the chest is distributed over only half of the ribs
and one of the clavicles. The standard 3-point belt
distribution of load may be sufficient for today’s
average car occupant and today’s legislative and
consumer crash-test severity levels , however, this
may not be the case in the future. The maximum
chest deformation required to generate rib fractures
decrease with age (Kent 2002) and the average age
of car occupants is increasing (US Census Bureau
2000). Also, the level of crash severity, where non-
intrusion into the occupant compartment as well as
survivability is expected, is increasing (Edwards et
al. 2001). To conclude, great amounts of human
suffering and societal costs would be saved if:
compared to today’s design of bag and belt systems
a) the head relative to vehicle displacement could
be reduced in far-side and rollover crashes so that
the head is prevented from violently impacting with
the inner roof and the opposite side of the vehicle
interior and b) the belt load could be distributed
over all ribs and both clavicles in frontal crashes,
thereby reducing the maximum rib/clavicle loads.

A natural evolution of the standard 3-point belt is
to incorporate another fixation point. Today there
are at least two types of 4-point belts (centre buckle
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V4 belt and 3+2 belt). As described by Ford
(Automotive News 2001), the centre buckle V4
belt is shaped as a V worn over the shoulders like
backpack straps after the occupant is in the seat. A
potential drawback with such a belt system is that
the belt forces from the shoulder parts may cause
the lap part of the belt to be lifted, thereby enabling
the pelvis to slip under the lap belt in a crash. With
a 3-point belt the situation is the opposite. The
shoulder belt part tightens the lap belt part. The V
shaped belt system seems to require the belt to be
fully integrated with the seat. A two-hand operation
to buckle up is needed. A way to overcome the sub-
marining problem, although not so user-friendly, is
the inclusion of a fifth point between the legs, a
belt system widely used in car racing. Another type
of 4-point belt, presented by Saab (Teknikens
Värld 2001), hereafter called a 3+2 belt system, is a
standard 3-point belt with a supplementary 2-point
belt build into the seat (the lower endpoints of the
two belts are located close to each other). The 2-
point belt can not be buckled up unless the 3-point
belt is buckled up first. This type of belt system has
also been presented in the rear seat of a Volvo
concept car (Automotive News 2001).

Although the standard frontal and side impact
dummies HIII and BioSID/ EuroSID have
successfully been used in designing today’s
restraint systems in frontal and near side impacts,
they are not necessarily effective, when it comes to
evaluating the benefit of an extra belt. The HIII
dummy was originally developed for evaluating
blunt impacts such as the interaction with the
steering wheel (Kroell et al. 1974, Kent 2002),
although it has been used in the past years in
legislative and consumer tests evaluating the 3-
point belt and frontal airbag systems. In order to
perform a more biofidelic evaluation, NHTSA
initiated the development of the Thor (Test device
for Human Occupant Restraint) frontal impact
dummy. Compared to the HIII, the Thor has a more
flexible spine, a human geometry-like rib cage, and
a pelvis flesh allowing a full range of motion at the
hip joint (Rangarajan et al. 1998). The possible
benefit of off-loading the ribcage by allowing both
clavicles to take a critical part of the load should be
more appropriate with Thor compared to the HIII
dummy (Kent 2002b).

Far side collision and rollover occupant protection
has not yet been addressed to any great extent in
safety initiatives by governments or vehicle
manufactures around the world. Thus no far side
dummy nor rollover dummy exist. In far side crash
simulations it has been shown by Fildes et al.
(2002) that the BioSID and the EuroSID, in
contrary to a PMHS (Post Mortem Human
Subject), had a great benefit of a standard 3-point
belt. Yet, according to real life crash analysis by

Frampton et al. (1998) and Augenstein et al. (2000)
the benefit in far side impacts of a standard 3-point
belt is low. The reason for this discrepancy was the
lap belt’s ability to establish a non-biofidelic torque
on the Euro/BioSID’s spine, which was resisting
bending about lumbar fore/aft axis. In an ongoing
research project between GM Holden, Monash
University Accident Research Centre and Autoliv
Research a set of modifications to the BioSID has
been developed in order to faciliate effective
measurement of occupant response in far side
testing (Fildes et al. 2003). These modifications
enable the BioSID’s spine to shear, bend and
elongate, which makes the modified BioSID also
more suitable for rollover testing, at least compared
to a HIII dummy.

In this paper a 3+2-belt system for a front seat
occupant is proposed and evaluated. The
supplementary 2-point belt-in-seat was used
together with an inflatable inboard torso side-
support (SS). The reason for the side support was
twofold. Namely to reduce the effect of direct belt
load to the occupant’s neck in a far side impact, see
Kallieris and Schmidt (1990), and to constitute a
far side contingency countermeasure, when the 2-
point belt is not buckled up.

The aim of this paper is to evaluate the benefit of
the proposed 3+2-point belt system and an inboard
torso side-support by means of mechanical
simulation of frontal impacts (US-NCAP pulse), far
side collisions (3 and 2 o’ clock) and soil tripped
rollovers (with the dummy on the far side). The
dummies used were the frontal dummies Thor and
HIII and the side impact dummy BioSID equipped
with a modification set.

Figure 1.
The 3+2 point belt system and an inboard torso side
support (inflated bag) implemented in a car.
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METHOD

The method section is divided into three sub
sections: restraint system, dummy and test set up.

Restraint system

For the three crash situations, (frontal, far side and
rollover), mechanical simulations were performed
with and without an extra 2-point belt and with and
without an inflatable torso side support. In Table 1,
the restraint equipment and dummy type are listed
for each test. In the Thor 2-point frontal tests (Tests
1 and 2 according to Table 1), the 2-point retractor
was mounted at an extra inboard pillar whereas in
the rest of the tests, the 2-point belt retractor and
the side support were integrated into a module
attached on the inboard upper side of the backrest,
see Figure 1. The side support consists of a bag of
3 litres in volume and a small attachment support
for the bag. The side support bag in the far side
tests, and the frontal driver airbag in the frontal
impact tests were inflated by helium gas using an
“inflator simulator” (2 bar gauge pressure for the
far side support and 0.4 bar for the frontal bag). In
the rollover tests the side support was inflated by
compressed air prior and during the tests. The 3-
point belt had a 5.5 kN load limiting level
(measured at the dummy’s shoulder) and was
retractor pretensioned in all tests but the far side 3
o’clock reference test (Test 4). The 2-p belt had a 2
kN load limiting level and was retractor
pretensioned in the frontal and rollover tests and
buckle pretensioned in the far side impact tests.
(The change to a buckle pretensioner was merely

done to get the 2-point belt and the inboard side
support module more compact.)

Dummy

In the frontal tests the Thor dummy was used in the
comparison of the 3-point belt and the 3+2-point
belt system (Tests 1 and 2). The HIII dummy was
used in Test 3, a test with the objective to evaluate
seat deformation due to the loads transmitted by the
2-point belt into the seat.

In the far side tests the BioSID with a set of
modifications was used. The set consists of a spring
lumbar spine able to shear, bend and elongate and a
steel plate shoulder enabling a direct belt load to
the neck in far side tests and a consistent belt-load-
path during rollover tests, see Figure 2 a) and b).
For a more comprehensive description as well as
motivation and suitability see Fildes et al (2003).
The BioSID was right hand instrumented. Apart
from the standard equipment the dummy was
instrumented with lower and upper neck load cells
as well as a head z-axis angular velocity sensor.

In the rollover tests, the modified BioSID was also
used due to its new spine’s ability to shear, bend
and especially elongate (max 70 mm). In addition
to the modification set, the BioSID was equipped
with a wet suit and a plastic board to enable a
realistic abdomen-belt interaction, that is to avoid
the belt being caught, when the spine is elongated,
see Figure 2c).

Table 1
Restraints used and dummy list for the performed tests

Test Dummy 3p-belt 2p-belt Side
support

Frontal
airbag

Frontal
1 Thor X X
2 Thor X         X**** X
3 HIII X X

3 o’clock
4 BioSID*       X***
5 BioSID* X X
6 BioSID* X X X
7 BioSID* X X

2 o’clock
8 BioSID* X
9 BioSID* X X X
10 BioSID* X X

Rollover
11 BioSID** X
12 BioSID** X X
13 BioSID** X X X
14 BioSID** X X

*with modification set, **with modification set plus wet suit,
***no pretensioner, ****inboard pillar mounted
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Test set up

The test set ups and crash pulses for each test
configuration are described in the following sub
sections frontal impact, far side impact and
rollover.

     Frontal impact - In Tests 1 and 2, a buck with
the same geometry as a Ford Taurus model year 91
was used. The dummy was seated at the driver’s
position in front of a steering wheel. The crash
pulse, see Figure 3, represents a US-NCAP crash
pulse for this car model. In Test 3 the same crash
pulse was used although neither buck nor airbag
were used. The purpose of this test was only to see
if the standard seat used in the test series (a Volvo
S80 front seat) could withstand the forces (2 kN)
transmitted by the 2-point belt into the seat
according to the far side and rollover test
configurations (Figure 1).

     Far side impact – The crash pulse used (∆v=24
km/h, 10g), see Figure 3, and corresponding
amount of intrusion (about 300 mm) represented a
typical example of an injurious far-side collision
(Frampton et al. 1998, Digges and Dalmotas 2001,
Fildes et al 2002). The feet and knees were
restrained from moving inboard by a schematic
rigid structure (padded for the knees), see Figure 4.
Compare with the sled test method developed by
Bostrom et al. (2002), where an already intruded
car-body (exposed for the corresponding full-scale
side impact) was used. The far side tests were
performed for two directions of the seat versus the
sled. First, with the seat transversally mounted on
the sled, simulating a 3 o’clock far side impact for
a driver in a left hand steered car. Secondly, with
the seat mounted at an angle of 60 degrees versus
the sled direction simulating a 2 o’clock impact. In
the 3 o’clock reference test, Test 4, a rigid structure
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10

0 0.02 0.04 0.06 0.08 0.1

Time [s]

Frontal Far  Side

Figure 3.
The crash pulses used in the frontal and far side
crash simulations.

           
a)        b)                                                          c)

Figure 2.
a)The spring lumbar spring spine unit and the shoulder plate mounted on to the BioSID’s torso.
b) Detailed view of the spring spine unit; the wires obstructs an elongation exceeding 70 mm.
c) The BioSID (seated in the rollover rig) with the plastic board and the wet suit (partly undressed).

              

Head up

Head low

Point#5

Point#6

Figure 4.
The front view of the far side test set up at
time zero of Test 4. The rigid (padded)
structures simulates the foot well and the
intruded B-pillar.

Acc. [g]
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padded with 25 mm Ethafoam 400 was installed
685 mm from the centre of the dummy simulating a
simplification of the intruded B-pillar and belt-line,
see Figure 4. The choice of distance between the
centre of the dummy and the padded rigid structure
corresponds approximately to a far side intrusion in
the order of 300 mm of a mid-size passenger car.

     Rollover - According to Parenteau and Shah
(2000) using NASS-CDS data for years 1992 to
1996, the most frequent injurious rollover event for
belted occupants was a tripped rollover with a far
side occupant (on the non-leading side). In another

study (Parenteau et al. 2001) it was found that the
risk of AIS3+ injuries to the head for belted/non-
ejected far side occupants was higher than for near
side occupants. Therefore, a soil tripped rollover
with a far side occupant was chosen in the present
study to evaluate the benefit of the 3+2 point belt
and inboard side support system. The test set up
consisted of a steel construction, a platform
simulating the compartment of a car able to
translate laterally and rotate with a fix rotation axis.
This rotation axis, see Figure 5, was a compromise
of the true rotation axis, which in a soil tripped
rollover in the simplified case moves from a
location around the tires of the leading side in the
tripping phase to the centre of mass in the airborne
phase. The seat for the dummy simulated a far side
position. The outboard (car) belt line (side-window
sill) was simulated with a steel bar. No window or
similar was present, see Figure 2c). The buck was
accelerated with a low g-level, and at a speed of 36
km/h the buck was decelerated and rotated until a
stop at 160 degrees, which simulated a car-to-
ground impact phase. See Figure 6 for the lateral
velocity and acceleration, and the rotational angle
and angular velocity versus time. Neither roof
crush nor dummy-to-roof contact was simulated.
Instead the head position relative to the platform
was measured during the rollover event by the
length and direction of a wire from the platform to
the head, see Figure 1 in the appendix. The
Advanced Engineering department of Autoliv UK
developed this rollover test method.
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Figure 5
The geometry of the centre of rotation and
dummy seat in the rollover rig.
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RESULTS

The results of the tests are shown in separate
sections for each crash type.

Frontal impact

In the baseline test with a 3-point belt and a driver
airbag, Test 1, the dummy experienced a maximum
upper and lower chest x-deflection of 40 and 41
mm respectively. See Figure 7 for the x-deflections
for all four chest deflection measurement locations.
In Test 2, with an extra 2-point belt (the side
support was superfluous), the maximum upper and
lower chest x-deflections were reduced from 40 to
34 mm and from 41 to 32 mm respectively.

In Test 3, the seat proved to withstand the forces
from the extra 2-point belt. The combination of an
extra belt and a 2 kN load limitation proved to be
successful regarding unwanted seat deformation.
The maximum dynamic deformation of the upper
part of the seat back was about 150 mm, see Fig 8.

Far side impact

In the baseline tests, Test 4 (3 o’clock) and 8 (2
o’clock), the dummy slipped out of the shoulder
part of the 3-point belt. The head-to-sled lateral
(sled x-direction) motion was recorded by means of
film analysis. The head markers “head up” and
“head low”, see Figure 4, were used. Figure 9 and
10 show the “head up”-to-sled speed versus the
displacement. The speed-displacement histories
indicate severe situations for the occupant’s head
and neck in real life crashes with a far side
intrusion in the order of 300 mm. Indeed, the
dummy head in the 3 o’clock test impacted with the
simulated intruded B-pillar and the consequent
HIC36 was recorded to 5875 and the peak upper
neck compressive force to 3.7 kN, much higher
than the often used reference values of 1000 and
1.1 kN. The maximum head z-angular acceleration
and speed were 8700 rad/s2 and 46 rad/s. These
values are also far above the tolerance levels found
in the literature, see for example Margulies et al.
(1989). See also Figure 11 a) and b) for a view of
the event of the head impact in Test 4.

In the 3 o’clock tests, where the side support was
used, Tests 6 and 7, the head speed-displacement
histories were more or less similar, see Figure 9.
The head displacement and speed were limited to
600 mm (from the initial position) and 7 m/s. See
also Figure 11 c) to f) with the front views at the
same times as in the reference test, Test 4. In the 3
o’clock test, where the 2-point belt but not the side
support was used (Test 5), the head lateral speed
and displacement were limited compared to the
baseline test. However, they were worse compared
to the tests with the side support present. Actually,
this test (No. 5) indicated a head impact with the
(non-present) simulated B-pillar, although the head
speed at the time of the virtual collision was much
less compared to the baseline test, see Figure 9.

Figure 8
Side view of a frontal impact test (56 km/h)
at maximum dynamic deformation of the
seat. The dotted red line indicates the initial
position of the backrest. The maximum belt
force on the upper part of the seat back was
2 kN.
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The upper and lower left/right x-chest deflections (in mm).
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a) b)

                                        

c) d)

                                        

e) f)

Figure 11
The front views of the far side crash simulations for Tests 4, 6 and 7 at 125 ms ( a), c) and e) ) as well as
at 145 ms ( b), d) and f) ).
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The 2 o’clock tests with the extra restraints, Tests 9
and 10, also showed a remarkable reduction of the
head lateral displacement and speed compared to
the reference test (Test 8), see Figure 10. Both tests
showed similar “head up” speed-displacement
histories.

The upper neck loads, Fy and Mx, and the
maximum rib deflections and VC were low in all
far side tests but the baseline tests, see Table 1 in
the appendix. There are currently no proposed
limits for a direct belt-to-neck load. Nevertheless,
the direct belt loading to the neck caused by the 2-
point belt and measured by the lower neck load cell
was clearly reduced by the side support in the 3
o’clock tests, from a Fy-peak of 0.73 kN and a Fz-
peak of 1.1 kN to 0.24 kN and 0,46 kN
respectively, see Figure 12 (Test 5 compared with
Test 6).

Rollover

In the baseline test (Test 11) the dummy first
slipped out of the shoulder belt moving inboards,
then moved outboards and passed the original
upright position and leaned to the simulated (car)
belt line. When the platform rotation was stopped
at 160 degrees, the dummy moved in the z-
direction until the slack of the belt was eliminated
and the spine was fully elongated. As no roof was
present, there was no actual head-to-roof impact to
evaluate, see Figure 13. However, with a certain
roof geometry, Figure 14 and 15 will give the
resulting head-to-inner roof speed. Figure 14 shows
the head upward (relative to the platform) versus
outboard displacement until the head reaches its
maximum upward position (maximum
displacement) during the simulated ground impact
phase. Figure 15 shows the head upward speed
versus the head upward displacement, also until the
head reaches its maximum upward position. In
Tests 12 and 13 with an extra 2-point belt without
and with the side support, the head upward and
outboard displacement was significantly limited
and at less speed compared to the baseline test, see
Figure 14 and 15. For Test 14, with the 3-point belt
plus a side support only, the head upward speed
versus displacement was more or less similar to the
baseline test, see Figure 15. However, due to the
inboard restraining by the side support the head
kinematics was changed when it came to the
ground impact phase. The head travelled against
the inner roof in a more inboard position, see
Figure 14.

The maximum lower neck axial tension (ground
impact phase) and the measured direct belt-to-neck
load are shown in Table 2 in the appendix.
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Figure 12.
Lower neck shear and extension forces due to
loading by the 2-point belt, with and without the
side support (Test 5 and 6), in the 3 o’clock far side
tests.

                                         

Figure 13.
The front view of the dummy in the rollover tests without and with an extra 2-point belt and a side
support (Tests 11 and 13) at the time of maximum head vertical displacement.
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DISCUSSION

Frontal impact

In the frontal impact tests, the 3+2-point belt
system distributed the belt load over the chest
better than the 3-point belt alone. The maximum
chest deflection was reduced. Of the three injury
predictors, maximum chest deflection, acceleration
and CTI, the deflection was shown to be the best
injury predictor according to a study by Kent et al.
(2001). According to the risk curves found in the
same study a reduction of the chest deflection from
40 mm to 34 mm corresponds to an AIS3+ risk
reduction of about 30%. Elderly people would
experience an even greater reduction of injury risk
(Kent 2002). The frontal impact Tests 1 and 2 were
repeated with a 3-point belt with a load limit of 4
kN, a level found by Foret-Bruno et al (2001)
considerably reducing the real life risk of chest
injury compared to the 5.5 kN level. The results for
a load limit of 4 kN confirmed the conclusions by
Foret-Bruno et al. (2001) that the maximum lower
chest x-deflection (however not the upper) was
reduced by 17 % compared to the 3-point 5.5 kN
belt, see Figure 16. The results also confirmed the
load distribution feature of the extra belt, which
reduced the maximum upper and lower x-
deflection with 25 % and 37 % respectively. In
previous (not presented here) frontal tests with the
HIII similar to Tests 1 and 2, conflicting results
were found regarding the chest deformation. In an
ongoing research project between Autoliv Research
and the Automobile Safety Laboratory of the
University of Virginia this controversy is being
further evaluated by means of HIII, Thor and
PMHS tests.

Far side impact

In the far side tests, the 3+2-point belt plus the
inflatable side support system reduced the zone,
where there is a potentially high head-to-interior
impact speed. This means that the risk for a severe
head-to-interior structure impact is effectively

reduced. The results indicate that an intrusion of
another 100 mm (from 300 to 400 mm) would not
result in any head-to-far side interior impact, if the
inflatable side support is used together with a
standard 3-point belt. The extra 2-point belt seems
to be of less importance for this crash type.

According to real life statistics by Frampton et al.
(1998) and Augenstein et al. (2000) the risk of a
near side occupant being injured in a side crash is
worse with a far side occupant sitting adjacent.
Therefore, a near side occupant in such a side
impact would be less injured due to the improved
restraining of the far side occupant.

The second most cause of injury in far side impacts
is the belt (Dalmotas 1983, Augenstein et al. 2000).
This may be explained by the occupant’s iliac crest
slipping under the lap part of the belt due to the
slack caused by the occupant torso slipping out of
the shoulder part of the belt (Figure 11a). However,
in the present tests injurious belt loading was
neither reflected by films nor by high abdominal
rib deflection readings.

Preliminary OOP tests were performed with a HIII
5% female with an instrumented arm blocking the
deployment path of the side support bag. The
recorded values were below the levels proposed by
Duma et al. (2002).

Rollover

In the rollover tests with a far side occupant, the
3+2-point belt system plus the inflatable side
support was successful in reducing the zone with a
high head speed. This means that the risk for a
severe head-to-interior impact is effectively
reduced also for this crash type. The rollover tests
showed that it is the additional 2-point belt for the
far side occupant that is most important for limiting
the head’s upward and outboard displacement, see
Figure 14.
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The upper and lower left/right x-chest deflections (in mm) for Tests 1 and 2 repeated with a 3-point
belt 4 kN load level (compared with Test 1).
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The amount of head z-motion shown in the present
rollover tests would probably become at least 70
mm less without the modification set (70 mm being
the possible elongation of the modified BioSID
spine). This modification of a dummy’s spine is
essential for a realistic evaluation of potential head-
to-inner roof impacts in rollovers.

General

The present study takes into account a limited set
of crash types and crash severities. However, they
were chosen to be representative for severe frontal
impacts, far side collisions and rollovers, where the
studied concept was believed to significantly
reduce the risk for a car occupant being seriously
injured. The amount of intrusion, the crash pulse
levels etc. for a particular car model will ultimately
determine the actual degree of benefit for the 3+2
point belt system and the inboard side support.
Also, for this system to be launched for a car model
in a particular market, all legal issues must be
solved. This is not taken into consideration in this
study.

The influence of the usage of the 3-point belt due
to the availability of an extra 2-point belt is not
investigated here. The mere existence of two belts
could be of benefit , at least the 3-point belt may
become more frequently used. The inflatable
inboard side support will be of benefit irrespective
of the use of the 2-point belt. Another non-explored
benefit is the reduction of occupant ramp-up effect
in severe rear impacts and the consequently
improved effect of the head restraint mitigating
neck injuries.

CONCLUSIONS

A series of mechanical sled tests were performed in
order to simulate frequent real-life crash scenarios
resulting in severe head, neck and chest injuries for
an occupant restrained by a standard 3-point belt
and a frontal airbag. The dummies used were the
HIII, Thor and a new prototype far side and
rollover dummy based on the BioSID. The tests
were repeated with the inclusion of an extra 2-point
belt and an inflatable inboard torso side support.
The following benefits were found (rounded
values):

• Frontal: 20 % reduction of the chest x-
deflection (16% upper ribs, 22% lower ribs)
was obtained due to the extra 2-point belt. This
is of most benefit for elderly people with
brittle bones.

• Far side: 30% decrease of head horizontal
inboard displacement. This reduction should
almost eliminate, at least up to 400 mm of side

intrusion, the risk of severe head and neck
injuries (caused by head contact to the intruded
interior) for a far side occupant. Also, a near
side occupant would be less severely struck by
a far side occupant. The inboard torso side
support avoided a possible injurious direct belt
load to the neck. The torso side support was
found to be of benefit irrespective of the use of
the 2-point belt.

• Rollover: 60% decrease of the head upward
displacement and a 50% reduction of the
maximum head upward speed relative to the
platform (“car”) was obtained with the
additional 2-point belt. Depending on the
initial head-to-roof clearance as well as to the
amount of roof crush, this could mean a
considerable reduction of the risk for a far side
(and possibly a near side) occupant sustaining
severe head and neck injuries in a rollover.

Due to the dramatic effectiveness shown in the
mechanical tests an extra 2-point belt
supplementing the standard 3-point belt and a small
inflatable inboard torso side support should be a
cost effective way of further reducing human
suffering and societal costs as a consequence of car
crashes. An additional inboard side support on its
own, provided the 3-point belt is buckled up, would
considerably improve the protection of a front seat
occupant in a far side collision.

The influence of dummy design on the results in an
evaluation such as that presented is critical. It is
without doubt important to continue the efforts of
establishing suitable far side and rollover dummies
with human like kinematics as well as ability to
measure loads such as neck and abdominal loads
from a seat belt.
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APPENDIX

Table 1
The maximum upper neck loads, Fy and Mx,

and the maximum rib deflections and VC in the
far side tests

Test Fy [kN] Mx
[Nm]

Rib d.
[mm]

VC
[m/s]

4 2.31 96 2.5 0.004
5 - - 1.8 0.001
6 0.34 30.2 4.3 0.01
7 0.26 20.9 4.9 0.02
8 0.29 32.9 3.5 0.01
9 0.26 21.4 3.7 0.01
10 0.22 15.9 4.0 0.02

Table 2
The lower neck axial tension (ground impact

phase) and the measured belt-to-neck load in the
rollover tests

Test Fz [kN] Belt-to-neck-load [kN]
11 1.2 N.A.
12 0.32 0.28
13 0.38 0.2
14 0.38 N.A.

Figure 1.

Extension potentiometer

Mounting plate
attached to vehicle structure

Swivel coupling

Rotation in azimuth ( α)

Rotation in elevation (β)

Cable guide

Cable extension (
r )

Rotation potentiometer

Rotation potentiometer

Schematic diagram of the Head Relative Position Sensor
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ABSTRACT 

 

Recently, frontal impact compatibility is discussed 

internationally and various procedures to assess 

compatibility and various measures to improve 

compatibility have been proposed. Considering the 

above, car to car tests between a heavy car and a light 

car were conducted to clarify the effect of 

homogenizing the front structure on compatibility. 

Then correlation between the results of the barrier 

impact tests proposed as the procedures to assess 

compatibility and the car to car test results and the 

requirements for the assessment procedure were 

discussed.  

 

INTRODUCTION 

 

The frontal impact performance is assessed by the 

impact tests of a car against a fixed barrier. These 

impact tests contributed to the reduction of the 

casualties in traffic accidents. Recently, frontal 

impact compatibility is recognized as an area where 

additional safety enhancements might be made. 

Through many studies in the world, it has become 

clear that the fundamental issues of frontal impact 

compatibility are (1)structural interaction, (2)frontal 

stiffness and (3)passenger compartment strength. The 

procedures to assess each issue have been proposed. 

Considering these things, car to car tests between a 

heavy car and a light car were conducted to clarify 

the effect of the front structure homogeneity on 

frontal impact compatibility. Then the barrier tests 

which are proposed as the test to assess frontal 

impact compatibility were conducted. From the 

comparison of the barrier test results and the car to 

car test results, the items which should be considered 

in case of deciding the assessment procedure of 

frontal impact compatibility were discussed. 

 

CAR TO CAR TESTS 

 

Structural interaction is one of the most important 

requirements for frontal impact compatibility. 

Therefore, a homogeneous front structure that can 

absorb the impact energy in a uniform manner in a 

wide variety of impact configurations is desired. It is 

assumed that not only the front structure 

homogeneity of heavy car but also that of light car is 

required to improve structural interaction in car to car 

tests. In order to confirm if this assumption is 

appropriate, car to car tests between a heavy car and a 

light car were conducted as shown in Table 1. The 

aim of mounting multiple load paths is to achieve the 

front structure homogeneity. 

 

Table 1. 

Car to car tests matrix 

 

Test Conditions 

 

Test details are shown in Table 2 and pre test position 

of both cars are shown in Figure 1 and 2. 

Heavy car
With multiple
load paths

Light car Without multiple X
load paths (Test No.:C2C01)
With multiple X
load paths (Test No.:C2C02)



  Hirayama 2  

 

Table 2. 

Test details 

 

Figure 1.  Pre test side view. 

 

Figure 2.  Pre test plan view. 

 

Result of Car to Car Test between Heavy Car and 

Light Car without Multiple Load Paths 

 

Figure 3 and 4 show the post test view of each car 

and Figure 5 shows the comparison of the firewall 

intrusion between two cars. The passenger 

compartment deformation of light car without 

multiple load paths is larger in comparison with that 

of heavy car. The result of this car to car test is not 

considered compatible. 

 

Figure 3.  Post test side view of light car in the 

C2C01 test. 

 

Figure 4.  Post test side view of heavy car in the 

C2C01 test. 

 

 

 

 

 

 

 

 

Light car Heavy car

Light car Heavy car

C2C01 C2C02
Test speed 56km/h
Overlap 50% of the

smaller car's
width

Mass Heavy car 1539kg
Light car 1125kg
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Figure 5.  Comparison of firewall intrusion in the 

C2C01 test. (Each value is normalized by the 

intrusion of heavy car in the C2C01 test.) 

 

Result of Car to Car Test between Heavy Car and 

Light Car with Multiple Load Paths 

 

Figure 6 and 7 show the post test view of each car 

and Figure 8 shows the comparison of the firewall 

intrusion between two cars. The passenger 

compartment deformation of light car with multiple 

load paths in this test reduced significantly in 

comparison with that of light car without multiple 

load paths in the C2C01 test. On the other hand, the 

passenger compartment deformation of heavy car in 

this test slightly increased in comparison with that of 

heavy car in the C2C01 test. This car to car test is 

considered more compatible than the C2C01 test. 

Therefore, by comparing the results of these car to 

car tests, it indicates that the incorporation of 

multiple load paths in the light car improved frontal 

impact compatibility. 

 

 

 

 

 

 

 

 

 

Figure 6.  Post test side view of light car in the 

C2C02 test. 

 

Figure 7.  Post test side view of heavy car in the 

C2C02 test. 

 

Figure 8.  Comparison of firewall intrusion in the 

C2C02 test. (Each value is normalized by the 
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intrusion of heavy car in the C2C01 test.) 

 

Comparison of Two Car to Car Tests 

 

In frontal car to car impact between a heavy car and a 

light car the passenger compartment deformation of 

the light car is apt to be large in comparison with that 

of the heavy car because the passenger compartment 

strength of light car is weaker than that of heavy car, 

generally speaking. The C2C01 test illustrates this 

situation. However, in the C2C02 test the passenger 

compartment deformation of light car reduced 

significantly although the passenger compartment 

structure of light car was not varied. The reason is 

assumed as follows. 

In the C2C01 test, where the light car did not have 

multiple load paths, the front structures of both cars 

did not interact with each other sufficiently. On the 

other hand, in the C2C02 test, both cars had multiple 

load paths, which resulted in the considerable 

improvement of compatibility performance. 

It is often mentioned that the measures to achieve 

compatibility are (1)to homogenize the front structure 

of heavy car and (2)to increase the passenger 

compartment strength of light car. However, These 

test results show that it is effective for compatibility 

improvement to homogenize the front structure of 

light car as well as heavy car. In other words, it is not 

sufficient for achieving good compatibility that the 

front structure of only either one of two cars is 

homogeneous. These test results illustrate the 

importance that the front structures of both cars are 

homogeneous. 

 

BARRIER TESTS 

 

Various tests to assess the fundamental issues of 

compatibility are proposed as shown in Table 3 (refer 

to [1] and [2]). To verify the previous discussion on 

car to car tests results, the 80km/h ODB tests of the 

same cars as were used in car to car tests were 

conducted (see Table 4). In 80km/h ODB tests, 

passenger compartment strength is measured. And it 

is indicated as “End of crash force (refer to [3])”. 

 

Table 3. 

Proposal of the tests to assess frontal impact 

compatibility 

 

Table 4. 

Barrier tests matrix 

 

Results of 80km/h ODB Tests 

 

Figure 9, 10 and 11 show the force vs. displacement 

curve of each car. In these figures, broken line shows 

“Mechanical force (refer to [1])” and chain line 

shows “Structural force (refer to [1])”. Figure 12 

shows the comparison of the “End of crash force” 

values. There is little difference in the “End of crash 

force” between the light car with multiple load paths 

and the light car without multiple load paths. On the 

other hand, there is a great difference in the “End of 

crash force” between heavy car and light cars. 

 

Heavy car Light car Light car
(With multiple (Without multiple (With multiple
load paths) load paths) load paths)

80km/h ODB test X X X

Tests proposed by
TRL

Tests proposed by
Renault

Structural Interaction 56km/h Full width deformable
barrier test

60km/h PDB test

Frontal stiffness 64km/h ODB test
Passenger compartment
strength

80km/h ODB test 60km/h ODB test
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Figure 9.  Force vs. displacement curve of heavy 

car in the 80km/h ODB test. 

 

Figure 10.  Force vs. displacement curve of light 

car without multiple load paths in the 80km/h 

ODB test. 

 

Figure 11.  Force vs. displacement curve of light 

car with multiple load paths in the 80km/h ODB 

test. 

 

 

 

 

 

 

Figure 12.  Comparison of “End of crash force”. 

(Each value is normalized by the “End of crash 

force” of heavy car.) 

 

Discussion 

 

In case that there is a great difference in the “End of 

crash force” between heavy car and light car, 

consequently it is expected that the passenger 

compartment deformation of light car will be larger 

than that of heavy car when these cars collide each 

other (see Figure 13). However, the heavy car vs. 

light car with multiple load paths test resulted in 

compatible result although the heavy car vs. light car 

without multiple load paths test resulted in 

incompatible result. 

The reason why the heavy car vs. light car with 

multiple load paths test resulted in compatible result 

is not that the passenger compartment strength 

increased, but that the energy absorbing capability of 

front structure was increased due to the improved 

structural interaction (see Figure 14). 
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Figure 13.  Force vs. deformation curve of each 

car (There is a great difference in the “End of 

crash force” between two cars.). 

 

Figure 14.  Force vs. deformation curve of each 

car (The energy absorbing capability is 

improved.). 

 

CONCLUSIONS 

 

Through the car to car test results and the barrier test 

results, the following have been shown. These 

findings should be considered in future development 

of test procedures for vehicle compatibility 

assessment. 

(1) In order to achieve compatible result in a car to 

car impact between a heavy car and a light car, it 

is important to homogenize not only the front 

structure of the heavy car but also that of the 

light car. 

(2) In case that compatibility of a light car is 

evaluated in the barrier tests, the front structure 

homogeneity as well as the passenger 

compartment strength should be analyzed. 
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ABSTRACT

It is important to develop the driving assistance

system that conforms to the individual driver’s

characteristics so that the driving assistance

technology is widely accepted. Timing and ways of

the assistances should fit in individual characteristics

of unusual driving behavior.

In order to measure usual driving behavior, we

developed test vehicles with an on-board driving

recorder and various types of sensors. Several

driving parameters (e.g. the driver’s operational

measures, the vehicle state measures, the traffic

condition measures) were recorded with the recorder.

The equipped test vehicles were given to 67

paid volunteer drivers to use for two months in

commuting situation. The field operational test was

conducted a total of about 1800 driving trips. The

measured operation behavior was accumulated to a

database.

In order to develop a new driving assist method

for the stopping maneuver, we modeled the driving

behavior for usual driving by the Bayesian network

which was a graphical model obtained from

statistical analysis of the measured behavior data. A

deviation from the usual operation behavior (i.e.

unusual behavior) can be estimated using this model.

The unusual behavior can be regarded inappropriate

behavior and thus can be applied to a cue for the

driving assist such as warning presentation.

INTRODUCTION

Driving assistance systems have been proposed

as applications of ITS to avoid traffic accidents,

reduce traffic jams or solve environmental problem.

In most of these assistant systems such as a warning

system, the judgment whether the system assist the

driver is mainly based on physical parameters such

as vehicle speed and headway distance. Such

common assistances are not always accepted with all

people. It is important to develop “Driver-Centered

System”, which conforms to the individual driver’s

characteristics to avoid unnecessary assist by

adapting timing and contents of the assistances to the

individual.

Usual driving behavior of an individual driver

under a certain traffic situation is an adaptive

behavior to the situation. Thus unusual driving

behavior can be regarded as the performance that is

not adapted to the situation. This means that the

unusual behavior increases the risk of driving to the

situation. Therefore, detection of the unusual

behavior based on the recorded usual behaviors

under certain situation is to detect the driver’s risky

situation. The detection can be the cue for the

assistance of driving “Personalized Driving Assist

System.”

In order to develop such driving assistance

system, usual driving behavior data in natural

situation are needed to be known. Nevertheless,

there were no normalized driving behavior databases

that can be referred generally.

We have developed equipped vehicles to

measure driver’s behavior to obtain basic driving

behavior data for the personalized assist system. A

Drive recorder system was mounted on the each

vehicle. Using these vehicles, we performed driving

experiments on the public roads to measure driver’s

usual behaviors. By the recorded driving data, we

established a database which accumulated measured

driver’s behaviors.

In this paper, we present about the equipped
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vehicle and the database. And we also describe a

modeling method of driving behavior using Bayesian

network. The driver model will be used to evaluate

deviation from usual behaviors in order to decide

whether assistance the driver is necessary or not.

Driving assistant system will be created based

on the driving behavior model.

DEVELOPMENT OF EQUIPPED VEHICLES

FOR DRIVER BEHAVIOR MESUREMENT

Equipped Vehicles

We have developed the vehicles with a drive

recorder was carried on to measure operational

behavior data. The system configuration of the drive

recorder is shown in the figure 1. The appearance of

the experiment vehicle is shown in the figure 2.

Because it aimed at the public road experiment by

the general drivers, sensors and recorders are

arranged to be unseen as possible.

The system consists of the sensors including the

D-GPS, wide-angle laser radars, 6 CCD cameras,

two microphones, the signal processing device and

the laptop computer for the data logging and control.

Table 1 shows sensing items with the drive recorder.

From the sensing data, we could obtain the following

behavior measures.

The measurement of the driving behavior

(1) The operation by the hand Steering wheel

angle (by steering sensor), blinker and wiper

operation (by lever sensors) and operation of the AT

selector (by shift sensor) were measured as the

operation of the hand.

(2) The operation by the foot The position of

the right foot (over the brake pedal or the accelerator

pedal) and the stroke of the brake and accelerator

pedal were measured as the operation of the foot.

(3) The movement of the eyes Driver’s eyes

movement was measured with the view camera

which was mounted on the driver’s cap and “driver

monitor”, which was a camera mounted on the

instrumental panel.

Figure 1. Configuration of the drive recorder

system.

(4) Speech Driver’s speech was caught with a

microphone. Voices were recorded to the video

recorder synchronizing with the driver’s face image.

The measurement of the vehicles’ status

The geometrical position of the vehicle was

obtained from D-GPS sensor. Relative position

within the lane was identified with the front scene

image and the lane-view cameras fixed on the both

side of door mirrors. Vehicle condition was

Figure 2. An Equipped Vehicle.
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measured by the 6-axis G-sensors and the gyro

sensors. Velocity of the vehicle was measured by the

speed sensor.

Relative distance and relative velocity of the

lead vehicle and the behind vehicle were measured

with the two (front/rear) wide-angle (20 deg.) laser

radar units.

Table 1.

Recording Items of the Drive Recorder

Sensor Data Sampling

Laser rader range, position 10Hz

D-GPS NMEA 1Hz

G-sensors Acceleration

(X, Y, Z-axis)

30Hz

Gyro sensors Angular rate

(Roll, Pitch, Yaw)

30Hz

Speed Wheel speed 30Hz

Steering Steering angle 30Hz

Lever Turn signal 30Hz

Shift Shift position 30Hz

Pedal Foot position

Pedal stroke

30Hz

Microphone Verbal 8kHz

CCD Cameras Front scene

Rear scene

Driver monitor

Driver’s view

Lane position

8fps

MESUREMENT OF DRIVING BEHAVIORS

Measurement of driver’s behavior was

performed by using 4 equipped vehicles described

above. Eight driving routes (about 30 minutes from

start to goal) with several left and right turns were

selected. The subjects were instructed to drive as

usual.

The subjects had practic4e drives before the

recording trips, so they could drive from the origin to

the destination without seeing a map. The subjects

were instructed to drive as usual.

During the recording trips, the sensing data were

recorded to the drive recorder. At the end of each trip,

the subjects were asked to answer to questionnaires

about driving workload, and NASA-TLX. Also, they

were asked to fill questionnaires about incidents or

impatient events. If the subjects felt situation was

dangerous and was inpatient, they were requested to

describe details about these situations on the rout

map. Relationships between dangerous situations

and deviated behaviors and the effects of impatience

to driving behaviors will be analyzed.

After the end of all trips for each subject,

driving style questionnaire (DSQ) and Workload

Sensitivity Questionnaire (WSQ) were also

conducted.

 

DEVELOPMENT OF DRIVER BEHAVIOR

DATABASE

In order to access to the recorded data easily to

analyze the driving behaviors, we established a

driving behavior database.��All recorded items in

table 1 except images and voices were accumulated

to the database.�Numbers of the stored data were

about 1900 trips for 67 subjects.� In time of

accumulation, driving actions (i.e. left/right turn,

changing lane) were labeled to the data, so we can

retrieve the driving data using driving action as keys.

Oracle (TM) is used for the database management

system (DBMS).

MODELING OF STOPPING BEHAVIOR

USING BAYESIAN NETWORK

In this section, we describe modeling method of

driving behaviors using Bayesian network. The

Bayesian network, known as belief network, is a

graphical model that encodes probabilistic

relationships among variables of interest.

In this paper, we took up the behavior for

stopping at the “Stop” sign before an intersection.

Driving behaviors on braking and stopping before

the stop line in front of the intersection were

modeled. The map of the intersection was shown

in figure 3. The intersection image was shown in

figure 4.
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Figure 3. The map of the intersection for driving

behavior modeling.

Figure 4. The image of the intersection for driving

behavior modeling.

When a driver slowed down and stopped around

the stop line in front of the intersection, series of

operational events of the behavior occurred as

follows:

- Releasing the accelerator pedal

- Put left foot over the brake pedal

- Onset of braking

- Turn on the blinker (if the driver turned to left or

right at the intersection)

- Reach maximum deceleration

- Stop (If the vehicle did not stop completely, was

is regarded as “stop” when it reached the

minimum velocity)

Using the Bayesian network, we modeled

relationships of the timing (velocity and TTC: Time

To Cross line) of each behavioral events and

performance shaping factors. TTC is defined by the

following equation.

V

D
T =                     (1) 

T : TTC [sec]

D : Distance from the stop line [m]

V : Vehicle velocity [m/s]

Table 2.

Performance shaping factors and events which

used for nodes of the Bayesian network model

(a) Performance shaping factors (PSF)

PSF Parameters

Methodical Score of DSQ*

Weather Rain or not

(b) Events

Events Parameters

VelocityRelease the accelerator pedal

(1) TTC**

VelocityMove foot over the brake

pedal (2) TTC

VelocityOnset of braking (3)

TTC

VelocityReach maximum deceleration

(4) TTC

Turn on the blinker Velocity

Velocity

(zero if

stopped)

Stop

(or reach the minimum

velocity) (5)

Distance from

stopping line

Time lag between (1) and (2) Time

Time lag between (1) and (3) Time

Time lag between (2) and (3) Time

Time lag between (3) and (4) Time

Time lag between (4) and (5) Time

*DSQ : Driving Style Questionnaire

**TTC : Time To Cross line
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The events and the performance shaping factors

(each parameter became nodes of the Bayesian

network) using for modeling are shown in table 2.

Data used for modeling were those recorded for

8 subjects when approaching a specific T-shape

intersection from 130 trips which have no lead

vehicle. According to the distribution of the recorded

data from all the trials, values of the variables except

weather parameter were split into 5 ranks based on

the percentile of the distribution of the variable; 0-10

percentile (rank 1), 10-30 percentile (rank 2), 30-70

percentile (rank 3), 70-90 percentile (rank 4), and

90-100 percentile (rank 5).

As the result of modeling using BN Power

Constructor[2], constructed Bayesian network shown

in figure 5 was obtained.

In this figure, the allow between two nodes

indicates that valuable of each nodes have

correlation. The direction of the arrow represented

the causal relationship.

Figure 5 Bayesian network model for deceleration to stop at a certain intersection with the stop line.
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Figure 6 Changes of estimated probability distribution for TTC of onset of braking according to

occurrence of operational events while approaching to the intersection.

Detection of the deviated braking behavior

As an example of evaluating of driving

behavior using the Bayesian network, we focused

on evaluation of the timing of onset of braking

while approaching to the T-shape intersection in a

certain trip[3]

As the sequence of the stopping behavioral

events proceeds, the estimation of the timing of the

operational events by the model changes as the

followings.

(a) In the stage when the driver was still

pressing the accelerator, values of only two nodes

were fixed; “Methodical score”, which was the

driver’s characteristics, and “weather” (no rain)

(figure .6(a)). Using these values of the two nodes

as conditions, the distribution of conditional

probability of the other nodes (i.e. “Velocity of

onset of braking”, “TTC when turn on the blinker”)

could be calculated. And the distribution of

probability of the node of “TTC of onset of braking”

which was connected from the nodes “Velocity at

the onset of braking” and “TTC when turn on the

blinker” could be estimated.

(b) Soon the driver released the accelerator at

the point of 98.1m before the intersection. Velocity

of the vehicle then was 65km/h (TTC=5.43 sec).

Sensing this event by the sensors, value of the

nodes “Velocity when release the accelerator pedal”

and ”TTC when release the accelerator pedal” were

fixed. The probability distributions of the other

nodes connected to these two nodes were renewed.

Then, the estimated probability distribution of the

nodes of “TTC of onset of braking” was also renewed

(figure .6(b)).

(c) Next, the driver moved his foot to the brake

pedal at the point of 82.5m before the intersection

when the velocity was 63km/h (TTC=4.71 sec).

Sensing this event, value of the nodes “Velocity

when move the foot over the brake pedal” and

“TTC when move the foot over the brake pedal”

Start
Braking

Move foot on the
brake pedal

Release the
accelerator

Velocity:
65km/h
(Rank = 3)
Dist.: 98.1m
TTC: 5.43sec
(Rank = 2)

Velocity:
63km/h

(Rank = 3)
Dist.: 82.5m
TTC: 4.71sec
(Rank = 3)

Velocity:
59km/h
(Rank = 2)

Dist.: 51.8m
TTC: 3.16sec
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were fixed. Then, the estimated probability

distributions of the nodes of “TTC of onset of

braking” changed again. Probability of rank 3 was

in the TTC much larger than other ranks

(figure .6(c)).

(d) After that, velocity of the vehicle was

decreased. When the value of the velocity was

applied to the value of the node “Velocity of onset of

braking”, the estimated probability distribution of

the node “TTC of onset of braking” changed as the

velocity changed according to the model. By

sensing the velocity and distance to the intersection

of the vehicle, the TTC could be calculated every

sampling moment. Probability (i.e. significance

level) of onset of the brake pedal at the moment

was obtained by to comparing the TTC from the

sensors and the probability distribution of the node

“TTC of onset of braking”.

If the driver stated brakeing at the point of

51.8m from the intersection and the velocity was 59

km/h then, the calculated probability was less than

10% that the event occurred later than this moment

(TTC and velocity), so this cloud be regarded as the

deviated behavior (figure .6(d)). In such a

situation, the appropriate assistance (e.g.. warning

to facilitate the strong braking or increasing the

gain of brake servo preparing for the next

emergence braking) could be performed.

CONCLUSIONS

 

In order to develop “Personalized Driving

Assistant System”, it is necessary to take consider

in individual driving characteristics. Thus, each

characteristics of driving behavior is had to be

extracted from measured driving data.

We have developed the equipped vehicles for

the purpose of measuring the driving behavior.

And we measured driving behaviors on the public

road. The behaviors were accumulated to the

database.

Bye using the database, we modeled the

stopping driving behavior data using Bayesian

network. We proposed the method for detecting

the deviated behavior using the Bayesian network

that could be applied to driving assistance system.

In the future, we will add effects of the lead

vehicle and the crossing vehicle to the driving

behavior model. This model will be base of the

“Personalized Driving Assistant System.”
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Abstract

Our work is dealing with lane markings detection and the
vehicle location. We will show how computer vision can
improve the accuracy of the determination of the vehicle
position in a map by GPS and proprioceptive sensors. An
efficient method for locating vehicle by cameras, proprio-
ceptive sensors and GPS has been developed and demon-
strated in an outdoor experimental track in real time. The
system is designed to a well structured road with lane
markings. It merges proprioceptive measurement, GPS
location and images analysis information with use of a
non linear dynamic model(Kalman Filter). The perfor-
mance of the system is shown in the experimental track
with a processing frequency of 15 Hertz and the error of
the location is±5cm.

1 Introduction

To locate the vehicle is a key level of every advanced driv-
ing assistant systems that are designed for many purposes:

• provide users with vehicle geographic position,

• help users with adapted driving instruction,

• provide users with a full or partial autoguidance pos-
sibility.

The large amount of sensors or systems that can help
in vehicle location encourages researchers to investigate
more in such a location systems. The widely used Global

Positioning System(GPS) gives location in an absolute
coordinate system(Lambert’s coordinate system). GPS
can be used in several different modes that provide differ-
ent kind of accuracy. The higher accuracy is reached with
Real Time Kinematics mode (RTK). But many conditions
can affect the result.(SA effect, high buildings or trees)
GPS depends strongly on the external condition. Proprio-
ceptive sensors only measure variable that depends on the
vehicle’s engine (speed, acceleration, rotation angle). To
estimate the position of the vehicle (the position (x,y) and
the vehicle courseθ, we must integrate measurement at
each moment. This implies an important accumulation of
error on the result. To estimate locale vehicle position by
using exteroceptive sensors, many algorithms were pre-
sented by using computer vision [2], [3], [4]. Most of
them, are using cameras looking forward. Such a sys-
tem’s performance depends on many kind of perturbations
(light, shadows, occlusions). A serious study must be
done to design a robust algorithm [8]. To robustify the ve-
hicle location system, Fusion methods are used [5]. Here,
we will propose to merge the measurement provided by
these systems. The presented system will be able to take
into account advantages and drawbacks of each kind of
sensor. In the first part, we will describe an algorithm
that uses cameras positioned laterally at each side of the
vehicle for line detection. In the second part, a non lin-
ear Kalman based algorithm that merges information from
different sensors (GPS, INS, GPS and Map-Matching, im-
age processing...) is presented. This allows us in the final
part to compare the different solutions and show how im-
age analysis algorithms can help and improve the vehicle
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location with other sensors.

2 The lateral camera system and
lane-marking detection

The system needs two cameras positioned in each side
of the vehicle looking at the region of the road near the
vehicle.(Figure 1 and 4).

Figure 1: The cameras are placed outside of the vehicle.

Both images analysis and the sensor fusion method are
implemented in an embedded bi-processor computer as
shown in figure 2.

Figure 2: The on board bi-processor computer in the
LIVIC vehicle.

2.1 Cameras position and associated coor-
dinates systems.

To determine the local position of the lane marking, we
need to introduce first some coordinate systems. For the
image description we need an image coordinates system
(u, v).(Fig 3) For each camera, we have a coordinate sys-
tem for the description of the detected lane marking of
each side of the vehicle.(Fig 4)

Figure 3: The image coordinate system.

Figure 4: The coordinates systems associated to lateral
cameras.

3 The lane-marking detection

3.1 algorithm of features extraction

This extractor uses two main characteristics of the lane
marking:

• the high intensity of the pixels belonging to the lane
markings,

• the width of the lane markings which is constant.

The main idea of this algorithm is to take into account
the lane marking’s width. With the perspective, this
lane marking’s width in the image decreases when the
distance between vehicle and the marking increases.
Actually, we can show that the markings width decreases
linearly to zeros when it reaches the horizon line in the
image.(Figure 5)
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Figure 5: For the same kind of lane markings, the width
of their images depend on the distance of the marking to
the camera. In the picture,d1 > d2 andv1 andv2 are the
coordinates of the centers of the two marking.

First, the extractor computes intensity gradients of a value
higher thanS0 and then searches for a pair of positive and
negative gradients within a range[S1, S2]. The goal is
to obtain the maximum number of features really on the
lane-markings and at the same time to reduce as much
as possible the number of outliers, knowing that in any
case the problem of outliers is tackled by the robust fit-
ting algorithm of lane-markings. In order to not miss any
feature, even in adverse lighting conditions, we have to
setS0 as small as possible and to analyze the whole im-
age to initialize the detection. It is always possible to
limit the analysis in areas of interest thanks to a dynamic
shape tracking. Fortunately, the proposed extractor is fast
enough to be applied on whole image. For each line im-
age, letuinit be the first position for which a gradient is
greater than the thresholdS0, ucurrent is the position of
the current analyzed pixel. A lane-marking feature is con-
sidered to be detected in the image line ifucurrent - uinit

is within the range[S1, S2] whereS1 = C1(v − vh) and
S2 = C2(v−vh). We can notice thatS1 andS2 vary when
we modify the coordinatev. S1 andS2 are very impor-
tant for removing many of the outliers, and thusC1 and
C2 have to be chosen carefully.C1 andC2 can take into
account different kind of errors such as small variations of
marking width, errors on camera calibration. Here is the
algorithm:

1. Calculate gradientG(pixInit)

2. If G(pixInit) > S0 then

• pixCourant = pixInit + 1;

• I = Intensity(pixInit) + G(pixInit)
2

;

• While Intensity(pixCourant) > I and
pixCourant < sizeXImage
pixCourant = pixCourant + 1;

• If pixCourant ∈ [S1, S2] Then a marker is de-
tected.

• Return the centre of the marker axis:
(pixCourant+pixInit)

2

• pixInit = pixCourant + 1, return to 1,

• else,pixInit = pixInit + 1, return to 1,

3. else,pixInit = pixInit + 1, return to 1.

3.2 Features extraction result

Figure 6: Top left: Original image of a road. Top right:
result of Prewitt’s filter. Bottom left: result of Canny fil-
ter. Bottom right: result with our lane-marking features
extractor. It is only with the proposed extractor that the
high light area is removed.

The classical edge filters detect lane markings but also ev-
ery shadow or high light edges. By taking into account the
marking’s width, only a few outliers due to the high light
area are detected. Moreover the lane-marking is com-
pletely extracted.(Fig 6)

Ieng 3



3.3 The choice of lane-marking model

Many lane markings and road model were proposed.
When the camera is looking forward, the road shape is
very important, 2D curves or 3D curves are then useful.
The drawback of this kind of model is the lack of accuracy
on the distance estimation and the system is very sensitive
to light variation. But in our case, only a very local part
of the lane marking is seen. In this scale, The detected
feature contains less noise and the effect of light variation
is weak. We can assume that, locally, lane marking is a
straight line.
Let us write the equation of a straight line in the moving
road coordinate system (Fig 4):

y = Sx + D (1)

If we setx = 0, D represents the distance between vehicle
and the lane marking. The slopeS represents the tangent
of the angleφ.(Fig 8) To estimate these two values,φ and

Figure 7: Each time, the system analyses two images of
lane marking.phi represents the relative course angle of
the vehicle,P1 andP2 are distances of the lane markings
to the vehicle.

P we can use a hough transform algorithm but we have
developed an iterative reweighted least square algorithm
presented in [8] that can estimate more complex curves.

3.4 The lane markings position estimation
result.

We first, show some results of theφ andP estimation with
a video sequence. The detection is presented by straight
lines.

Figure 8: Examples of a video sequence taken during a
test of the system. Dark lines represent the center of de-
tected lane marking.

4 Vehicle location system.

4.1 Kalman based algorithm that merges
sensors measurements.

The dynamic system that handles sensors measurement is
a non linear system. It is used in a extented Kalman filter.
Let us first introduce some notations:

• Xk = (x, y, θ) system’s state vector at the moment
k,

• Xk+1/k is the predicted vector at the momentk + 1
knowing the estimation at the momentk,

• Uk command vector at the momentk,

• Vk system state noise,

• Yk measurement vector at the momentk,

• Wk measurement noise at the momentk,

• f(Xk, Uk) represents the non linear evolution of the
system,

• h(Xk) represents the estimation process,

• Pk+1/k is the covariance matrix on the prediction
step forXk+1/k,
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• Pk/k is the covariance matrix on the estimation step,

• Rk is the covariance matrix on the state,

• Qk is the covariance matrix on the measurement er-
ror.

The Kalman filter is defined by the following equations
system.

{
Xk+1 = f(Xk, Uk) + Vk prediction equation
Yk = h(Xk) + Wk estimation equation

(2)

The prediction equation describes the theoretic system
model. In our case, the system is a vehicle. The esti-
mation equation depends on the sensors used. This can
represent vehicle position or any function depending on
it. In the following section, we will give details about
sensors and the appropriate functionsf andh. Here is the
algorithm:

1. initialisation step: the Kalman filter algorithm is a recur-
sive algorithm that needs initialisation. In our tests, we
will initialise the algorithm with GPS. Assume here that
the initial state isX0/0 and its covariance matrixP0/0.

2. prediction step: the prediction for the momentk + 1
is computed by the prediction equation:Xk+1/k =
f(Xk/k, Uk) The perturbation is taken into account in the
calculation of the covariance matrix. To compute this ma-
trix, we must first calculate thef ’s gradient∇f(Xk/k) =
Fk/k because the model is non linear. The covariance ma-
trix is then defined by

Pk+1/k = Fk/kPk/kF t
k/k + Rk (3)

3. estimation step: this step will compare the measure-
ment Yk from any sensor and the predictionYk+1/k =
h(Xk+1/k). As h may also be non linear, we must com-
pute:∇h(Xk+1/k) = Hk+1/k. The error is then calcu-
latedεk+1 = Yk+1 − Yk+1/k.The correction is then made
through the gain matrix:

Kk+1 = Pk+1/kHk+1/k[Hk+1/kPk+1/kHt
k+1/k+Qk+1]

−1.
(4)

The estimated vector is then

Xk+1/k+1 = Xk+1/k + Kk+1εk+1. (5)

We associate to this estimation the covariance matrix [1]

Pk+1/k+1 = (I−Kk+1Hk+1/k)Pk+1/k(I−Kk+1Hk+1/k)t

+Kk+1Rk+1K
t
k+1 (6)

This algorithm can handle several sensors. The only
requirement is to provide measurement and the covari-
ance matrix that gives the quality of the measurement. In
the estimation step, a measurement from a sensor will be
compared to prediction result, but also, the confidence on
this measurement expressed by the covariance matrix is
taken into account in equations ( 4) and ( 6). Equation
( 4) can be seen as a weight given to the measurement.
When a measurement has a good confidence, the effect of
Kk+1 is important in the update equation ( 5) This confi-
dence can be represented by ellipsoid (figure 9).

Figure 9: The confidence of the measurement is given by
the covariance matrix.

We will see in the following part, how the algorithm han-
dle sensors separately or together. The covariance matri-
ces provided by sensors key

4.2 Using a map as location reference

We need a map of the track as reference of the vehicle
location.

4.2.1 Design of the digital Map of the experimental
track.

The map of the experimental track is built with topo-
graphic measurement. We start with the choice of some
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referential points at the center of the lane. When the track
is locally a straight line, the distance of two consecutive
points is twenty meters. And in the curved portion of
the track, this distance is five meters. The position of
the track’s points are saved on a file. The available posi-
tion the points and lane course are(xtrack, ytrack, θtrack)
(Figure 10).

Figure 10: The map of experimental track in the Lam-
bert’s coordinate system.

Locally, the track is then approximate by straight seg-
ments. Each segment is described by the couple
(ρseg, θseg) in the straight line equation:

xcos(θseg) + ysin(θseg)− ρseg = 0 (7)

5 Location by proprioceptive sen-
sors in the Kalman prediction
step.

Proprioceptive sensors measure the state of the vehicle.
This is the reason why the measurement is never affect by
external conditions. For that reason, these measurements
are used in command vector of the Kalman systemUk. In

Figure 11: The lane marking is composed of a set of
straight segments described by de equation (7).

our vehicle two kind of sensors are available: topometer
and inertial sensor (INS). They provide the distance and
the rotation speed of the vehicle.

Uk =
(

∆dk = dtopo,k − dtopo,k−1

∆ωk = rINS,k(tk − tk−1)

)

We are going to present briefly, the vehicle model used
in the system, but this is not our topic. The vehicle is rep-
resented by its inertial center. The evolution of the vehicle
is described by the equation:

Xk+1 = f(Xk, Uk) =




xk + ∆dk cos(θk + ∆ωk

2 )
yk + ∆dk sin(θk + δωk

2 )
θk + ∆ωk




(8)
Topometer gives distance every 0.19 meter. We define

then the measurement variance asV arTopo = 0.192. The
gyro of the INS measure the rotation speedr with an off-
set of10−3 and a variancevar = 8.10−6, angle variation
varianceV arangle = var∗∆t2 is then the variance of ve-
hicle angle variation measurement. The covariance matrix
of the command is

Rcommand =
(

varTopo 0
0 varangle

)

(Bruit de l’etat pas d’explication)

Rsystem =




0.12 0 0
0 0.12 0
0 0 0.13 ∗ π

180
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As the system is non linear, we must calculateFk =
∆xf(Xk, Uk) andBk = ∆Uf(Xk, Uk) The prediction
covariance matrix is then given by

Pk+1/k = FkPF t
k + BkRcommandB

t
k + Rsystem

The kalman filtering can be used without estimation step,
but the bias is growing with the distance. The test on the
track is presented in the experimentation part.

6 Location by GPS in Kalman esti-
mation step

6.1 On the measurements provided by GPS

The measurement is the absolute position of the vehicle
(x, y). The precision depends on the mode of the GPS.
The receiver switches automatically to the best one when
this is available.

• In the RTK mode, the precision reaches several cen-
timeters when the received signal is perfect. But this
mode needs another fixed receiver to provide any
measurement.

• The DGPS mode provides a less accurate measure-
ment. But it doesn’t need a fixed receiver. Only 3
satellites are needed during the initialisation.

The vehicle orientationθ must be calculated by using the
previous value or given by proprioceptive sensors. The
error of theθ estimation grows during the calculation. We
must to take into account this error with this kind of sen-
sors. We must also keep in mind that the GPS measure-
ment is provided with a little delay (near300ms).

6.2 GPS measurement integration in the
Kalman estimation step.

Before using GPS measurement in our system, we must
define the covariance matrices for different modes of
GPS.

GPS precision mode Covariance MatrixQGPS

31 centimetric

(
0.042 0

0 0.042

)

32 submetric

(
52 0
0 52

)

9 metric

(
52 0
0 52

)

0 decametric

(
102 0
0 102

)

As GPS doesn’t provide the vehicle courseθ, only (x, y)
is measured here. Then

Yk =
(

1 0 0
0 1 0

)
Xk

Let us note

Hk =
(

1 0 0
0 1 0

)

We must replacehXk+1/k
by Hk+1k

in the step of estima-
tion of the Kalman filter.

7 Location by Cameras in Kalman
estimation step.

7.1 absolute location with cameras and
Map.

Image analysis provide only local measurement. To ob-
tain an absolute vehicle location, we use a simple map-
matching technique [6]. The distanceD measured by im-
age analysis algorithm is defined in the equation 1. We
must calculate the distance of the lane marking to the ve-
hicle gravity centerG, DG thanks toD. First, we can
expressed the lane marking’s position withD in the sys-
tem coordinateR presented in :L = (0, D, 0)t Let us
note:

• xc the position of the camera on the longitudinal axis
of the vehicle,

• yc the position of the camera on the lateral position
of the vehicle,

• θc the orientation of the camera with respect to the
vehicle longitudinal axis.

Ieng 7



• Xc = (xc, yc)t

(see figure 12)

Figure 12: The camera’s position is very important in
measuring the distance of the vehicle to the lane marking.

We must first calculate the lane marking position on the
absolute coordinate system. The position of the camera
is then very important (figure 12). The position of the
lane marking detected by the camera is calculated by the
following formula:

Xlane = RvehicleRcameraL (9)

WhereRvehicle is the rotation matrix with the angleθ,
Rcamera is the rotation matrix with the anglethetac.
To compare predicted vehicle position and the vehicle po-
sition derived from cameras detection, we measure the al-
gebraic distance ofXlane to the straight line given by the
equation (7). The functionh defined in the kalman sys-
tem is then:h(Xk) = xkcos(θseg) + yksin(θseg)− ρseg

By linearizingh(Xk) we obtain the matrixHk. The gain
matrixKk is defined by

Kk = PHt
k(HkPHt

k + Rk)−1

Rk corresponds to the covariance matrix provided by the
lane marking position estimation by the image analysis
algorithm [8].

8 On merging Sensors measure-
ment and experimentation.

In this section, we are going to compare several combi-
nations of different sensors. We will show through this
comparison, how efficient result we can obtain when we
merge different kind of sensors together. We propose to
combine:

• topometer and inertial sensor. The Kalman filter is
only using its prediction mode in this case,

• topometer, inertial sensor and GPS. The prediction
will be done thanks to topometer and inertial mea-
surement and the GPS information is used in estima-
tion step,

• finally, we add to this last system, our lane marking
detection by image analysis.

The experimentation is done on the track we have pre-
sented. We have tested on line our system. The measure-
ments are saved at the same time.

8.1 topometer and inertial sensor.

The accuracy of the vehicle position is calculated during
the test on the track, it is shown in the table below.

error of the vehicle position distance
0.5m 31m
1.0m 97m
2.m 183m

Figure 13: The accuracy of the prediction decreases with
the distance. The vehicle’s path does not match the exper-
imental track.

We can plot the vehicle position estimated by the kalman
prediction without any estimation step. This result show
proprioceptive sensors can not be used alone (figure 13).

8.2 combination of topometer, inertial and
GPS

The fusion of sensors allows us to use prediction and es-
timation steps of Kalman filter. The result depends on the
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GPS mode. The drawback is the very frequent change
of the GPS mode due to the loss of the GPS signal qual-
ity when the vehicle is near an obstacle. The figure (14)

Figure 14: The vehicle’s path seems now to be accurate.
But if we zoom the image, we notice some estimation er-
ror. The vehicle’s position is not on the track.

shows a better result when we use GPS with propriocep-
tive sensors. But this accuracy is not enough if we want
to get a very accuracy vehicle position estimation.

8.3 combination of topometer, inertial, GPS
and cameras.

Figure 15: By using cameras information, the vehicle po-
sition estimation has a higher accuracy. The vehicle’s path
fits the track. In the second image, we notice that the iner-
tial center of th vehicle are positioned nearly at the center
of the road.

We can obtain an accurate vehicle’s position estimation, if
the vehicle lateral distances to the lane markings of both
side of the vehicle are available. This information is only

provided by cameras. By comparing figures 14 and 15,
we notice the vehicle is positioned at the center of the
lane when cameras detection is available. Without cam-
eras, the vehicle seems to be out of the lane. When the
GPS mode is RTK, the location is very accurate (error of
±0.05m), this accuracy allows us to detect some manoeu-
ver of the driver (figure16).

Figure 16: Thanks to the lateral position of the vehicle on
the road, driver’s manoeuver is detected.

9 Conclusion

The algorithm presented in this paper provides us with a
very accurate vehicle location on the road. This allows us
to show how powerful is a system that uses different sen-
sors. Here, proprioceptive sensors, GPS,and cameras are
used. The results obtained by our experimentation proves
that computer vision has a key part in such a system. The
main result is certainly the importance of the fusion algo-
rithm that allows us to merge different kind of measure-
ments.
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ABSTRACT

There is increasing concern about accidents involving
young children being run over by slow moving
vehicles, particularly in private driveways. The Motor
Accidents Authority of New South Wales co-
ordinated and funded the initial investigations into
this problem.

Measurement of the rearward field of view for a
range of popular passenger vehicles revealed most
had a very poor view of objects the size of toddlers
behind the vehicle. This was the case with
conventional sedans as well as sports utility vehicles
that are generally over-represented in this type of
accident.

Two vehicle-related countermeasures were examined:
proximity sensors that warn the driver when an object
is behind the vehicle and visual aids such as video
cameras. Theoretical analysis shows that, in order to
be able to stop in time, the reversing speed in km/h
should be no more than twice the detection distance
in metres. Proximity sensors that are designed as a
parking aid have a typical detection distance of 1.5m
and so the maximum reversing speed is 3km/h. This
is likely to be too slow for typical driveway situations
but, with simple technology, longer detection
distances are likely to be associated with too many
false alarms.

Initial results suggest a combination of proximity
sensors and video camera would provide the best
assistance to the driver although the technology is
improving rapidly and other solutions are possible.

A method of assessing and rating the rearward field
of view of vehicles has been developed by the
Insurance Australia Group and the results for popular
vehicles in Australia are presented.

INTRODUCTION

In recent years the problem of young children being
struck by reversing motor vehicles has come to
attention. Many of these accidents occur on private

property and therefore are not recorded in road
accident statistics. A special effort is needed to
determine the number and characteristics of these
accidents. Such an investigation was initiated by the
Motor Accidents Authority of NSW (MAA) in
response to initial findings of the Child Death Review
Team. The results of those initial investigations are
described by Henderson (2000). Briefly, in New
South Wales between January 1996 and June 1999,
17 children were killed by reversing motor vehicles
on private driveways. Many were toddlers (2 to 4
years old) and the number of deaths in this age group
was similar to the number occurring on public roads
(in all types of pedestrian accidents - not just
reversing motor vehicles) during the same period. In
other words, private driveways are as hazardous as
public roads for toddlers. Large four-wheel-drives
(4WDs) and commercial vehicles appeared to be
over-represented in the accidents.

In 2002 the Australian Transport Safety Bureau
issued a report on driveway child fatalities (Neeman
et al (2002). This was in agreement with the earlier
work, reported by Henderson.

A range of behavioural and environmental
countermeasures have been suggested to reduce the
risk of young children being run over by reversing
motor vehicles. The Henderson report identified
some vehicle-related countermeasures that might be
utilised to address the problem. This included
proximity sensors that alert the driver when an object
is detected within a certain distance of the rear of the
vehicle and visual aids that give the driver an
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Figure 1. Illustration of the blind zone behind most
vehicles
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improved rearward field of view. The MAA therefore
commissioned further research on vehicle-related
countermeasures. This paper sets out the results of
that research and subsequent developments. The
work is reported in detail by Paine and Henderson
(2001).

METHODS

The MAA project involved the following activities:

a) A review of technology for proximity sensors
and visual aids that might address the problem of
children being run over by reversing vehicles.

Automotive engineering, sensor technology and
occupational safety literature and websites were
reviewed. Suppliers of potential equipment and
researchers in the field were contacted for additional
information.

b) Measuring the rearward field of view of a
range of vehicles.

A vacant factory was leased. The floor and
walls were marked with a distinctive grid.
Arrangements were made for a total of nine
vehicles to attend the site. For each, the
rearward field of view from the driver's eye
position was photographed and the
extremities of that view were measured (as
projected onto the factory wall or floor). The
resulting co-ordinates were mathematically
transformed into a contour map of the limits
of visibility of objects of nominated height at
the rear of the vehicle. For the analysis, object
heights of 600mm, 800mm and 1 metre were
chosen. Figures 2a and 2b show the test setup.

c) Theoretical investigation of the dynamics
of the situation to establish required
detection distances.

The analysis considered the initial speed of
the vehicle, the distance at which the sensor
detects an object (such as a child) and sounds
the alarm, the time it takes the driver to react
to the alarm and apply the brakes, and the
braking distance. Using a technique described
by Williams (1999), a distribution of "alert"
driver reaction times was used to derive
"probability of collision avoidance" for a
range of initial speeds and sensor detection
distances (Figure 3).

d) Acquiring and evaluating sample
proximity sensors and visual aids.

Three ultrasonic and one microwave ("radar")
proximity sensors were acquired. These were
evaluated using the grid on the factory floor -

the tester approached the rear of the vehicle along
marked longitudinal lines and noted when the alarm
first sounded. This produced a horizontal detection
pattern for each device. The vertical detection pattern
was also evaluated.

Four types of visual aid were evaluated: two types of
wide-angle lens that attach to the rear window, a
convex mirror mounted externally over the rear
window and a basic video camera and monitor with
the camera mounted on the back window. The
performance of each visual aid was evaluated using
the grid on the factory floor and a 600mm high test
cylinder (approximately the shoulder height of a
young toddler – see Figure 2b).

Figure 2a.  Example of the view to the rear from driver’s seat,
showing the marks on the factory wall and rear seat head
restraint.

Figure 2b.  General view of test layout showing test cylinder
(600mm high) and factory wall to rear of vehicle.
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e) Determining the improvement provided by these
devices when fitted to motor vehicles.

For one of the test vehicles the data about rearward
field of view was combined with data about the
detection pattern for the best proximity sensor and the
best visual aid (the video camera) to determine if all
critical blind spots were covered. Figure 4 shows the
results of that analysis.

RESULTS

Very little research appears to have been done on
vehicle-related countermeasures for reversing
accidents. The few relevant studies relate to
occupational safety in open cut mines. There is a
scarcity of information about the rearward field of
view from motor vehicles and methods of improving
this view.

Theoretical analysis showed that, even for an alert
driver, the detection distances were quite demanding.
Based on 95% avoidance, a rule of thumb is that the
reversing speed in km/h should be no more than
twice the detection distance in metres. Therefore for a
vehicle reversing at 8km/h the detection distance (at
which the driver is alerted to an object in the path of
the vehicle) should be no less than four metres.

Trials of a range of vehicles revealed that many have
very poor visibility of critical areas at the rear of the
vehicle. A test cylinder 600mm high was used to
simulate a standing toddler.  For the best vehicle that
was tested the cylinder was only visible when at least
3 metres from the rear of the vehicle. For a popular
large car it was only visible when 19 metres away.
Large four-wheel-drives were no worse than some
cars. Spoilers, rear seat head restraints, rear-door-
mounted spare wheels and some high-mounted brake
lights can greatly increase these distances.

Proximity sensors that are mainly intended as a
parking aid while reversing have been touted as a
child safety device but their effectiveness for this
purpose is questionable. Ultrasonic and microwave
devices are commercially available in Australia and
range in price from US$50 to US$400, but price does
not necessarily reflect performance.

Trials of proximity sensors revealed that their
detection distances were between one and three
metres - too short for typical driveway situations.
Although, in some cases, sensitivity could be
increased, this is likely to result in too many false
alarms and drivers would tend to ignore the warning.

Figure 3. Theoretical probability of collision avoidance for a range of detection distances and reversing
speeds.
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Trials of wide angle lenses and a convex external
mirror revealed severe limitations with the field of
view and quality of image. These devices are
unsuitable for avoiding collisions with toddlers.
However, a trial of a video camera system showed it

had the potential to give the driver a good view of
critical areas at the back of the vehicle.

A combined system that included a proximity sensor
and a video camera would cover all critical blind
spots at the rear of the vehicle.

Figure 4.  Performance of a combined system (proximity sensor and video system) fitted to a passenger van.
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DISCUSSION

No complete detection system was available for
evaluation at the time this work was undertaken.
Potential components of such a system were
evaluated separately and the results were combined to
give an estimate of the performance of a complete
system.

More work is needed on ergonomic aspects of the
system, including the location and size of a video
monitor and types of warning alarms. It is important
that drivers are not overloaded with spurious
information and that they heed a valid warning.

It is considered that a combined camera and
proximity sensor system could be a very effective
countermeasure to the problem of children being run
over by vehicles reversing in private driveways. The
commercial development of these systems should
therefore be encouraged, subject to the development
of a performance specification so that consumers
could be confident that the system worked as
intended. Such a system would also provide benefits
in other situations when the vehicle is reversing.

Irrespective of the availability of devices on vehicles,
driver and child carer education will be needed to
reduce the risk of toddlers being run over. The main
vehicle-related messages should be that toddlers are
extremely difficult to see if they are behind a typical
car or 4WD and that drivers need to be very cautious
and reverse very slowly, even if proximity alarms are
fitted.

Given the poor rearward field of view of popular cars
it appears that poor rearward visibility is not a
significant factor in the apparent over-representation
of 4WD vehicles in fatal accidents (Neeman et al
2002). Other factors might be:

• the increasing popularity of 4WDs as "family"
vehicles

• the increased risk of a child being crushed by the
large wheels of a 4WD, compared with a car and

• the relatively poor field of view to the side due to
the height of the driver, meaning that small
children can approach the danger zone at the
back of the vehicle without detection by the
driver.

SUBSEQUENT DEVELOPMENTS

Technology

Since the initial evaluations were conducted several
video systems have come onto the Australian market.
Some are quite innovative and include the display

screen built into the rear view mirror so that it only
becomes visible when reverse gear is engaged
(Figure 5). At other times it becomes a wide-angle
mirror.

There is a need to provide consumers with guidance
about the selection of suitable products. Some
proximity sensor advertisements suggest that the
product, by itself, will prevent driveway accidents
when this is clearly not the case with current
technology.

International developments

ISO Technical Report TR 12155 "Commercial
vehicles - obstacle detection device during reversing -
requirements and tests" was issued in 1994. In effect
it is an international "standard" but it is confined to
proximity sensors and vehicle speeds up to 5km/h. It
is therefore unsuitable for cars reversing on
driveways.

An ISO working group is currently working on a
similar standard for cars. The convener of Working
Group 14 of Technical Committee TC204, kindly
provided a copy of Standardization Working Draft
N308.1 "Extended Range Backing Aid Systems".
However, it is considered that the draft ISO standard
does not fulfil the need for the driveway safety issue.
Firstly it states that "Visibility enhancement systems,
such as video camera aids without distance warning,
are not covered by this standard." Secondly, although
it allows for proximity sensors extending out to 5m
and reversing speeds up to about 10km/h it is not at
all certain that any proximity sensors will be able to
reliably perform at this range without too many false
alarms. In particular, it does not provide for
discriminating between people and inanimate objects.
The draft seems to be providing for technology that

Figure 5.  Rear view mirror with built in display
screen for rear view camera.
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does not exist yet and might not be feasible for some
years. None of the proximity sensors evaluated to
date would comply with the draft standard.

It was concluded that the ISO developments, while
useful for some technical issues, would not provide a
mechanism for providing consumers with advice
about suitable systems based on existing technology.
Consideration is therefore being given to publishing a
suitable specification in Australia.

IAG ASSESSMENT OF REAR VISIBILITY

The Insurance Australia Group Rear Visibility Index
was developed to quantify the degree of rear visibility
available to the drivers of motor vehicles.  The test
procedure is both easily repeatable and standardised
to enable accurate comparisons to be made between a
range of vehicles.  The test procedure is centred
around:

i) A standard test cylinder

ii) A H-point measuring device

iii) A laser pointing device

iv) A standardised grid.

A cardboard test cylinder was constructed, which is
200mm in diameter and 600mm high.  These
dimensions represent the approximate shoulder
height of the average 2 year-old child.  It was decided
to base the cylinder on the shoulder height, as this
would allow the driver to discern the identity of the
object behind the vehicle.  The cylinder was similar
to the one illustrated in Figure 2b.

The H-point measuring device utilised for the testing
is based on the 50th percentile male and is 178 cm tall
and 77 kg in weight. Figure 5 shows this device.

The laser pointing device consists of a laser pointer
which is mounted on a camera tripod attachment head
and bolted to the H-point machine.  The head allows
movement of the pointer in both the vertical and
horizontal planes.  The pointing device is affixed to
the H-point machine so that it is approximately at eye
level.  This device can be seen in Figure 6.

The grid consists of 200mm by 200mm squares and
is used to measure a total area of 1.8m wide by 15m
long behind the vehicle being tested.

The testing procedure involves the following steps:

i) Record the vehicle’s identification
and specification details on the
measurement sheet.

ii) Ensure all front and rear head
restraints are in the fully down
position.

iii) Position the front driver’s seat in its
lowest and furthest back position.

iv) Place the H-point device in the
driver’s seat and adjust the tilt of
the seat until the back of the H-
point device is at 25 degrees.

v) Attach the laser pointing device to
the H-point machine.

vi) Position the grid behind the vehicle
such that is centred in relation to
the vehicle.

vii) Turn on the laser pointer and direct
the light beam through the rear
window.

viii) Place the cylinder in the grid and
determine whether the laser is
visible.  Record the result on the

Figure 5.  H-point Measuring Device

Figure 6.  Laser Pointing Device
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measurement sheet.
ix) Repeat step viii for all positions in

a 1.8m by 15m grid behind the
vehicle.

Once completed, these results are analysed and the

vehicle’s overall rating calculated.  This overall
rating is expressed as a “star” rating between 0 stars
and 5 stars, in half star increments.  The more stars a
vehicle obtains, the better the visibility behind the
vehicle.  Figure 7 shows sample results.

Figure 7.  Sample results of IAG assessments
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The ratings calculations take into account a
number of factors including:

i) the total visible area behind
the vehicle

ii) the visible distance across
the rear of the vehicle

iii) the presence of reversing
aids such as proximity
sensors and reversing
cameras.

Results of IAG assessments

In total, over 100 vehicles have been
subjected to rear visibility testing.  The
results for these vehicles are set out in the
Appendix. Some are illustrated in Figure 8.

Analysis of these results dispels the myth that
rear visibility is solely a problem associated
with 4WD vehicles, with some of the worst
vehicles being sedans.  Of the vehicles tested, the
worst vehicle would not allow the driver to see a two
year old child up to a distance of over 15 metres
behind the vehicle.  Even the best vehicle in the
Insurance Australia Group study had a “blind area” of
more than 2 metres behind it.

The Visibility Index highlighted that vehicle design
plays a major role in the rear visibility of vehicles.
Some design factors that influence the rear visibility
are:

i) high rear windows

ii) high bootlid

iii) rear mounted spare tyres

iv) rear head restraints

v) rear mounted brake lights

vi) rear mounted wipers

vii) rear spoilers.

A number of parking assistance devices were also
tested to determine their value in improving rear
visibility.  Testing found that if travelling at 5 km/h
or more, the proximity sensors had limited
effectiveness.  This, along with their potential to
produce “nuisance alarms” in situations such as
narrow driveways, means proximity sensors as the
only reversing aid are not a viable option to reduce
reversing accidents.  A more feasible system that
incorporates sensors with a wide-angle video camera
system could aid in reducing such accidents.
However, it should be noted that there is no substitute

for close parental supervision of children around
reversing vehicles.

CONCLUSIONS AND RECOMMENDATIONS

Our main conclusions are:

• Objective methods of measuring and rating the
rearward field of view of vehicles have been
developed

• Most cars and 4WDs have very poor rearward
visibility for detecting objects the size of toddlers

• Proximity sensors (parking aids) alone cannot
provide sufficient warning to drivers that a
toddler is in the path of a reversing vehicle.

• A video camera system can provide the driver
with a good view to the rear except, possibly, for
locations very close to the back of the vehicle.

• A combination of video camera and short-range
proximity sensor could cover all critical blind
spots at the rear of the vehicle.

• There is no substitute for close adult supervision
of children around reversing vehicles.

It is recommended that the commercial development
of a combined system of proximity sensor and video
camera be encouraged and that the voluntary fitting
such systems be promoted. More work is needed on
the ergonomic characteristics of such systems to
ensure that drivers respond to appropriate warnings
and that they are not overloaded with spurious
information and false alarms. The outcome of our
research should be taken into account in the
preparation of educational material aimed at reducing
child accidents on driveways.

Figure 8. Demonstration of the test results. The red patterns
show the area where the 600mm high cylinder would not be

visible to an average male driver.
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APPENDIX - RESULTS OF IAG REAR VISIBILITY TESTING OF AUSTRALIAN VEHICLES

Rank Vehicle Year Model

Minimum
Distance to
View Test
Object (m)

Test Object
Invisible Area -

m2

(out of 27m2)

Star
Rating

(out of 5)

1 Renault Clio Sport (3 Door Hatch) 01/02 - 2.0 4.0 4
2 Holden Barina (3 Door Hatch) 02/01 - 2.6 4.8 4
3 Suzuki Ignis (3 Door Hatch) 10/00 - 2.8 5.0 4
4 Mazda 121 Metro (5 Door Hatch) 10/96 - 2.5 5.5 3.5
5 Audi TT Roadster 05/00 - 3.0 5.8 3.5
6 Toyota Echo (3 Door Hatch) 10/99 - 2.5 5.8 3.5
7 MG-TF Convertible 09/02 - 2.9 6.0 3.5
8 Peugeot 206 (5 Door Hatch) 02/01 - 2.8 6.1 3.5
9 Kia Sportage 10/00 - 2.8 6.1 3.5

10 Ford Focus (Hatch - CL) 10/02 - 2.9 6.1 3.5
11 Jaguar XJ8 - (Sedan) 10/97 - 2.4 6.2 3.5
12 Peugeot 206 GTi (3 Door Hatch) 09/99 - 2.7 6.4 3.5
13 Volkswagen Transporter 10/99 - 3.6 6.5 3.5
14 Hyundai Getz (3 Door Hatch) 09/02 - 3.2 7.0 3.5

15
Mercedes. Benz SL500 –
With OEM Sensors

06/02 - 4.9 7.0 3.5
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Rank Vehicle Year Model

Minimum
Distance to
View Test
Object (m)

Test Object
Invisible Area -

m2

(out of 27m2)

Star
Rating

(out of 5)

16 Citroen C3 (5 Door Hatch) 12/02 - 3.1 7.1 3.5
17 Subaru Impreza RS (Sedan) 10/00 - 4.1 7.5 3.5
18 Honda Jazz (5 Door Hatch) 11/02 - 3.4 7.6 3.5
19 Holden Cruze (5 Door) 06/02 - 3.4 7.8 3.5
20 Nissan Pulsar (5 Door Hatch) 06/01 - 4.2 8.0 3.5
21 Nissan 350Z 03/03 - 4.3 8.2 3
22 Mazda 2 (5 Door Hatch) 12/02 - 4.2 8.3 3
23 Subaru Impreza WRX (Sedan) 12/02 - 4.7 8.4 3
24 Subaru Forester 06/02 - 3.9 8.6 3
25 Porsche 911 Carrera 08/02 - 4.8 9.2 3
26 Peugeot 307 (3 Door Hatch) 03/02 - 4.4 9.2 3
27 Honda Civic (5 Door Hatch) 11/00 - 4.4 9.4 3
28 Mazda 323 Astina 09/98 - 3.6 9.5 3

29
Ford Fairmont Ghia (Sedan) –
With OEM Sensors

10/02 - 5.9 9.6 3

30 Volvo V70 XC 09/00 - 4.3 9.7 3
31 Toyota Corolla (Hatch) 12/01 - 4.6 10.1 3
32 Toyota Corolla (Sedan) 12/01 - 4.9 10.3 3
33 Mitsubishi Lancer (Sedan) 10/98 - 4.9 10.4 3
34 Toyota Landcruiser (100 Series) 03/98 - 5.6 10.6 3
35 Mazda Tribute 02/01 - 4.6 10.8 3

36
Mercedes. S430 (Sedan) –
With OEM Sensors

04/99 - 6.3 11.3 3

37 Mercedes A160 (5 Door Hatch) 07/01 - 3.0 9.2 2.5
38 VW Polo (3 Door Hatch) 06/02 - 5.2 10.8 2.5
39 Nissan X-Trail 10/01 - 6.1 10.9 2.5
40 Toyota Hiace 01/97 - 6.2 11.1 2.5
41 Toyota Hilux SR5 10/02 - 6.1 11.2 2.5
42 Mazda Bravo Freestyle 11/02 - 6.2 11.2 2.5
43 Ford Falcon AU (Wagon) 09/98 - 10/02 6.5 11.6 2.5
44 Holden Rodeo (4X2 Crew Cab) 12/95 - 6.5 11.6 2.5
45 Ford Courier 11/02 - 6.7 12.1 2.5
46 Subaru Outback H6 (Wagon) 10/98 - 6.3 12.7 2.5
47 Hyundai Santa Fe 01/01 - 6.5 12.7 2.5
48 Ford Falcon BA (Sedan) 10/02 - 6.4 12.9 2.5
49 Holden Astra (5 Door Hatch) 09/98 - 6.8 13.2 2.5
50 Kia Rio 07/00 - 6.3 13.2 2.5
51 VW Caravelle (1991) 01/91 - 10/97 7.2 13.6 2.5
52 Hyundai Terracan 11/01 - 7.4 13.9 2.5
53 Toyota Hilux (4X2 Cab Chassis) 11/97 - 7.8 14.1 2.5
54 Saab 95 (Sedan) 10/02 - 7.9 14.1 2.5
55 Saab 93 2.0t – With OEM Sensors 11/02 - 9.2 16.8 2.5
56 Ford Transit Van 01/97 - 4.1 12.4 2
57 Daewoo Tacuma 11/00 - 4.6 12.5 2
58 Hyundai Trajet 07/00 - 5.6 13.1 2
59 Range Rover 08/02 - 5.0 14.0 2
60 Honda CR-V (Previous Model) 09/97 - 11/01 5.3 14.2 2
61 Ford Falcon AU2 (Sedan) 09/98 - 08/02 5.9 14.3 2
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Rank Vehicle Year Model

Minimum
Distance to
View Test
Object (m)

Test Object
Invisible Area -

m2

(out of 27m2)

Star
Rating

(out of 5)

62 Toyota Landcruiser (80 Series) 01/93 - 02/98 7.9 15.1 2
63 Toyota Camry (2000 - Sedan) 08/97 - 09/02 7.7 15.4 2
64 Holden Vectra (Sedan) 08/99 - 8.3 16.6 2
65 Holden Commodore Ute (VU) 12/00 - 9.3 16.7 2
66 Mitsubsihi Magna (Sedan) 08/00 - 9.7 17.5 2
67 Subaru Liberty GX (Sedan) 03/99 - 5.1 15.3 1.5
68 Nissan Pulsar (Sedan) 06/00 - 6.7 15.7 1.5
69 VW Caravelle (2002) 11/97 - 5.8 16.0 1.5
70 Toyota Camry (2002 - No Spoiler) 09/02 - 6.7 16.1 1.5
71 Toyota RAV4 (5 Door) 06/00 - 7.9 16.7 1.5
72 Subaru Liberty RX (Sedan) 03/99 - 5.2 16.7 1.5
73 Mazda Premacy 02/01 - 4.6 17.1 1.5
74 VW Golf (5 Door Hatch) 10/98 - 4.0 17.1 1.5
75 Ford Focus (Sedan - Ghia) 10/02 - 9.8 18.2 1.5

76
Jaguar S-Type R (Sedan) –
With OEM Sensors 11/00 - 7.7 18.8 1.5

77 Mercedes C-Class (Sedan) 08/01 - 10.6 19.0 1.5
78 Holden Commodore VY (Sedan) 09/02 - 11.5 21.2 1.5
79 Toyota Camry (2002 - Spoiler) 09/02 - 11.8 21.3 1.5
80 Toyota Tarago 06/00 - 9.0 18.1 1
81 BMW 320i Wagon 06/02 - 4.9 18.1 1
82 Audi Allroad 02/01 - 6.1 18.4 1
83 Honda Odyssey 03/00 - 5.5 18.5 1
84 Hyundai Accent (3 Door Hatch) 06/00 - 7.2 18.8 1
85 Toyota RAV4 (3 Door) 06/00 - 5.5 18.8 1
86 BMW X5 (3.0L) 10/00 - 10.2 19.9 1
87 Audi A4 Avant (5 Door Wagon) 09/02 - 8.9 20.0 1
88 Nissan Patrol 04/00 - 6.4 20.1 1
89 Toyota Avensis 12/01 - 8.5 20.7 1
90 Kia Carnival 09/99 - 9.3 20.7 1
91 Holden Commodore (VS ute) 03/95 - 12/00 10.5 20.8 1
92 Mazda 6 (Sedan) 09/02 - 10.3 21.5 1
93 VW Passat 05/01 - 7.5 21.6 1
94 Holden Commodore Ute (VY - SS) 10/02 - 12.6 22.7 1
95 Ford Explorer 11/01 - 10.8 22.8 0.5
96 Hyundai Elantra (5 Door Hatch) 10/00 - 10.6 22.9 0.5
97 Honda CR-V (Current Model) 12/01 - 9.6 23.5 0.5
98 BMW 325ti (3 Door Coupe) 02/02 - 12.6 23.9 0.5
99 Holden Combo 09/02 - 12.2 25.0 0.5

100 Holden Commodore (VX Wagon) 09/97 - 09/02 13.2 25.1 0.5
101 Mitsubishi Pajero 05/02 - 11.1 25.4 0.5
102 Mazda MPV 08/99 - 13.7 26.4 0.5
103 Holden Commodore (VX Sedan) 09/97 - 09/02 16.8 27.0 0
104 Land Rover Discovery 02/02 - 20.9 27.0 0
105 Toyota Prado 06/96 - 15.6 27.0 0
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ABSTRACT

Current Automatic Collision Notification Systems
(ACN) utilize deltaV as a simple predictor of injury
likelihood. When considered independently, this
single variable provides a general indication of injury
potential, yet it lacks specificity to adequately
distinguish between injured and uninjured occupants
in many cases. However, when additional crash
attributes are considered in conjunction with deltav,
the accuracy of injury predictions greatly improves.
The following paper presents two crash models of
varied complexity and compares their predictive
ability with predictions based on deltaV alone.

Within this paper, regression models are presented
which relate occupant, vehicle and impact
characteristics to two different injury outcome
variables. These are Maximum Abbreviated Injury
Scale Level (MAIS) and occupant Injury Severity
Score (ISS). The accuracy of proposed models are
evaluated using National Automotive Sampling
System/ Crashworthiness Data System (NASS/CDS)
and Crash Injury Research and Engineering Network
(CIREN) case data.

Cumulatively, the positive prediction rate of models
identifying the likelihood of MAIS3 and higher
injuries is 74.2%. Regression models which predict
ISS on a continuous scale correctly identify injured
occupants with a sensitivity of 86.1%. The predictive

accuracy of each model presented is compared with
deltaV alone to support the need for additional model
variables for use in future ACN systems.

INTRODUCTION

The National Highway Traffic Safety Administration
(NHTSA) has reported that 27 million vehicles were
involved in over 17 million crash events on US
roadways in 2000. During these events, an estimated
2 million occupants sustained injuries requiring
medical care, but only 1 in 8 sustained injuries that
were considered life threatening [1]. Although these
250,000 seriously injured occupants require the most
urgent medical attention, they are not easily
distinguished from the less severely injured using
current rescue protocols. This inability to distinguish
occupants at high risk for severe injury results in
costly delays in treatment and poor allocation of
medical resources.

A number of crash attributes have been recognized as
important indicators of injury potential, yet the use of
this information to improve rescue care has been
limited to date. In the event of a motor vehicle crash,
potentially injured occupants rely on passing
motorists or accessible cellular technology to initiate
a call for help. Once this call has been made, rescue
services verbally gather location and crash severity
data from callers in order to select and deploy rescue
services to the crash site. A study by Evanco et. al.
estimates a potential reduction of 3,069 rural fatalities
if notification times within one minute of the crash
are achieved [2]. Clark and Cushing estimate this
potential fatality reduction to be 1,697 for the 1997
fatally injured population [3].

Upon arrival to the crash, first care providers rely on
anatomical, physiological and mechanism criteria to
distinguish occupants who require trauma center care
from those who do not. In many cases, evidence of
severe internal injury is difficult to discern in the
field. A large number of crash involved occupants
are improperly transported to non-trauma center care
before the true severity of their injuries is recognized.

Conversely, many occupants are triaged to trauma
centers based on “High Suspicion of Injury” criteria
in the absence of definitive evidence of injury. In
this case, first care providers may choose trauma
center care based on their overall impression of an
occupant’s condition even if they do not meet any
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established trauma criteria. This use of paramedic
judgment greatly improves the chance that an
occupant who has sustained non-obvious or occult
injuries will receive necessary trauma center care. In
many cases, this practice taxes rescue and in-hospital
resources.

In Miami, Florida 60% of occupants triaged to the
Ryder Trauma Center under “High Suspicion of
Injury” criteria are discharged within 24 hours of
hospital arrival [4]. This suggests that better methods
to discern the seriously injured from uninjured in the
field may help to reduce the unnecessary use of
valuable medical resources.

In 1997, Malliaris et. al. propose the URGENCY
algorithm to predict the risk of serious injury in the
event of a motor vehicle crash [5]. The algorithm
processed crash conditions using logistic regression
models to predict the likelihood of AIS3 or higher
injury for crash involved occupants. A single
regression model was developed to predict injury risk
for all crash modes based on characteristics known to
be influential for injury outcome. This approach is
effective in the characterization of the interaction
between model variables; however, it assumes that
variations in crash attributes are equally influential in
all crash directions. The creation of distinct crash
models by impact direction is necessary to enhance
the predictive ability of predictive injury models.

The following paper supports further implementation
and enhancement of Automatic Collision Notification
technology to improve crash rescue care. Further
development of the URGENCY algorithm is
described and its predictive ability is documented
through an analysis of real world crash cases. Four
independent injury models by crash mode were
developed. Each algorithm was created in two levels
of complexity and tested for its accuracy. Model
performance is also compared with the use of deltaV
alone as an independent predictor of injury.

DATA SOURCES AND METHODS

For this study, National Automotive Sampling
System / Crashworthiness Data System (NASS/CDS)
crash data was used to develop models that predict
the likelihood of severe injury. Early versions of the
URGENCY algorithm are based on occupant level
data from NASS/CDS 1988-1995 while more recent
improvements are based on NASS/CDS 1995-1999
cases. Model testing and validation was performed
using NASS/CDS 2000 and 2001 data as well as
Crash Injury Research and Engineering Network
(CIREN) case files.

Both NASS/CDS and CIREN databases provide
cases where crash attributes and their corresponding
injury outcomes are known for each crash involved
occupant. NASS/CDS cases provide information
regarding crashes across all injury severities at a
national level while CIREN cases provide more
detailed investigations of occupant injury mechanism
for only the most severely injured crash population.

NASS/CDS 1995-1999 cases were processed such
that accident, vehicle and occupant level data are
linked for any crash involved occupant twelve years
and older. The analysis was performed for all
occupants in any seating position. For the purpose of
model development during this stage, only maximum
injury severity (MAIS) and overall occupant injury
severity (ISS) were necessary for processing;
therefore, injury level data was not linked.

Model variables were conditioned and categorized
into continuous or dichotomous variables classes.
Crash attributes, where multiple categories exist,
were recoded as single binary variables. Table 1
below shows a subset of model variables used in each
proposed model.

Table 1. Crash attributes Considered for
Regression Models

Variable Description
DELTAV Tot. DeltaV- High Severity Event
BELT 3-Point Belt Usage
BDPLY Airbag Deployment
MAXC1 Maximum Exterior Crush 1 (in.)
MAXC2 Maximum Exterior Crush 2 (in.)
NARROW Narrow Object Collision
INTRUS Intrusion Near Occupant (in.)
EJP Partial Occupant Ejection
EJC Complete Occupant Ejection
SQR_AGE Occupant Age Squared
STRIM Steering Rim Deformation
OCCHT Occupant Height (in.)
OCCWT Occupant Weight (lb.)
BMI Body Mass Index
FEMALE Occupant Gender
TRACK Seat Track Position
MULTI Multiple Significant Impacts
SEATPOS Seating Position

CIREN investigations consider only crash involved
occupants who are transported to one of nine Level I
trauma centers participating in the study or those who
are fatally injured during a crash. Case investigations
focus on fewer cases per year with significant
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emphasis on analysis of crash causation and injury
mechanism. Accordingly, CIREN case investigations
provide very detailed information regarding only the
most serious crash events. CIREN cases were used
primarily for recognition of injury patterns and final
model validation during this study.

CIREN crash variables were coded identically to the
NASS/CDS variables shown in Table 1. This allows
for direct application of NASS/CDS based
parameters to CIREN populations during validation.
Figure 1 shows a comparison of MAIS level per
crash involved occupant for NASS/CDS 2000-2001
as well as CIREN census data. It may be easily
recognized that the average severity of injured
occupants within the CIREN census far exceeds that
of the NASS/CDS dataset. The effect of this varied
distribution on model behavior will be discussed later
in this text.

NASS/CDS and CIREN Injury Distributions
(non-injured excluded)
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Figure 1. NASS/CDS and CIREN Injury
Distribution

Regression Modelling

Simple linear regression and logistic regression
techniques were used during this study to represent
observable relationships between a population of
independent parameters and dependant outcomes.
Each approach uses the Method of Least Squares to
generate a function describing the behavior of some
outcome variable in terms of a series of input
parameters. The primary difference between linear
regression and logistic regression techniques lies in
the form of the dependent outcome variable (i.e.
injury measure).

Simple linear regression fits data points in order to
predict outcomes which are unbounded or could have
any value (positive or negative). This technique was
used to linearly relate crash parameters to an ISS
value on a continuous scale. Equation 1 presents a
model containing two parameters (deltaV and age) as

they relate to a predicted ISS value for a given crash
configuration. During model fitting, values for the
intercept, β1 and β2 are generated forming a linear
function to best approximate ISS score based on
observed crash characteristics.

Eq. 1: agedeltaVInterceptISS **)( 21 ββ ++=

Alternatively, logistic regression models fit
relationships to predict the probability that a selected
event will occurred (yes or no response). This
approach, using the Principle of Maximum
Likelihood, yields a probability value on a scale
which is bounded by 0 and 1 (i.e. probability of event
occurrence between 0 and 100 percent). For this
study, the hypothesis that a crash event will result in
an MAIS3 or higher injury based on input parameters
is tested. Equation 2 below defines the relationship
between input parameters and the intermediate
parameter w. When substituted into Equation 3, this
parameter yields the maximum likelihood that an
MAIS3+ injury will occur.

Eq. 2: agedeltaVInterceptw **)( 21 ββ ++=

Eq. 3:
))exp(1(

1
)3(

w
MAISP

−+
=+

The relationships shown above (Equations 1, 2 and 3)
can be expanded to include additional crash
descriptors that are known to be influential to injury
risk. If a variable is significant to the modelled
outcome, the addition of that parameter to the
regression equation should enhance the predictive
ability of the model. In some cases, however,
additional model parameters do not lead to significant
increases in model accuracy. Therefore, model
parameters should be judiciously selected. During
this study, variable selection was performed through
an iterative analysis of model accuracy while
parameters were added or removed from each.
Details of this process have been previously reported
[6].

INJURY PREDICTION BASED ON CRASH
CHARACTERISTICS

In order to quantify the level of injury sustained by
occupants involved in motor vehicle crashes, a
consistent and meaningful measure of injury severity
must first be selected. The scoring system must
provide a clear indication of the most severe injury
level sustained so that injured occupants may receive
the most appropriate medical care in the post crash
phase. At the same time, this scale must accurately
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reflect the total amount of crash energy to which an
occupant was exposed during a crash event.

As shown in Figure 2, the risk of MAIS3+ injury
(vertical markings) increases in a nonlinear fashion
with respect to deltaV. When accurately calculated,
deltaV provides a good indication of the kinetic
energy of the vehicle/occupant system before impact.
Dissipation of this energy and the degree to which an
occupant is subjected to it directly relates to the level
of trauma an occupant is likely to sustain.

Mean MAIS vs. Mean ISS vs. %MAIS3+
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Figure 2. Injury Severity Distribution by DeltaV-
Mean MAIS Value and ISS

MAIS

The Abbreviated Injury Scale (AIS) is a well
established measure of trauma per injury sustained
during a crash. It measures the physical disruption of
tissue due to the ill effects of impact energy. An AIS
score is assigned to each discernable injury across all
body regions and provides an indication of the threat
to life due to a specific injury. The highest AIS or
Maximum AIS value (MAIS) has been used by many
to represent the overall severity of injury sustained by
an occupant. This measure indicates the extent of
occupant injury and the corresponding level of
required medical care; however, it does not
adequately account for all injuries sustained across
the entire body. If multiple occurrences of harmful
occupant loading take place, reporting a single MAIS
value does not adequately gauge the total trauma
experienced by an occupant.

ISS

The Injury Severity Score (ISS), was proposed by
Baker in 1974 to account for the effect of multiple
injuries on mortality risk [7]. The group studied a
population of motor vehicle crash victims and found
that mortality increased disproportionately with AIS
rating of the most severe grades. They proposed that

the risk of mortality could be better correlated using a
quadratic equation. The Injury Severity Score is
calculated by summing the squared AIS values for
three of the most severely injured body regions is
shown in Equation 4 below.

Eq. 4:
2

3max

2
2max

2
1max

)]([

)]([

)]([
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regionAIS

regionAISISS

+

+=

Unlike the MAIS level, ISS provides an indication of
the total loading or trauma sustained by the human
body by including the three highest body regions and
their severity in its calculation.

Figure 2 shows the mean value for MAIS and ISS for
all crash modes as a function of deltaV.
Superimposed on this plot is the percent of MAIS3+
injuries which are sustained within each deltaV
range. The average MAIS score, indicated by the
solid bars, increase linearly with respect to the deltaV
range while the rate that MAIS3+ injuries occur
increases in a non-linear fashion. ISS better follows
the rate of serious injury (MAIS3+ injury risk) with
respect to deltaV.

Similar behavior of the average ISS and the severe
injury risk suggests that ISS may be a better measure
of injury severity for models based on deltaV and
crash energy. The ISS score also provides a
graduated scale which accounts for injury severities
that may extend beyond the single most severe injury
(as suggested by MAIS). This hypothesis is
evaluated below.

Within the following sections, logistic regression
models indicating the likelihood of MAIS3+ injury
and simple linear regression models predicting ISS
score are presented for two levels of model
complexity so that the relative accuracy of each
approach may be understood.

DeltaV Threshold

Currently, ACN systems utilize a single deltaV value
to initiate a rescue call in the event of a crash. In
general, the threshold for ACN calls corresponds with
the approximate deltaV value where airbag systems
deploy. Based on an investigation of the univariate
relationship between separate crash attributes and
injury, deltaV provided the most meaningful estimate
of occupant exposure to potentially harmful crash
energy compared to other variables [6]. For this
reason, its use as an indicator of injury risk in the
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absence of other crash information is useful. Used
independently, a single cutoff deltaV can be selected
where all occupants involved in crashes exceeding
the chosen value would be considered potentially
injured by ACN systems. Conversely, a call for help
may not be initiated below this threshold value.

When NASS/CDS crash events are classified as
serious or non-serious based on a single deltaV value,
a series of correct and incorrect classification rates
result. As the deltaV threshold level is varied, the
ratio of correct to incorrect injury classifications also
changes.

The accuracy of each selected deltaV threshold was
judged based on the percentage of correct indications
of a high risk of injury within a given population.
This value is known as model sensitivity. The
accuracy of this model can be further characterized
by its ability to correctly predict when an injury has
not occurred. This characteristic is known as model
specificity. For a given population of data, Table 2
indicates the four possible classifications of an event
based on observed vs. predicted injury values.

Table 2. Classification Table for Evaluation of
Model Accuracy

Uninjured Injured
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Model sensitivity, as shown in Equation 5, is defined
as the number of correctly identified injured
occupants divided by the complete population of
those injured. A sensitivity of 75% would indicate
that three quarters of all those injured were correctly
identified. While one quarter of the injured
population were incorrectly flagged as uninjured. The
specificity of a model, as described by Equation 6,
indicates the percentage of a population which is
correctly diagnosed as uninjured when they are
indeed not injured. Ideally, high sensitivity and high
specificity are desirable for a particular cutoff value
for a predictive model.

Sensitivity and specificity values provide an
indication of the ability of a model to predict an

outcome based on a selected probability threshold. If
the probability considered to be an indication of
injury was lowered, more occupants would be
flagged as injured. In some cases, the injury
probability calculated using by logistic regression
models may exceed the injury threshold for
occupants who are not injured. This would be a false
positive indication and would reduce model
specificity. Conversely, if the probability threshold
were raised, it is possible that a model prediction for
an injured occupant may not reach or exceed the
injury threshold value. This injured occupant would
be improperly classified as uninjured and a false
negative indication would result. This improper
classification would reduce model sensitivity.

As probability threshold values are varied from 0% to
100%, the number of correct and incorrect
classifications can be established for each possible
cutpoint. One method to evaluate the overall
performance of a model is to plot the sensitivity
versus 1-specificity for each threshold. This form of
binary result presentation is called Receiver
Operating Characteristic curve or ROC curve. A
perfect model will approach 100% sensitivity with
100% specificity. The shape of this curve would be a
90 degree angle with the vertex at (0,1). Conversely,
an ineffective model would show little correlation
between model prediction and observed behavior so
that the resulting curve would approach a straight line
at 45 degrees from the origin.

Figure 3 shows sensitivity and 1-specificity values
for each crash mode at several deltaV values. At a 17
mph threshold, a 65.2% sensitivity rate would result
with a false prediction rate of 18% for frontal
collisions. The frontal curve is shown in bold and a
series of threshold values are noted in 5 mph
increments along the curve.

Injury Discrimination by DeltaV Only
All Modes- Varied Cutoff Points
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Alternatively, a logistic regression model may be
used to predict the risk of an MAIS3+ injury based
soley on deltaV as shown in Table 3. Here, the
intercept and regression coefficient values for the
single parameter model are given. The maximum
likelihood of MAIS3+ injury calculated using
Equations 3 and 4 indicate that the risk of serious
injury for a 30 mph crash is 43.6%. Parameter
estimates for a regression model predicting Injury
Severity Score (ISS) are also shown in Table 3. This
model has been fit to predict the square root of ISS.
As a result, the predicted ISS for a 30 mph deltaV
crash event is 7.96.

Table 3. Logistic Regression and Simple
Regression- 1 Parameter Model (all modes)

Model
Type

Parameter
(All Modes)

Estimate Standard
Error

P(MAIS3+) Intercept -4.1951 0.0587
DeltaV 0.1301 0.00258

ISS Value Intercept -0.0776 0.02108
DeltaV 0.0966 0.00112

These estimates of MAIS3+ injury risk and ISS level
do not take any additional crash characteristics into
account. When separated by crash mode, the
parameter estimates for MAIS3+ injury are as shown
in Table 4. Based on these model parameters, the risk
of MAIS3+ injury for each mode is 38.9%, 83.8%,
47.8% and 19.9% for frontal, nearside, farside and
rear impact crashes respectively for a 30 MPH
deltaV. The predicted ISS values are 7.87, 21.35,
9.25 and 3.24 for each mode respectively based on
model parameters shown in Table 5.

Table 4. Logistic Regression Models Predicting
Probability of MAIS3+ Injury- DeltaV by Mode

Mode Parameter Estimate Standard
Error

Frontal Intercept -0.12626 0.03717
Deltav 0.0977 0.00194

Nearside Intercept -0.19778 0.1151
Deltav 0.1606 0.0061

Farside Intercept -0.25331 0.10488
Deltav 0.10983 0.00543

Rear Intercept -0.2245 0.07375
Deltav 0.05255 0.00429

Table 5. Simple Linear Regression Models
Predicting ISS Score- DeltaV by Crash Mode

Mode Parameter Estimate Standard
Error

Frontal Intercept -0.06617 0.02604
Deltav 0.09339 0.00135

Nearside Intercept -0.16719 0.09354
Deltav 0.15466 0.00492

Farside Intercept -0.28818 0.08095
Deltav 0.10973 0.00424

Rear Intercept -0.02787 0.06527
Deltav 0.06802 0.00378

The significant variation in injury risk based on crash
direction suggests that separate models for each mode
may better predict the occurrence of injury compared
to a single model which concurrently represents all
crash modes. As such, separate models are presented
for frontal, nearside, farside and rear impact crashes
in the following sections. For each crash mode,
parameter estimates are presented in two variable
groupings. These groups are listed and described
below.

Injury Prediction Based on Multiple Parameters

The main goal of this study is to develop injury
predicting algorithms for implementation in vehicle
Automatic Collision Notification Systems. With this
goal in mind, the selection of model variables has
been made in two stages where the first group
includes variables which are currently available for
processing by onboard systems. Some variables
within the second group are not yet available from
vehicles although results of this study support this
change.

Group 1- Existing Variable Set

Data points included in model group 1 are shown in
Table 6 below.

Table 6. Group 1 Model Variables
Variable Description

DELTAV Tot. DeltaV- High Severity Event
BELT 3-Point Belt Usage
BDPLY Airbag Deployment
MODE Crash Direction/Impact Mode
SEATPOS Seating Position
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Table 7. Group 1 Parameter Estimates and
Standard Errors

Model
Type

Parameter
(Frontal)

Estimate Standard
Error

P(MAIS3+) Intercept -3.668 0.0986
Deltav 0.1238 0.00392
Belt -0.8036 0.0738
Bdply -0.06 0.1004

ISS Value Intercept 0.31879 0.04918
Deltav 0.09204 0.00196
Belt -0.49677 0.03941
Bdply -0.04 0.0396

Currently, vehicles use this information for a variety
of reasons including processing for occupant
protection systems. During this study, it was
assumed that this data is or could easily be made
available for processing by injury predicting
algorithms.

Model parameters for Group 1 logistic regression and
simple linear regression models are shown in Table 7
for frontal crashes only. Model variables for each
remaining crash mode are presented in Appendix
Table A2 of this text. These models predict the
likelihood of MAIS3+ injury and ISS respectively.

Group 2- Optimized Variable Set

The second level of model complexity considers
additional parameters that may not be available
through current sensor systems. These detailed
models are presented to promote the addition of
some, if not all, of these variables in order to
maximize the accuracy of predictive models.

In the future, selected model parameters could be
derived from basic occupant sensor technology.
Upcoming regulatory requirements intend to improve
the level of protection provided by advanced restraint
systems through a better understanding of occupant
factors (i.e. occupant height, weight, gender). These
characteristics may provide additional data points for
processing by on-board diagnostic systems. In the
meantime, verbal communication of some data points
listed below may significantly enhance the ability of
ACN call takers to assess likely injury severity from
remote locations.

Some of this information may also be generated
through processing of raw information like vehicle
acceleration profiles. Post crash processing of
vehicle acceleration data may provide valuable
information regarding the nature of a collision event
if collected for a larger portion of the crash event.

As an example, the acceleration profile for some
narrow object collisions can be distinguished from
profiles of other collision types due to its
characteristic shape. These events are characterized
by a prolonged period of moderate deceleration
followed by a sharp increase in deceleration level
once the narrow object begins interaction with more
rigid engine and drive train components. This
information could be used as a model input parameter
to indicate a narrow object impact.

Processing of vehicle rotational information can be
used to evaluate the potential for occupant
compartment intrusion in the region of a seated
occupant. During a side impact event, a sudden
rotation of the vehicle could indicate loading in the
front or rear third of the vehicle such that a yawing
motion initiates. A side impact event that results in
little or no rotation about the vehicle CG may
indicate a high likelihood of interaction with the
middle third of the vehicle leading to potential
compartment intrusion.

Group 2 parameters were selected for optimized
performance of each model by crash mode. In Table
8 below, variables selected for the Group 2 frontal
model are shown. In addition, Table 9 contains
parameter estimates and standard error values for
logistic regression models predicting MAIS3+ injury
and ISS level respectively. Variable selection and
model parameters for each remaining crash type are
given in Appendix Table A3 of this text.

Table 8. Group 2 Model Variables
Variable Description

DELTAV Tot. DeltaV- High Severity Event
BELT 3-Point Belt Usage
BDPLY Airbag Deployment
MAXC1 Maximum Exterior Crush 1 (in.)
MAXC2 Maximum Exterior Crush 2 (in.)
NARROW Narrow Object Collision
INTRUS Intrusion Near Occupant (in.)
SQR_AGE Occupant Age Squared
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Table 9. Group 2 Parameter Estimates and
Standard Errors

Model
Type

Parameter
(Frontal)

Estimate Standard
Error

P(MAIS3+) Intercept -4.1442 0.1426
Deltav 0.0875 0.00696
Belt -0.8949 0.0895
Bdply -0.0205 0.0931
maxc1 0.0182 0.00632
maxc2 0.0404 0.016
Narrow 0.3144 0.1145
Intrus 0.109 0.00956
EJP 0.8661 0.3985
sqr_age 0.000309 0.000023
Strim 0.2858 0.1231

ISS Value Intercept 0.31007 0.04853
Deltav 0.05735 0.00273
Belt -0.4282 0.03424
Bdply -0.0442 0.03156
maxc1 0.00918 0.00251
maxc2 0.03054 0.00634
Narrow 0.16194 0.04938
Intrus 0.08729 0.00427
EJP 1.07523 0.19755
sqr_age 0.00013 .00008
Strim 0.43479 0.05773

MODEL PERFORMANCE

NASS/CDS 2000-2001 data and CIREN census files
were used to evaluate the accuracy of each proposed
model. Below, the performance of logistic regression
models predicting the likelihood of MAIS3+ injury
are presented in the form of ROC Curves. In
addition, overall prediction counts for each crash
mode are reported for each population tested. A
similar evaluation of each linear regression model
predicting ISS was performed; however, results of
this analysis are not reported here.

For the purpose of future ACN technology, the
communication of injury likelihood values (i.e. 0-
100% risk of MAIS3+ injury) offers a more intuitive
indication of injury risk than linear models predicting
ISS. Although ISS models were discovered to yield
somewhat more accurate injury predictions, MAIS3+
injury predictions are focused on here.

NASS/CDS

Each of the NASS/CDS populations tested is
independent of the cases used to initially train the

regression models. The distribution of crashes in the
2000 and 2001 NASS/CDS population includes a
sample of 9,351 tow-away crashes representing a
total of 4,745,144 occupants following weighting.
This includes 3,122,193 drivers and 1,622,952
passengers. Appendix Table A1 shows the annual
distribution of injured occupants by mode for the
tow-away crash population.

It should be noted that the occupant counts for each
of the four categories of planar crashes (frontal,
nearside, farside and rear) do not include any
occupants involved in rollovers or complete
ejections. For this analysis, the occurrence of these
events are not simply considered to be characteristics
of other crash types but are serious enough to
independently warrant rapid deployment of rescue
services.

Within Appendix Table A1, the population of injured
occupants involved in rollover events may include
occupants who are completely ejected. However, the
ejected populations listed do not include occupants
who were involved in a rollover event at any point
during the crash. Occupants involved in tow-away
crash events where MAIS level is known are listed
only once in Appendix Table A1.

Figures 4-7 show sensitivity and specificity values
for each model by crash mode. To evaluate the
overall accuracy of each model, classification rates
were determined at a single MAIS3+ injury risk
threshold value. These threshold values were
selected through an evaluation of each respective
ROC curve by mode. To select an injury risk
threshold value, a point on each curve was identified
where variation in threshold value led to equivalent
changes in model sensitivity and specificity. The
approximate slope of the ROC curve at this point is
equal to one. The selection of this threshold value
equally favors model sensitivity and specificity. For
other applications, selection of this value must be
made based on intended model application and
tolerable false positive and false negative predictions.
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Figure 4. Group 1 and 2 Frontal Model
Performance Curves (with probability thresholds)
 

Near Side Model Performance
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Figure 5. Group 1 and 2 Nearside Model
Performance Curves (with probability thresholds)
 

Far Side Model Performance
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Figure 6. Group 1 and 2 Farside Model
Performance Curves (with probability thresholds)
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Figure 7. Group 1 and 2 Rear Model Performance
Curves (with probability thresholds)

Table 10. Group 2 Model Performance at Selected
Threshold Values (probability of MAIS3+ Injury)-
NASS/CDS 2000-2001

Mode Cutoff
Probability

Sensitivity 1-
Specificity

Frontal 19.2% 70.1% 11.2%
Nearside 29.7% 80.7% 18.0%
Farside 17.0% 78.3% 14.3%
Rear 8.4% 71.4% 11.2%
Total 74.2% 12.5%

Using threshold values (cutoff probabilities) as
shown in Table 10, the overall sensitivity and
specificity rates are shown by crash mode for the
NASS/CDS test populations. If threshold values
were shifted, model sensitivity and specificity
parameters would vary in a way described by their
respective ROC curve (Figures 4-7).

CIREN

The CIREN population includes 1,058 cases stored in
NHTSA's database that are complete and available to
date. This includes 762 drivers and 296 passengers
involved in crashes where an occupant was
transported to a Level I trauma center or was fatally
injured. Within Table 10 below, prediction rates for
Model Group 2 variables are presented. Within the
CIREN crash population, too few rear impact crashes
result in serious injury therefore model accuracy for
this crash mode are not reported.
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Table 10. Group 2 Model Performance at Selected
Threshold Values (probability of MAIS3+ Injury)-
CIREN Cases

Mode Cutoff
Probability

Sensitivity 1-
Specificity

Frontal 19.2% 86% 41%
Nearside 29.7% 90% 27%
Farside 17.0% 65% 33%
Rear * * *
Total 86.1% 39.6%

DISCUSSION OF RESULTS

During this study, two crash models of varied
complexity were created to evaluate the benefit of
multiple model parameters for injury prediction
compared to models based soley on deltaV. Overall,
model groups 1 and 2 significantly improve the
accuracy of injury predictions; however, this
improvement depends heavily on crash mode.

For frontal crashes, a 17 mph deltaV threshold
correctly identifies 66.8% of MAIS3+ injured
occupants with a false positive rate of 20% (uninjured
classified as injured) when used alone. For Model
Group 1, prediction rates improve somewhat where
70% of MAIS3+ injured occupants are detected with
a false positive rate of 20%. The true benefit of
additional model parameters can be recognized for
the optimized Model Group 2 where 79% of MAIS3+
injured occupants are detected with a false positive
rate of 20%.

For nearside collisions, deltaV alone provides better
predictions of injury risk than those including
additional attributes. For this crash mode, knowledge
of restraints usage provides little information to
assess injury risk. Although intrusion data provides a
good indication of potentially harmful interaction
with occupants, its inclusion in model Group 2
provides little improvement to model accuracy over
deltaV alone.

For farside collisions, an 18 mph deltaV threshold
correctly identifies 78% of MAIS3+ injured
occupants with a false positive rate of 20% (uninjured
classified as injured). For Model Group 1, prediction
rates decline somewhat to where 72% of MAIS3+
injured occupants are detected with a false positive
rate of 20%. For the optimized Model Group 2, 85%
of MAIS3+ injured occupants are detected with a
false positive rate of 20% for farside crashes.

For rear impacts, little benefit is observed when
additional model attributes are considered (i.e. model

group 2). It was discovered that model accuracy is
degraded when addition parameters beyond deltaV
and restraint usage are considered. In addition,
standard errors for each reported estimate are high for
this crash mode due to a limited population of
severely injured occupants during rear impact
crashes.

In total, the proposed models correctly identified
74.2% of the MAIS3+ injured occupants involved in
tow-away crash events for NASS/CDS Cases from
2000 and 2001. 12.5% of the uninjured population
was incorrectly classified as injured for this
population. The thresholds selected for injury
classification varied based on crash mode as shown in
Table 10; however, the selection of this cutpoint must
be made based on intended model application.

Applying threshold values as shown in Tables 10 and
11, each model was applied to recognize seriously
injured occupants within the CIREN census. A
model sensitivity of 86.1% and a specificity of 39.6%
was found during classification of uninjured and
injured crash involved populations.

As indicated by the low specificity value for this
population, the number of false predictions for non-
injured occupants within the CIREN sample far
exceeds those for the NASS population. This occurs
because each case included within the CIREN census
was considered due to its high severity. It is likely
that cases where no severe injury occurred and an
occupant was brought to a Level I trauma center
would have severe crash attributes compelling rescue
providers to suspect injury based on apparent
mechanism of injury. Interpretation of these severe
characteristics (i.e. high deltaV, high crush, intrusion,
old age) by injury predicting algorithms would
naturally produce elevated indications of injury risk
when, in fact no injury took place for these
individuals. These missed cases suggest the need for
improved estimates of occupant injury tolerance
within proposed crash models.

CONCLUSIONS

It is well understood that rapid notification of rescue
services and appropriate administration of medical
care will reduce the likelihood of secondary injury or
death of crash involved occupants. Methods to
process crash conditions in order to estimate the
likelihood of injury have been established and the
accuracy of these methods has been reported. When
compared with injury prediction based on deltaV
alone, proposed models were shown to improve
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accuracy of injury estimates based on crash attributes
available at the time of the crash.

For the NASS/CDS populations tested, the sensitivity
of models predicting the likelihood of MAIS3 and
higher injuries is 74.2% with an overall specificity of
87.5%. When compared with predictions based on
deltaV alone, the use of proposed models offers a
more accurate estimate of injury potential based on
readily available crash information for frontal crashes
and farside crashes. This improved accuracy is not
readily observed for nearside and rear crashes.

In order to make use of any injury model including
those based only on deltaV, methods to automatically
collect and deliver crash information to the most
appropriate individuals must be implemented. This
effort will require continued cooperation between
auto manufacturers, rescue providers and in hospital
clinicians to collectively agree upon the most
appropriate methods to reach this goal.
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APPENDIX 1. ADDITIONAL TABLES

Table A1.
NASS/CDS 2000-2001 and CIREN Case Injury Distributions (test populations)

CIREN MAIS 0 MAIS 1 MAIS 2 MAIS 3 MAIS 4 MAIS 5 MAIS 6 Fatal

Frontal 46 128 355 81 39 0 100
Nearside 2 16 63 38 23 0 33
Farside 2 7 13 12 5 0 10
Rear 0 2 5 2 3 0 1
Rollover 2 7 19 10 6 3
Ejection 0 1 10 4 3 0 7
NASS/CDS MAIS 0 MAIS 1 MAIS 2 MAIS 3 MAIS 4 MAIS 5 MAIS 6 Fatal

Frontal 1,060,732 819,312 83,314 28,223 5,200 2,484 36 8,845
Nearside 86,115 98,504 8,941 5,558 1,548 516 0 4,003
Farside 101,344 76,514 7,950 2,183 670 161 12 1,122
Rear 195,990 124,381 6,262 608 538 63 0 397
Rollover 150,687 203,556 32,822 11,452 5,111 1,218 0 8,394
Ejection 70 1,830 4,066 3,268 2,554 315 0 1,976

Table A2.
Logistic Regression Parameter Estimates for Model Group 1 (predicting probability of MAIS3+ Injury)
Parameter
(Frontal
Crashes)

Estimate Standard
Error

Pr>ChiSq Parameter
(Nearside
Crashes)

Estimate Standard
Error

Pr>ChiSq

Intercept -3.7089 0.0952 <.0001 Intercept -3.8684 0.2151 <.0001
Deltav 0.124 0.00374 <.0001 deltav 0.1887 0.00987 <.0001
Belt -0.8011 0.0652 <.0001 belt -0.2758 0.1284 0.0317
Bdply 0.03 0.0762 0.694 bdply 0.2462 0.1829 0.1783

Parameter
(Farside
Crashes)

Estimate Standard
Error

Pr>ChiSq Parameter
(Rear
Crashes)

Estimate Standard
Error

Pr>ChiSq

Intercept -3.8313 0.2376 <.0001 Intercept -4.8063 0.3885 <.0001
Deltav 0.1476 0.00997 <.0001 deltav 0.1395 0.0134 <.0001
Belt -1.1858 0.1591 <.0001 belt -1.1032 0.2738 <.0001
Bdply 0.1117 0.2206 0.6126 bdply 0.4726 0.5004 0.3449

Table A3.
Logistic Regression Parameter Estimates for Model Group 2 (predicting probability of MAIS3+ Injury)
Parameter
(Frontal
Crashes)

Estimate Standard
Error

Pr>ChiSq Parameter
(Nearside
Crashes)

Estimate Standard
Error

Pr>Chi
Sq

Intercept -4.1442 0.1426 <.0001 Intercept -5.989 0.3173 <.0001
Deltav 0.0875 0.00696 <.0001 deltav 0.167 0.0122 <.0001
Belt -0.8949 0.0895 <.0001 belt -0.2638 0.1439 0.0668
Bdply -0.0205 0.0931 0.8256 narrow 1.099 0.2467 <.0001
maxc1 0.0182 0.00632 0.0039 intrus 0.0996 0.0126 <.0001
maxc2 0.0404 0.016 0.0113 EJP 1.2517 0.3621 0.0005
Narrow 0.3144 0.1145 0.006 AGE 0.0401 0.00335 <.0001
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Intrus 0.109 0.00956 <.0001 FEMALE 0.0525 0.1338 0.6947
EJP 0.8661 0.3985 0.0298
sqr_age 0.000309 0.000023 <.0001
Strim 0.2858 0.1231 0.0202

Parameter
(Farside
Crashes)

Estimate Standard
Error

Pr>ChiSq Parameter
(Rear
Crashes)

Estimate Standard
Error

Pr>Chi
Sq

Intercept -4.7765 0.5135 <.0001 Intercept -4.2287 1.1063 0.0001
Deltav 0.1557 0.0114 <.0001 deltav 0.1445 0.015 <.0001
Belt -1.2287 0.1846 <.0001 belt -1.2112 0.3179 0.0001
intru18 1.2028 1.061 0.2569 AGE 0.0147 0.00935 0.1162
EJP 1.3693 0.5745 0.0172 occht -0.0215 0.0174 0.2171
AGE 0.0245 0.00449 <.0001
Bmi -0.0154 0.0168 0.3592
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ABSTRACT 
 
This paper develops a method for studying pedestrian 
to car impacts through detailed multi-body modeling 
of various pedestrian anthropometries and vehicle 
types. The pedestrian models constitute a multi-body 
representation of the global joint kinematics and 
inertia for five representative body sizes. Advanced 
injury criteria are defined for the pedestrian lower 
extremities, knee, thorax and head. The vehicle 
model of a small family car is defined by a facet 
element mesh for the front-end and windshield of the 
car. The contact stiffness is variable over the location 
on the vehicle mesh and has been validated against 
experimental results and FE simulations of the EEVC 
impactor tests. The underlying structures of the hood 
are defined as rigid ellipsoids. The developed model 
is applied to the reconstruction of two PCDS cases 
with a small family car. Injury risk data was collected 
from the simulation model and compared to the 
injury outcome for the pedestrians involved in these 
two cases. Results of this study show that the detailed 
model can distinguish the injury severity for various 
body parts at impact locations on the vehicle. 
 
INTRODUCTION 
 
Pedestrian fatalities in the US reached 4,882 in the 
year 2001, while 78,000 people were injured in 
pedestrian to vehicle crashes (NHTSA 2001). This 
represents 12.9% of the total traffic fatalities and 
3.9% of all injuries in traffic in that year. While 
pedestrian fatalities in the US have decreased by 16% 
since 1991, due to better education, smoother designs 
for improved aerodynamics and safer infrastructure, 
the vulnerable road user problem has grown larger on 
a global scale. Mackay (2000) estimates the total 
amount of traffic fatalities worldwide at 950,000 in 
the year 2000, while the World Bank (2003) states 
that 65% of all traffic fatalities involve pedestrians. 
Therefore, the total number of yearly worldwide 
pedestrian traffic fatalities is as high as 615,000. 
 

More than 50% of all pedestrian injuries are caused 
by an interaction with the front of the vehicle as 
Figure 1 shows (Otte 2001). The bumper area 
generally causes lower extremity injuries, the hood 
edge area causes hip and abdominal injuries, while 
contact with the hood and windshield accounts for 
injuries to thorax, head and neck. Impacts to these 
vehicle areas are the focus of this paper, while the 
remaining injuries caused by an impact to the road or 
to any other undefined object are not investigated. 

42.3 %

20.6 %
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23.7 %

65.7 % (secondary & road impact)

6.0 %

42.3 %

20.6 %
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23.7 %
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Figure 1.  Injuries sustained to pedestrians per 
vehicle region (Otte 2001). 

The injury distribution per body region denoted in 
Figure 2 clearly shows that most severe and life 
threatening injuries (AIS 5-6) are sustained to the 
head, followed by thorax, abdomen and spine. Less 
severe injuries (AIS 2-4) are in 37% of the cases 
sustained to the lower extremities and pelvis, while 
the head accounts for 35% and the torso and upper 
extremities for the remaining 28%. This illustrates 
the importance of focusing on injuries to lower 
extremities and head, and to a lesser degree to 
injuries to the thorax, abdomen, spine and upper 
extremities.  
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Figure 2.  Pedestrian injury distribution per body 
region (Chidester 2001). 

The pedestrian population extends from toddlers to 
the elderly population. Results published by NHSTA 
(NHTSA 2001) from the Fatality Analysis Reporting 
System (FARS) and from the National Automotive 
Sampling System General Estimates System (GES) 
demonstrate that pedestrians of all age groups are at 
risk. Figure 3 shows that people 25 years and older 
account for 78.7% of all pedestrian fatalities. It also 
shows that 39.7% of the injured pedestrian 
population are 20 years or younger. Therefore, we 
can conclude that middle aged and elderly people are 
more likely to die in a pedestrian crash, while 
younger people and children are more likely to be 
injured in a pedestrian impact. 
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Figure 3.  Pedestrian injury and fatality ratios per 
age group (NHTSA 2001). 

Previous research in pedestrian safety includes 
accident reconstruction, the development of 
mathematical and experimental human pedestrian 
surrogates and biomechanical research of the 

mechanical behavior of anatomical structures in 
response to impact loading. The US government 
conducted the Pedestrian Injury Causation Study 
(PICS) in the late 1970s, where data was recorded 
from the accident scene, the case vehicle and the 
medical reports (Jarrett 1998). In the 1990s the 
Pedestrian Crash Data Study (PCDS) was initiated in 
response to a modernized vehicle fleet. The PCDS 
database contains detailed reports on reconstructions 
of the crash. Data is recorded and analyzed based on 
the accident scene, the status of the case vehicle, 
medical records, police reports and interviews with 
people involved in the crash and with possible 
witnesses (Chidester 2001). From an in-depth 
analysis of real-world pedestrian to vehicle crashes it 
is possible to obtain a better understanding of the 
mechanisms that cause injury.  
 
The European Enhanced Vehicle-Safety Committee 
(EEVC) Working Group 10 recognized the need for 
regulations in the design of the front structure of 
passenger vehicles and developed a standardized test 
method to evaluate this (EEVC 1994). EEVC 
Working Group 17 evaluated the previously 
developed test methods and proposed improvements 
to the test method based on new data from accident 
investigations, biomechanical research and 
experimental tests (EEVC 1998).  Experimental test 
devices have been developed that represent the head, 
the thigh and the full lower extremity as Figure 4 
shows. 

Legform

Upper Legform

Child Headform

Adult Headform

Legform

Upper Legform

Child Headform

Adult Headform

Figure 4.  EEVC WG17 pedestrian impactor 
subsystems. 

The headform impactor is a rigid device in free flight 
and records linear acceleration upon impact with the 
hood with a prescribed speed of 40 km/h and an 
angle of 65º with the ground reference level for the 
adult headform and 50º for the child headform. No 
test of a headform with the windshield is required. 
The upper legform impactor is designed to test the 
hood edge of a vehicle. The impact energy and angle 
are dependent on the geometry of the front of the 
vehicle. The legform impactor represents a thigh and 
a leg and has a deformable knee joint, where bending 
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angle and knee shear are recorded. An impact with 
the bumper at 40 km/h is prescribed in the 
requirements. 
 
A beneficial alternative to experimental testing is 
mathematical modeling of pedestrian to vehicle 
impact. Computational simulation is often cost and 
time efficient and the influence of varying conditions 
can easily be investigated. Mathematical modeling of 
pedestrian impact was initiated with an investigation 
of the biofidelity of multi-body human models with 2 
to 15 segments (Wijk 1983). These models were 
compared to pedestrian dummy tests. Later 
mathematical studies involved a 15 segment model 
developed from the GEBOD anthropometric database 
(Ishikawa 1993, Yang 2000). Joint characteristics are 
implemented based on biomechanical data from 
cadaveric tests. The models have been validated 
against full scale cadaveric impact tests with the 
fronts of various vehicles. In a parametric study the 
formerly discussed 15 segment human model is 
combined with multi-body models of four different 
types of vehicles, consisting of one ellipsoid for 
bumper, one for the hood leading edge, one for the 
hood and one for the windshield (Yang 2000). It is 
concluded that a reduction of impact speed from 40 
km/h to 30 km/h and an increase of the hood height 
have a positive influence on the head injury risk, 
while the knee joint injury severity is mainly 
influenced by bumper height and stiffness (Liu 
2002a). Five child anthropometries are scaled from 
this model and stiffness properties are based on the 
age dependency of dimensions of anatomical 
structures and of material properties (Liu 2002b). In 
child pedestrian impact a reduction of impact speed 
from 40 km/h to 30 km/h is shown to have a great 
influence on the injury severity, while vehicle design 
parameters show conflicting effects due to the 
variability in child anthropometry (Liu 2002c). 

 
Figure 5.  MADYMO 50th percentile male human 
pedestrian model. 

MADYMO developed a 50th percentile human male 
pedestrian model, consisting of 52 segments and 
stiffness and fracture behavior based on 
biomechanical data (TNO 2001a). Scaling methods 

allow the user to define any desired anthropometry. 
Validation of this model is performed against 8 full 
body cadaveric pedestrian to midsize sedan vehicle 
impacts and the model has been applied to 
reconstruct a fatal crash (Coley and de Lange 2001). 
Bhalla (2002) investigated the performance of the 
MADYMO human pedestrian model in throw 
distance prediction and compared this to existing 
throw distance formulas and accident reconstruction 
software. The vehicle front geometry and contact 
stiffness appear to have a great influence on the 
resulting throw distance, while it is concluded that 
the MADYMO human pedestrian model needs 
further validation for the use of throw distance 
prediction. Due to the complex behavior of the 
human lower extremity and increasing computational 
capacity, finite element (FE) models of the lower 
extremity in pedestrian impact are being developed 
(Schuster 2000, Takahashi 2000, Maeno 2001). All 
models consist of a detailed geometry of bone, 
cartilage, ligaments and flesh of the lower extremity. 
Constitutive material models are implemented based 
on biomechanical experiments on cadaveric lower 
limbs. The models are coupled to full human body 
models and validated against component and full 
scale cadaveric tests. In the future, other areas of the 
human body will be implemented in FE to serve as a 
detailed tool to study the injury mechanisms 
occurring in pedestrian to vehicle impact.  
 
Summarizing, pedestrian crash reconstruction 
databases provide valuable information on the 
mechanisms that cause injury, the EEVC WG17 test 
procedure is a reasonably objective procedure to 
evaluate the pedestrian safety of various components 
of a vehicle, while mathematical multi-body human 
models provide a biofidelic predictor of the 
kinematics and injury risk in a pedestrian to vehicle 
impact. The goal of this study is therefore to develop 
detailed multi-body vehicle models and to validate 
them against EEVC impactor tests. The acquired 
vehicle model is then applied together with the 
human model to evaluate two pedestrian crash 
reconstruction cases.  
 
METHODS 
 
Vehicle Model Development 
 
The development of a detailed multi-body model of 
the case vehicle consists of the generation of the 
mesh of the front of the vehicle, building a multi-
body framework of the vehicle and its suspension, 
characterizing the structures close under the vehicle 
surface and applying contact stiffness characteristics 
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to all areas of the vehicle where contact with a body 
part is suspected.  
 
     Facet Mesh Generation The case vehicle is a 
popular small family car. The mesh is obtained from 
a finite element model of the vehicle. First, the rear 
end of the vehicle is deleted. All elements behind the 
beginning of the roof, the a-pillar and the front fender 
can be deleted since contact of a pedestrian with 
those areas rarely occurs. Also, any structure 
underlying the outer surface of the vehicle is initially 
deleted, but is accounted for later. The final mesh 
contains great detail. For example, the edges of the 
grille were modeled in extremely small elements. All 
these very small elements are deleted for this 
application, since they will increase computational 
time and will not have an influence on the interaction 
with the human model. The resulting mesh consists 
of 20,829 nodes and 18,913 elements and as a result 
it accurately describes the outer geometry of the front 
of the vehicle, see Figure 6. The complete mesh is 
rigid, which allows for a computationally fast but 
nevertheless geometrically detailed contact stiffness 
description. The rigid mesh is in multi-body 
terminology often referred to as a facet mesh.  

 
Figure 6.  Facet mesh of the front of the case 
vehicle. 

     Multi-body Framework The chassis of the 
vehicle is represented by a relatively simple multi-
body framework (Figure 7). The straightforward 
motion of the vehicle is prescribed by a one degree of 
freedom (DOF) translational joint, which connects 
the front tires to the road. The front axle with the 
unsuspended mass of the vehicle is represented by a 
rigid body that connects to the tires through a linear 
spring representing the stiffness of the two front tires.  

Tires

Suspension

Unsuspended Mass

Vehicle Mass

Translation 
Joint

Tires

Suspension

Unsuspended Mass

Vehicle Mass

Translation 
Joint

Figure 7.  Multi-body framework with suspension 
model. 

The suspended mass of the vehicle is connected to 
the front axle through a linear spring with a parallel 
damper element. The facet mesh is attached to this 
suspended mass. The connection to the rear axle with 
an unsuspended mass is also made by a linear spring 
with a damper element. The rear tires are represented 
by ellipsoids that are in contact with the road, with a 
contact characteristic representing the stiffness of the 
tires. The initial deflection of the suspension model is 
determined in a presimulation study with only gravity 
acting on the vehicle. To verify the suspension model, 
the resulting height of the chassis is compared to a 
real vehicle. Both axles are represented by joints with 
one rotational degree of freedom in the direction of 
the axle. As a result, the front and rear suspension 
work independently, allowing the car to pitch as a 
result of braking or an impact with a pedestrian.  
 
     Underlying Structures At various locations 
around the front of a vehicle a pedestrian will not 
only impact the outer structure, but will also strike 
structures underlying the outer surface. These 
structures tend to be very localized, especially within 
the engine compartment. As the pedestrian impacts 
the hood and the deflecting hood impacts the 
underlying structure, both structures cause a 
corresponding response on the body part that impacts. 

 
Figure 8.  Vehicle model with defined underlying 
structures. 

These structures are represented by multi-body 
ellipsoid descriptions and their locations are 
determined from either vehicle photographs or design 
drawings (Figure 8). The case vehicle contains two 
ellipsoids for the engine, one for the alternator, one 
for the battery and one for a control device near the 
cowl area. Furthermore, the case vehicle contains 
stiff areas at the cowl area and at the support of the 
hood at the fenders where additional ellipsoid 
structures were included. 
 
     Contact Stiffness Characterization The 
interaction of a pedestrian obviously depends heavily 
on the location of impact, since the compliance of the 
vehicle structure differs along the vehicle surface. In 
this study, important areas are identified and local 
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contact stiffness characteristics are defined. These 
contact characteristics were obtained from tests with 
EEVC impactors at prescribed impact conditions. 
Depending on the availability of test results, 
numerical FE simulations or experiments were used 
to provide acceleration history signals.  
 
It is possible to define force-deflection contact 
stiffness characteristics based on acceleration history 
information, if the following requirements are met or 
assumed: 

• The impactor is rigid and undeformable 
• The total mass of the impactor is known 
• The impactor is in free flight 
• The impact direction is perpendicular to the 

surface 
• The impactor does not rotate upon rebound 

from the surface 
If these requirements are met or if they can be 
assumed the following equations convert acceleration 
a as a function of time t into force F and deflection x 
as a function of time: 

)()( tamtF ⋅=    (1). 

dtdttatx
t t

∫ ∫ 







=

0 0

)()(    (2). 

Then we are able to plot the force F as a function of 
deflection x (Figure 9). The contact stiffness curves 
are hence characterized by a loading curve with an 
elastic and a plastic part, and an unloading curve that 
defines the amount of hysteresis. This method will be 
followed for each area of the vehicle as discussed 
below. 

0

1000

2000

3000

4000

5000

6000

7000

8000

0 0.02 0.04 0.06 0.08 0.1
Stroke [m]

Fo
rc

e 
[N

]

ELASTIC

PLASTIC

UNLOADING

 
Figure 9.  Typical contact force-deflection curve 
with elastic and plastic loading and unloading. 

     Windshield The windshield is generally known as 
a structure with a decreasing compliance closer to the 
center, away from the windshield frame (Mizuno 
2000). Mizuno developed force-deformation 
characteristics from EEVC headform to windshield 
tests on a generic small family car at 40 km/h. Figure 

10 shows four curves, measured from impacts with 
the windshield frame, 50 mm away from the frame, 
150 mm away from the frame and in the windshield 
center. All curves are characterized by an initial spike 
of approximately 7.5 kN, which is caused by the 
fracturing windshield. After failure, a much lower 
stiffness occurs for all locations, which is caused by 
the stretching of the film layer that holds the broken 
glass together. Due to the varying stiffness curves as 
a function of the distance to the windshield frame, the 
windshield mesh of the model is subdivided in four 
similar regions (Figure 11).  
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Figure 10.  Force-deformation characteristics of 4 
locations on the windshield as determined from 
EEVC headform impact tests (Mizuno 2000). 

 
Figure 11.  Four windshield regions; the 
windshield frame, 50 mm away from the frame, 
150 mm away from the frame and the windshield 
center as defined for the model. 

For the case vehicle, three EEVC headform impact 
tests have been performed. All three impacts were 
perpendicular to the windshield at 40 km/h. The 
acceleration history is denoted in Figure 12. The 
force-deformation curves were developed from the 
measured acceleration history and they are shown in 
Figure 13. One test was performed at the windshield 
center, while the other two were performed at 
locations approximately 100 mm away from the 
windshield frame, as Figure 14 shows. 
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Figure 12.  Acceleration history for three 
experimental EEVC headform impactor tests 
performed perpendicular to the windshield at 40 
km/h. 
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Figure 13.  Force-penetration curves for three 
experimental EEVC headform impactor tests 
performed perpendicular to the windshield at 40 
km/h. 

Figure 14.  Post-impact photographs of windshield 
impact locations for test AH10 (left) and AH08 
(right). 

The final force-deflection curves as applied to the 
model are defined as follows. 1) The stiffness for the 
center of the windshield is directly adopted from test 
AH10. 2) The stiffness for the areas 50 mm and 150 
mm away from the windshield frame are based on the 
average of curves AH08 and AH09, both 100 mm 
away from the windshield, and are scaled for their 
respective distances to the windshield based on 

Mizuno’s data. 3) The curve for the windshield frame 
stiffness is directly adopted from Mizuno’s study, 
since no experimental test on the case vehicle is 
available. All the force-deflection curves of the 
model are shown in Figure 15.  
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Figure 15.  Force-deflection curves for the 
windshield at four different locations as defined 
for the model. 

Finally, validation is performed and shown in Figure 
16. The simulation of the impact with the center of 
the windshield compares very well with test AH10, 
while the curves for the simulations at 50 mm and 
150 mm away from the windshield frame bracket the 
resulting curves of tests AH08 and AH09, as 
expected. 
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Figure 16.  Validation of the windshield stiffness 
characteristic by comparing with the experimental 
tests. 

     A-pillar The a-pillar stiffness characteristic is 
defined from a single experimental headform impact 
test. The test is performed at an angle nearly 
perpendicular to the a-pillar. The a-pillar is not a flat 
structure and therefore, it can not be assumed that the 
impactor will rebound in the direction of impact 
without any rotation. As a result, it is impossible to 
develop a valid force-deformation curve from the 
measured acceleration history. Therefore, the 
unvalidated force-deformation curve is tuned by 
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performing iterative simulations of the headform 
impact until the acceleration history matches 
experimental results (Figure 17). The chosen 
characteristic is then validated by performing a 
simulation of the exact experiment. The result is 
shown in Figure 18. 
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Figure 17.  Force-penetraion curve for the a-pillar 
as adopted for the model. 
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Figure 18.  Comparison of experimental and 
computational acceleration history for headform 
to a-pillar impact. 

     Hood The hood is characterized as a uniform 
structure with one contact stiffness characteristic. A 
series of experiments are performed with an adult 
headform. The locations of impact to the hood are 
shown in Figure 19.  
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Figure 19.  Experimental EEVC adult headform 
(AH) impactor test locations on the hood of the 
case vehicle model. 

The resulting acceleration history curves are denoted 
in Figure 20. All tests are performed at EEVC 
requirements, except for the test denoted with 
‘AH03per’, which represents perpendicular impacts. 
Most curves are characterized by an initial peak of 

approximately 130 g, after which an acceleration 
plateau comes in effect (Figure 20).  
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Figure 20.  Experimental acceleration history 
curves from adult headform tests. 

Test AH03per is a perpendicular test and it is a fair 
representative of the average hood stiffness. 
Therefore, this curve is converted into a force-
deflection characteristic (Figure 21) and adopted for 
the model. 
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Figure 21.  Force-deformation characteristic of 
the hood of the case vehicle. 

Some curves show alternative behavior, which is 
caused by a structure underlying the hood that 
indirectly interacts with the headform. Test AH04 
impacts the hood hinge and AH05 the cowl area, 
evident when comparing Figure 19 to Figure 8. 
Therefore, a contact interaction of the underlying 
ellipsoids with the head is defined as well. The linear 
stiffness constants are defined as 50 kN/m for the 
cowl and 97 kN/m for the hinges. The stiffness of the 
engine parts is defined as 200 kN/m, although this 
value can not be validated since there is no 
experiment where an impact with the engine occurs. 
Validation is then performed against all experimental 
headform impact tests. Figure 22 shows that test 
AH03 shows excellent resemblance. Test AH04 
shows a similar peak, with a longer duration.  



  van Rooij 8

0

500

1000

1500

2000

2500

0 0.01 0.02 0.03
Time [s]

A
cc

el
er

at
io

n 
[m

/s
^2

]
AH03
MADYMO

 

0

500

1000

1500

2000

2500

0 0.01 0.02 0.03
Time [s]

A
cc

el
er

at
io

n 
[m

/s
^2

]

AH04
MADYMO

 

0

500

1000

1500

2000

2500

0 0.01 0.02 0.03
Time [s]

A
cc

el
er

at
io

n 
[m

/s
^2

]

AH05
MADYMO

 

0

500

1000

1500

2000

2500

0 0.01 0.02 0.03
Time [s]

A
cc

el
er

at
io

n 
[m

/s
^2

]

AH07
MADYMO

 
Figure 22.  Acceleration history curves from 
experiments AH03, AH04, AH05 and AH07 and 
validation signals from MADYMO simulations. 

Tests AH05 and AH07 show the correct initial peak, 
but the secondary peak can not totally be simulated. 
MADYMO Simulations of test AH04 and AH05 
show a secondary acceleration pulse, which is caused 
by a secondary impact of the headform with the 
windshield. This is ignored for the validation. 
 
     Bumper The bumper area is one of the most 
important structures for pedestrian lower extremity 
protection. Compliance of a bumper shows a large 
gradient along the lateral axis of the vehicle. Figure 
23 shows a schematic drawing of the front of the case 
vehicle, where three structurally different areas are 
observed. In the midsection, the compliance is 
determined by the bumper and the underlying bumper 
beam. The radiator-end area is characterized by again 
the bumper and the bumper beam and in addition the 
end of the radiator is supported relatively close to the 
bumper surface. This is expected to cause an increase 
in stiffness. The area where the side-frame connects 
to the bumper beam is structurally even stiffer.  

Mid 
section

Radiator 
end

Sideframe

Mid 
section

Radiator 
end

Sideframe

 
Figure 23.  Schematic with a top view of the front 
of the case vehicles, where three structurally 
different areas are observed; midsection, radiator-
end and side-frame. 

Simulations are performed on an FE model of the 
case vehicle. A finite element model of the EEVC 
legform impactor is implemented as rigid and 
undeformable. The material properties of the foam 
are eliminated and the knee joint is locked. Impacts 
of the legform perpendicular to the bumper surface 
are performed at the three specified locations (Figure 
24). 

Figure 24.  Test locations for legform to bumper 
simulations as performed on the FE model of the 
vehicle and on the final multi-body model for 
validation. 
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Results from the FE simulations are shown in Figure 
25. The acceleration history is easily converted into a 
force-deformation plot, according to the method 
previously described. All curves are characterized by 
a low initial force plateau of approximately 3000 N 
caused by the compliance of the bumper itself. As the 
impactor penetrates deeper, other structures are 
contacted. Contact with the stiff bumper beam is 
characterized by a sudden increase in acceleration 
and force. The distance from bumper surface to 
bumper beam decreases moving away from the 
midsection along the lateral axis of the vehicle. 
Therefore, the steep rise occurs at lower penetration 
depths for radiator-end and side-frame compared to 
the midsection. 
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Figure 25.  FE simulations of rigid legform to 
bumper impacts at three locations: acceleration-
time (top) and contact force versus stroke 
(bottom). 

The force-deflection curves from Figure 25 are 
filtered and implemented as contact stiffness 
characteristics in the vehicle model. Validation 
simulations are performed with the multi-body 
vehicle model and a rigid legform impactor. Results 
are shown in Figure 26 and resemble the FE data. No 
validation is performed for the area outside the side-
frame, and hence the stiffness curve for  the 
midsection is implemented there. 
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Figure 26.  Validation of multi-body vehicle model 
bumper with rigid legform impacts at three 
locations: acceleration-time (top) and contact 
force versus stroke (bottom). 

     Hood edge For the hood edge the procedure 
followed to develop and validate the contact stiffness 
is similar. FE simulations are performed with rigid 
upper legform impactors, the stiffness characteristic 
is derived as before and MADYMO simulations are 
performed for validation. The three test setups are 
shown in Figure 27.  

Figure 27.  Test locations for upper legform to 
hood edge simulations as performed on the FE 
model of the vehicle and on the final multi-body 
model for validation. 

The results from the FE simulation in Figure 28 show 
that the compliance of the three locations is 
comparable, since no local underlying structures are 
present directly under the hood edge. The validation 
with the multi-body vehicle model shows good 
correlation with the FE results, if we compare Figure 
28 with Figure 29. 
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Figure 28.  FE simulations of rigid upper legform 
impact to hood edge at three locations: 
acceleration-time (top) and contact force versus 
stroke (bottom). 
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Figure 29.  Validation of multi-body vehicle model 
hood edge with rigid upper legform impacts at 
three locations: acceleration-time (top) and 
contact force versus stroke (bottom). 

     Summary The currently developed model 
consists of a rigid finite element mesh that represents 
the front structure of the vehicle, ellipsoids that 
define structures directly under the hood and a multi-
body framework that represents the vehicle and its 
suspension. The finite element mesh of the vehicle is 
subdivided in regions with different contact 
characteristics, as denoted in Table 1.  

Table 1. 

Contact Regions Of The Vehicle 
Vehicle 
area 

Contact Type 

Windshield 4 regions, 4 contact stiffnesses 
A-pillar 1 contact stiffness 
Hood 1 contact stiffness + 12 ellipsoids 

with stiffness 
Hood edge 3 regions, 3 contact stiffnesses 
Bumper 3 regions, 3 contact stiffnesses 
 
Mathematical Human Model  
The current version of the MADYMO human 
pedestrian model (TNO 2001a) exists in 5 
anthropometries; a 3-year-old and a 6-year-old child, 
a 5th percentile female, a 50th percentile male and a 
95th percentile male all shown in Figure 30. The child 
anthropometries are based on the Q child dummy 
specifications (Ratingen 1997) whereas the adult 
anthropometries are based on the Western European 
population 8-70 years of age in 1984 (RAMSIS 
1997). In addition, using the scaling module 
MADYSCALE, a model can be created of any 
anthropometry, of any age, based on 35 characteristic 
anthropometric parameters from the GEBOD 
population (TNO 2001b). The scaling accounts for 
geometry, mass and inertia, joint characteristics, 
ellipsoids and contact characteristics, force models, 
fracture levels, sensor locations and reference lengths 
based on dimensional scaling. The model consists of 
52 rigid bodies, organized in 7 configuration 
branches, with an outer surface described by 64 
ellipsoids and 2 planes. Stiffness characteristics are 
lumped into kinematic joints of various types (Figure 
31) and the bending and fracture characteristics of the 
long bones of the lower extremity are represented by 
three frangible joints in the thigh and three in the leg. 
Contact properties of the human body are represented 
by ellipsoid contact models. The components 
shoulder, thorax, abdomen, pelvis and lower 
extremities have been validated for lateral impact 
against Post Mortem Human Subject (PMHS) tests 
(Kajzer 1990, Yang 1995, Kajzer 1993, Roberts 1991, 
ISO-N455 1996). Furthermore the model is validated 
against 8 full scale car to human impacts at speeds 
ranging from 25 to 39 km/h (Ishikawa 1993, Yang 
2000). 
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Figure 30.  Overview of 5 anthropometries of 
MADYMO human pedestrian multi-body models. 
From left to right: 3-year old child, 6-year-old 
child, European 5th percentile female, European 
50th percentile male and European 95th percentile 
male (TNO 2001a). 
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Figure 31.  Overview of joints and bodies of the 
MADYMO human pedestrian model. Joint types 
are BRAC (bracket), TRAN (1 translational DOF), 
REVO, (1 rotational DOF), UNIV (2 rotational 
DOF), SPHE (3 rotational DOF) and FREE (6 
DOF). 

For this study the human models have been improved 
to provide more output signals for more injury 
criteria and to enable a better contact interaction with 
the facet mesh of the vehicle. All output signals of 
importance for injury prediction of pedestrian injuries 
are denoted in Appendix Table 5 for an American 
50th percentile male. The injury reference values are 
denoted in the table as well. As a result, in the 
following, all injury criteria are presented as a 
percentage of the injury reference value. 
 
MADYMO’s contact algorithm for contact between 
an ellipsoid (e.g. the pedestrian’s head) and a rigid 

finite element mesh (e.g. the windshield of the 
vehicle) is such that a contact force is generated from 
the windshield surface towards the center of the 
ellipsoid. This is shown in the diagram in Figure 32.  

 
Figure 32.  Diagram of the MADYMO contact 
algorithm for contact between an ellipsoid and a 
rigid finite element surface. 

The ellipsoid head impacts the facet windshield at 
time = 0 ms, during which a contact force is applied 
to the head by the windshield. This force is directed 
from the windshield towards the center of the head 
ellipsoid. After 10 ms this contact force is directed so 
that the head is correctly pushed out of the 
windshield. At high impact speeds and low stiffness, 
the head can penetrate deeper. The schematic at time 
= 15 ms shows that the center of the head has 
penetrated the windshield to such an extent that the 
contact force is inverted. As a result, the contact force 
will push the head out towards the inside of the 
windshield. This instability is prevented by defining a 
rigid finite element mesh around the head. A different 
contact algorithm is then applied, which always 
generates the contact force in the correct direction. 
This problem occurs with head-windshield, hand-
hood and knee-bumper contacts and necessitates the 
development of meshes for knees and hands as well. 
 
REAL WORLD CRASH RECONSTRUCTION 
 
Two cases are selected from the PCDS database 
based on the occurrence of severe injuries AIS 
(Abbreviated Injury Scale) 3 or more and on the case 
vehicle being the modeled small family car. In the 
following the two cases will be referred to as 50th 
male and stocky female, based on the 
anthropometries of the two case subjects.  
 
Case Description And Model Setup 
 
The data in Table 2 is retrieved from the respective 
PCDS case reports (PCDS 1996a, PCDS 1996b). One 
case subject is a near 50th percentile male, whereas 
the second case subject is a somewhat stocky adult 
female. Based on gender, height and weight a 
representative model is created for the latter subject 
using the MADYSCALE utility. 
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Table 2. 

Case subject model setup data 
 Case 50th M Case stocky F 
Age 35 years 18 years 
Height  1.75 m 1.65 m 
Weight 79 kg 104 kg 
Struck on Right Front 
Stance Walking fast, right 

foot forward 
Standing still, 
facing vehicle 

Other Holding lunchbox 
and thermos 

BAC 0.04, 
drugs 

The vehicles were the same model and were traveling 
at unknown speed in a straight line on a dry paved 
road in both cases. Based on skid marks, the speed of 
the vehicle at the point of impact with the 50th male 
pedestrian was estimated at 69 km/h, while throw-
distance relationships (Bhalla 2002) provide a raw 
estimate of 55 km/h for the stocky female. The 
position of the subjects relative to the vehicles is 
based on points of first contact with the vehicle on 
the bumper. For the 50th male case contact points are 
near the midsection of the vehicle and along the 
latitude of the sidebeam (Figure 33). Figure 34 shows 
that the position of the stocky female relative to the 
vehicle was direct on the midsection.   

 
Figure 33.  Photograph of case vehicle (PCDS 
1996a) (left) and initial setup of pedestrian relative 
to vehicle (right) for the 50th male case. Contact 
points are shown with white triangles.  

 
Figure 34.  Photograph of case vehicle (PCDS 
1996b) (left) and initial setup of pedestrian 
relative to vehicle (right) for the stocky female 
case. Contact points are shown with white 
triangles.  

Simulations are performed at impact speeds ranging 
from 40 km/h to 75 km/h. It is assumed that both 
vehicles were braking at the time of impact, which is 
implemented in the model as a constant deceleration 
of 0.7 g. Other parameter variations consist of a 

rotation of the subject with 10° around its 
longitudinal axis, a different position of the arms for 
the stocky female and a posture where the 50th male 
is leaning backward. The latter is thought to replicate 
fast walking with an attempt to stop. A total number 
of 6 simulations are performed per case, each of 
which took approximately 30 minutes of CPU time 
on a Pentium III 1000 MHz PC with MADYMO 
v6.0.1 for 200 ms of simulation time.  
  
Contact Points and Kinematics 
 
One of the most important goals of the developed 
models is to be able to replicate the correct 
kinematics of the pedestrian relative to the vehicle. 
This can be achieved by comparing the kinematics of 
the models with the contact points on the case 
vehicles. Hence, two simulations remain as the most 
plausible based on the validity of the developed 
models and the accuracy of the PCDS case reports.  

35 ms 

100 ms 

145 ms 

Figure 35.  Photograph of case vehicle (PCDS 
1996a) (left) and model kinematics (right) at time 
of impact with bumper, windshield and a-pillar 
for the 50th male case.  

The contact points on the bumper obviously match 
those of the PCDS case since the human model is 
positioned relative to the vehicle based on those 
contact points. For both cases, contact marks on the 
hood consist of scuffs that may be caused by thorax, 
hip or upper extremity strikes. The behavior of the 
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arms is highly unpredictable due to a lack of 
information in the PCDS case reports on this and due 
to the free swinging and complex motion of the arms. 
Therefore, the markings on the hood merely indicate 
a direction of motion of the body as a whole. 
Parameter variations show that the location of impact 
of the head with the windshield is a function of the 
speed of impact. As speed increases, the head 
impacts the windshield at higher locations. Iterative 
simulations show that head to windshield impact 
locations match up if the simulations are performed 
with the initial positions shown in Figure 33 and 
Figure 34 at a speed of 65 km/h for the 50th male and 
at 55 km/h for the stocky female. Figure 35 and 
Figure 36 compare the contact points of the case 
vehicles with the model kinematics. The simulations 
show that head impact points match up with the 
windshield dents, while the left hand of the 50th male 
pedestrian impacts the a-pillar right at the location of 
the dent. 

35 ms 

65 ms 

110 ms 

Figure 36.  Photograph of case vehicle (PCDS 
1996b) (left) and model kinematics (right) at time 
of impact with bumper and hood edge, hood and 
windshield for the stocky female case.  

Injury Outcome and Prediction 
 
The injury outcome is compared to the values that 
serve as injury predictors in the model for the specific 
injury types. Each case will be discussed separately  
 

     50th Male Case  In Table 3 the various injuries are 
shown and compared to relative injury reference 
values obtained from the case reconstruction 
simulation. The orbital rim fracture on the left side 
corresponds to the high HIC value in the model, but 
in the kinematics of the simulations a contact of the 
left side of the face with the vehicle does not occur. It 
is anticipated that the orbital rim fracture might have 
been caused by the a-pillar impact, but the simulation 
does not predict this. No good shoulder injury 
predictor is available in the model, but TTI predicts 
high lateral acceleration in the upper torso, which 
might correlate with high shoulder loads.  

Table 3. 

Injury Outcome Compared To Model Injury 
Prediction For 50th Male Case 

Injury of case subject AIS  
Injury predictor from model rIRV[%] 

Orbital rim fracture L 2  
Head Injury Criterion (HIC) 2955

Resultant head angular acceleration 10889
Clavicle fracture L 2 

Thoracic Trauma Index (TTI) 91
ACL avulsion R 2 

Knee shear displacement R 37
Knee bending angle R 140

Knee dislocation L 2 
ACL rupture L 2 
PCL rupture L 3 
Popliteal tendon disruption L 2 

Knee shear displacement L 73
Knee bending angle L 188

Comminuted proximal tibia / 
fibula fracture R 

3 

Upper tibia axial force R 132
Upper tibia bending moment R 42

Medial tibia plateau corner 
fracture L 

3 

Upper tibia axial force L 150
Upper tibia bending moment L 14

Medial malleolus fracture R 1 
Ankle inversion/eversion angle 137

rIRV = relative Injury Reference Value (100% = IRV) 
R = right, L = left, AIS = Abbreviated Injury Scale 

ACL = anterior collateral ligament 
PCL = posterior collateral ligament 

The knee joints of both right and left lower 
extremities are severely damaged. The model predicts 
a bending angle above the injury tolerance and a 
shear displacement value below the injury tolerance. 
This is in correspondence with Bhalla’s (2003) 
findings that shear displacement is not a good 
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predictor of knee injury. However, the impact is so 
severe that both left and right proximal tibia’s are 
fractured. The model prediction shows a high axial 
force in the upper tibia, but a bending moment below 
the injury tolerance. The malleolar fracture in the 
right limb is predicted by an inversion/eversion angle 
above its limit. 

 
     Stocky Female Case Table 4 shows injury 
outcome from the hospital records with the relative 
injury reference values for the stocky female case.  

Table 4. 

Injury Outcome Compared To Model Injury 
Prediction For Stocky Female Case 

Injury of case subject AIS  
Injury predictor from model rIRV[%] 

Subdural brain hemorrhage 4  
Cerebral contusions, both lobes 3  
Subarachnoid cerebral + 
cerebellar hemorrhage  

3  

Intraventricular hemorrhage 4  
Head Injury Criterion (HIC) 1121

Resultant head angular acceleration  1077
Atlanto occipital joint fracture 
dislocation 

6  

Spinal cord transection below 
medulla oblongata 

-  

Neck Injury Predictor (Nij) Tens. Ext. 277
Neck Injury Predictor (Nij) Tens. Flex. 38

Neck Injury Predictor (Nij) Comp. Flex. 69
Upper neck axial force 144

Upper neck shear force 583
Kidney laceration L 2 

Thorax lateral displacement 80
Res. Lower torso acceleration 408

rIRV = relative Injury Reference Value  (100% = IRV) 
 
The patient died from an atlanto-occipital joint 
fracture dislocation. This injury is predicted by 
various high neck loads or Nij, which is a combined 
criterion for axial load and bending. Judging from Nij 
values, the injury mechanism appears to be a tension 
extension of the head relative to the body, which is 
plausible taking into account the body kinematics. 
Besides the high Nij, also the shear force measured in 
the upper neck was five times higher than the injury 
reference value. The kidney laceration is an 
abdominal injury, for which the only predictor is 
lower torso acceleration which exceeded the injury 
tolerance value. Lateral displacement of the thorax 
also provides an indication for high compression in 
the abdomen. The value of 80% is just below the 
injury tolerance.  

DISCUSSION 
 
In this study, a detailed MADYMO vehicle model is 
developed in a simplified manner. The detail of the 
model is reflected by the outer mesh of the vehicle 
and the localized contact stiffness characteristics.  
This is a fairly simple and rapid method compared to 
a full finite element vehicle model with material 
models. However, the currently developed method is 
fairly detailed compared to multi-body ellipsoid 
models that have been used in previous studies. 
Those models contain less detail and less diverse 
stiffness characteristics.  
 
This study shows that besides a correct estimate of 
crash parameters, such as impact speed and 
pedestrian anthropometry, detailed descriptions of the 
vehicle geometry and stiffness have a great influence 
on the model response.  Simulations show that the 
geometry of the car largely determines the wrap 
distance of the pedestrian and, hence, determines 
where on the vehicle the various body types impact. 
Combined with the localized contact stiffness 
characteristics, the location of impact of a body part 
is of great influence on the injury outcome, due to 
varying contact characteristics over the vehicle. A 5 
cm decrease in the total height of the vehicle causes 
the head to impact approximately 5 cm higher on the 
windshield and the corresponding much more 
compliant windshield region. This also demonstrates 
the importance of applying suspension to the vehicle 
model. An additional effect of correct contact 
characteristics is the energy absorbing capability of 
the various structures. A contact with an appropriate 
hysteresis model will absorb some of the impact 
energy of the pedestrian. This has an effect on the 
kinematics of the upper body, which will influence 
the impact location of head and thorax and therefore 
also the corresponding injury prediction.  
 
The anthropometry of the human pedestrian model is 
of great importance in pedestrian crash reconstruction. 
For example, a factor like knee height relative to 
bumper height has an influence on the injury 
response due to bumper contact. The knee joint is 
sensitive to impact location of the bumper. The 
bumper of a small family car impacts above the knee 
joint of a small adult, while the same vehicle impacts 
below the knee joint of a taller person, resulting in a 
completely changed injury mechanism. The same 
holds for the head impact location, which is largely 
determined by the average height of the subject. For 
future crash reconstructions, models are available for 
5 typical anthropometries. If a different 
anthropometry is required, it is possible to scale a full 
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human pedestrian model, including inertial and joint 
properties. 
 
Injury tolerance values are provided for an American 
50th percentile male in Appendix Table 5. Scaling of 
injury tolerance values to different anthropometries 
and age groups has been performed based on 
geometric variability (TNO 2001a). In addition, there 
is a large gradient in material characteristics of 
biological tissues between children, middle-aged 
people and the elderly. Therefore, for future crash 
reconstruction, injury criteria need to be scaled for 
the age-dependency of material characteristics, 
especially for children and the elderly. The latter does 
not apply for the two case subjects in this study, since 
they were both middle-aged adults. Nevertheless, the 
injury tolerance levels for the stocky female are 
doubtlessly different from a 50th percentile male, but 
no information is currently available on the influence 
of a stocky anthropometry on the scaling of injury 
criteria. Therefore, the injury tolerance values for the 
stocky female are adopted from the 50th percentile 
male as denoted in Appendix Table 5.  
 
The MADYMO human pedestrian model is a fairly 
detailed and numerically fast tool to evaluate injury 
mechanisms in impacts to vehicles. The multiple 
segments allow for localized injury prediction at 
various locations in the lower extremities, the torso, 
the spine and the neck. Nevertheless, no validated 
injury predictor is implemented for pelvic, abdominal 
and shoulder injuries. In the current model, the 
contact force of the shoulder, abdomen and pelvis 
with the vehicle is applied for injury prediction, while 
an internal force or displacement criterion is 
preferable. The knee joint of the current model is 
adopted from EEVC WG17 legform impact results. 
However, the biomechanical foundations of this knee 
are questionable and as a result an improvement to 
the knee model is recommended based on cadaveric 
tests (Konosu 2001, Takahashi 2001, Bhalla 2003). 
Although the human pedestrian model is omni-
directional, it is only validated for a lateral impact in 
a walking stance at speeds up to 40 km/h. In this 
study the model has been applied at higher velocities, 
where the generation of a facet mesh around various 
body parts solved for problems occurring due to high 
penetrations. Also, the model has been applied in a 
facing position, where again correct kinematics and 
injury patterns were predicted.  
 
The numerical simplifications that are made by 
implementing the vehicle and pedestrian in a multi-
body description lead to limitations of the application. 
In reality, as the head impacts the windshield, both 
structures deform. With two deforming structures, the 

contact area is slightly different than with two rigid 
structures with a contact interface. The influence of 
this can currently not be quantified, but it is only of 
influence on large structures with relatively large 
deformations, such as hood and windshield.  Another 
numerical artifact is that the MADYMO contact 
algorithm does not allow for a combined stiffness 
model. Therefore, in the current model the contact 
stiffness of the human model is ignored. This is a 
valid assumption if the human structure is much 
stiffer than the vehicle, which is true for head and 
knee, but not for abdomen and thigh areas. As a 
result, the injury outcome from the model has to be 
interpreted with caution for the more compliant body 
regions, but is presumably unaffected for the stiffer 
body regions. In future studies, combined contact 
characteristics need to be appointed for every contact 
interaction between a body part and a vehicle region.  
 
CONCLUSIONS 
 
In summary, the multi-body techniques developed in 
this paper permit the following advances in 
pedestrian-impact simulations:  

• Detailed geometric modeling of the vehicle front 
by using a facet surface mesh representation 

• Accurate vehicle stiffness functions developed 
and validated by comparison with EEVC sub-
system impactor test results 

• Incorporation of stiffness maps by subdividing 
the vehicle parts (hood, bumper, etc) into regions of 
varying stiffness 

• Inclusion of a vehicle suspension model allows 
accurate modeling of vehicle pitching during the 
pedestrian impact phase.  

• Application of a scalable human model with 
advanced injury criteria predicts kinematics and 
injury outcome 

The accuracy of the vehicle models approaches that 
of finite element models at a fraction of the 
computational time.  Thus, making it possible to 
perform parametric studies by running a large 
number of simulations. 
 
The use of the models is demonstrated by application 
to the reconstruction of two real world pedestrian 
crashes. Iterative simulations are performed until a 
good match is obtained with vehicle damage and 
pedestrian injuries using the advanced pedestrian 
injury criteria. Thus, an improved understanding into 
the sequence of events and injury mechanisms in car-
pedestrian impacts is gained. 
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Appendix Table 5.  Injury Criteria and Levels for American  50th Percentile Male 

Body 
Region 

Injury  
Criterion Value Injury Level Source 

HIC [value] 1000 

HIC [time window] 15 ms 

Max linear acceleration (g) 85 

Low probability of 
serious injury 

VRTC (as cited for 
50th % in the first row 
of Table 34 in 
DeSantis Klinich et al. 
(1996)) 

Head 

Angular velocity change (rad/s) 
and angular acceleration (rad/s2) 

ω∆ > 30 
αp < 3000 AIS 3 Ommaya (1988) 

Fshear (N) 845 Tolerance level Mertz and Patrick 
(1971) 

Ftension (N) 3290 
Fcompression (N) 4000 
Nij - Ftens-int (N) 6160 
Nij – Fcomp-int (N) 6160 

Neck 

Nij - Mx-int (Nm) 216 

Dummy IARVs (an Nij 
value of 1 corresponds 
to a 15% risk of AIS 
3+ neck injury) 

Eppinger et al. (2000) 
Lund (2000) 

Peak lateral acc. of T8 (g) 45.2 

Peak lateral acc. of T12 (g) 31.6 
25% probability of AIS 
4+ Viano et al. (1989) 

TTI(d) (g) 85 Dummy IARV FMVSS 214 (2003) 

(VC)max (m/s)  
(to whole thorax) 1.47 

Chest 

Compression (%) (to whole 
thorax) 38.4 

25% probability of AIS 
4+ Viano et al. (1989) 

Abdomen 
Force (kN) 7.48 25% probability of AIS 

4+ Viano et al. (1989) 

Pelvis Force (kN) 7.98 25% probability of 
fracture 

Cavanaugh et al. 
(1990) 

Axial Force Fz (kN) 10 Injury threshold FMVSS 208 (2003) 

Anterior-Posterior Bending 
Moment Mx (Nm) 

 
524 

 
 
Femur 

 
Lateral Bending Moment My (Nm)

 
524 

Fracture threshold Messerer in Nyquist 
(1986), 
Schreiber et al. (1997),
Miltner and Kallieris 
(1989) 

Lateral acceleration (g) 150 40% risk for AIS 2+ 
lower leg fracture EEVC WG 17 (1998) 

Axial Force Fz (kN) 10.4 Failure threshold Messerer in Nyquist 
(1986) 

Tibia Index - Fcr (kN) 18.3 

 
 
 
Tibia 

Tibia Index - Mcr (Nm) 450 
Onset of injury Crandall et al. (1999) 

Bending Angle (degrees) 14.6  
Knee 

Shear Displacement (mm) 16 
Injury threshold Kajzer et al. (1997) 

Ankle Inversion/eversion angle (deg) 28 25% risk of injury Funk et al. (2002) 

 



McIntosh 1

AUSTRALIAN NCAP FUTURE STRATEGY

Lauchlan McIntosh
Chairman Australian NCAP
Australia
Paper Number 469

ABSTRACT

ANCAP has precipitated significant
advancements in Australian and New Zealand
occupant protection over the 10-year life.
However, the number of serious and fatal
injuries still occurring indicates that further
improvements can be made in vehicle
performance and assessment within an overall
framework of improving road infrastructure
and driving standards.

ANCAP remains a small program in world
terms and benefits greatly from harmonization
with EuroNCAP. A strategic review was
carried out in 2002 to determine a further 10
year vision the program taking into account
current market data, current and future funding
and benefits of harmonization.

Being small also allows greater agility and
ANCAP has identified a number of enhanced
and new performance assessments that will
ensure a continued and appropriate focus on
injury reduction and ensure the relevance of
information provided to the Australian and
New Zealand consumer.

This paper sets out the relative merits of the
proposals and the agreed forward strategy for
maintaining ANCAP relevance over the next
decade. The new direction includes
replacement of the current side impact test
with a pole side impact test, addition of an
active safety assessment program and to seek
additional funding.

INTRODUCTION

ANCAP has been crash testing popular new
model passenger cars and 4 wheel drives
(4WD or SUV’s) with public reporting of the
results since its inception in 1993.

Since testing began the occupant safety levels
measured in crash tests vehicles has improved
significantly. This effect has translated to
increases in the overall occupant safety levels
of the vehicle fleet. The majority of vehicles
will soon achieve close to maximum points
under the current test and assessment regime.

A new strategy is needed for the future if
ANCAP is going to remain relevant and
continues to influence occupant protection.
There are many competing ideas on how
ANCAP should measure and rate vehicle
safety. The strategic review endeavoured to
select the most appropriate mix of safety
assessments and develop a plan to ensure that
these are incorporated.

BACKGROUND

Australian NCAP (ANCAP) has been
providing consumer information on passenger
vehicle safety since 1993; and in 2003 uses a
star rating assessment based on using the
EuroNCAP frontal and side impact crash tests.
ANCAP tests have shown significant
improvements in occupant protection have
been made over this period.

A ten year strategic review was undertaken to
plan the ANCAP forward strategy with the aim
to have ANCAP remain relevant in providing
consumer vehicle safety information. A
significant part of the review was a workshop
with road safety experts from within Australia
to identify areas of future importance to
ANCAP.

From this workshop and background research
conducted by ANCAP, issues such as side
impact test validity for tall vehicles are of
concern as to the usefulness of the information
provided to consumers. Other test procedures
as well as active safety assessment protocols
have been identified as desirable inclusions to
the ANCAP program.

The need for an effective communication
strategy is an important consideration that
impacts on any new strategy. The worth of a
new test or assessment of active safety feature
needs to be judged not only on the scientific
merit of the assessment but also on the ability
to effectively communicate this to the public.

ANCAP IN 2002

ANCAP is a consortium of:

• State government transport departments,
of New South Wales, Queensland,
Victoria, South Australia and Western
Australia.

• All Australian auto clubs through the
Australian Automobile Association.
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• New Zealand Land Transport Safety
Authority.

• New Zealand Automobile
Association.

ANCAP has been providing consumer
information on passenger vehicle safety since
1993; and has used the EuroNCAP star rating
system based on frontal and side impact crash
tests since 1999.

Due to the high level of coverage, at least 75%
of the new car sales by volume, ANCAP along
with other international NCAP, precipitated
significant advancements in occupant
protection.

However, a time is approaching when the
ability to influence the market to improve
safety measures will be significantly reduced.
This will occur when the majority of the fleet
achieves four or five stars, using the current
test and assessment protocols.

An updated strategy was needed to ensure
ANCAP remains relevant and continues to
influence vehicle occupant protection. A
fundamental question was whether to
incorporate primary safety and post crash
safety feature assessments. This has the
advantage of offering consumers a more
complete picture of vehicle safety, although
this is outside the current ANCAP mission.
Other options included revisions and additions
to existing test types.

The consultation and research undertaken
showed that ANCAP has been effective and
still has a role in testing and publishing
improvements in vehicle safety in Australia.
Consequently, the ANCAP forward strategy
was developed with a 10-year horizon and an
emphasis on remaining agile within this time
period to respond to changes.

In 1999 ANCAP harmonised with EuroNCAP
and signed a memorandum of understanding.
Euro NCAP conducts offset frontal tests, side
impact tests and pedestrian impact tests.

Harmonisation with Euro NCAP meant
deletion of the full frontal crash test and
addition of a side impact crash test to the ECE
standard. Deletion of the full frontal test was
considered appropriate due to the introduction
of ADR 69 (full frontal test at 48 km/hr) to all
passenger cars and light commercial vehicles
in the late 1990’s.

Since harmonisation with Euro NCAP, results
for 16 additional vehicles (as outlined in Table
1.) have been published in Australia and New
Zealand. This represents a saving in excess of
$2 million making the joint relationship with
Euro NCAP of real value.

Table 1.EuroNCAP Results published by
ANCAP 1999 - 2002

Date
Vehicle
Class

ANCAP EuroNCAP

Nov 99 Medium 4 2

Aug 00 Small 4 4

Nov 00 Small 2 5

May 01 Large 5 4

Nov 01 Small 4 1

Feb 02 Utility 5 -

June 02 Small 2 4

Dec 02
Compact
4WD

6 3

Total 32 23

While ANCAP still appreciates the benefits
from harmonisation it needs to be recognised
that there are some disadvantages to the
current harmonisation activities. These include
the additional consultation processes in
influencing EuroNCAP in reviewing and
updating procedures and the assessment of the
benefits or otherwise of features which may be
applicable to certain markets only.

Australian large family cars now consistently
achieve at least three star results and the next
large car update should confirm that these
Australian built vehicles comprise mainly four-
star occupant safety ratings.

The results of the December 2002 ANCAP
compact 4WD test program were mainly 4 star
results.

Improvements in ANCAP small car results
have been less pronounced and delayed. But
the small cars published late in 2002 by
EuroNCAP are now consistently achieving
four star safety results. Specification
differences between European and Australian
marketed vehicles continue to exist with
certain safety equipment, particularly side
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airbags, not available in Australian
specification vehicles.

Car manufacturers’ acceptance of ANCAP has
improved and the public awareness has also
increased in the last few years. However, the
general market recognition of ANCAP is still
low.

Launches still gain good media coverage, both
television and major newspapers, largely due
to the attraction of the crash test footage and
pictures. But the ongoing consumer impact is
small as is the understanding of the wider
public about the purpose of crash testing.

The 2003-2004 National Road Safety Action
Plan calls for compulsory NCAP labelling of
new cars and where available labelling of Used
Car safety data on used vehicles for sale.

OBJECTIVES OF REVIEW

The review was intended to identify and
evaluate the options available, and recommend
the best combination of strategic elements that
will ensure ANCAP maintains its relevancy
and continues to meet the mission:

“To facilitate improvements in motor vehicle
occupant protection through consumer
education and buying power influenced by
crash testing popular new cars sold in
Australia and New Zealand and publishing the
relevant performance of the vehicle.”

ISSUES FOR STRATEGIC REVIEW

When conducting the strategic review there
were a range of issues that needed to be
included ranging from international projects
considering new test methods, limitations of
current methodology and also the perceptions
of stakeholders and related parties.

Related Projects

International Harmonised Research Activities
(IHRA) working groups may provide
information that will aid in the future selection
of test programs and should be monitored
closely. The working groups are:

• Vehicle Compatibility

• Biomechanics

• Frontal Impact

• Side Impact

• Pedestrian

• ITS

A Victorian Transport Accident Commission
and vehicle manufacturer Safe Car project
seeks to identify and test intelligent transport
system (ITS) technologies that have an impact
upon road safety, and to combine them into
one vehicle. Information from this project
may assist in ANCAP assessment of active
safety features.

The Used Car Safety Rating Project managed
by Monash University has been running
concurrently with ANCAP for several years
and publishes results of vehicle occupant’s
hospital admissions per 100 crashes. There
may be scope to better integrate and present
the information from these two programs.

While the results of the strategic review may
see a departure from full harmonisation with
EuroNCAP, harmonisation needs to be
maintained as much as possible. A significant
change in EuroNCAP testing or assessment
protocols may limit the data available for use
by ANCAP. ANCAP needs to be involved to
continue to influence and exchange data with
EuroNCAP working groups.

There is also the possibility for partial
harmonisation with Japan NCAP to an extent
and use some of the crash test data being
produced from that large testing program.

National Road Safety Strategy

ANCAP also links to one of the strategic
objectives of the Australian National Road
Safety Strategy 2001-2010, i.e. “improve
vehicle compatibility and occupant
protection”. The Australian National Road
Safety Action Plan 2002 and 2003 specifically
identifies ANCAP as a measure to address a
key Strategic Objective to “Improve occupant
protection through regulation and consumer
demand.”

The measures for achieving this Strategic
Objective identify both crashworthiness of
vehicles and also the need to improve public
information programs to encourage increased
consumer awareness of vehicle safety features.

Australian Government

ANCAP impacts on the Australian
Government, Department of Transport and
Regional Services (DOTARS).

The DOTARS have conducted joint programs
with ANCAP, e.g. airbag effectiveness study.
Currently, the DOTARS partly fund the
ANCAP pedestrian impact tests as part of their
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research program. DOTARS has recently
reduced their research funding and their
commitment to fund pedestrian tests may be
affected by change in ANCAP programs.

Vehicle Manufacturers

Vehicle manufacturers need to consider the
design and specification of their vehicles to
achieve a good ANCAP test result.

This has been the case in Europe, and more
recently in Australia, where manufacturers are
specifically designing cars to achieve a 4 star
result. Consequently, manufacturers require
sufficient lead-time to introduce design and
manufacturing changes to achieve an improved
safety performance.

The Federal Chamber of Automobile
Industries (FCAI), as the industry
representative, has a published policy of not
supporting ANCAP. This may be exacerbated
by a significant change in direction including
new tests and active safety assessments.
However, they have identified the need for
assessment of safety features, including active
safety measures, to give a better overall picture
of a vehicle’s level of safety. The revised
ANCAP program should address this issue.

Crash Test Limitations

ANCAP crash test ratings will, at some time in
the future, cease to be relevant if they remain
in their current form, as all cars will be
designed to perform well in the current
ANCAP crash tests. Obviously if all vehicles
tested reach the same high level of
performance then publishing this information
is of limited use.

There are also some more immediate concerns
with the current test program. The current side
impact program may not adequately assess
4WDs and other tall and high seating position
or commercial vehicles. While ANCAP
conducts the side impact test at the regulatory
speed the offset frontal test and the full frontal
test conducted by US NCAP and Japan NCAP
are both at higher than the regulatory speed.

Assessment Protocols

Concerns exist with the points balance
between the side impact and offset frontal
results. This has caused several vehicles to
achieve high ratings due to high scores in the
side impact test, despite having poor
performance in the offset frontal impact test.

Euro NCAP have proposed a solution for
correcting this imbalance. This proposal
essentially requires a minimum level of
performance in each of the tests as well as the
overall point’s score to achieve each star level.

This is seen as a short-term solution, and there
is a view within Euro NCAP that the side
impact test severity will need to be increased.
This may be an increase in the mobile barrier
speed up to the current Japanese NCAP test
speed of 55 km/hr.

4WD Vehicles (SUV)

Since harmonisation with Euro NCAP
difficulties have arisen with testing 4WDs and
other tall vehicles to the side impact protocols.

The test procedure is based on ADR 73/ECE
95 which specifically exempts vehicles where
the seating reference point of the lowest seat is
more than 700mm from ground level.

The side impact test does not appropriately
assess 4WDs and some commercial vehicles
for the side impact crashworthiness. The
lowest height of the crash test barrier is
300mm, which does not engage the sill of most
passenger cars.

The sills of 4WDs and many commercial
vehicles engage the barrier and prevent
significant intrusion of the B-pillar and doors.

In addition the top of the side impact barrier is
often well below the hip point on the dummy
meaning that the instrumentation records little
likelihood of injury from the intruding barrier.
The higher mass of such vehicles also
increases their advantage.

US NCAP and our own testing have shown
that the current side impact tests do not
sufficiently discriminate between levels of
safety for these vehicles. US NCAP does not
side crash-test vehicles over 6,000 lbs. (per
FMVSS 214) as these vehicles are generally
considered to be commercial vehicles.

There are several alternative strategies to
improve the assessment of 4WD vehicle
safety.

• Pole test;

• Rollover,

• Side impact into itself,

• Higher barrier, IIHS Barrier.
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Implications for Stakeholders

When considering the options available for
ANCAP the major issues that need to be
considered are costs and implications of
moving too close to a subjective “safe vehicle”
program.

If ANCAP adopted an approach that moves to
a “safe vehicle” program the implications for
both state governments and motoring clubs
need to be considered separately as there may
be different impacts.

This type of program may be seen as state
governments promoting one product over
another based on a subjective assessment.
While it may seem to be “doubling up” by
some of the auto clubs whose motoring
magazine already provide some of this
information via road test articles.

OPTIONS ANALYSIS

If the majority of vehicles start to achieve four
and five star results ANCAP may no longer
provide useful consumer comparison.
Incremental changes in current testing
protocols may ensure that meaningful results
are produced for another 3 to 5 years.

Eventually ANCAP may no longer be able to
fulfil its mission to ‘facilitate improvements in
motor vehicle occupant protection’ if it
remains in its current form. An objective
measure of satisfactory fleet performance
should be used to determine when it is
appropriate implement new strategies.

Options

The options and issues for the ANCAP
program that were considered as part of this
review included;

1. ANCAP future funding – consider
additional sources of funding outside
of existing stakeholders.

2. Replace current mobile deformable
barrier side impact test with a pole
test.

3. Increase the speed of the mobile
barrier in the side impact test, e.g. to
the same speed as used in Japan
NCAP.

4. Harmonisation with EuroNCAP –
review the limitations and benefits of
harmonisation with EuroNCAP based
on the current EuroNCAP proposals,

e.g. child restraints and seat belt
reminders.

5. Bull bar testing – introduce testing of
bull bars to the proposed Australian
Standard.

6. Child restraints – combine an existing
child restraint evaluation program
into ANCAP. Many ANCAP
stakeholders fund the child restraint
evaluation program.

7. Brake test program – introduce a
dynamic brake test program.

8. Head restraints and neck injury – re-
introduce a head restraint evaluation
based on the international standard
prepared by the Research Council for
Automotive Repairs.

9. Rollover propensity testing and rating
– a dynamic test based on a proposal
by Monash University to measure the
rollover propensity.

10. Communication – ANCAP will need
to review its communication strategy
to improve its influence on the rate of
improvement of vehicle safety
performance and also to communicate
the revised strategy.

Methodology

There is a danger of incorporating new test
procedures on ad-hoc ‘good idea’ basis. This
approach does not offer the highest likelihood
of fulfilling the mission. It is important that a
systematic process for assessing options is
used.

The process will identify areas where ANCAP
should be testing or reporting on occupant
protection measures. Where possible the
rigors of cost benefit analysis should be
applied.

Consequently the following evaluation was
used to assess each option or issue that was
raised during the review:

1. Costs and Benefits. This evaluation
criterion considered the financial
costs and benefits of the proposal.

2. Implications to existing program and
harmonisation. This criterion
addressed any stakeholder
expectations from ANCAP as well as
intangible benefits and costs of
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harmonisation with any overseas
NCAP group. Any non-financial cost
or benefit was included.

3. Links to other road safety programs
or outcomes. This criterion links to
other groups that are already
undertaking some form of road safety
program. Any value that ANCAP
may add or derive from the other road
safety program without duplication of
effort was also considered.

4. Relevance and Credibility. Any
measurable benefits to the ANCAP
and the ability to maintain credibility
with external parties including
consumers, media and industry.

Any new strategy needs to be considered in
terms of the ability to influence consumer
choices. Greater information is only of value
if it reaches and is comprehended by a wide
audience. Careful consideration needs to be
given to the correct balance of effort and funds
between scientific rigor and marketability of
the information attained.

OUTCOME OF OPTIONS ANALYSIS

ANCAP must continue to influence
improvements in passive safety through crash
testing along with a system to influence active
safety measures. Combining these approaches
will encourage manufacturers of new cars to
include the most up to date safety designs and
features.

The evaluation of the options identified the
future direction for ANCAP as:

1. Continue with current offset frontal
and pedestrian crash testing.

2. Introduce a pole test to replace the
current mobile deformable barrier
test.

3. Introduce an active safety program.

4. Prepare a proposal for additional
funding.

5. Reform the ANCAP structure.

6. Implement a revised communication
strategy along with the change in
ANCAP strategic direction.

Crash Testing

From the analysis of options for different type
of crash testing, ANCAP should:

• Continue with the offset frontal crash
test and pedestrian testing.

• Replace the current side impact
mobile deformable barrier test with a
pole test.

Due to the lack of recognised international
standards ANCAP should be careful with the
introduction of rollover-testing, brake testing
or testing of bull bars at this stage.
Introduction of these types of tests should be
examined only if ANCAP can source
additional funding.

Changing the crash test program will incur
additional costs to ANCAP through reduction
of the ability to republish Euro NCAP data.
ANCAP have republished 23 Euro NCAP
tested results from 1999 through to end of
2002. These were predominately small cars
where ANCAP has republished 14 results of
Euro NCAP tested small cars .

ANCAP has had to conduct side impact tests
for some vehicles that have been tested by
Euro NCAP as the specifications of the
Australian model differ. For example, the
small/compact 4WD program required
ANCAP side impact tests on 2 vehicles that
are marketed in Australia without side impact
airbags where in Europe the vehicle has them
included as standard.

Changing the side impact test to a pole test will
mean that the ANCAP test program may be
reduced by one vehicle per year. Additionally,
ANCAP may not be able to reproduce Euro
NCAP results for up to 5 vehicles per small car
launch unless Euro NCAP has also conducted
a pole test.

Safety Assessment

ANCAP will implement a program of
assessing the safety features on the vehicles
that will be crash tested to give a rating of
features that are not assessed during the crash
test.

The types of features that can be assessed
include; brakes, head restraints, handling, etc.
Monash University already have a research
program that could be used as the basis for this
safety assessment. Until the details of how this
will be conducted an accurate assessment of
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the cost of undertaking this safety assessment
cannot be provided.

The lowest cost option would be just a desktop
evaluation of the vehicle specifications. Costs
would increase if any active testing, e.g. brake
testing, was carried out.

During development of the safety assessment
program the options and costs will need to be
considered and balanced against the impact on
ANCAP funds and the ability to undertake
crash tests.

Equally it will be important to review the work
on similar programs undertaken by NHTSA,
IIHSA, Japan NCAP and others.,

Communications

ANCAP can improve its influence on the rate
of improvement of vehicle safety performance
through the development of improved methods
of communication of ANCAP ratings. Prior to
the introduction of the revised ANCAP
activities, i.e. pole test and safety features
assessment ANCAP will review its current
communication strategy and implement a
revised strategy.

Any communication strategy and
implementation plan will be based around the
ANCAP strengths, i.e. a program with a
diverse range of stakeholders who collectively
have well recorded expertise and impartiality.

The strategic review consultation phase
identified two main groups for ANCAP
information: fleet and private buyers. While
both of these groups can use information on
vehicle safety to influence their purchasing
choice different communication strategies may
be necessary leading to a need for ANCAP to
broaden the information it provides.

ANCAP will work within the Australian
National Road Safety Action Plan to
encourage the prompt implementation of
labelling of NCAP ratings on new vehicles.

The revised ANCAP strategy, of including
safety information from crash tests and also an
assessment of those safety features that are not
assessed through the crash test, should link
into other consumer information on vehicle
safety available, e.g. Used Car Safety Rating.

The communication strategy will also need to
provide guidance on presentation of results to
differentiate between the current ratings and
ratings under the new crash test protocols.

ANCAP Structure

The administrative burden of ANCAP has
increased with the expansion of ANCAP
membership and republishing EuroNCAP data.
Consequently, reform the structure of ANCAP
will be revised to more clearly identify and
assign roles and responsibilities.

There will be 3 separate working groups
reporting back through the ANCAP Technical
Committee, who will then continue to report to
the ANCAP Management Committee. The
working groups are:

1. Operational Management Group –
responsible for the operational
management of the current program.
This includes forward program and
test program development, vehicle
selection, testing, evaluation and
assessment, budget management,
brochure preparation and program
administration.

2. Future Program Group – responsible
for development and transition to the
revised ANCAP program, i.e.
development of pole test,
development of assessment criteria,
project and budget management for
transition to the revised program.

3. Research and Funding Group – to
investigate opportunities for
additional funding. The
responsibilities include develop any
proposal, source and secure funding;
evaluate research proposals and
management of any ANCAP research
contracts.

STEPS TO NEXT STAGE

To move to the revised program a series of
steps have been identified and agreed by the
ANCAP Management Committee:

1. Continue with the current test
program for 2003, i.e. a large car
update to be launched in May 2003,
using current EuroNCAP test and
assessment protocols.

2. Crash test contractor to develop pole
test capability by 30 March 2003.

3. Criteria for assessment and evaluation
of pole test results to be developed by
30 March 2003.
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4. ANCAP have the ability to conduct
pole tests from April 2003. Initially,
as optional test as per EuroNCAP
protocols.

5. Introduce pole test as standard side
impact test from January 2005.

6. Develop a list of safety features to
include assessment criteria of
potential benefits by 30 June 2003.

CONCLUSIONS

ANCAP conducted a ten year strategic review
to plan the ANCAP forward strategy with the
aim to have ANCAP remain relevant in
providing consumer vehicle safety
information.

The review included a workshop with road
safety experts from within Australia to identify
areas of future importance to ANCAP. The
issues that were identified during the review
were then subjected to evaluation against
agreed criteria to develop the ANCAP forward
strategy:

• Continue with the current offset
frontal crash test to EuroNCAP test
protocols.

• Introduce a pole test to replace the
side impact barrier test.

• Introduce an active safety (i.e.
features not assessed in the crash
tests) program in conjunction with
other groups internationally

• Develop proposals for research
funding to complement other
international NCAP programs.

• Implement a revised communication
strategy along with the change in the
ANCAP strategy direction.

ANCAP will develop a pole test capability
throughout 2003 with the aim to replace the
mobile deformable barrier side impact test
with the pole test as the standard ANCAP test
from January 2005.
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ABSTRACT

ANCAP has reviewed international crash test
programs to see how to upgrade the occupant safety
information, within the available budget for
procuring, testing and assessing new vehicles. A
summary of present world NCAP consumer
information is presented. ANCAP’s future strategy
during the next decade will require decisions on
which of the present NCAP harmonised crash tests
continue to be used. Reasons for change are
discussed to reduce injury to vehicle occupants in
serious crashes.

Differences in the roles of crash avoidance and
occupant protection in contributions to vehicle
crashes have not been addressed in present ANCAP
information packs. Information in a simple format
that includes pre-crash items that may prevent the
crash in addition to the occupant injury received in
a crash has been identified as worthwhile to
consumers who are looking for a safe new vehicle.
A method to add pre-crash information to ANCAP
assessments is suggested, together with the type of
equipment effective in pre-crash safety.
Unfortunately, there is limited available research
on effectiveness of pre-crash equipment.
Preliminary methods that could make this
information available to consumers in a simple
format are presented.

INTRODUCTION

Buyers of new vehicles are becoming accustomed
to seeking information on the safety of prospective
new vehicles in the market. They have experienced
various NCAP publications through the media, and
specific safety material published by the vehicle
manufacturers. Some buyers may be searching for
the safest vehicle available or for a vehicle in the
top safety group. Other buyers may be interested in
child safety if they have small children that will be
travelling in the vehicle. They wish for accurate
and informative safety information. NCAP
managers and providers have a need to
continuously seek to provide more relevant and
informative safety information.

With NCAP published results now available on the
Internet from the USA, Japan, Europe and
Australia the consumer has considerable choice.

The basis for the information provided by these
international NCAP consumer-testing programs in
2003 is shown in Table 1. Each NCAP group
purchases, tests and assesses vehicles to their own
procedures to give consumers comparative
occupant safety information. Under current
programs, no attempt is made to assess the safety of
the vehicle from crash records, or from the vehicles
ability to avoid the crash in the first place (other
than braking tests conducted by JNCAP).

Safety Information From Hospital Admissions

Some motoring and safety organisations publish
information on the hospital admissions per 100
crashes of particular models of vehicle. The criteria
for hospital admission is seen as a breakpoint to
separate reasonably serious injuries from cuts and
scratches that can be treated by a doctor where the
driver or passenger in the crashed vehicle
recuperates at home. This information is not
available for a new model in the first or second
year it is available in the market because the
accuracy may be questionable due to insufficient
crash exposure. When the information is published
consumers may be faced with different rankings of
vehicles to those in an NCAP test result. This
difference may exist as the NCAP ratings only
consider a few of the most common crashes: an
offset frontal crash, a side impact crash and in some
programs a sideways crash into a pole. Hospital
admission crashes would include rear end crashes
that resulted in neck injuries, the most common
crash injury not presently assessed by NCAP tests.
Another major reason for differences in the two
program results is the weighting of minor injuries
from the hospital data that are treated at the
hospital when the injured person is admitted for
observation reasons.

PRIMARY SAFETY EQUIPMENT AND
NCAP ADVICE

Crashes have many causes and some could be
avoided if the driver took advantage of vehicle
attributes or systems that are now available to avoid
an imminent crash.
So far NHTSA (USA NCAP) has two safety
equipment lists, one is for airbag safety features
(Table 2), while the other is for primary safety
features (Table 3).
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Table 1.
International NCAP Testing Programs in early 2003

ORGANISATION Frontal
Testing
method

Side testing
Method

Pole Testing
method

Pedestrian testing
method

Japan NCAP
Organisation for
Automotive Safety
& Victims Aid
(OSA)

Full frontal test
at 35 mph
(56kph)
Offset frontal
test at 64kph

90 degree ECE
type test at 55
kph

No test No test

USA NHTSA Full frontal at
35mph (56kph)

27degree crabbed
test at 38.5mph

No test No test

USA through IIHS Offset frontal
test at 64 kph

Development of
new barrier

No test No test

Europe through
EuroNCAP

Offset frontal
test at 64 kph

90 degree ECE
type test at 50
kph

29 kph vehicle
into pole, head
injury
evaluation

Child &, Adult head
impact at 40kph on
bonnet. Upper &
lower leg impacts on
front of vehicle.

Australia ANCAP Offset frontal
test at 64 kph

90 degree ECE
type test at 50
kph

29 kph vehicle
into pole, head
injury
evaluation

Child &, Adult head
impact at 40kph on
bonnet. Upper &
lower leg impacts on
front of vehicle.

Table 2.
USA NCAP Airbags Safety Feature Availability (web 2003)

Make Model Advanced
airbag
feature

Side
airbags
front

Side
airbag
rear

Head
airbag

Head
injury
protection

Rear seat
head
restraint

Dynamic
Head
Restraint

Toyota Corolla x Option x x x � x
Honda Accord � Option x x Option x x
Saab 9-3 � � x � � � �

DBenz EClass � � � � x � x
�Means the feature is standard fitment, X means not available and Option means buyer choice.

In addition NHTSA publishes an informative
paragraph for readers on the safety value that the
listed features provide, see table 3.

Japan NCAP publishes a combined list of features
covering airbags, seatbelts, brakes and child
restraints; see Table 4, for each vehicle model.

EuroNCAP list some features in a brief note on
each detail sheet listed on the web site, see Table 5.

ANCAP provides airbag fitment details to test
vehicles.

In tables 2,4 and 5 a few popular vehicles are
shown with the features available.

Table 3.
NHTSA Primary Safety Information

Vehicle Systems to Reduce Crash Risk
4 wheel ABS Adjustable upper

belts front & rear
Electronic Traction
Control

Pretensioners

All wheel drive Energy
Management

Automatic Crash
Notification

Integrated Seat

Auto-Dimming
Rear View Mirrors

Rear centre
Shoulder belts

Daytime Running
Lights

Child seat lower
anchorages
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Table 4
Safety Feature Availability in JAPAN (2002)

Model Grade or Type Airbags Seatbelts Brake Child Seat
Manufacture
rs name

Grade or
model name
that has the
feature

Driver/
Passenger /
Side

Adjustable
anchors/
Pretensioners/
Seatbelt force
limiters

ABS/
Brake
Power
assist
device

Seatbelt with a child
seat locking mechanism
/ Integrated Child Seat /
Common fixture
(ISOFIX) seats

Toyota
Corolla

All � � x � � � � � � x �

M Benz E
Class

All � � � � � � � � x x x

Saab 9-3 All � � � � � � � x � option�
Honda
Accord

All � � x � x � � � � x x

Table 5.
Euro NCAP List Of Features (web 2003)

Model Driver &
Passenger
airbag

Side
airbag

Curtain
Airbag

Seat Belt
pretensioners

Load
limiters

Seat Belt
reminder

ISOFIX

Corolla � x x � � x �

Honda
Accord
(1999)

� � x � � x x

Saab 9-
3 (2003)

� � � � � � �

D Benz
E Class

� � � � � � x

Primary (Active) Safety Features

To date no NCAP program scores the primary
safety features or rate the ability of the feature in its
crash avoidance capability, although JNCAP
presents the results of its braking tests (described
later). A primary safety evaluation system should
function as a reliable guide for new vehicle buyers
who are looking for good safety features. The
evaluation system of these primary safety features
needs to consider the wide spectrum of crashes,
collision objects, crash severities and injuries,
which are likely to be found on roads. In some
countries the road conditions can vary considerably
from region to region which could alter the
usefulness of the feature to reduce the likelihood of
a crash.

Discussion A literature search failed to locate
technical papers that rank safety features that are
available in many vehicles in the market for
consumers to choose that would assist a driver to
avoid a crash. As an example, no information was
found to rank traction control as likely as ABS
brakes to assist a driver to avoid a crash. There is
little information available to score or rate the

difference of these two worthwhile safety features.
One system lets the driver steer while braking hard,
while the other can prevent the driver from losing
control. NCAP marketing has so far only presented
data on primary safety system availability and
general information to consumers in this important
area of buyer choice on overall safety information
at the time of vehicle purchase.

A Rating System for Primary Safety Features on
Vehicles

The objective for scoring must be to provide
knowledgeable information to consumers, based on
injury reduction benefits likely to accrue to vehicle
occupants. Manufacturers already use assessment
tests to evaluate a primary safety feature from one
supplier against a similar feature from another
supplier or competitive vehicle to support
installation of the feature in a particular vehicle.
How the evaluation considers injury reduction in
the wide variation of crash situations may be
different from one manufacturer to another. Clearly
close liaison between manufactures researchers and
NCAP teams is likely to be a constructive way
forward in developing a reasonable assessment
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protocol for rating primary safety items. Until this
has taken place, it is ANCAP’s view that scoring
one manufacturers primary safety device to
improve crash avoidance against another’s is
premature. This evaluation could be called the
device effectiveness score, and form one of the
elements in scoring the ability of the device to
reduce road trauma. See Table 6.

It is also essential for crash researchers to consider
the relative incidence and injury severity of
different types of crashes before a scoring system
could be effectively set up. Meaningful information
on each primary safety system injury severity
reduction as well as incidence rate for each primary
safety device are essential parts to introduce a
rating system.

Table 6.
A system of scoring primary safety devices on vehicles

Device Injury
Incidence
reduction

Injury Severity
reduction

Device
effectiveness
score

Net Benefit to reducing
injury of occupants

1* ABS 5% 10% 80% 9%
2* Smart Cruise
Control

8% 15% 75% 10%

Total Sum of scores
*Device and parameters for illustration purposes only

Injury Incidence reduction would come from
researchers who have published reports on the
expected benefits of the primary safety device in
avoidance of a crash resulting in a figure of crash
avoidance percent, against similar vehicles that do
not have the device fitted.

Injury severity reduction is also essential data from
researchers who report research that shows that the
device when fitted is likely to reduce the injury
severity for example from AIS 4 to AIS 2 in a
percentage of crashes. This could be used to
produce a score out of 100 for the severity of injury
reduction.

The device effectiveness score is based on liaison
with manufacturers and researchers to produce test
to enable a score showing the benefits of the device
over a vehicles performance compared to a vehicle
without the device installed, operating and used
correctly.

The net benefits to the occupants for a vehicle for
each primary safety feature is then a combination
of the scores from the three inputs resulting in a
score that shows the benefit of the device, in terms
of injury reduction, compared to a vehicle without
the device installed and operating. Totalling the
scores for a vehicle with more than one safety
devices fitted for pre-crash performance
improvement would give a result for the vehicle
under consideration. This could be published to
give a non-technical reader the best possible
assessment of the benefits of the vehicles pre-crash
safety package.

NCAP organisations should consider vehicle
primary safety features to give new vehicle buyers

greater information to allow them to make a
knowledgeable choice when considering the option
lists presented by manufacturers glossy brochures
in the showroom. To achieve this, NCAP
organisations should assess the performance of
features against standard test conditions to rate the
ability of the feature to do what is intended.
Consideration of primary safety features that would
assist in severe cold conditions (icy roads) may not
be equally desirable in crash avoidance compared
to features in a warm tropical (high intensity rain)
region. For this reason there may well be different
ratings in different countries or international
regions. Primary Safety Systems for NCAP
consideration are shown in table 7.

The proposed ANCAP primary safety rating
process would score the standard crash avoidance
systems supplied with the base vehicle to give a
primary safety rating score independent of the
crash rating score. It is also proposed that brief
information on the merits of each feature be
provided, similar to the present NHTSA material,
so the buyer would have access to an independent
source of the benefits of worthwhile safety features.

Field-testing of primary safety systems would add
additional time and cost to testing programs but
could be achieved before the crash test vehicles are
subjected to the barrier test programs. However
these assessments require test procedures to be
developed, test equipment to be developed and
acquired, contracts for the work and technicians
trained to operate the equipment correctly to obtain
reliable information and then process the results.
The results need to be assessed to ensure the data is
useful from a vehicle safety perspective before it is
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presented in a form that is useful and informative to
non-technical new car buyers.

An example of one primary system test that has
been carried out by Japan NCAP is the brake
testing results of new vehicles all fitted with ABS.
Results are published for a vehicle with driver and
equipment as the load at one test speed of 100kph
for both dry and wet roads. The stopping distances
of the vehicle are recorded for each test. The reader
is then able to evaluate the braking differences of
several vehicles of interest. This gives the
consumer the information to make a knowledgeable
choice on braking performance.

Table 7.
Primary Safety Systems for Consideration by

ANCAP
Stopping distance ABS Braking
Electronic Brake Assist Electronic Traction

Control
Stability Control Rear end collision

warning
Smart cruise control to
avoid rear end
collisions

Lights that give better
visibility and less glare

Lights to assist seeing
around corners

Daytime running lights

Tyre pressure monitors Seatbelt wearing
warning systems

Rollover propensity
rating for high seating
vehicles

Speed Control

Crash monitoring event
recordings

Head Impact padding
zone enlargement

Head restraint & active
seatbacks and head
restraints

Automatic Crash
Notification

ANCAP plans to review primary safety features
that can assist a driver to avoid a crash and set up a
separate system of evaluating and scoring the
features to aid a buyer who wants to select features
that can reduce the likelihood of their vehicle being
involved in a crash.

SECONDARY SAFETY DEVELOPMENTS

International Harmonisation Of Tests
Where possible, ANCAP will continue to use the
best international NCAP type tests for the basis of
the Australian and New Zealand NCAP. This
allows our small resources to be coupled to larger
organisations that develop testing and assessment
protocols. International manufacturers are also
supportive of this approach as it is not an ANCAP
intention to carry out unique tests unless there is a
compelling safety and technical reason. This has

been the practice that has given Australian new car
buyers information to over 75% of the volume new
vehicles sold in the Australian market on individual
vehicle occupant protection information.

IHRA Developments

International Harmonisation Research Activities
(IHRA) are expected to play a significant role in
harmonised NCAP testing methods in the future.
The individual committee recommendations may
take significant time to enter regulation systems,
but IHRA recommendations can be incorporated
quickly within international NCAP activities.

Dummy improvements are likely to be introduced
as recommended by IHRA research to ensure
dummy responses are more likely to represent real
world injury risk than existing dummy data.
ANCAP would follow changes by other
international NCAP groups in changing dummy
models and specifications.

There is discussion on using a 5 percentile female
dummy in crash tests to ensure that smaller people
using vehicles are considered by manufacturers and
NCAP testing groups. Cost of adding additional
tests will be a major factor in ANCAP adopting
such an approach, but it is recognised that
information to consumers should be more
representative of the wide size differences of front
seat drivers and passengers.

Deformable barrier changes are expected to better
match the stiffness of intruding striking vehicles.
This may result in changes to both the offset frontal
barrier and side impact barrier. The test mass of the
side impact barrier may also be changed as it
relates to the most common representation of a
striking vehicle in a particular market. IIHS work
with a side impact barrier is not seen as relevant
within the Australian market in 2003. Vehicles of
the mass and size representative of the proposed
side impact barrier are not represented in large
numbers in the Australian vehicle pool. It is
thought that the Australian vehicle mix that has
compact 4wd vehicles as the largest growing sector
in the market is different from the USA and Europe
markets. This may require some special attention to
select the most relevant side impact barrier face and
shape in the future.
On the other hand, this could mean that some Euro
NCAP test results could not be used in Australia,
even though the European and Australian models
were identical.
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Offset Frontal Test Developments

EuroNCAP scoring system has continued to update
the assessment of dummy measurements and
intrusion of structure into passenger space to give a
representation of likelihood of injury in an offset
frontal crash. This gives ANCAP the ability to also
introduce improvements to deformable barrier
performance, dummy biofidelity and dummy
instrumentation. ANCAP plan to continue to use
the EuroNCAP offset frontal test and assessment as
part of its plan to use international harmonised tests
in the Australian vehicle safety information and
publication program. This minimises manufacturers
requirements to test unique requirements. Further
changes to the offset frontal test and assessment
protocols will continue to be progressively
introduced by ANCAP at its next test series
following introduction by EuroNCAP.

Side Impact Test Speed Increase

The present side impact test speed of 50kph
remains at the speed of the ECE regulation. Both
NHTSA and Japan NCAP organisations have
raised the test speed above the regulation speed.
The ANCAP view is the test speed should be raised
above the regulation test speed to coincide with the
Japan NCAP side impact speed of 55 kph. One of
the reasons is the incidence of side impact injury
remains high in actual crashes and the slow rate of
introduction of side airbags into the Australian fleet
by manufacturers compared to Europe, Japan and
the USA. Several vehicles that have been tested by
EuroNCAP have to be retested by ANCAP for side
impact, as the model marketed in Australia is not
fitted with side airbags. A date for ANCAP to
commence testing with the higher test speed has
not been made at this time.
EuroNCAP has made upgrades to use EuroSid 2
dummy at the end of 2002 as well as changing the
deformable face of the barrier to a progressive
deformation construction (Cellbond Advanced
2000). ANCAP will incorporate these changes in
its side impact test during 2003.

Pole Test (Side Impact)

ANCAP has adopted the EuroNCAP method for
assessment of head-protecting side airbags with the
use of a pole test impact at 29 kph with assessment
on head protection and satisfactory airbag
deployment. It is intended to continue with the
option of using the pole test for passenger cars and
light vehicles meeting test eligibility requirements.

In the near future, a decision will be made about
using the pole test in place of the moving barrier
test, for side impact evaluation of high seating
position vehicles (seat H point >700 mm) such as

some 4wd Sport Utility (SUV) vehicles. The
present side impact barrier is not designed for these
4wd SUV vehicles, which allow the barrier to
under ride the vehicles seating position giving a
good injury score but an incomplete evaluation of
the side impact injury likelihood of the vehicle. The
testing and publishing of the present side impact
test at 50kph for high seating position vehicles are
considered to be of little value to consumers.

Child Restraint Assessment Changes

Australia has had child restraints with top tethers
for more than 20 years. These are fitted exclusively
to the rear seats when small children are carried. In
depth crash investigations support the effectiveness
of these child restraints, with minimal serious
injury to the restrained children in very severe
frontal and side crashes. The key requirement for
child survival with low injury is minimising
forward and sideways movement of the child -
primarily to avoid head contacts with hazardous
objects. . Australia is now receiving many new
vehicles with ISOFIX fittings that, it is hoped, will
reduce the likelihood of incorrectly fitted restraints
in vehicles. ANCAP has reservations about the
proposed EuroNCAP child restraint assessment
protocol that involves scoring child dummy injury
measures. There is great uncertainty about the use
of the present generation of child dummies for this
purpose, particularly with forward facing child
seats (Paine 2003). .

Neck Whiplash Injury

Neck whiplash injury is the most reported injury in
road crashes in Australia, to occupants of vehicles
that have been struck from the rear. Although neck
injury measurements are recorded in the offset
frontal test a new test is necessary to drive change
to reduce neck injury for occupants of vehicles that
have been struck from the rear. This is seen as a
development of the head restraint position
evaluation that was used by ANCAP from 1996 to
1999 when our overall evaluation system was
aligned with those used by the Insurance Institute
Highway Safety (IIHS). Research Council for
Automobile Repairs (RCAR) has been developing
an international test that ANCAP is considering
using once it has been finalised. This rating could
become part of the ANCAP assessment of neck
injury score in the offset frontal test or it could be a
factor in the overall vehicle score and star rating.

Roll Over Test

Rollover injuries follow from the many single
vehicle country road injury crashes in Australia.
The rollover crash is often related to fatigue or
inexperience when the driver unintentionally
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moves off the side of the road, and jerks the wheel
over to get the vehicle back on the road. The severe
dynamic vehicle response from this unusual input
means the vehicle lurches back onto the road
quickly requiring other steering inputs, leading to
the vehicle rolling over. Injuries are often severe,
and it may be some time before help is available
due to the remoteness of the crash site.

Although static rollover propensity, as is currently
assessed by NHTSA, is a factor in these rollovers,
ANCAP considers that the vehicle dynamic
behaviour plays a significant part in the events
leading up to the vehicle rolling over.

In Australia, Monash University has carried out
investigations into roll overs for several years and
has developed a roll over propensity test that
considers the static stability of the vehicle
combined with the dynamic stability performance
to give a rollover propensity measure.
Investigations into vehicles with above average real
world rollovers and those with below average
rollovers support the proposed Monash rollover
propensity measures. The static stability factor now
published by NHTSA is one of the inputs used in
the proposed Monash rollover propensity rating.
The dynamic test requires the vehicle to be driven
through the ISO lane change test a number of times
to measure the maximum speed at a given lateral g
force that the manoeuvre can be completed without
hitting the lane change marker cones. The higher
the speed through the lane change, the better the
dynamic stability.

Rollover propensity testing would be carried out
using a vehicle that will later be crash tested, and a
significant advantage is the zero damage to the test
vehicle. It is felt that publishing the rollover
propensity data on high centre of gravity vehicles
would be more useful to consumers than just the
static stability rating. The reason for not doing the
evaluation on low centre of gravity vehicles such as
regular sedan vehicles is their low roll over rate
compared to 4wd SUV type vehicles or high
seating position vehicles that are over-represented
in roll over injury crashes. The cost factor is also
important to ANCAP, and not doing the test on a
vehicle that has low incidence of rollover is seen as
a reasonable compromise.

CONCLUSIONS

ANCAP plans to move forward in developing a
primary safety rating system on new vehicles to
give new car buyers more safety information in a
simpler format than previously available. It is
expected that the primary safety information
package would commence with the most common
systems available on new vehicles with later

additions as testing and rating information became
available. This will allow consumers to make a
better-informed choice on matters affecting vehicle
safety.

International harmonisation of NCAP tests is
important to ANCAP and we will work with
developments from IHRA and other NCAP groups
to maintain equivalent test and assessment
protocols as changes progressively feed in to the
testing programs. This allows ANCAP to use test
results from other NCAP groups. It is also
important for manufacturers, who would prefer to
not be dealing with different tests and assessments
protocols around the world.

Two additional tests are thought necessary to
ensure consumers are adequately informed of high
injury incident crashes: neck injury from rear
enders and head and chest injury from rollovers
(particularly with high seating SUV type vehicles).
Indications of the direction ANCAP will move to
cover these crash types are discussed. The pole
tests developed for vehicles fitted with head-
protecting side airbags are seen as more relevant to
injury reduction in high seating position vehicles
involved in side crashes than the present side
impact barrier test.

Continued development of crash tests and
assessment systems within the overall international
harmonisation of road safety research remains very
important. ESV provides a key forum for exchange
of such information.
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ABSTRACT

Motor vehicle crashes are the most common
cause of serious head injury (Healthy People, 2002).
Over the past decade, improvements to seat belts and
frontal airbags have reduced the incidence and
severity of injuries sustained in frontal crashes, but
are less effective in side impact crashes.

Prior studies have shown that both excessive
linear and rotational accelerations are the cause of
head injury. Although the Head Injury Criteria (HIC)
has been beneficial as an indicator of head injury
risk, it only considers linear acceleration only.

With the rapid increase in computational power,
advanced models of the head/brain complex have
been developed in order to gain a better
understanding of head injury biomechanics. While
these models have been verified against laboratory
experimental data, there is a lack of suitable real-
world data available for validation. Hence, the
objective of the current study is to use real-world data
to predict injury outcomes using computer models of
the head, and to validate the model results against the
actual injuries sustained in two real-world crashes.
Two computer models of the head were used: The
Wayne State University Head Injury Model
(WSUHIM) and the NHTSA Simulated Injury
Monitor (SIMon). The HIC was also calculated for
comparision.

The use of computer models of the brain provide
a useful tool for the prediction of brain injury in
motor vehicle crashes and may be able to replace
criteria such as the HIC in the future.

INTRODUCTION

Head injury, or more specifically, brain injury, is
the most threatening form of injuries, both to life and to
the quality of life. Motor vehicles are the most common
cause of serious head injury, which is the most critical
form of impact trauma resulting from car crashes
(MUARC, 1993). There is a growing awareness of the
incidence of non-fatal brain injuries and their impact on
the individual, the family unit and the community.
Typically, half of all hospital road crash admissions

have a brain injury (Westmead Hospital Trauma
Registry, 1985). Over the past decade, improved seat
belt design and use of frontal airbags have reduced
the incidence and severity of injuries sustained in
frontal crashes, but are less effective in side impact
crashes.

Brain injury is appropriately called the silent
epidemic (Buchanan 1989), and the dramatic increase
in brain injury in the last decade has not been a result of
an increased number of crashes but of increased
survival. The use of ambulances with life support
systems, helicopter ambulances, and CT scans to
identify haemorrhaging and the location of blood clots
contribute to increased survival of crash victims. The
long-term consequences and the personal cost of a
brain injury are very evident to the victim and their
family. Seven million head injuries occur annually in
the United States (NHTSA 1989a). The community
cost of brain injury is progressively being recognised as
a major social issue. Consequently, there is an
increased focus on developing strategies for the
reduction of both head injury frequency and severity.
An improved understanding of the biomechanics of
brain injury is a critical first step to the development
of improved occupant protection.

Previous research has identified excessive linear
and rotational accelerations as the cause of head
injury. In testing the hypothesis of linear acceleration
as the etiology of head injury, a series of head injury
experiments began in 1939 at Wayne State University
by Neurosurgeon Dr Elisha S. Gurdjian, and
Engineering Professor Herbert R. Lissner. These
experiments included dropping metal balls onto dry
human skulls, impacts to the foreheads of embalmed
cadavers against rigid and padded surfaces, and the
application of an air pressure pulse directly onto to
the dura of anesthetised animals. The outcome of this
research formed the basis of the Wayne State
Tolerance Curve (Lissner et al., 1960), which became
the HIC with curve fitting analysis of the tolerance
curve (Versace, 1971).

In 1943, Holbourn proposed a rotational
acceleration theory based on a physical model of the
head. He hypothesised that large shear strains
produced throughout the brain from rotation could
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induce diffuse brain injury. This hypothesis was
further tested at the National Institutes of Health and
later at the University of Pennsylvania by two
Neurosurgeons, Dr Tom Gennarelli and Dr Ayub K.
Ommaya, and Engineer Dr Larry Thibault. The group
performed experimental studies using live subhuman
primates and physical models, and claimed that
virtually every known type of head injury could be
produced by angular acceleration (Gennarelli et al,
1972, Gennarelli et al, 1982, Thibault and Gennarelli,
1985). However, the level of angular acceleration
used in their experiments was inordinately high.

In real-world collisions, head injury occurs
from a combination of translational and rotational
acceleration, neither of which needs to be extremely
high. While the HIC has been beneficial in reducing
major forms of head injury by providing some type of
tolerance level, new head injury safety standards
need to include both types of acceleration. However,
the establishment of a safety standard requires an
understanding of human responses and tolerances to
impact loading. As noted by many researchers,
cadaver specimens cannot be used to understand the
physiology of head injury and volunteers cannot be
taken to injurious levels. On the other hand, ethical
issues and differences in anatomy make animal
testing difficult to conduct and interpret for human
use.

With the aid of rapid advances in
computational power, numerical models of the
human head have been developed to improve the
understanding of head injury biomechanics (Bandak
et al, 2001; Zhang et al, 2001a; Klevin et al. 2001).
While these models have been validated against
laboratory experimental data, there is a lack of real-
world injury data for model validation. Without this
critical validation step, computer models can only be
used as a research tool. Using computer assisted
tools, the purpose of this study is to report and judge
the accuracy of two sets of head injury data selected
from real-world cases for injury investigation.
Additionally, it is the intention of this research to
make the data publicly available so that any future
development of computer head models can be
validated against these cases for biofidelity.

METHODS

This study is comprised of three separate
components: Crash Investigation, Crash
Reconstruction and Head Injury Computer
Modelling.

Crash Investigation
The MUARC Accident Investigation Team

collects data on real-world crashes in Victoria and

New South Wales (NSW), Australia, with the
majority of cases being collected in the metropolitan
region. The team is comprised of Vehicle Inspectors,
Nurses, Accident Scene Investigators, a Case Co-
ordinator and a Senior Manager. The study has a
hospital-based inclusion criterion. The cases are
identified by a Nurse via the hospital system. After a
case is identified, the information described below is
collected.

Medical data collection: The Nurse interviews
the patient about a range of factors pertaining to the
collision, such as the crash scenario and their seating
position in the vehicle. The medical information
pertaining to the crash is then recorded and the
injuries are subsequently coded according to the
Abbreviated Injury Scale (AIS) 1990 (Revision
1998). CT reports, other diagnostic imaging reports
and medical reports are accessed in order to
accurately describe and code the injuries.

Vehicle inspection: The vehicle inspection is
performed within days of the crash in accordance
with international best practice for retrospective
examination of crash-damaged vehicles (NHTSA,
1989b). The inspection includes details about the
vehicle itself (such as make, model, year, VIN and
measurements of the vehicle body and wheelbase) in
addition to collision-specific data (such as crush
dimensions and seatbelt use). The crush dimensions
are recorded according to SAE J224 Collision
Deformation Classification (CDC) profile and the
delta-V is computed using CRASH3. The Principal
Direction of Force (PDoF) is visually determined
directly from the vehicle.

Scene inspection: Information from the patient
in conjunction with that in police reports and other
reliable sources is used to sketch the crash scenario
and locate the crash scene. Photographs showing
various angles of the crash site are taken and
evidence of the crash, such as broken glass or paint
marks on the struck object, are identified. If the
vehicle impacted into a fixed object, such as a tree or
pole, measurements of the object are also recorded.

If there is more than one vehicle involved in the
crash, the collision partner is located and, where
possible, a vehicle inspection of the second vehicle is
also conducted. Police reports are obtained and used
by the Vehicle and Scene Inspectors to verify details
of the vehicles involved and the crash scenario. After
all data has been collected, the Case Co-ordinator
produces a summary sheet describing the key aspects.
The Case Co-ordinator and Senior Manager then
check the entire case for consistency and clarify any
conflicting information. To complete a case, all
members of the Accident Investigation Team attend a
case review panel, where any complex or inconsistent
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case details are discussed and resolved. All
information is de-identified and the case is closed.

Two cases involving Holden VT Commodore
models were selected for this study: one AIS 0 head
injury case (no head injury) and one AIS 5 head
injury case. These cases were selected to firstly
provide two extreme sets of data, and secondly on the
basis that they were not overly complex and hence
could be replicated via crash tests where the injuries
could be directly attributed to the impact. Factors
considered included a crash speed that was below
85km/hr, adult occupant subjects and the exclusion of
crashes where the occupants were out of position.

Collision Reconstruction

Computer Simulations: Before conducting any
physical crash tests, computer simulations of the
crashes were performed to determine pre-crash
speeds and if relevant, crab angles. The crab angles
are initially calculated from the estimated speeds of
both vehicles prior to the impact (Figure 1).

Figure 1: The method used to calculate the crab angles

(α and β ) and the speed ( x ) required

The two types of crash simulations are outlined:
1. The first set of simulations utilised the SMAC4

module of the HVE (Human Vehicle
Environment) software (Version 4.30), produced

by the Engineering Dynamics Corporation
(EDC, OR, US). The objective of the HVE
simulations was to find the pre-impact speed(s)
of the vehicle(s) involved in the crash before
conducting the physical crash test. Simulations
were conducted until paramaters such as the
crash scenario and delta-V (calculated by
CRASH3) matched the real-world case.

2. The second set of simulations involved the use of
a Finite Element (FE) model of the case vehicle.
The model-calculated deformation patterns were
compared to those measured during the vehicle
inspection.

The information from the FE simulations was used to
finalise the parameters used in the physical crash test.

Crash Testing: Vehicles of the same model year
as the case vehicles were acquired and prepared for
the crash tests. Of the two cases selected, one was a
Commodore impacted by another vehicle (AIS 0
Case) while the other was a Commodore which
impacted a pole (AIS 5 Case). Specific information
related to the vehicle preparation is presented in the
Results section. In order to measure angular
accelerations in addition to linear accelerations, a
specially designed Hybrid III skull, which is arranged
to attach up to 12 Endevco accelerometers, was
purchased (Figure 2). Nine accelerometers, arranged
in the 3-2-2-2 configuration, were mounted to the
centre, anterior, left, and superior mounting blocks.
All three components of the body-fixed linear and
angular accelerations were calculated and used as
input to finite element models of the head in order to
estimate the risk of brain injury.

In addition to all six components of the head
acceleration, standard injury metrics were also
measured. These data were filtered according to SAE
J211 specifications then compared to the
recommended Injury Assessment Reference Value
(IARV) in order to assess injury potential for the
other body parts.

Figure 2: The location of the accelerameters and the dimensions of the skull showing the lateral view (left) and the
posterior view (right)

Bullet
vehicle

Target vehicle

α

β

x km/hr
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Head Injury Computer Modelling

For prediction of head and brain injuries, the two
models used were the NHTSA SIMon Head Injury
Model (Bandak et al, 2001) and the Wayne State
University Head Injury Model (WSUHIM) version
2001 (Zhang et al., 2001a)

The NHTSA SIMon Model: SIMon, Simulated
Injury Monitor, is a finite element occupant model
developed in LS-DYNA by NHTSA. The only model
currently available is the beta version of the SIMon
head module, which represents a 50th percentile male
head. The model simulates the cerebrum, dura, falx,
skull and 7-pairs of bridging veins (Figure 3). It does
not mesh the cerebellum, brain stem and ventricles.
The inferior part of the temporal lobes have been
greatly simplified to reduce the computational cost.
The total mass of the model is 4.77kg of which the
brain comprises 1.36kg and the skull consists 2.93kg.
The model contains 8,036 nodes and 5,948 elements,
among which 2,288 elements were used to model the
skull. The skull is assumed to be a rigid body while
the brain is represented by linear viscoelastic
material. All other components of the head are
assumed to be linear, homogeneous and isotropic.

Figure 3: The NHTSA SIMon model of the head/brain
complex illustrating the rigid skull and the deformable

brain

The NHTSA SIMon Model takes nine linear
acceleration measurements using the Hybrid III skull
described earlier. Three brain injury predictors are
calculated: 1) the Cumulative Strain Damage
Measure (CSDM), 2) the Relative Motion Damage
Measure (RMDM), and 3) the Dilation Damage
Measure (DDM). The CDSM is used for the
prediction of diffuse axonal injury (DAI), the RMDM
is adopted for the estimation of acute sub-dural
haematoma (ASDH), and the DDM is used to predict
the damage resulting from intracranial pressure
changes in the brain. The SIMon model is designed
to be highly computationally efficient in order to

handle the large quantity of simulations needed by
the automotive industry.

The WSUHIM: The WSUHIM, which consists
of more than 300,000 elements, represents the other
extreme of a numerical tool to estimate the risk of
head injury (Zhang et al, 2001a). All essential
components of the head including the scalp, skull,
brain stem, cerebellum, bridging veins, and a detailed
face were modeled. The grey and white matter were
defined separately using linear viscoelastic material
(Figure 4).

Unlike the NHTSA SIMon model, the WSUHIM
does not provide predetermined metrics to predict the
risk of brain injury. For example, the user needs to 1)
check the magnitude of the bridging vein strain in
order to predict the potential of sustaining an ASDH,
2) check the location of maximum stress/strain in
order to determine if the stress/strain exceeds the
laboratory produced tissue level injury threshold, and
3) check the intracranial pressure in order to
determine if any focal injury has occurred.

Figure 4: The WSUBIM brain injury model showing the
various components of the head

The compromise for including a detailed brain
structure in the WSUHIM is obviously the
computational cost involved. A typical simulation
using the SIMon model on a personal computer can
be completed in less than 4 hours compared to 24
hours for the WSUHIM on a high-end workstation.
On the other hand, a strain of 10% in the brain stem
region may be interpreted very differently to a strain
of 10% in the grey matter. The cumulative measure
used in the SIMon to predict brain injury may
underestimate the regional difference existing in the
complex brain whereas the WSUHIM takes into
account the region where the injury is observed.
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RESULTS

Crash Investigation
A summary of the two cases selected for this

study is provided below. The cases will be referred to
as AIS 0 Case and AIS 5 Case for the remainder of
the paper.

1. AIS 0 Case

Case description: A 1993 Toyota Paseo struck a
2000 Holden VT Commodore on the drivers’s side
(right) after running a red light. The Commodore
rotated almost 180 degrees and impacted a pole on
the front of the vehicle on the passenger’s side (left).
The secondary pole impact was not reconstructed
because the injuries to the occupants were sustained
in the primary impact. Figures 5 and 6 illustrate the
residual deformation of the Paseo and the
Commodore respectively.

Figure 5: The frontal damage to the Toyota Paseo
involved in the AIS 0 case

Figure 6: Photograph of the Holden Commodore in the
AIS 0 Case depicting the lateral impact

Vehicle Occupants: There were two occupants
seated in the Holden Commodore: a male driver and
a female front seat passenger (FSP). The male
occupant was 56 years old, 1.79m and 80kg while the
female occupant was 51 years old, 1.59m and 65kg.

Both occupants were wearing seatbelts. Frontal and
side airbags were fitted to the vehicle and both
deployed in the crash. The Toyota Paseo had one
occupant only (driver), who was a female. Medical
details pertaining to the Paseo driver were not
collected as she was in the non-case vehicle. The
driver of the Commodore sustained 5 rib fractures
with haemopneumothorax in addition to multiple
contusions and abrasions. The FSP of the
Commodore suffered minor contusions.

2. AIS 5 Case

Crash Description: The driver of a Holden VT
Commodore lost control of his vehicle and clipped a
parked vehicle on the front passenger side (left). He
then struck a telegraph pole on the driver’s side
(right), which resulted in extensive cabin intrusion.
The damage to the vehicle is depicted in Figures 7a
and 7b. Only the pole impact was reconstructed as
this impact resulted in the injuries sustained.

Figure 7 (a and b): The damage to the Holden
Commodore after impact with a pole

Vehicle Occupants: There were two occupants
in the vehicle, a driver and a FSP. The driver, who
was the case occupant, was a 39-year-old male, 1.80
metres in height and weighed 80kg. The FSP was a
male of similar anthropometric dimensions. The
driver suffered extradural haematoma, temporal bone
fractures and contusions, flail chest,
haemopneumothorax and several fractures. The FSP
was addmitted to a non-study hospital, hence his
injuries were not coded.

(a)
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Crash Reconstruction

1. Computer Simulated Crash Reconstructions

HVE Simulations: As the HVE software
contains US vehicles only, a Commodore and a Paseo
were created using a Chevrolet Impala SS and a
Toyota Celica respectively as base vehicles.
Modifications to the base vehicles were made so that
parameters such as the drive axle, vehicle weight,
number of doors, type of vehicle (sedan) and stiffness
matched the vehicles required for the analysis. Using
the police-reported description of the crash scenario,
a number of SMAC4 simulations were performed.
The simulation was deemed accurate when the CDC
profile from the vehicle inspection and the delta-V
from the CRASH3 calculation were comparable to
those from the HVE simulation.

For the AIS 5 Case, the collision partner was a
fixed object (a pole). Consequently, the impact speed
determined in the simulation was used for the
physical crash test. However, in the AIS 0 Case, there
were two moving vehicles, and the crash test facility
could only use one moving vehicle. Hence, the crash
test was conducted using a stationary target vehicle
(the Commodore), and a moving bullet vehicle (the
Paseo). Further HVE simulations were performed to
find the impact speed required for the bullet vehicle
to produce the equivalent damage that the two
moving vehicles would have produced.

FEM Simulations: Because the HVE software
includes only the stiffness data for vehicles available
in the US, an LS-DYNA finite element model of a
Holden vehicle, which has a similar underbody
structure to a Commodore, was used to perform
additional simulations of the crash. Input for the
model was taken from results determined by SMAC4
and the model-calculated deformation patterns were
compared to those measured during the vehicle
inspection. The initial contact point and the impact
speed were varied through several iterations until the
deformation patterns were similar to those measured
in the real-world crash. These data were then used to
finalise the parameters used in the reconstruction of
the collision.

AIS 0 Case: Using CRASH3 software, the delta-
V from the real-world crash was calculated to be 27
km/hr for the lateral impact and 49 km/hr for the
(secondry) frontal pole impact. The CDC was
recorded as part of the vehicle inspection. Table 1
shows these measurements, while the real-world
vehicle deformations have previously been shown in
Figures 5 and 6. HVE SMAC4 simulations were
performed to match the kinematics of the real-world
crash and were continued both until the damage on
the simulated vehicles (Figure 8) matched the

damage seen on the real-world vehicles (Figures 5
and 6) and the damage measurements were similar to
those in the real-world crash (Table 1). The crash
circumstances were known from the police report and
patient interview and final vehicle rest positions were
derived from the police reports and vehicle
inspections.

As Table 1 demonstrates, the simulation appears
to be an realistic representation of the real-world
crash. For the Commodore, the CRASH3 delta-V for
the real-world lateral impact was 27 km/hr while the
delta-V from the HVE simulated impact was 31
km/hr. Conversely, for the secondary pole impact,
these figures were 49 km/hr and 51 km/hr
respectively. The CDC profiles for both the
Commodore and the Paseo were analogous. For the
Paseo, there was some variation between the delta-V
calculated using real-world data and the delta-V
resulting from the HVE simulation. This variation
may be due to the assumption made by CRASH3 that
the target vehicle (the Commodore) was stationary or
that the stiffness values for the Paseo were softer than
those in the real-world Paseo. However, as crash
circumstances and crash measurements were very
similiar, the HVE simulation crash was deemed to be
an accurate representation of the real-world crash.
Using the speeds from this simulation, the crab angle
was initially calculated using the method shown
earlier in Figure 1. The initial pre-impact speed for
the Paseo was calculated at 85 km/hr while the crab
angles were computed to be 43 degrees for the
Commodore (α ) and 47 degrees for the Paseo ( β ).

Table 1: Comparison of real-world measurements and
HVE simulation measurements for both cases.

Case/
vehicle

Impact Parameter Real
World

HVE

AIS 0
Holden Lateral Delta-V 27 km/hr 31 km/hr

CDC 03RPEW3 02RYEW3
Pole Delta-V 49 km/hr 51 km/hr

CDC 12FLEN6 11LFEW4
Toyota Front Delta-V 48 km/hr 64 km/hr

CDC 12FDEW3 12FDEW3

AIS 5
Holden Pole Delta-V 43 km/hr 45 km/hr

CDC 03RPAW5 03RPAW5

The second set of simulations was completed
using a stationary Commodore and a moving Paseo
in order to replicate the conditions for the physical
crash test. The crab angles from Figure 1 were used
as a starting point to determine the Paseo pre-impact
speed necessary to produce the same damage profile
as the initial HVE Simulation (Table 1). The crab
angles remained at 43 degrees and 47 degrees for the
Paseo and Commodore respectively, while the pre-
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impact speed for the Paseo was computed to be 85
km/hr.

Figure 8: The HVE SMAC4 simulations of the Holden
Commodore (a) and Toyota Paseo (b).

AIS 5 Case: Table 1, which was presented
previously, shows the delta-V calculation and CDC
profile from both the real-world crash and the HVE
simulation. The delta-V compuations were similar,
being 43 km/hr and 45 km/hr for the real-world crash
and the HVE simulation respectively. Furthermore,
the CDC profiles were identical; hence, the
simulation was considered a close representation of
the real-world crash.

2. Physical Crash Test Reconstruction

AIS 0 Case: The Paseo was mounted onto a
trolley to assist its motion towards the Commodore.
To compensate for the trolley weight of 200kg, the
equilavent weight in vehicle parts was removed from
the vehicle. Both on and off-board cameras recorded
the motion of the vehicle and the Anthropomorphic
Test Devices (ATD’s). The camera positions are
illustrated in Figure 9. As the crab angle was too
large to replicate at the test facility, a double crab
configuration was adopted.

To represent the two occupants in the crash,
the ATD’s used were a 50th percentile BioSID for
the driver and a SIDIIs for the FSP. There were 50
signals for the BioSID that measured the head, neck,
T1, T4 and T12 vertebrae, the shoulder, the ribs the
pelvis, the pubic region, the iliac region, the sacrum
and the lumber regions. The SIDIIs had 26 channels
that included the head and neck, the T1, T4 and T12
vertabrae, the shoulder, the ribs the pelvis and the
lumbar regions. The Hybrid III in the Paseo was not
instrumented as the injuries to the occupant of the
bullet vehicle were not recorded. A total of 9 contact
switches was installed. Airbag and pretentioner fire
times were recorded. Including the target and bullet
signals, a total of 101 channels was used.

Figure 9: The final physical crash test configuration.
Positions 1-10 indicate camera positions (cameras 2 and

7 were located inside the Commodore and are not
shown)

AIS 5 Case: The reconstruction involved
pulling the Holden Commodore laterally into a fixed
pole. The vehicle available had the reverse
configuration (driver on the left side), hence the crash
test was conducted on the opposite side. There was a
small crab angle used to simulate the 255 degree
PDoF required to impact the vehicle at 9 o’clock.

The driver ATD used was a 50th
percentile BioSID, while the FSP was a 50th
percentile SID. The BioSID was instrumented to 50
signals (similiar to the driver in the AIS 0 Case),
while the FSP was not instrumented. There were 7
cameras installed to record the motion of the
Commodore and 5 contact switches. Airbag and
pretentioner fire times were recorded. A total of 57
channels was used for the entire crash test.

3. Post Crash Test Measurements

AIS 0 Case: Vehicle inspection measurements
from the real-world crash against the dimensions
measured after the physical crash test are displayed in
Tables 2 and 3, with Table 2 showing the vehicle
parameters for the Commodore and Table 3 for the
Paseo. The CDC gives an indication of the overall
damage, but does not capture accurate measurements
of the damage profile. In the case of the Commodore,
they were identical, indicating that the damage
produced in the crash test was a reasonable outcome.
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A comparison of damage measures such as the
maximum crush depth and the energy produced
indicate that the crash test damage underestimated the
real-world crash damage, but not greatly. The
damage profile from the crash test was slightly wider
and the maximum crush was further towards the rear
of the vehicle (comparing C3 and C4). Similar
analysis for the Paseo (Table 3) shows that the
damage produced in the crash test was reasonably

accurate, although, as this vehicle was not the case
vehicle, the accuracy of the damage profile was not
as important as for the Commodore.

Figure 10 illustrates the damaged vehicles from
the crash test, which can be compared to the real-
world crash vehicles previously shown in Figures 5
and 6 and the HVE SMAC4 simulation presented in
Figure 8.

Table 2: Comparison of vehicle measurements between the real-world crash and the crash test for the Holden Commodore
(case vehicle) in the AIS 0 Case.

Parameter Commodore: Real
World Crash

Commodore:
Crash test

C1 0 cm 5.0 cm
C2 19.0 cm 15.0 cm
C3 33.0 cm 20.0 cm
C4 31.0 cm 23.0 cm
C5 25.0 cm 20.0 cm
C6 0 cm 5.0 cm
Maximum crush depth 33.0 cm 23.0 cm
Height taken from ground 33.0 cm 45.0 cm
Direct damage width 177.0 cm 190.0 cm
Length of vehicle offside 428.0 cm 485.0 cm
Length of vehicle nearside 464.0 cm 474.0 cm
Wheelbase vehicle offside 249.0 cm 274.0 cm
Wheelbase vehicle nearside 288.0 cm 284.0 cm
Width of vehicle 176.0 cm 180.0 cm
CDC 03RPEW3 03RPEW3
Distance rear to C1 190.0 cm 75.0 cm
Distance front to C6 90.0 cm 150.0 cm
Distance C1 to C6 240.0 cm 260.0 cm
Offset +34.6 cm +39.6 cm
Delta-V 26.4 km/hr 35.0 km/hr
Energy 45.3 kJ 34.3 kJ

Table 3: Comparison of vehicle measurements between the real-world crash and the crash test reconstruction for the
Toyota Paseo (non-case vehicle) in the AIS 0 Case.

Parameter Paseo: Real World Crash Paseo: Crash test
C1 63.0 cm 103.5 cm
C2 41.0 cm 74.5 cm
C3 32.0 cm 64.5 cm
C4 33.0 cm 68.5 cm
C5 34.0 cm 78.5 cm
C6 45.0 cm 79.5 cm
Maximum crush depth 63.0 cm 103.5 cm
Height taken from ground 47.0 cm 65.0 cm
Direct damage width 166.0 cm 165.0 cm
Length of vehicle offside 324.0 cm 335.0 cm
Length of vehicle nearside 347.0 cm #
Wheelbase vehicle offside 233.0 cm 231.0 cm
Wheelbase vehicle nearside 240.0 cm #
Width of vehicle 166.0 cm 165.0 cm
CDC 12FDEW3 12FDEW4
Distance left to C1 0 cm 0 cm
Distance right to C6 0 cm 0 cm
Distance C1 to C6 166.0 cm 165.0 cm
Offset 0 cm 0 cm
Delta-V 45.2 km/hr 67.6 km/hr
Energy 80.2 kJ 24.5 kJ

# The rear corner of the vehicle was removed for test instrumentation.
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AIS 5 Case: Table 4 displays the vehicle
inspection data from the real-world crash against the
vehicle measurements resulting from the crash test
reconstruction. A comparison of the CDC profiles
from both vehicles indicates that the type of damage
was similar (03RPAW5 compared to 09LPAW4).
The damage produced was similar, but the crash test
damage underestimated the real-world crash damage.
This is evident when comparing parameters such as

the delta-V, the energy, the direct damage width and
the C1-C6 measurements.

Photographs of the Commodore impact with the
pole, taken after the crash test, are shown in Figures
11a and 11b (recalling that a reverse configuration
was used for the crash test). These can be compared
to the photographs of the real-world crash in Figure
7.

Table 4: Comparison of vehicle measurements between the real-world crash and the
crash test reconstruction for the AIS 5 Case.

Parameter Commodore: Real
World Crash

Commodore:
Crash test

C1 0 cm 5.0 cm
C2 40.0 cm 13.0 cm
C3 95.0 cm 38.0 cm
C4 49.0 cm 64.0 cm
C5 20.0 cm 32.0 cm
C6 0 cm 5.0 cm
Maximum crush depth 95.0 cm 64.0 cm
Height taken from ground 75.0 cm 50.0 cm
Direct damage width 55.0 cm 40.0 cm
Length of vehicle offside 412.0 cm 455.0 cm
Length of vehicle nearside 450.0 cm 405.0 cm
Wheelbase vehicle offside 210.0 cm 235.0 cm
Wheelbase vehicle nearside 291.0 cm 295.0 cm
Width of vehicle 150.0 cm 180.0 cm
CDC 03RPAW5 09LPAW4#

Distance rear to C1 130.0 cm 130.0 cm
Distance front to C6 65.0 cm 140.0 cm
Distance C1 to C6 200.0 cm 185.0 cm
Offset +79.6 cm +22.1 cm
Delta-V 38.6 km/hr 31.3 km/hr
Energy 131.7 kJ 66.9 kJ

Figure 11 (a and b): Post
crash test photos of the
AIS 5 Case showing the
Commodore involved in

the pole impact

Figure 10: Post crash test photos of the
Commodore (a) and the Paseo (b).

(a) (b)

(a) (b)

# Note that the crash test was performed in reverse
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4. Injury Measurements

AIS 0 Case: The injuries sustained by the
Commodore occupants and the Injury Assessment
Functions (IAF’s) from the AIS 0 crash test are
demonstrated in Table 5. The raw data was filtered
using Diadem Versions 7.2 (AIS 5 Case) and 8.0
(AIS 0 Case). The driver of the Commodore suffered
no head injury (AIS 0), although it should be noted
that the ambulance report recorded LOC as a possible
injury but it was not coded because the medical
personnel were not certain if LOC had in fact occured
(during the interview with the FSP, she stated that the
driver had a short period of LOC). The %IARV
(Injury Assessment Reference Value) ATD HIC was
low (the HIC36 value was 73.28 and the HIC15 value
was 47.58), indicating little, if any, damage to the
head/brain complex. The high %IARV’s were
measured from the shoulders and ribs of the ATD,
which was an accurate reflection of the driver’s
injuries in the real-world crash, as he suffered a
contusion to the upper arm, 5 rib fractures and
associated haemopneumo-thorax. The %IARV’s at

the iliac and pelvic regions of the ATD predicted
injuries slightly more severe than the contusion to the
right hip (AIS 1) sustained by the driver. To give an
overall view of the injury outcome, results for the
FSP are also presented.

AIS 5 Case: The injuries sustained by the
driver in the real-world crash against the percentage
of Injury Assessment Reference Value (%IARV) in
the AIS 5 Case are presented in Table 6. The driver
ATD was subjected to two impacts: the first with the
B-pillar and the second with the head of the FSP
ATD. This was confirmed by high speed video
footage. The driver sustained a bilateral extradural
haematoma (AIS 5), which was reflected in the
%IARV’s of about 178% for the head to B-pillar
contact and 315% for the head to head contact.
Interestingly, the highest HIC value was due to the
head-to-head contact rather than the driver ATD
contacting the B-pillar. The impact with the B-pillar
resulted in a HIC of 1789 for both 15ms and 36ms
duration, while the impact with the other occupant
produced a HIC of 3159.

Table 5: Comparison between injuries sustained by the real-world crash occupants and the
injury assessment values derived from the ATD’s in the crash test reconstruction in the AIS 0 Case

Real World Crash AIS Measured Quantity Magnitude IARV %IARV
Driver (Case occupant)
No head injury # 0 HIC limited to 15 47.58 1000 4.8

HIC limited to 36 73.28 1000 7.3
Contusion to upper left arm 3 Shoulder lateral force 3.18 kN 4 79.5

Shoulder lateral deflection 21.97 mm 75 29.3
V*C shoulder rib 0.40 m/sec 0.9 44.2

Fractures to the right ribs (5 fractures) 4 Thoracic rib #1 deflection 27.35 mm 42 65.1
and haemopneumothorax V*C thoracic rib #1 0.64 m/sec 0.9 70.7

Thoracic rib #2 deflection 26.03 mm 42 62.0
V*C thoracic rib #2 0.62 m/sec 0.9 69.1
Thoracic rib #3 deflection 27.03 mm 42 64.4
V*C thoracic rib #3 0.64 m/sec 0.9 70.6
Abdominal rib #1 deflection 44.20 mm 39 113.3
V*C abdominal rib #1 1.02 m/sec 1.2 85.1
Abdominal rib #2 deflection 57.17 mm 39 146.6
V*C abdominal rib #2 1.49 m/sec 1.2 124.0

Contusion to right hip 1 Iliac crest force 3.48 kN 6 58.0
Pelvis lateral acceleration 78.62 g 130 60.5
Scarum force 0.98 kN 6 16.3
Pubic symphysis peak force 1.28 kN 6 21.3
Lumbar bending moment 121.39 Nm 1125 10.8

Multiple abrasions to left femur 1
Abrasions to left thumb 1
FSP
Contusion to left and right hips 1
Contusion to left tibia 1
Contusion to right thigh 1
Contusion to sternum and right ribs 1 Thoracic rib #2 deflection 3.00 mm 42 7.1

V*C thoracic rib #2 0.03 m/sec 0.9 3.9
Contusion to pelvis 1
Contusion to left shoulder 1 Shoulder lateral force 0.45 kN 4 11.2

Shoulder lateral deflection 4.02 mm 75 5.4
Contusion to left elbow 1

# Note that although injury coding for the head was AIS 0, the patient may have suffered a brief period of unconsciouness. See text
for further details.
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Table 6: Comparison between injuries sustained by the real-world crash occupants and the
injury assessment values derived from the ATD’s in the crash test reconstruction in the AIS 5 Case

Real World Crash (driver) AIS Measured Quantity Magnitude IARV %IARV
Bilateral extradural haematoma (temporal) 5 HIC limited to 15 (head to B-pillar) 1788.82 1000 178.9
Temporal lobe contusion 3 HIC limited to 36 (head to B-pillar) 1788.82 1000 178.9

HIC limited to 15 (head to head) 3158.54 1000 315.8
HIC limited to 36 (head to head) 3158.54 1000 315.8

Bilateral temporal bone fracture 3
Bilateral spheroid bone fracture 3

Shoulder lateral force 3.40 kN 4 85.0
Shoulder lateral deflection 41.11 mm 75 54.8
V*C shoulder rib 0.84 m/sec 0.9 93.0

Fracture of right anterior ribs (4th,5th and 6th) 3 Thoracic rib #1 deflection 36.61 mm 42 87.2
Flail chest 3 V*C thoracic rib #1 0.54 m/sec 0.9 60.2
Haemopneumothorax (L and R) 3 Thoracic rib #2 deflection 33.27 mm 42 79.2

V*C thoracic rib #2 0.52 m/sec 0.9 57.8
Thoracic rib #3 deflection 30.60 mm 42 72.9
V*C thoracic rib #3 0.54 m/sec 0.9 60.4
Abdominal rib #1 deflection 40.25 mm 39 103.2
V*C abdominal rib #1 1.26 m/sec 1.2 105.1
Abdominal rib #2 deflection 56.48 mm 39 144.8
V*C abdominal rib #2 1.83 m/sec 1.2 152.8

Fracture of right inferior and superior pubic rami Iliac crest force 2.03 kN 6 33.8
Sacrum force 10.50 kN 6 175.0
Pubic symphysis peak force 7.82 kN 6 130.3
Lumbar bending moment 417.38 Nm 1125 37.1
Pelvis lateral acceleration 212.27 g 130 163.3

Fractured L femur (comminuted transverse
in the mid to lower third of shaft) 3

Head Injury Computer Modelling

1. Head Kinematics

A total of 9 components of acceleration were
measured from the skull during the crash test. The
accelerometer attached to the middle of the skull
measured the x, y and z accelerations (3 components)
at the centre of gravity. Other accelerometers inside
the front, top and side of the skull measured the other
6 accelerations required for angular acceleration
calculations.

2. Head Injury Results

The results from evaluating the two head injury
models are presented below:

The NHTSA SIMon Head Injury Model: The
NHTSA Model bases its head injury for DAI by
associating the cumulative volume of the brain matter
experiencing tensile strains over a critical specified
level, and is based on the maximum principal strain.
The volume of elements that has experienced a strain
greater than the prescribed level is computed at each
time increment.

In 1982, Gennarelli et al. tested 45 Rhesus
monkeys to head angular acceleration in three
different directions: sagittal, oblique and lateral.
Angular acceleration was achieved by moving the

animal head through a 60-degree angle with time
intervals varying from 11 to 22 ms. During these
experiments ASDH, cerebral concussion, and DAI
were produced in these animal subjects. The authors
concluded that angular acceleration of the head
causes DAI and is proportional to the degree of
coronal motion. The type of axonal injury and
distribution seen in animals was found to resemble
that found in severe head injury in humans.

The SIMon program uses Hobourn’s inverse 2/3-
power law to scale the response of the Rhesus
monkey to human, based on head mass. At a 15%
strain level, a CSDM value of 5.5% indicates mild
DAI while a CSDM of 22.7% represents severe DAI
(Eppinger and Takhounts, 2001). A nine-
accelerometer package (NAP) comes with the PC
beta version of the SIMon. This package calculates
the angular acceleration needed for running the FE
model based on the SAE sign convention. However,
the current PC version of the SIMon model uses the
NHTSA sign convention, which is different from the
SAE sign convention thus adding complexity to the
procedure. Subsequently, all simulations reported in
this study were performed directly using the same
SIMon FE model running in Unix version of LS-
DYNA. The input head linear and angular
accelerations for AIS 0 and AIS 5 cases are shown in
Figures 12 and 13. The total simulation time was 150
ms for the AIS 0 Case due to longer contact time and
50 ms for the AIS 5 Case.
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AIS 0 Case: At 40 ms, after the head
angular acceleration reached its peak, the CSDM
predicted by the SIMon model shows that about 0.4%
of the brain volume experienced a strain level 15% or
higher (Figures 14a and 14b). Based on the report by
Eppinger and Takhounts (2001) and Gennarelli and
Thibult (1982), the injury threshold for mild DAI was
5.5%. Results from the current simulation show that
the occupant was well below this proposed injury
threshold.

AIS 5 Case: Only the first impact (head
to B-pillar) was simulated for two reasons: firstly, it
cannot be certain that the head to head contact
occurred in the real-world crash and secondly, if head
to head contact did occur in the real-world crash, the
force generated by the ATD to ATD head contact in
the crash test would be much higher than that in the
real-world crash due to the stiffness of the ATD’s.

At 28 ms, after the peak linear acceleration has
passed, 24% of the brain volume (CSDM) exceeded a
strain magnitude that is 15% or higher (Figures 15a
and 15b). Again, based on studies by Eppinger and
Takhounts (2001) and Gennarelli and Thibault
(1982), the occupant in this case would suffer severe
DAI.

The WSU Brain Injury Model: The same three
translational and three rotational accelerations shown
in Figures 13a and 13b were applied to the CG of the
WSUHIM. Because the CSDM was not available in

the code used to run the WSUHIM, the CSDM was
checked manually by counting the number of
elements that exceeded 15% of strain at a time
increment of 2 ms throughout the entire brain.

AIS 0 Case: The model predicted that 3% of the
brain elements experienced a strain of 15% or higher.
The maximum principal strain contours in a para-
sagittal and a coronal section are displayed in Figures
15a and 15b. Regions of high strain were located in
the upper brain stem for the non-head injury (AIS 0)
case with the majority of brain elements sustaining a
strain of 10% or below.

AIS 5 Case: The high maximum principal strains
were concentrated in the central core region of the
brain, more specifically, in the midbrain, upper brain
stem, most of the diencephalon and the inferior
portion of the occipital lobe. The corpus callosum
region also experienced high strain in the current
model simulations. These results are shown in
Figures 17a and 17b.

DISCUSSION

In this research, real-world crashes were
reconstructed using the same model year vehicles.
Crash test ATD’s were used to obtain the occupant
kinematics. Furthermore, the measured linear and
angular accelerations of the head were used as input
for two currently available head injury FE models.
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Figure 12 (a and b): Linear and angular acceleration for the SIMon Model in the AIS 0 Case
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Figure 13 (a and b): Linear and angular acceleration for the SIMon Model in the AIS 5 Case
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Figure 14b: AIS 0 Case - SIMon
Model coronal view at 40 ms

Figure 16a: AIS 0 Case - WSU
Model saggital view at 40 ms

Figure 16b: AIS 0 Case – WSU
Model coronal view at 40 ms

Figure 15a: AIS 5 Case – SIMon
Model saggital view at 28 ms

Figure 15b: AIS 5 Case - SIMon
Model coronal view at 28 ms

Figure 17a: AIS 5 Case -WSU
Model saggital view at 28 ms

Figure 17b: AIS 5 Case -WSU
Model coronal view at 28 ms

Figure 14a: AIS 0 Case - SIMon
Model saggital view at 40 ms
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By using real-world crashes, the biofidelity of the
model predictions could be calibrated since actual
patient injuries rather than injury criteria were
compared with model predictions. In the two
extreme cases reconstructed and simulated, both
models were able to demonstrate significant
differences between the no head injury (AIS 0) and
critical head injury (AIS 5) cases.

It is difficult to perform a physical crash test that
replicates the real-world crash. In this study, the
computer modelling conducted prior to the crash test
was used to predict the crash speed required to
produce similar crush profiles and consequently
analogous injury outcomes to those in the real-world
crash. However, the crash test precision is limited by
the accuracy of the prior vehicle computer
simulations. The HVE software depends on the
assumed stiffness values for the determination of
delta-V. Unlike finite element modelling of a vehicle,
the stiffness can be prescribed for front, back, side
panels, roof and base of vehicle in the HVE but
point-by-point stiffness values for any structure
cannot be defined. In addition, the vehicles in the
crash were not part of the HVE database and had to
be designed using the software, hence, they are less
accurate. To compensate for these shortcomings, an
FE model of a Commodore was used to provide an
alternative way to model the crash prior to the
physical crash test. FE models have the advantage of
being more accurate since the stiffness and other
characteristics of the vehicle can be defined on a
point-by-point basis. However, the disadvantages
include the time required both to prepare each
simulation in addition to the long computational time
needed. Using both methods enabled as much
information to be obtained about the pre-crash
circumstances before performing the physical crash
test.

Another disadvantage of the current method is
that crash ATD’s used in the reconstruction do not
necessarily represent the actual occupants. The
physical ATD’s are limited to only several standard
sizes, which may not accurately represent the
occupants in the cases selected for reconstruction.

Analysis of the AIS 0 Case showed that the
NHTSA SIMon model predicted that the driver had
no head injury, while the WSUHIM showed a hot
spot or high strain location in the upper brain stem
region, an area known to play a vital role in basic
attention, arousal, and consciousness. According to
the FSP, the driver suffered loss of conscious (LOC)
for a short period of time following the collision. The
ambulance report also mentions that LOC may have
occured. However, if LOC had indeed occurred, it
could not be verified by medical personnel attending
the crash and consequently was not coded. Hence, it

is possible that the minor hot spot in the WSUHIM
was related to the LOC, but this cannot be verified.

For the AIS 5 case, the SIMon Model predicated
that the occupant suffered severe DAI. The
WSUHIM agreed with this prediction, but further
localised the injury regions to the inferior portion of
the occipital lobe, the corpus callosum inferior to the
falx, the tentorium cerebellum junction, the midbrain,
and the upper brain stem. As previously
demonstrated in Table 6, the head injuries sustained
by the occupant were a temporal bilateral extradural
haematoma (AIS 5), a temporal lobe contusion (AIS
3), bilateral temporal bone fractures (AIS 3) and
bilateral sphenoid bone fractures (AIS 3). The
WSUHIM was able to capture the bilateral nature of
the brain injury but the locations seemed to be more
posterior than those reported in the medical records.
This is partly due to the fact that the contact point of
the crash reconstruction was further towards the rear
of the vehicle than in the real-world crash.

The results from these models are promising.
However, it is clear that more data is needed for
model validation. For instance, the nature of the
injury cannot always be predicted, such as in the case
of a fracture. In the current study, the driver in the
AIS 5 Case suffered a severe fracture at the base of
the skull, but neither model could predict this
fracture. This was partly due to the fact that neither of
the models included boundary conditions at the neck.
Subsequently, forces and moments near the occipital
junction are not represented accurately.

As noted in the strain magnitude, the SIMon
model predicts significantly lower values compared
to those predicted by the WSUHIM. This is primarily
due to the selection of brain material properties. The
shear modulus used in the SIMon model was three
times that used in the WSUHIM even though the
value selected for the WSUHIM was almost 10 times
that measured in vitro as reported by Arbogast and
Margullies (1997). Zhang et al. (2002b) rationalized
that an increase in the material property is needed
because the effect of blood vessel tethering is not
recognized during in vitro testing. However, to what
extent the cerebral vasculature contributes to the
shear modulus in a living person is yet to be
determined.

The two head models were used in this study to
determine how well different models predict real-
world head injuries. Each model has advantages: the
SIMon Model is more user friendly and requires less
computational time, enabling many simulations to be
performed in a relatively short time period. On the
other hand, the WSU model can be modified by the
user and is able to pinpoint the region of injury more
precisely.
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In this study, two extreme cases of head injury
severity were used to provide data for FE model
validations and/or calibrations. The next stage of this
study is to select and reconstruct cases where the
occupant sustained AIS 1 (mild) to AIS 4 (severe)
head injuries to allow these models to be validated.
Data obtained in our study complement another study
jointly conducted by Biokinetics (Ottawa, Canada)
and WSU, which emphasized concussive brain injury
cases observed in American football fields (Zhang et
al, 2001b). If both low severity and high severity
brain injury can be predicted accurately by a
numerical model, it is anticipated that in the future,
models such as those presented in this paper will
replace criteria such as the HIC. The HIC has been
useful in that it has provided a benchmark on which
to base injury predictions. However, it is not a
criterion based on brain responses. With a better
understanding of the mechanisms of head injury and
improved tools to predict these injuries, it is feasible
that FE models will replace the HIC to provide
guidelines for designing countermeasures for head
injury protection.
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ABSTRACT

A two-stage study was conducted to identify a
suitable child restraint (CRS) to fit a Holden
Commodore vehicle. Seven CRS were evaluated: 1
infant capsule (rear-facing), 3 dedicated forward-
facing restraints and 3 convertibles (rear-facing
mode for infants and forward-facing mode for
children). Stage 1 testing involved an evaluation of
goodness-of-fit and quality of installation. Stage 2
testing involved dynamic sled tests (frontal and
side-impact) using the 5 best performers from
Stage 1. Amongst the rear-facing restraints, the
capsule performed better than all convertibles,
showing least reduction of front seat space and
greatest lateral stability under a 200N force. Of the
restraints tested in forward-facing mode, one
dedicated forward-facing restraint was found to be
superior. The sled tests showed differences in
dummies’ forward head excursion, forward and
lateral stability of CRS, and side-impact head
protection. Overall, although the findings suggested
a good level of protection, several areas for design
improvement were highlighted including methods
of fixing the restraint to the vehicle and the size of
the side wings.

INTRODUCTION

Recent estimates of effectiveness have suggested
that overall, child restraints may reduce injury by
approximately 70% and severe injury by 90%
compared with unrestrained children (Carlsson,
Norin, & Ysander,1991; Durbin, 2001; Isaksson-
Hellman, Jakobsson, Gustafsson, Norin, 1997;
Mackay, 2001; Partyka, 1990; Tingvall, 1987;
Weber, 2000). Generally, while these figures
suggest that restraint effectiveness is high, a
number of authors have indicated that there is a
need for design improvement. In addition, restraint
effectiveness is influenced by the compatibility of

the restraint, its anchorage system and the
characteristics of the vehicle seat. The purpose of
this study was to identify a suitable restraint, from
amongst those currently available in Australia, to
fit a Holden Commodore vehicle.

This paper is restricted to consideration of
restraints for infants (< 9kg and <70cm) and young
children (8-18kg and 70-100cm).

Injuries Sustained by Restrained Children

Most injuries sustained by restrained children are
minor in nature (Henderson, 1994; Isaksson-
Hellman, Jakobsson, Gustafsson, Norin, 1997;
Tingvall,1987; Webber, 2000). Children in child
restraints are less likely to be injured than children
wearing adult seat belts (Durbin, 2001) and many
injuries result from inappropriate restraint usage
(NHTSA, 1999). For example, Durbin (2001)
reported that when considering all serious injuries,
children wearing adult seatbelts were 53% less
likely to be injured than children who were
unrestrained and that children in child restraint
were 60% less likely to be injured than children
wearing adult seat belts.

The head and face are the more commonly injured
regions and the head is the region most frequently
involved in serious and fatal injuries in restrained
children. In side impact crashes, head injuries most
commonly occur from either contact with the
vehicle interior and / or contact with a restraint (see
Henderson & Charlton, in press, for a review).
Limiting head excursion in frontal impacts,
preventing head contact and minimising head loads
in side impacts are critical criteria for good child
restraint performance.

Restraint Design

In Australia, approved child restraints must comply
with Australian Standard AS 1754. This standard
prescribes specific requirements including material
requirements, design and construction, and
performance. As a result of this Standard and
associated vehicle design rules (ADR 34/01 and
ADR 3/00), a number of significant benefits can be
observed in CRS design and usage in Australia
compared with the current state in North America
and Europe ( Paine, Brown & Griffith, 2002).
These include,
- Mandatory top tether strap;
- Single point of adjustment of the harness;
- Six point harness with double crotch straps;
- Rear seat mounting normal practice.
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Although the Standard sets a minimum level of
performance for all Australian child restraints,
differences exist in the level at which Standards
approved restraints perform under standardised
conditions. These differences are particularly
evident in measures of dummy head excursion in
frontal impacts and degree of head containment in
side impact (Crashlab, 2000).

In addition, the performance of a CRS is likely to
be influenced by the interaction between the
characteristics of the vehicle seat and the CRS.
Such factors include:
- compatibility between the contours of the

vehicle seat and CRS;
- compressibility of the vehicle seat;
- the configuration of the seatbelt attachment of

the CRS to the vehicle.

This study evaluated selected CRS in a two-stage
test program for (i) goodness-of-fit and quality of
installation (ii) crash performance using dynamic
sled tests. Of interest was the relative performance
of the restraints in a Holden Commodore vehicle.

STAGE 1: FITMENT TRIALS

Method

Seven CRS were selected for the fitment trials
based on previous research (CrashLab, 2000;
Henderson, 1994). All had top-tethers. Three types
of restraints were included:
- 1 dedicated infant capsule (rear-facing, for

infants < 9kg and <70cm);
- 3 dedicated forward facing restraints (for

children 8-18kg and 70-100cm); and
- 3 convertibles (rear-facing mode for infants

and forward-facing mode for children).
Goodness-of-fit

All rear-facing restraints (capsule and three
convertibles in rear-facing mode) were evaluated
for goodness-of-fit in the vehicle. Forward-facing
restraints were not assessed because they posed no
restriction on front seat space. Each of the rear-
facing CRS was installed according to the
manufacturer’s instructions in the centre, near-side
(left) and off-side (right; behind driver) rear seating
positions. For all trials, the front driver and
passenger seat backs were set at 22 degrees to the
vertical. During the installation process, front seats
were moved to their foremost positions. Once
installed, the CRS was moved to the most rearward
position. Where applicable, contact between CRS
and front seatback was noted and the amount of
reduction in front seat travel was recorded (in
absolute distance (mm) and as a percentage of total
fore-aft travel).

Stability
A 200N force was applied to the top and base of
the CRS. This provided a measure of the quality of
installation by assessing the potential for the top
tether and adult seatbelt to restrain the CRS against
forward and lateral forces. The following subset of
displacement measurements is reported:

- Lateral displacement (mm) CRS with 200
N force applied to top (top/front for
convertible in rear-facing mode and
capsule) on inboard side;

- Forward displacement (mm) of top of
CRS with 200 N force applied to top slots
of shoulder harness straps (CRS in
forward-facing mode, only);

- Forward displacement (mm) of base of
CRS with 200 N force applied to base on
outboard side.

Results and Discussion of Stage 1

Goodness-of-Fit
All rear-facing restraints were installed in centre
rear seat position without compromising front seat
travel. That is, with the front seats in their rear-
most position, no contact was observed between the
seat backs and CRS. However, when installed in
the off-side (right) and near-side (left) positions,
the convertible-type restraints all made contact with
the rear of the front seats. Figure 1 shows the
percentage reduction in front seat travel for
convertible and capsule type restraints, averaged
across near- and far-side seat positions. Installation
of the infant capsule resulted in considerably less
reduction in front seat travel compared with the
convertibles (means were 40% and 66%,
respectively).

Figure 1. Percentage reduction in front seat
travel for rear-facing convertibles and capsule
CRS

Installation of Convertible C required the front seat
to be moved forward 74% of the total available
travel distance, resulting in the greatest
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space compromised to such an extent, it is likely
that for some proportion of the adult population,
driver and passenger safety and comfort may be
affected. Hence, Convertible C was excluded from
further testing.

Stability
Table 1 summarises the results of the installation
trials evaluating stability of CRS with a 200 N
force applied. For CRS with a recline mode, the
performance range for upright and reclined modes
of installation is presented.

Table 1. Displacement measurements (mm) with
200 N force applied to CRS (range upright -
reclined mode where applicable)

CRS TYPE Lateral
Disp

(top)*

Forw’d
Disp

(top)*

Forw’d
Disp

(base)**
Dedic F-F A 105 5 50

B 87 - 153 20 - 28 25 - 77
C 95 - 160 7 - 20 130 - 120

Conv F-F A 70 - 140 20 - 45 120 - 110
B 125 - 60 7 - 25 130 - 125
C 100 - 155 3 - 20 65 - 55

Conv R-F A 500 N/A 45
B 470 N/A 130
C 500 N/A 50

Capsule 400 N/A 88
* CRS installed in centre rear
** CRS installed in side rear

Results for lateral displacement of the forward-
facing CRS indicated a relatively high level of
stability. Lateral movement ranged between 60 mm
and 160 mm. Compared with forward-facing
restraints, rear-facing restraints were considerably
less stable. The infant capsule moved slightly less
than the convertibles (400 mm compared with 470-
500 mm, respectively).

Application of an external force to the top of the
CRS resulted in relatively little displacement of the
top of the CRS for both restraint types tested,
(range was 3mm to 45 mm). Forward displacement
of the base of the CRS was also relatively small
although there was some degree of variability
within restraint types.

The quality of installation with an external force
applied was used as a measure of the effectiveness
of the CRS attachment system in minimising
movement of the restraint during an impact. As
expected, instability was relatively high in the
lateral direction. Lateral displacement was
considerably more marked in rear-facing CRS
compared with restraints in forward-facing mode.
This can be attributed primarily to longer top tether
strap configurations in rear-facing CRS.

Convertible types showed more sideways
movement than the infant capsule. Relatively good
levels of stability were observed when the force
was applied to the top of the CRS in the fore-aft
direction. Slight variations in fore-aft displacement
were observed, particularly between restraints in
upright and recline modes. These differences are
likely to be attributed to small differences in the
length of top tether strap. Given the potential for
this fore-aft displacement to translate into forward
excursion of the child occupant’s head in the event
of a crash, it was of particular interest to explore
the performance of these restraints under dynamic
sled testing in Stage 2. Restraints in recline mode
allowed slightly more forward displacement than
was evident in upright mode. Fore-aft movement of
the base of the CRS was generally higher for the
convertible restraint type in forward-facing mode.
One particular dedicated forward-facing restraint
(CRS C), showed the greatest amount of lateral
movement as well as forward movement of the
base (in recline mode) and therefore was excluded
from further testing.

SLED TESTS

The five best performing CRS from the fitment
trials in the earlier stage of the project were
evaluated in the sled tests. These were

- Dedicated forward-facing restraints A and
B;

- Convertibles A and B; and the
- Infant capsule.

Twenty-two HyGe sleds test were conducted using
a Holden Commodore VX Sedan buck. The sled
tests were based on the dynamic test requirements
of (AS/NZS 1754:1995), with some of the tests
designed to exceed the requirements of the
Standard.

The CRS were fitted in the right and left side rear
seating positions in a simulated 64 km/h offset
deformable barrier frontal impacts, crash severity
of around 71 km/h. In addition, 50 km/h side
impact simulations (near and far-side) were
conducted with a crash severity of around 16 km/h.
Only near-side data are reported in this paper.

New seat belts were used in each sled test and front
seats and rear seat belt anchor points were
reinforced where necessary to withstand numerous
sled tests.

The test dummies used in the sled tests were:
- Hybrid III 3 years old;
- TNO P3 (15 kg);
- TNO P1.5 (9 kg); and
- CRABI 6 months old.
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A number of measures of dummy kinematics were
recorded, however, only Head Injury Criteria,
derived from head accelerations data, are reported
here.

In addition, all tests were recorded using high
speed on-board cameras. These recordings were
analysed using digitising software to measure the
maximum forward excursion of the dummy head
and contact with the vehicle interior (and other
dummy body parts) was noted by two independent
observers.

Results and Discussion of Stage 2

Table 2 summarises the data for frontal impacts for
the various restraint types. As expected, the
acceleration forces on the head, represented by
HIC36, were higher for forward-facing restraints
compared with rear-facing restraints.

Differences were observed in the HIC36 values for
the four forward-facing restraints. Differences were
also evident for the two dummy types. Best
performances were noted for Dedicated forward-
facing restraint A and Convertible B with the
Hybrid III dummy. HIC values were fairly similar
across the three rear-facing restraints and were
suggestive of good head protection in a frontal
impact.

Analysis of the maximum forward motion of the
dummy head also revealed differences among the
restraint types. In particular, one child seat,
Convertible A, allowed the dummy head to contact
the back of the driver seat during the impact. In
addition, Convertible B and Dedicated forward-
facing restraint B allowed the dummy head to
contact its knees.

Table 2. Summary of dummy measures for
frontal tests

CRS
TYPE

Dummy HIC
36

Max
Head
Excur
(mm)

Head
Contact

Dedic
F-F A

TNO 1.5
HIII

1510
802

485
516

No
No

B
TNO 1.5
HIII

1746
1170

584
572

Yes-kn
Yes-kn

Conv
F-F A

TNO 1.5
HIII

1092
1113

550
580

Yes-kn
Yes-rfs

B
TNO 1.5
HIII

-
843

563
563

Yes-kn
No

Conv
R-F A

CRABI
TNO 1.5

415
423

150
150

No
No

B
CRABI
TNO 1.5

493
557

150
150

No
No

Capsule CRABI 547 120 No

Summary data for side impact tests are presented in
Table 3. Low HIC values were recorded for all
CRS. This was not unexpected given the relatively
low crash speed used in these side impact tests.
Another important indicator of protection in side
impact is the extent to which the head is contained
within the CRS and evidence of head contact with
the vehicle interior (door or window). In forward-
facing mode, both convertibles permitted the
dummy head to strike the vehicle and in rear-facing
mode, Convertible B also allowed dummy head
contact with the vehicle door.

Table 3. Summary of dummy measures for side
impact tests (nearside)

CRS
TYPE

Dummy HIC36 Head Contact

Dedic
F-F A

TNO 1.5
TNO 3

129
60

No
No

B
TNO 1.5
TNO 3

41
31

No
No

Conv
F-F A

TNO 1.5
TNO 3

30
88

No
Yes

B
TNO 1.5
TNO 3

46
26

No
Yes

Conv
R-F A

CRABI
TNO 1.5

53
141

No
No

B
CRABI
TNO 1.5

82
118

No
Yes

Capsule CRABI 79 No

Given the relatively low HIC values, it could be
argued that head contact was not problematic.
However, the fact that three of the restraints were
unable to retain the dummy head in a relatively low
crash speed suggests that at high crash speeds,
serious head injury may result.

Differences in the capacity to prevent head contact
may be explained by the size of the side wings and
the stability of the CRS. Dedicated forward-facing
restraint A had large side wings and clearly offered
better containment of the head than the other
restraints tested with the 1.5 and 3 year old
dummies. An important factor in maintaining CRS
stability is the method of attachment of the restraint
to the vehicle. The dedicated forward-facing CRS
differed in their method of attachment in terms of
seatbelt configurations. In restraint A, the lap
portion of the seat belt wraps right around the front
of the base of the child seat, while in restraint B,
the seat belt fits through the back of the child seat.

SUMMARY AND CONCLUSION

In summary, the two-step evaluation was designed
to evaluate a range of child restraints that are
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currently on the market for their suitability for use
in the Holden Commodore vehicle. The research
process compared CRS performance on various
measures, including goodness-of-fit, the stability of
the restraint and various crash protection measures
such as the ability of the restraint to prevent the
dummy head from contacting the vehicle interior
and its capacity to contain the head in a side impact
crash.

Overall, the research confirmed that child restraints
on the market in Australia offer a high standard of
protection for young occupants in the event of a
severe crash. The findings showed that there were
differences between child restraints on a number of
measures. In the range of restraints suitable for
infants, the infant capsule-style performed better
that the rear-facing convertibles. For older children,
the dedicated forward facing restraints generally
performed better than the convertibles in forward-
facing mode. One dedicated forward facing
restraint in particular, clearly showed better
stability and head protection, primarily due to the
seat belt configuration around its base and the large
wings surrounding the child’s head.

Although the findings suggested a good level of
protection, several areas for design improvement
were highlighted. These include:

- better systems of attachment of the CRS into
the vehicle to optimise stability and minimise
fitment error (e.g. incorporating ISOfix
systems);

- improved side impact protection by increasing
the size and padding of side wings of the CRS.
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Abstract 
 
In the field of collision safety, conspicuous progress 
has been made in recent years in occupant restraint 
devices. Collision avoidance technologies are also 
rapidly developing. Various proposals have been 
made for next-generation occupant restraint 
technologies which work in combination with 
collision avoidance systems. This paper discusses 
research on a next-generation seat belt system as a 
first step towards the realization of such a 
combination. 
In this system a DC motor operates in parallel with a 
conventional pyrotechnic seat belt pretensioner. 
When a radar sensor system detects a forward 
obstacle, the DC motor operates to wind the seat belt 
and reduce slack before collision. This has made the 
seat belt pretensioner more effective in a front 
collision. This paper discusses the results of various 
tests on the motor-seat belt combination, and gives 
consideration to its effectiveness and shortcomings. 
 
System Configuration 
 
Figure 1 shows the system configuration of the 
electric pretensioner seat belt system. A radar sensor 
employing milli-wave (Figure 2) is located in the 
front of the vehicle. Figure 3 shows the block 
diagram of the radar sensor. This radar is FMCW 
(Frequency Modulated Continuous Wave) type in 
77GHz band. The radar unit is composed with a 
scanning mechanism and electric control circuit.   

The radar sensor measures the position, distance and 
relative velocity of forward obstacles in the direction 
of vehicle motion. The signal generated by 
transmitter is sent to a front obstacle from an antenna, 
and the antenna receives the reflective wave again. 
Distance with a front obstacle, relative velocity, and a 
direction are recognized from the phase difference of 
pulses. Moreover, an antenna is scanned by 
mechanical scanning mechanism in order to extend 
the detection range. The possibility of the collision 
with a front obstacle is judged using the relative 
information with the forward obstacle and the speed 
and the operation information of car oneself. Electric 
Pretensioner is triggered when the possibility is high. 
This real time data from the radar sensor is brought 
together with data on vehicle speed, yaw rate, 
longitudinal acceleration, and the status of steering 
and braking applied by the driver to comprehensively 
determine the possibility of collision with a forward 
obstacle. If the possibility of a collision is judged as 
high, the radar sensor system triggers operation of the 
electric pretensioner. 
The trigger for the electric pretensioner operation is 
applied in two stages. The operation flow is in Figure 
4. In the first stage, when a forward obstacle has been 
identified, but steering maneuvers or application of 
braking can still avoid collision, the electric 
pretensioner vibrates as it is tightened under a low 
load. This vibration and tightening alerts the driver to 
the possibility of collision so that avoidance 
maneuvers can be commenced. If a high level of risk 
of collision continues to exist, the system proceeds to 
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stage two. In the second stage, when collision can no 
longer be avoided, the seat belt is tightened under a 
high load to reduce the slack in preparation for 
collision. This forced tightening of the seat belts can 
reduce at an early stage the forward displacement of 
occupants induced by vehicle deceleration before 
collision when the driver recognizes the danger 
condition and applies the brakes. After this, on 
collision, the pyrotechnic seat belt pretensioners are 
triggered by the conventional crash sensor system to 
protect the occupants. If it has been possible to avoid 
collision by steering maneuvers or application of the 
brakes, the lock mechanism on the electric 
pretensioner system is released. After fixed time 
release control of the locking mechanism acts from 
the time of rewinding control being completed. It acts 
only in the conditions that G sensor of the seatbelt 
retractor can be canceled based on a brake signal or a 
vehicle speed information, and then the locking 
mechanism of a motor drive system is canceled. 

Figure 3.  Block Diagram of Radar Sensor 
 

Figure 4.  System Control Flow 

 
Figure 5. shows the construction of the retractor in 
the electric pretensioner system. A pyrotechnic 
pretensioner and a load limiter have been added to a 
conventional emergency locking retractor (ELR). 
Operating in parallel with these is a DC motor and a 
transmission mechanism to transmit motor drive to 
the ELR shaft. The system has a clutch mechanism to 
separate the motor drive from conventional seat belt 
under normal conditions, ensuring that motor drive 
works is transmitted only when the motor is in 
operation. 
In addition to being operated by the radar sensor, the 
electric pretensioner system is also operated by brake 
assist system before an accident. 

 

Pyrotechnic 
Pretensioner 

Motor Drive Unit 

Figure 5.  Retractor of Electronic Pretensioner 

Control of Electrical Pretensioner Operation 
 
The drive of the electric pretensioner is triggered by 
the judgement signal from the milli-wave radar. 
Moreover, when a series of activation are finished, 
the locking mechanism release sequence of the 
retractor is performed. The driver of motor controls 
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FETs using the PWM (Pulse Wave Modulation) 
control amplitude of current with current feedback. 
Three kinds of drive patterns of a motor are prepared, 
and they are a proximity alarm (Figure 6), rewinding 
control (Figure 7), and the locking mechanism 
release control (Figure 8).  
 
 
 

 

Consideration of Activation from Brake Assist 
System 
 
When considering the operation of Electric 
Pretensioner by brake assistance, the deceleration by 
braking should be considered in activation of Electric 
Pretensioner. In the case that the driver finds the front 
obstacle and applies braking, the locking mechanism 
of the ELR is worked by the deceleration of the car 
and adequate load is applied to a seat belt. At this 
time Electric Pretensioner will be triggered by Brake 
Assist System which works at the time of sudden 
braking. The rewinding of Electric Pretensioner 
should be made faster than the rise of the seat belt 
load by the deceleration of braking. Figure 9 shows 
the time history of the pressure of brake cylinder, belt 
load, and deceleration in the test of sudden braking 
with the brake assist system and the conventional 
ELR seat belt. In this test, it takes for 50milliseconds 
from starting sudden braking that the brake assist 
system is triggered. The triggering timing of the 
brake assist system is set to 0msec on graph. The 
pressure of brake cylinder increases further by the 
operation of Brake Assist System, and the 
deceleration of car also goes up according to it. On 
the other hand, the load of a seat belt does not go up, 
while the locking mechanism of ELR does not work. 
The load of seatbelt goes up when the deceleration 
reaches around 0.4G and the locking mechanism 
works after that in around 50msec,and the slack of 
the spool of ELR is reduced enough in the around 
150msec. On this condition, the maximum of the 
deceleration reaches about 1G. Moreover, seat belt 
load amounts to no less than 40kg. On such 
conditions for Electric Pretensioner working 
effectively, it is necessary to complete an operation 
before seat belt load becomes high. Therefore the 
electric pretensioner should be complete to work 
within 100msec(s) at least as it takes for 20 to 50 
millisecond for the trigger Signal to be transmitted 
from the brake assist system through CAN Network. 
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Results of Performance Tests 
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1. Comparison of forward displacement at 
Braking before collision 
 
Figure 10 shows a comparison of forward 
displacement induced in occupant's head by vehicle 
deceleration when the driver brakes suddenly before 
a collision with and without the electric pretensioner 
system in operation. Figure 11 shows a comparison 
of amount of the seatbelt payout at the test condition. 
The brakes are suddenly applied at the same time as 
the existence of an obstacle is recognized, 
deceleration reaches a maximum of 1G, and the 
electric pretensioner goes into operation. 
Comparisons were conducted under the same 
conditions for occupants classed into four different 
sizes. For AM95 (adult male 95%tile), AM50 (adult 
male 50%tile) and AF5 (adult female 95%tile) 
occupants, the electric pretensioner halved forward 
displacement in comparison to the conventional 
seatbelt system. There was no significant difference 
for occupants using the child restraint system (CRS) 
because the seat belt was locked before crash by the 
automatic locking retractor (ALR) with no slack. 
Comparing these results from the perspective of belt 
tightening and extension, we see that in comparison 
to the extension that occurs in the conventional 
seatbelt, the electric pretensioner remains tightened 
throughout. In the conventional seat belt, the ELR 
locking mechanism is not in operation when the 
vehicle commences deceleration. It is only after 
deceleration reaches the level preset to trigger 
locking that the ELR shaft locks. The belt extends in 
the period between the beginning of initial 
deceleration and locking. Even after the locking 
mechanism works, the passenger exerts a load on the 
seat belt and extends slack wrapped around the shaft 
of retractor. In the electric pretensioner system, the 
motor is employed at an early stage to rewind and 
tighten the belt, and reduces slack of the belt wrapped 
around the shaft. 

Figure 11. Comparison of Amount of
Seatbelt Payout at Hard Braking 

 
 
2. Comparison of performance in frontal barrier 
test 
 
The performance of occupant protection in crash tests 
is evaluated with the amount of energy absorption 
within 75mm of occupant displacement in early 
stages of a crash test. 
Figure 12 shows a comparison of occupant restraint 
performance with and without the electric 
pretensioner in operation. Performance comparisons 
focus on the first half of the collision, because the 
second half is determined by the characteristics of the 
load limiter. 
In a crash test equivalent to frontal barrier at 55km/h, 
there was no significant difference in performance for 
50%tile and 95%tile occupants. However, a 
difference in initial restraint performance was 
observed in tests with 5%tile occupants. 
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3. Comparison of performance in offset barrier 
test 
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Figure 13 shows a comparison in a crash test 
equivalent to offset deformable barrier crash at 
64km/h. Initial vehicle deceleration is relatively low 
in offset barrier, it may be hard for operation of the 
pyrotechnic pretensioner to be fast as compared with 
full-lap barrier crash. Forward displacement of 
occupant has already increased to some extent when 
the pyrotechnic pretensioner activates. The difference 
in initial restraint performance is due to the fact that 
tightening of the electric pretensioner before collision 
controls the forward displacement of the occupant 
from the initial stages of the crash test. 

Figure 14. Comparison of the Energy
Absorption at Frontal Barrier Crash with
100mm Seatbelt Slack  
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4. Effectiveness of performance with seat belt 
slack in frontal barrier test 
 
 
It is generally known that the more slack increases 
the greater its effect on initial restraint performance 
in a collision. Frontal crash tests were conducted to 
compare performance with slack artificially produced 
by placing urethane foam between the occupant and 
the seat belt. Tests were first conducted without 
activation of the electric pretensioner, both with and 
without seat belt slack. Results demonstrated a 
relative drop in initial restraint performance with seat 
belt slack, emphasizing the importance of wearing 
the seat belt correctly. Further tests showed that the 
operation of the electric pretensioner was able to 
considerably reduce the effect of slack. With 
AF5percentile passengers the equivalent performance 
was achieved by activation of the electric 
pretensioner under this test conditions as shown by a 
normal ELR with no slack. The comparison of those 
results are shown in Figure 14 
 
 
 

 
Current issues and future development 
 
The results of a series of performance evaluations 
have demonstrated that the electric pretensioner 
improves passenger restraint performance in the 
restricted condition. However, at present the range of 
operation of the electrical pretensioner system is 
restricted with respect to the variety of possible 
collisions. The area covered by current collision 
prediction sensor system is still narrow, and their 
capability of detection at close range is limited. In 
addition, their capacity for collision detection is still 
limited in comparison to current crash sensor systems, 
which trigger several types of occupant restraint 
systems after collision. For instance, they have 
difficult predicting a collision with a large angle of 
entry, and, when an oncoming vehicle represents the 
obstacle, there are cases in which they do not have 
sufficient resolution to judge whether the obstacle is 
in their own or the oncoming lane, and judgment 
takes time. 

Figure 13. Comparison of the Energy
Absorption at Offset Barrier Crash 
 

Future technological advances will make possible 
high-accuracy detection at a wider range of angles 
and at close range, enabling the replacement of 
current crash sensors with a collision prediction 
system capable of responding to all collision modes. 
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ABSTRACT

The concept of information flow applied to crash sens-
ing in airbag systems introduced in [3] is further devel-
oped. An asymptotic formula for the amount of infor-
mation available to an airbag module is obtained. This
formula is applied to study the information flow in a lin-
ear spring-mass model and it gives a simple and insight-
ful relationship between the fire time of an airbag and the
accuracy of the estimation of the initial impact velocity.
This relationship is in the form of an “uncertainty princi-
ple” describing the balance between the amount of time
needed for the airbag sensor to estimate the severity of
an impact and the uncertainty of the estimation itself. An
application of the result, based on actual crash data, is
presented to illustrate the analytical result.

INTRODUCTION

Airbag systems are tools designed to improve occupant
protection when a vehicle is involved in a crash. To
achieve this goal, an airbag system must have the abil-
ity to detect the severity of an impact in a timely manner.
Therefore, based on the estimated severity of the impact,
the airbag system decides on whether to deploy the airbag
or not before the event is over. As an extreme scenario,
at the end of a crash all the information from the sen-
sors has been collected and it is possible to determine if
the impact was severe enough to require the deployment
of the airbag; however, such a strategy of deployment is
far from optimal since the airbag is deployed when the
impact is over. In the opposite extreme, an airbag could
be deployed right at the beginning of the impact. In this
case the airbag will be effective in protecting the occu-
pant, if the crash was severe, but since no information
on the severity of the impact is available, the airbag will
deploy in all crashes even when it is not needed.

The discussion above suggests that the airbag should not
be deployed too early, in order to collect enough infor-

mation from the sensors to establish, with some level of
accuracy, if it is needed or not; and at the same time the
deployment should not occur too late in the crash event
in order to make the airbag system to perform effectively.
One of the factors involved in the tuning of an airbag sys-
tem is the determination of an optimal time of deploy-
ment that balances the two requirements outlined above.

Using concepts from information and estimation theory,
this paper establishes and analyzes a fundamental rela-
tionship between the uncertainty of estimating the sever-
ity of an impact and the amount of time required to collect
enough information (from sensors), used to make a firing
decision. For a simple impact model, using a probabilis-
tic description of the signals received from the airbag sen-
sors, a relationship is determined that relates the time to
fire of an airbag system and the uncertainty in estimating
the severity of the crash. In other words, a relationship is
found between the uncertainty in determining the vehicle
speed and the time needed to collect the data necessary
to perform the estimation itself. Finally, a Bayesian anal-
ysis of crash tests at 25, 35, and 40 mph into an offset
deformable barrier is conducted to illustrate an applica-
tion of the relationship developed above.

THE ASYMPTOTIC FORMULA

In order to gain an insight into the decision making pro-
cess of an airbag system, the concept of information flow
has been introduced in [3]. The electrical signals coming
from transducers placed in a vehicle are regarded as pro-
ducing a flow of information that is to be processed by an
algorithm implemented in the control module, ultimately
responsible for the airbag deployment. The idea of infor-
mation flow has been related to the concept of Fisher in-
formation from classical statistical estimation theory [5].
In particular, this theory provides optimal criteria for un-
biased estimators of parameters of probability distribu-
tions (parametric estimation).

For a vehicle involved in an impact, the barrier equiva-
lent velocity (BEV) is commonly used as a measure of
its severity. The BEV is the initial velocity of a vehicle
impacting a rigid barrier that results in the same amount
of energy absorbed by the vehicle as in the actual impact.
The impact model that will be introduced later refers to
a rigid barrier event; therefore, in this paper, the initial
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impact velocity will be regarded as the relevant measure
of severity.

An airbag algorithm is expected to make a fire decision
based on the impact estimated severity, therefore its main
activity can be regarded as an attempt to estimate the im-
pact speed of a vehicle. For notation, ��� is the actual
impact speed of a vehicle (the one to be estimated) and���� denotes the estimate given by the algorithm on which
the firing decision is based. Besides estimating the crash
speed, it is also important to know what is the best pos-
sible accuracy that can be achieved in determining � � as
measured by the variance of

�� � .
The signal is modeled as a discrete time series since the
transducer time histories are read by an analog-to-digital
device with a pre-determined sampling interval

���
. The

signal received from the sensors is then represented by
the vector �
	��������������������	�� , where ������� ��� . The
signal � 	 and the speed � � of the impact are linked by a
probabilistic model. This model summarize our knowl-
edge about the crash process and how the signal from the
transducers depends on the impact speed �!� . The model
is given by "$# �
	&% � ��' � (1)

the probability density of the time history � given a cer-
tain impact speed �(� . A key result of the Fisher infor-
mation theory is given by the Cramer-Rao information
inequality which asserts that, under some regularity as-
sumptions for the distribution density

"
, the variance of

the unbiased estimator
���� of ��� is bounded from below.

This inequality is given in the form) #*"$# �
	+% � �,'�' �.-./ # �� ��'10�2 � (2)

where
)

is called the (Fisher) information which is a
function of the probability density

"
. A key feature of

the quantity
)

is that it is monotonically increasing with� or, in other words, the longer the signal time history,
the larger the amount of (Fisher) information. From this
point of view the Cramer-Rao inequality can be regarded
as a statistical uncertainty principle, that is, shorter signal
time history or faster-sought decision time of the airbag
algorithm implies a larger variance of

�� � or uncertainty in
the determination of the impact speed. This uncertainty
principle is the tool that describes the balance between
the two extreme scenarios discussed in the introduction:
either always fire the airbag early or fire it at the end of
the impact.

In [3], the Fisher information theory described above has
been applied to the case that the distribution density of �

is Gaussian"3# � 	 % ��� ' � 2#54 6
	87:9 ' %,;<	�% ��7:9>=?!@�AB�CED�F @HG F8CJI:K�LMLON�P.AF CED�F @HG FQCJI:K�LOLSR � (3)

where ;1	 is the covariance matrix and TU	 �# - �,������� � - 	 ' is the mean time history which depends
on the initial velocity � � . In the case that ;1	 �
diag

# V �(��������� V 	 ' (diagonal matrix), it has been shown
that the information

)
is given by) � 	W X Y � Z 2V X\[ -

X[ � �H] 9 � (4)

The formula above shows that the information
)

is mono-
tonically increasing with � , the length of the signal time
history, and is “inversely proportional” to ; 	 . It follows
that for a given time � , the value of

)
computed from

equation (4), depends on the choice of
���

. While this
may look reasonable, for a fixed � the problem arises as�^��_a`

. In general, assuming that the elements in the
diagonal of ;1	 are constant for every � , as

���b_c`
,
)

goes to infinity for every value of � ; this suggests that an
exact determination of �(� , at any time � , is theoretically
possible, provided that a continuous reading of the sig-
nal is available. This is clearly impossible and shows that
the discrete reading assumption is not suited for model-
ing a continuous reading. In particular, the definition of
the matrix ; 	 is not adequate when taking the limit for�^�>_d`

since this assumption is equivalent to impose
that the readings

# ���(�����������H	 ' are statistically indepen-
dent with constant variance, no matter how close they are
in time. However, in order to obtain a measure of all the
information available in the signal, it is necessary to let�^�+_e`

. In order for such a procedure to lead to use-
ful results the independence condition has to be dropped,
otherwise

)
goes to infinity as

���8_f`
. The scope of this

paper is to extend the results obtained in [3] by introduc-
ing a probabilistic model for the signals such that taking
the limit of

)
for

���g_h`
is meaningful and leads to an

expression of
)

as a function of the time duration of the
signal. The quantity

)
represents the maximum informa-

tion contained in the signal.

The use of a probabilistic model for the signals that in-
troduces a time correlation between successive readings
is discussed. In this case the ; 	 becomes a full matrix
whose off-diagonal elements describe the amount of cor-
relation.

In the model proposed in this paper, signal readings that
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are
���

units of time apart are assumed to have a correla-
tion of � # ��� ' � ? @������ # �	� ` ' � (5)

Note that the amount of correlation tends to 2 as
�^�

tends to zero. This can be viewed as a continuity prop-
erty and from the standpoint of information content ex-
presses the idea that the increment of information gained
from a further reading

�^�
time apart from the current one

goes to zero as
���

goes to
`
. This suggests that the time

correlation introduced in the model is a mechanism that
may strike a balance between the fact that more readings
(available with a finer sampling of the signal) contribute
to more information, and the fact that this added informa-
tion goes to zero as the sampling gets finer.

Development of a formula

In the probabilistic model considered here, the signal

is a Gaussian process (time continuous) (cfr. [1]).

This process is defined such that for any

# � � �������
� � 	 '
the random vector � 	 � # � # � � ' �������
��� # � 	 '�' has dis-
tribution given by (3) where T 	 � # - # � � ' ��������� - # � 	 ' '
and the covariance matrix ; 	 �d(; X � � is such that; X � � V # � X ' V # � � ' � # % � X � � � % ' . The functions - and V
are the mean and standard deviation of the process (time
wise), respectively, and

�
is given by (5). It is impor-

tant to note that for
� _�

this model approximates the
one in which each reading is independent from the others.
The parameter

�
can be intuitively considered as a coeffi-

cient that determines the frequency content of a particular
signal in such a way that the smaller

�
the “smoother” the

signal.

Following the above model, the information content in �
readings of the signal �$	 is given by (cfr. [3])) � 	WX � � Y � ; @ �

X � [ - # � X '[ � � [ - # � � '[ � � (6)

where ; @ �X � are the elements of ; @ �	 , the inverse of ; 	 .
The matrix ;<	 is given by

;<	����
����
�

2 � ����� � 	� 2 ������� 	 @ �
...� 	 � 	 @ � ����� 2

�����
� � (7)

with � � ? @������ and
� � � ! ��� (uniform

time spacing), while � is the diagonal matrix

� � diag

# V # � � ' �������
� V # � 	 '�' . Computing
)

using
(6) requires computing ; @ �	 and in the general case it
is intractable. Instead, when ;�	 has the form given
in (7), ; @ �	 can be computed as the tridiagonal matrix� @ �#" � @ � , where

" � 22 � �39
�������
�

2 � �� � 2%$&� 9 � �� � . . .
. . .

. . . 2%$&� 9 � �� � 2
��������
� �
(8)

This result can be used into (6) so that, after some lengthy
algebraic manipulations, the expression for

)
can be put

in a form that allows taking the limit for
���^_ `

. The
following result is obtained) � 24 �('&)�+* 9 #-, '/. , $ 24 � '0)� # */1 #-, '�' 9 . ,$ 24 Z * 9 # ` '2$ * 9 # � ' ] (9)

where

* # � ' � 2V # � ' [ - # �43 ��� '[ ��� � (10)

The linear case

In this section, the asymptotic formula (9) developed
above, is applied to the case in which the average signal
is an acceleration which is linear in the initial velocity � �- # �43 ��� ' � ���65 # � '6$&7 # � ' (11)

for any functions 5 and 7 . In particular, a linear spring-
mass model is considered, for which a simple formula for
the information

)
can be obtained. For such system the

acceleration is given by- # �43 � � ' �98 � �6: ;=< 8 � (12)

and follows that

* # � ' � 2V # � ' [ - # �43 � � '[ ��� � 8%>�?A@ # 8 � 'V�B�C XEDGF �
Rabbiolo, 3



assuming V # � ' � V�B C XEDGF is a constant. Applying the
asymptotic formula (9) for the information we get

) # � ' � � 84 V 9B C X=DGF '&)� : ; < 9 # 8 � '/. # 8 � ' $8 �4 � V 9B C XEDGF ' )� ��� : 9 # 8 � '/. # 8 � '2$ 8 94 V 9B C XEDGF : ; < 9 # 8 � '
� 8 �� V 9B C X=DGF�� Z 8 9� 9 $ 2 ] 4 8Q� $ Z 8 9� 9 � 2 ] : ; < 4 8Q�

$ 4 8 � Z 2 � ��� : 4 8Q� ]
	 � (13)

The term in square brackets is an increasing function of
the time � in which information is collected. Another
parameter appearing in this term is the dimensionless ra-
tio 8<� � ; 8 is the natural frequency of the oscillator while�

is directly related to the highest frequency in the noise
spectrum. Figure (1) shows a plot of the information as a
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Figure 1: Plot of I(T) (solid line) and and linear
approximation (dotted line) from (13) for

� ����� ,8 �����H� � , and V���������� � �� .
function of the time � . The solid line is the function

) # � '
while the dotted line is a linear approximation given by
keeping only the linear term (in � ) in (13). The informa-
tion content

)
is an increasing function of � . It is relevant

to observe that the rate of increase for the information
(information flow) is low at the beginning and at the end
of the oscillation cycle while it is high around the peak
of the sinusoid - . This implies that more information is
available when the acceleration - reaches its peak. The

linear approximation of
)

in figure (1) is given by

) # � '"! 8 9 �# V 9B C X=D F Z 8 9� 9 $ 2 ] � � (14)

Later, this approximation will be used to explain the un-
certainty principle type of result that derives from the
Cramer-Rao inequality (2). By substituting

)
, as approx-

imated in (14), the following is obtained

� �.-./ # �� �('<0 # � V 9B C XEDGF8 9 # 8 9%$ � 9,' � (15)

for any unbiased estimator
���� of ��� . The quantity on the

right is a constant that depends on the physical model
( 8 ) and on the noise characteristics ( V B C XEDGF and

�
). In

particular, it increases with V B C X=DGF , the standard deviation
of the noise.

STATISTICAL ANALYSIS OF OFFSET TESTS

From a simplified point of view in which an airbag al-
gorithm estimates the impact velocity from the signals,
the algorithm is calibrated by fixing a “threshold” ve-
locity ��$ with which the estimated velocity

��!� is com-
pared. It is conceivable that many automotive companies
in their effort to address the issue of inadvertent airbag
deployment have increased the firing “threshold” �%$ in
the airbag algorithm. The effect of raising �%$ has been
discussed in [3]. For a given impact velocity �!� that war-
rants the use of an airbag ( � � � � $ ), raising the threshold
velocity � $ requires a more accurate estimate of � � , in
order to maintain the same system performance. There-
fore, a smaller variance for the estimate of � � , �.-./ # �� ��' ,
is required. From formula (15) it is concluded that � , the
airbag fire time, must increase. Summing up, if auto com-
panies after 1998 have raised the “threshold velocity” in
airbag systems, an increase in airbag fire time should be
observed in the field data. To evaluate this hypothesis the
relationship between the airbag fire time for offset tests
and the calendar year in which the data has been col-
lected has been studied. The study has been performed
only for offset tests since it is known (see [3]) that the
information flow for offset tests is lower than for rigid
barrier tests. This implies that an increase in the thresh-
old velocity will lead to a larger increase in the airbag
fire time for the offset tests than for the rigid barrier tests.
Thus if there is a trend between airbag fire time and pe-
riod of data collection, this trend should be more evident
for offset tests than for rigid barrier tests.
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Data

The data set consists of crash tests collected during the
calendar year 1997 through 2001. The analysis was re-
stricted to crash tests in 25, 35 and 40 mph events into an
offset deformable barrier. The data were collected from
various sources. High speed offset tests data came from
the Insurance Institute for Highway Safety (IIHS). The
lower speed offset test data were obtained from Transport
Canada. Some data were gathered from various experi-
ments conducted by several different companies. More-
over, for each of the three crash test velocities consid-
ered, three periods of data collections were used: up to
April 1998, from April 1998 to November 2000, and
from November 2000 to October 2001. The specific time
frame subdivision used has been decided by the authors
as a convenient method to organize the data.

Data Analysis

Before describing the statistical method that has been
used, some notations and symbol definitions will be in-
troduced. The following notation will be used: �

X � is the
random variable denoting the fire time at the ? ��� period
of data collection, ?8� 2 � 4 � � , and at speed � , � � ` � 2 � 4 .
In particular � � `

is for the 25 mph offset tests, � � 2
is for the 35 mph offset tests while � � 4

is for 40 mph
offset tests.
From a preliminary analysis the airbag fire times ap-
peared to follow a Log-normal distribution as it was al-
ready noticed in [4]. Thus, it was assumed that �-@ # � X � '
are independently and normally distributed with mean �

X �
and unequal variance V 9X � with ?8� 2 � 4 � � and ��� ` � 2 � 4 .
An unequal variance assumption has been considered
since the sample data sizes from each of the nine speed-
time collections (3 periods for each of the three speeds
considered) differ.

The data was analyzed using a Bayesian approach ([5]).
The Bayes analysis allows introduction of prior informa-
tion (prior distribution) into the model. This is informa-
tion about the unknown means ( �

X � ) of the logarithmic
of the fire time. Once a prior distribution is given, the
whole inference process can be summed up according to
this approach: an observed result changes our degrees of
belief in different parameter values by changing a prior
mean and variance into a posterior mean and variance.
In this study, the (prior) means of the logarithm of the

airbag fire-time �

X � were assumed to arise from a regres-
sion model:

�

X � � � � � $ � �	� ? $�
 X � � (16)

�

X � � � #
� � $ � 9 '2$ � ��� ? $�
 X � � (17)

�

X � 9 � #
� � $ � � '2$ � � � ? $�
 X � 9 (18)

Where � � #
� � ��� � ��� 9 ��� � ' � being an unknown vector of

regression coefficients and the 

X � being independent ran-

dom variables normally distributed with zero mean and
variance V 9� . The expression introduced above can con-
cisely be rewritten as:

�^��� � � $ 
 (19)

where Y is a ( � x # ) matrix.
The model introduced amounts to assuming that the prior
distribution of � is a normal with mean � � � and varianceV 9� . In particular, we are assuming that on average the
(prior) mean of the logarithm of the air bag fire time is
changing at the same rate for all the three offset crash test
speeds considered ( � � ).
Generally, in the Bayesian analysis, the parameters of the
prior distribution are known; In our study the prior pa-
rameters, � , are unknown thus we will perform an Empir-
ical Bayes analysis. The Empirical Bayes analysis entails
estimating the hyperparameters � and V 9� and using the
estimates in the prior distribution for � . The estimation
of the hyperparameters have been performed following
the parametric empirical Bayes procedure developed by
Morris ([2]).
The performed analysis (Empirical parametric Bayes)
can be seen as a compromise between the model where
the mean logarithm of the airbag fire time, � , are com-
pletely unrestricted (unrelated to each other) and the stan-
dard linear regression model where the mean airbag fire
time is linearly increasing, without error, that is ����� � �
is non random.

The estimated mean fire times and their 90 � credible sets
are plotted in Fig. 2. A 90 � credible set for � is a subset�

such that the probability that � belongs to
�

is at least
0.9.
This analysis shows that the airbag fire time has been
significantly increasing since 1998 (see Fig.2). The in-
creasing trend is observed for all the three crash test
speeds considered. The uncertainty principle discussed
in this paper, implies that this trend is consistent with the
hypothesis that velocity thresholds in airbag algorithms
have been functionally raised after 1998.
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Figure 2: Bayes estimate of the Air-Bag Fire Time for
crash tests into an Offset Deformable Barrier.

DISCUSSION

The main result of this paper is the derivation of (9), that
expresses the maximum amount of information available
in a continuous reading of a signal up to time � . For each
time

�
, the quantity * # � ' in (9) is a measure of the ability

to separate the means of the signals at different values of� � , weighted by the standard deviation of the reading it-
self. The information

)
increases as a function of � and

depends on the “smoothing” parameter
�

in such a way
that as

� _ 
, then

) _ 
. This is expected since

as
� _ 

the model of the signals approximates the
discrete model in which each reading is independent of
the others. The first term in (9) is directly proportional
to

�
while the second is inversely proportional to it. In

particular, this first term can be regarded as a continu-
ous version of (4) and it expresses the fact that the higher
the values of

�
(small time correlation of the signals) the

more information is available in the signal. This is analo-
gous to the discrete case where the information increases
as the number of readings increases. On the other side,
for low values of

�
, the second term can be higher than

the first one. This term implies that some information is
stored in the time variation of * # � ' for low values of

�
(high time correlation). The second term can be regarded
as added information in the signal coming from the possi-
bility to infer the error in a reading of the signal from the
error of the previous reading, if they are highly correlated
(small

�
).

Using (9) in the Cramer-Rao inequality, an explicit rela-

tionship between the time � , regarded as the fire time,
and the variance (accuracy) of the estimator of the im-
pact velocity

�� � is obtained. This relationship has been
approximated as the inequality (15), which describes the
balance of all the factors that are involved in the airbag
firing decision for a simple linear model. If � is regarded
as the time at which the airbag is fired, the inequality
expresses the fact that the error in estimating the actual
value of �(� , as measured by � -./ # ��(� ' , at time � , cannot
be smaller than some known value that depends on the
characteristics of the system and the noise. The inequal-
ity implies that a more accurate estimate of ��� is possible
if more time is allowed for making a decision on firing
an airbag, that is, if � is larger. As the noise in the signal
is higher, the constant on the right of the information in-
equality increases, so that to maintain the same accuracy
in estimating � � more time is necessary. In other words, if
the time cannot be increased a less accurate estimate will
result. This can be summarized by saying that, in this
simple case, airbag fire time and the minimum error in
estimating � � (necessary to decide if an airbag is needed)
are inversely proportional.

In order to illustrate some of the implications of the prin-
ciple expressed above, an airbag algorithm can be re-
garded as a process that estimates the impact velocity of a
crash. As discussed at the beginning of the the paper, the
impact velocity is taken as a measure of the severity of
the impact, on which the deployment decision is based.
The algorithm is calibrated by fixing a “threshold” veloc-
ity ��$ with which the estimated velocity

���� is compared:
the algorithm decides to fire the airbag if the estimated
velocity is above the value of � $ . Under the assumption
that the estimator

��(� is normally distributed it is possi-
ble to compute confidence intervals of the operation of
the algorithm and to relate these to the airbag fire time.
More specifically, if � � is the actual value of the impact
velocity of a firing event

# � � � � $ ' , being
�� � an unbi-

ased estimator, a � � � reliability of the airbag algorithm,
for example, can be expressed as"3# ���� � ��$ ' � ` � � � � (20)

That is, � � � of the time the algorithm correctly guesses
that it is observing an impact that requires the use of the
airbag. Assuming that

���� is normally distributed, the con-
dition above is satisfied if% � � � � $ %���� � � ��� V��I K � (21)

where V��I K is the standard deviation of
�� � and ��� is de-

fined by 	 # 
�
 � � ' � � �
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where
	

denotes probability and



is a random variable
normally distributed with mean

`
and variance 2 . Using

this identity in the approximated information inequality
for the linear case, equation (15), it is concluded that� 0 # � V 9B C X=D F � 9�8 9 # 8 9 $ � 9 ' 2% � � � � $ % 9 � (22)

The quantity on the right hand side is the minimum
amount of time necessary to collect enough information
to correctly estimate the airbag outcome to a � confi-
dence level. In figure 3, a plot of the minimum time
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Figure 3: Plot of � from (22) assuming the
equal sign for values of � �� ����� #

��� � ' and� � 
��� � #
� � � ' .

as a function of the velocity gap % ��� � ��$ % is presented
(the distance of the actual impact velocity from the ve-
locity threshold). Note that the smaller the velocity gap
the higher the time that is required to make a fire decision
with a fixed level of reliability. Faster firing decisions can
be accomplished for the same velocity gap at the expense
of the system reliability.

Inequality (22) can also be regarded as describing the fir-
ing, that is the reliability of the firing decision process.
For example, it is assumed that the requirement is set that
for impacts on a rigid barrier with initial velocities (or
BEV) above 2 # mph the algorithm must always fire the
airbag with a ��� � success rate. In the actual calibra-
tion process of an airbag algorithm such speed ( 2 # mph)
might be called the “all fire” speed. Furthermore, as an
additional requirement, the decision on firing has to be
made within 2 ` ms from the beginning of the crash. In-
equality (22) can be used to evaluate the performance of

the algorithm under these conditions. To take care of the
“all fire” condition, it is observed that setting �%$ at about2�2 mph, the corresponding equality in (22) is turned into
an equality for � � ` � ` 2 s, � � � 2 # mph, and � � ` � ���
(also,

� ��� `!` , V B C X=DGF �	� ` , and 8 � � � 2 # ' . This step
is the “calibration” step. The fire rate of this set-up of
the “algorithm” is obtained by solving the correspondent
equality in (22) (corresponding to best use of informa-
tion) for � � , obtaining

��� � # � � � � $Q' 
 � 8 9 # 8 9%$ � 9,'# � V 9B C XEDGF � (23)

In this context, � is the probability that a decision to fire
is taken by the algorithm for an impact at velocity �!� . A
plot of � as a function of ��� is shown in figure 4 with the
solid line, where � $ is set from the above “calibration”
step, ��� ` � ` 2 s, and the other parameters are chosen as
in the previous example. The plot shows that by allowing2 ` ms of data collection, the algorithm ensures a no-fire
condition (with a ��� � confidence rate) only below about�

mph. A gray zone for this algorithm is defined as the
region between

�
and 2 # mph. This is the critical ve-

locity region in which the algorithm successfully guesses
the firing strategy with less than ��� � confidence rate. If
instead, � ` ms of data collection is allowed to the algo-
rithm, its performance is expected to increase, as more
information becomes available. The same computation
as before can be carried, resulting in a threshold velocity
of ��$ ! 2 � mph, in order to satisfy the “all fire” con-
dition. The fire rate for this case is shown also in figure
4 as the dashed line. The fire rate characteristic of this
algorithm is steeper suggesting a better performance of
the airbag system. As a consequence the gray zone is
considerably smaller, 2�2 to 2 # mph.

CONCLUSIONS

The concept of information flow has been used to mea-
sure the performance of an airbag firing system. A simple
expression for the maximum amount of (Fisher) informa-
tion available to the algorithm as a function of fire time
has been developed for a model of the signal in which
the noise is correlated in time as an exponential function.
This quantity is used in the Cramer-Rao (information) in-
equality that relates Fisher information and variance of an
unbiased estimator of the impact velocity that an airbag
algorithm produces. This information inequality analyti-
cally establishes a kind of uncertainty principle for which
more accurate determination of the severity of the crash
is achieved at the expense of having higher fire times;
while, imposing lower fire time to achieve better airbag
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Figure 4: Plot of fire probability � as function of im-
pact velocity ��� for �  and �� ms maximum time for
fire decision. ( ���� � �� s, ��� ! ��� mph)

performance leads to a less accurate determination of the
severity of the crash. In this paper this principle has been
used to explain the observed increase of fire time in ODB
tests as a function of the calendar year, by assuming that
velocity thresholds in airbag algorithms have in time been
effectively raised to avoid inadvertent firing of airbags.
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ABSTRACT

Increasingly stringent international passenger
safety norms and the need to reduce vehicle body
weight for environmental and protection
requirements demand efficient and innovative
design methods. Computer simulation, or virtual
testing, allows an integrated evaluation of these
aspects in the early design stages and thereby
reduces costs for prototyping and time-to-market.

This paper deals with the application of virtual
testing in vehicle passive safety design to:
(1) reduce injury numbers by enhancing passive
safety for a wide range of conditions, and
(2) reduce the duration and costs of the vehicle
design by improving the efficiency of the design
process.

A software tool, called ADVISER, was developed
to facilitate the use of virtual testing in automotive
safety design and regulations. ADVISER contains
the following modules: 1) procedures and
guidelines to standardise and rate numerical models
and simulations; 2) stochastic modelling to
accounting for the experimentally observed scatter
in simulations; and 3) a validated virtual test
procedure to extend the range of protection beyond
current regulations to real life crash conditions. All
steps needed for acceptance of this virtual test
procedure in regulations or in a consumer test
method will be taken into account.

INTRODUCTION

Increasingly stringent international passenger
safety norms and the need to reduce vehicle body
weight for environmental and protection norms
require efficient and innovative design methods.
Computer simulation, or virtual testing, has grown
to be an efficient tool in vehicle design for aspects
such as passive safety, vehicle dynamics, durability,
ergonomics, and styling. Virtual testing allows
integrated evaluation of such aspects in the early
design stages and thereby reduces costs for
prototyping and reduces time-to-market.

The European project VITES focuses on the
application of virtual testing in vehicle passive
safety design. In this project, a validated virtual
testing procedure will be developed with the
following prime objectives:
1. To reduce injury numbers by enhancing
passive safety for a wide range of conditions
2. To reduce the duration and costs of the vehicle
design by improving the efficiency of the design
process.

The project aims to increase the status of virtual
testing to a comparable level as attained in current
regulated crash-test procedures. This will enhance
the application of virtual testing in support of
current regulated test procedures and will
contribute to the development of new standards in
the automotive industry. The ultimate goal is to
have virtual testing accepted as part of regulated or
normative procedures for passive safety evaluation.

A strategy was adopted to achieve the above-
mentioned objectives by 1) developing procedures
and guidelines to standardise numerical models and
simulations; 2) accounting for the experimentally
observed scatter in simulations by stochastic
modelling; and 3) use virtual testing to extend the
range of protection beyond current regulations. A
software tool, called ADVISER, was developed to
facilitate the implementation of this strategy in
passive safety design and regulations. ADVISER
was developed together with another European
project, called ADVANCE. The remainder of this
paper will provide a detailed description of the
current capabilities of ADVISER and ongoing
developments.



STANDARDISATION OF NUMERICAL
MODELS

Virtual testing is already widely applied in vehicle
passive safety design. A number of numerical
methods are commonly used to model the physical
events in a car crash at various levels of detail (e.g.,
finite element and multibody) [1]. However, these
numerical methods do not produce similar results
in all cases. In addition, a range of models with
varying quality exists for all components involved
in a car crash, including models of the occupant,
restraint system, vehicle, and impactor.

Of these components, the models of the regulated
crash dummies are the most extensively validated.
However, a user might not always be aware of the
level of validation of these dummy models and can,
therefore, inadvertently use the model beyond its
validated range. Since vehicles and restraint
systems are generally developed under high time
pressure (within months), their numerical
counterparts are mostly validated against a very
limited number of impact conditions. Due to the
complex deformation response of barriers in
crashes, the predictive capabilities of barrier
models are still limited.

In addition, in many cases the same experimental
data or data collected under comparable conditions
have been used to validate different models. Thus
what is shown as “validation” is actually more a
“fit of experimental data” or “tuning”.
Consequently, when these models are applied
beyond their validated range, simulation and testing
sometimes shows different trends.

To make matters even more complicated, objective
criteria to rate the correlation between numerical
and experimental data are lacking, resulting in
highly subjective ‘validation’ of models.
Consequently, models that describe the same
physical situation, but which have been developed
and validated at different sites and/or with different
tools cannot be compared directly.

This situation greatly hinders the acceptance of
virtual testing as part of occupant safety regulations
and calls for the definition of general procedures to
create validated models and objective criteria to
rate the numerical results. The availability of such
procedures and guidelines is an essential step
towards the application of virtual testing in
regulated crash safety assessments.

The VITES project covers the various aspects
related to the definition and application of
procedures and criteria allowing an objective
assessment of the quality of models and of the
accuracy of the virtual test results obtained. An

extensive literature search into existing correlation
methods and corresponding criteria was performed.
The most suitable correlation criteria were
evaluated in detail for their applicability in passive
safety design and regulations. Those criteria that
were found suitable were implemented in the
software tool ADVISER, which stands for
ADvance and VItes Simulation, Evaluation, and
Rating. ADVISER is developed together with the
ADVANCE project.

ADVISER automatically correlates experimental
and numerical data and based on this provides a
quality rating for the numerical model. ADVISER
contains pre-defined correlation and rating
procedures for the various numerical models
typically used in car crash simulations, such as
occupants (dummy and human), restraint systems,
vehicles, and barriers. In addition, the evaluation
tool provides the user with the ability to follow
their own validation procedure by using existing or
user-defined correlation criteria. The model quality
rating is expressed in terms of ‘virtual stars’,
similar to the NCAP rating for vehicles. Figure 1
presents a general overview of the ADVISER
approach. ADVISER currently interfaces with all
codes commonly used in crash safety simulations,
such as MADYMO, RADIOSS, LS-DYNA, and
PAM-CRASH.

GENERAL VALIDATION
PROCEDURE

General Analysis
Flow

(for different
model types)

  

Rating
(level of validation)

HUMAN
MODELS

Software
“ADVISER”

(in joint development
with ADVANCE)

COMPARTMENT MODELS

VEHICLE MODELS

DUMMY
MODELS

Correlation Criteria
for objective
evaluation

(ADVISER)

Figure 1. Overview of ADVISER methodology

Figure 2 and Figure 3 provide examples of how
ADVISER can be used to evaluate the predictive
quality of a Hybrid-III dummy model. In Figure 4
an overview is given of the ADVISER approach to
simulations of normative crash tests, such as
EURO-NCAP.



Figure 2. Example of ADVISER evaluation
procedure for Hybrid-III dummy model

Figure 3. Example of ADVISER correlation
results for Hybrid-III dummy model

Figure 4. Overview of ADVISER procedure for
EURO-NCAP simulations

One of the ongoing activities is the application of
ADVISER to computer models currently used in
automotive passive safety design to demonstrate
the state of the art in virtual testing. Results will
indicate the accuracy that can be obtained with
virtual testing, but will also show where numerical
simulations are not yet sufficiently predictive and
further research is needed to better capture the
physical system.

Existing models of crash dummies, humans,
vehicles, restraint systems and barriers will be
evaluated according to these general validation
procedures. These models will be validated for
applications under a range of impact directions
(frontal, side, oblique) and velocities. In the case
of a model that does not pass the validation criteria,
it will be enhanced. A database of existing
experimental data is currently being created to

serve as a common basis for model validation.
Additional experiments will be performed in case
there is not sufficient existing data for a particular
model and/or loading direction.

ADVISER will also include an objective method to
analyse and rate overall injury risks for a specific
vehicle design for a range of conditions and for
injury criteria representing different body parts.
Such a method is needed to systematically evaluate
safety for real-life crash conditions.

Even though the focus of the VITES and
ADVANCE projects will be on passenger car
occupant protection, the methods developed will be
sufficiently general to be applicable to other
accident scenarios. This will enable the virtual
assessment of safety in rollover and rearward
loading, and the protection of vulnerable road users
such as pedestrians [2], [3].

STOCHASTIC SIMULATIONS

The inherent variability of the mechanical systems
comprising a crash test leads to a substantial scatter
of results. This means that when a vehicle meets
requirements in one or more tests performed by the
manufacturer, a repeated test by, for example, a
consumer organisation may lead to substantially
different results (Figure 5). The high costs
involved in full car crash tests inhibit a
comprehensive experimental characterisation of the
range in safety ratings and injury predictions
induced by scatter. Virtual testing can provide an
efficient solution to this problem.

Figure 5. Effects of scatter on HIC rating in US
NCAP test, courtesy of BMW.

However, the numerical tools generally used in
crash safety design are purely deterministic and
aim at predicting the average response of the
physical system. These deterministic models
cannot reproduce the scatter in the components and



will provide identical results for repeated
simulations. Therefore, in order to account for
scatter in the vehicle design, stochastic modelling
techniques need be incorporated [4].

Within the VITES project, a method has been
developed to predict the stochastic response of
crash tests in relation to the scatter of the
component responses in the system. This
stochastic method has been implemented in
ADVISER and a stochastic Hybrid-III dummy
model has been developed. The approach taken in
the stochastic analyses is presented in Figure 6.

PREDICTION OF STOCHASTIC
RESPONSE

SCATTER OF COMPONENT
RESPONSES IN SYSTEM

Source 1

Source 2

Source i

-
-
-

Source n

-
-
-

Figure 6. Overview of stochastic approach in
VITES project

With this stochastic approach, the variability of
regulated crash dummies will be evaluated and this
research will also indicate areas where the current
regulated dummy responses are insufficiently
reproducible. The EC-funded project SIDECAR
has already demonstrated that the variability of
crash dummies is a major source of scatter. More
recent studies have also indicated a large effect of
the scatter in the Hybrid-III thorax on the NCAP-
rating. A next step will be to systematically
quantify this scatter for a sufficient number of
dummies with different histories of usage and
maintenance but falling within the calibration
requirements.

The VITES project focuses on the stochastic
response of the Hybrid-III dummy in regulated
crash scenarios caused by the scatter in the dummy
and its immediate environment (restraint systems
and vehicle interior). An inventory has been made
of the main parameters causing scatter in the injury
ratings obtained from the Hybrid-III. A numerical
sensitivity study was performed to rank these
scatter parameters. A database of the
experimentally observed scatter of the main
parameters will be built. This data was mainly
obtained from standardised certification tests and,
additional tests that will be performed as part of
this project.

Existing stochastic techniques were evaluated and
the Monte-Carlo technique was found to be the
most suitable starting point. A Monte-Carlo routine
was implemented in ADVISER, together with
advanced pre- and post-processing modules.
ADVISER automatically generates the large
numbers of data sets required for the stochastic
analyses and starts the simulations (see Figure 7).

Figure 7. Input of scatter data in ADVISER

The vast amount of data resulting from the
stochastical simulations can be automatically
analysed, evaluated, rated, and presented in a
number of comprehensible ways by ADVISER.
Figure 8 and Figure 9 presented two possible ways
to present the stochastic data in ADVISER by
scatter plots and Principal Component Analysis.
The automated data evaluation provides a
convenient and comprehensive overview of the
effects of scatter on the simulated response.
General guidelines for stochastic virtual testing will
be derived from the comparison between predicted
and measured effects of scatter.

Figure 8. Scatter plot of stochastical data



Figure 9. Principal Component Analysis of
stochastical data

The existing MADYMO model of the Hybrid-III
was adapted to incorporate the stochastic modelling
techniques required for the scatter analyses. The
scatter found experimentally was related to scatter
of physical model parameters and the requirements
for stochastic models to predict scatter in crash
simulations were defined. The stochastic model is
currently evaluated using scatter data obtained
from a large number of Hybrid-III certification
tests.

EXTENDING THE RANGE OF
PROTECTION

Current regulatory and consumer tests for cars are
based on a small number of precisely defined test
conditions using a 50th percentile dummy seated in
an average driving position. As a result, there is a
concern that car designs may have become
optimised to protect their occupants under this
small range of crash conditions, with the result that
occupants may now be at greater risk in other, non-
tested conditions including lower severity crashes.

Previous research has resulted in data on the
occurrence of impact conditions other than those
used in regulated crash tests. Figure 10 shows the
frequency distribution of the impact direction,
obtained from the CCIS database (UK). The figure
shows that frontal head-on impacts are most
common, but that oblique impacts occur frequently
as well. These oblique impact directions are
currently not accounted for in regulated tests.

Frequency distribution of direction of force in CCIS for phase 6h and 5k version2
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Figure 10. Frequency distribution of impact
direction, obtained from CCIS database,
courtesy of TRL. The notation uses clock
directions, where 12 is head-on, 9 and 3 are side-
on, and 6 is rear.

In the same way, impact speeds for frontal and side
impacts have a wide distribution. Figure 11 and
Figure 12 present the frequency distribution of side
impact closing speeds with near-sided belted
occupants with MAIS 3+ or fatal outcome,
respectively. The data was obtained from the CCIS
database (UK) and the arrow represents the
regulatory test speed. These figures clearly
indicate that the regulated test speeds account for
only 50% of the occupants sustaining serious or
fatal injuries. However, the figures also show that
a considerable number of occupants get seriously
injured or even killed at much lower impact speeds
than those prescribed in the regulated tests.

Figure 11. Frequency distribution of impact
closing speed in side impacts with near-sided
belted occupants with MAIS 3+, courtesy of
TRL. The arrow represents the regulatory test
speed.



Figure 12. Frequency distribution of impact
closing speed in side impacts with near-sided
belted occupants with fatal outcome, courtesy of
TRL. The arrow represents the regulatory test
speed.

Occupant size and proportion also vary widely in
real world accidents and hence the regulatory tests
with only 50th percentile dummies may be
inadequately protecting other sizes of occupants.
Figure 13 demonstrates the wide distribution of
occupant heights in real-world crashes.
Mathematical occupant models in different body
sizes have been developed by scaling dummy
models towards human anthropometric data [5], but
a systematic method to cover a range of scenarios
by virtual testing is still lacking.

Figure 13. Frequency distribution of occupant
heights, obtained from CCIS database (UK),
courtesy of TRL.

Theoretically, a wide range of scenarios could be
considered by crash tests with a variety of dummy
sizes. However, costs for testing would rise
proportionally to the number of conditions tested,
whereas virtual testing would cost very little once
validated models are available. Thus virtual testing
has great potential to extend the range of protection
to real life crash conditions, but this potential has
not yet been explored.

Within the VITES project, a validated virtual test
procedure will be developed to extend the range of
protection beyond current regulations to real life
crash conditions. Accident databases have been

analysed to identify possible gaps in current
regulations where occupants are not optimally
protected. These gaps will be evaluated in
extensive simulations for a range of impact
directions (frontal, lateral, intermediate), impact
velocities, occupant body sizes and postures. A
validated virtual test procedure will be proposed to
fill these gaps. All steps needed for acceptance of
this virtual test procedure in regulations or in a
consumer test method will be taken into account.
The virtual test procedure will be implemented in
ADVISER to facilitate its application in vehicle
safety design and regulations.

DISCUSSION

The VITES project deals with virtual testing in
vehicle passive safety design. A validated virtual
testing procedure will be developed with the
general objectives to enhance passive safety and to
gain efficiency in vehicle design. The development
and acceptance of such a virtual testing procedure
will lead to more accurate and reliable virtual test
results, while reducing the need for hardware
testing. This will enhance the confidence in and
the acceptance of virtual testing and will thereby
allow major reductions in the duration and costs of
the vehicle design process. Such a procedure will
also be an essential step towards the application of
virtual testing in regulated crash safety
assessments.

The only European regulation for vehicle type
approval by virtual testing so far is ECE Regulation
66, which relates to bus and coach safety for
rollover. This regulation permits the use of
computer simulation for the final prediction of
structural strength and energy absorbing capability,
on the condition that practical tests on vehicle
components have been conducted to provide a
sound basis for the characteristics and capabilities
of the components that govern the performance of
the whole structure [6].

The virtual testing procedure will also enable the
assessment of the accuracy and reliability that can
be obtained by virtual testing. This will lead to the
identification of areas where current modelling
techniques do not capture the physical events
sufficiently accurately. This project will not deal
with improving existing or developing new
modelling techniques, but these items will be
addressed within the ADVANCE project. Both
projects will closely co-operate and exchange
findings.

The virtual testing procedures developed in this
project mainly focuses on currently applied
regulated testing techniques using dummies.
Meanwhile, validated models of the real human



body have been developed in the EC-funded
project HUMOS [7] (Figure 14). Human models
offer improved biofidelity compared to crash
dummies and potentially allow simulation of injury
mechanisms at tissue level [8]. In the future,
virtual testing could be largely based on human
models . In addition to dummy based simulations
the potential of real human models will be
demonstrated in the VITES project.

Figure 14. Finite element model of the human
body developed as part of the EC-funded
project HUMOS.

VITES PROJECT

The VITES project is being undertaken by a
consortium of partners comprising TNO, CRF,
BMW, TRL, TRW, MECALOG, AUTOLIV, BASt,
CIC, CIDAUT, Graz University of Technology,
BASC, and Warsaw University of Technology. The
project started on February 1, 2001 and has a
duration of 36 months. For more information, see
http://www.passivesafety.com/vites/.

ADVANCE PROJECT

The ADVANCE project is being undertaken by a
consortium of partners comprising MECALOG,
DaimlerChrysler, Renault, TNO, CIDAUT,
CADFEM, Politecnico Torino, Warsaw University
of Technology, National Technical University of
Athens.. The project started on February 1, 2001
and has a duration of 36 months.
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ABSTRACT

Thirty years ago, the National Highway Traffic
Safety Administration (NHTSA) began studying the
use of dynamic maneuvers to evaluate light vehicle
rollover resistance. At that time, it was concluded
the maneuvers being studied had such major
problems, particularly in the area of objectivity and
repeatability, that they could not be used by the
Government to effectively rate rollover resistance.
Today, following much effort, this is no longer the
case. Using a small group of popular sport utility
vehicles, NHTSA evaluated a comprehensive suite of
eight maneuvers used to measure light vehicle
dynamic rollover propensity. The Objectivity and
Repeatability, Performability, Discriminatory
Capability, and Appearance of Reality of each
maneuver were assessed. These criteria have
allowed NHTSA to identify what it now considered
to be the best rollover resistance maneuvers.

This paper contains a brief assessment of three of the
eight rollover resistance maneuvers evaluated during
Phase IV of NHTSA’s Light Vehicle Rollover
Research Program.

INTRODUCTION

In Section 12 of the “Transportation Recall,
Enhancement, Accountability and Documentation
(TREAD) Act of November 2000" Congress directed
NHTSA to “develop a dynamic test on rollovers by
motor vehicles for a consumer information program;
and carry out a program conducting such tests.” This
dynamic rollover resistance rating test is to be
incorporated into NHTSA’s New Car Assessment
Program (NCAP).

The research described in this report was performed
as part of NHTSA’s effort to fulfill the requirements
of the TREAD Act. Maneuvers used to assess on-
road, untripped light vehicle dynamic rollover
propensity were evaluated. Although on-road,
untripped rollovers are responsible for only a small

portion of the rollover safety problem for this
classification of vehicles, there are enough fatalities
due to these crashes that even a small portion of the
problem equates to a substantial number of fatalities
per year.

TEST VEHICLES, LOAD CONFIGURATIONS

Phase IV research used four sport utility vehicles: a
2001 Chevrolet Blazer, a 2001 Toyota 4Runner, a
2001 Ford Escape, and a 1999 Mercedes ML320.
Two of these (the 4Runner and the ML320) were
equipped with electronic stability control systems.
Each vehicle was tested in up to three configurations:
Nominal Load (which included the driver,
instrumentation, and outriggers), Reduced Rollover
Resistance (in which sufficient weight was placed on
a test vehicle’s roof to reduce its Static Stability
Factor (SSF) by 0.05 from that of the baseline (as
delivered from the dealer) plus outrigger load
configuration1), and Modified Handling. Depending
on the test vehicle, the Modified Handling
configuration was achieved in one of two ways. The
first technique was to load a vehicle to its rear Gross
Axle Weight Rating (GAWR) while simultaneously
achieving the Gross Vehicle Weight Rating
(GVWR). The load was positioned so that changes
to the vertical and lateral center of gravity positions
were negligible; only the longitudinal location was
altered. Alternatively, different tires/wheels
available as OEM options for a particular vehicle
were installed.

Table 1 presents the Static Stability Factors (SSF) of
each vehicle in the Baseline, Nominal, Reduced
Rollover Resistance, and Modified Handling
configurations. Note that none of the Reduced
Rollover Resistance SSF data include the effects of
instrumentation. Although the Reduced Rollover

1
A SSF reduction of 0.05 equates to a 1-star reduction in NHTSA’s

current static rollover resistance rating system for many sport utility
vehicles. The weight on the roof was positioned so that the changes
to the longitudinal and lateral position of the center of gravity were
negligible.
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Resistance SSFs of the Chevrolet Blazer and Ford
Escape were measured directly, the SSFs of the
Toyota 4Runner and Mercedes ML320 in this
configuration were calculated from the Baseline Plus
Outriggers configuration by summing moments about
the vertical center of gravity. The actual, “as-tested”
SSFs of the vehicles in the Reduced Rollover
Resistance configuration are expected to be greater
than those presented in Table 1 by amounts equal to
the differences between the respective Nominal Load
and Baseline Plus Outriggers conditions.

The Modified Handling SSFs of the ML320 and
Escape were estimated based on the increased ride
height predicted by comparing the outside diameter
of the OEM wheel/tire package (i.e., that used in the
Baseline, Nominal, and Reduced Rollover
configurations) to that used in the Modified Handling
Condition.

Table 1. Phase IV Static Stability Factors at
Each Load Condition

Configuration
2001

Blazer
2001

4Runner
1999

ML320
2001

Escape

Baseline
(as delivered) 1.025 1.098 1.123 1.232

Baseline
Plus Outriggers 1.038 1.112 1.143 1.263

Nominal Load 1.048 1.122 1.175 1.267

Reduced Rollover
Resistance 0.989 1.063 1.093 1.211

Modified
Handling 1.054 1.123 1.177 1.226

TEST LOCATION

All Phase IV tests were performed on the
Transportation Research Center Inc. (TRC) Vehicle
Dynamics Area (VDA) located in East Liberty, Ohio.
The test surface was paved with an asphalt mix used
to construct many Ohio highways. All tests were
performed on dry pavement. The average peak and
slide coefficients of friction of the test surface were
0.95 and 0.84, respectively, over the period of
testing.

DEFINITION OF TWO-WHEEL LIFT

In this paper the term “two-wheel lift” indicates that
at least two inches of simultaneous lift of the inside
wheels was observed during a particular test. Wheel
lift less than two inches is not reported.

ROLLOVER RESISTANCE MANEUVERS

Eight Rollover Resistance maneuvers were evaluated
during Phase IV, as shown in Figure 1. The
maneuvers discussed in this paper are in bold.

A programmable steering machine [3] was used to
generate the handwheel inputs used for two
maneuvers discussed in this paper, the J-Turn and
Road Edge Recovery. Conversely, three test drivers
input the required steering for the ISO 3888 Part 2
double lane change tests. Multiple drivers were used
to monitor the repeatability of these inputs.

Depending on the maneuver, the test vehicles were
evaluated with up to three configurations per
maneuver (Nominal Load, Reduced Rollover
Resistance, and Modified Handling).

MANEUVER EVALUATION CRITERIA

Phase IV research was an exploratory study of many
test track maneuvers. The objective of this phase
was to obtain the data needed to select a reduced set
of maneuvers capable of characterizing light vehicle
rollover resistance. Each Rollover Resistance
maneuver was evaluated based on the following
factors:

Objectivity and repeatability, i.e., whether the
maneuver could be performed objectively with
repeatable results for the same vehicle.

Performability, i.e., how difficult the maneuver was
to objectively perform while obtaining repeatable
results, how well developed the test procedures for
each maneuver were, and whether the test procedure
included adequate flexibility for adapting to differing
vehicle characteristics.

Figure 1. Phase IV Rollover Resistance maneuvers.
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Discriminatory capability, i.e., whether the
maneuver demonstrated poorer performance for
vehicles that have less resistance to rollover.
Although of obvious importance, a maneuver’s
ability to discriminate between different levels of
vehicle handling was not considered.

Appearance of reality, i.e., whether the maneuver
might be performed by actual drivers while driving
(particularly in emergencies). Appearance of reality
was less important than the other three evaluation
factors because NHTSA was more interested in what
the vehicle was capable of doing. That said, NHTSA
would like to use “worst case” maneuvers that
drivers might actually perform.

For each evaluation factor, every rollover resistance
maneuver received an adjectival rating ranging from
Excellent to Very Bad. While the authors have tried
to catalog the merits and possible problems of each
maneuver, these ratings are subjective and could vary
if judged by other technical evaluators. The
adjectival ratings were assigned as follows:

Excellent. In the evaluated aspect, this maneuver is
the best (or tied for best) of all of the rollover
resistance maneuvers studied.

Good. In the evaluated aspect, this maneuver is
substantially better than most, but not the best of the
rollover resistance maneuvers studied.

Satisfactory. In the evaluated aspect, this maneuver
is considered adequate for rating rollover resistance.

Bad. In the evaluated aspect, this maneuver is not
considered adequate for rating rollover resistance
because of a specific problem.

Very Bad. This maneuver has substantial problems
for the particular evaluation factor. In the evaluated
aspect, this maneuver is not considered adequate for
rating rollover resistance.

MANEUVER DESCRIPTIONS AND RATINGS

Slowly Increasing Steer

The Slowly Increasing Steer maneuver was used to
characterize the lateral dynamics of each vehicle, and
was based on the “Constant Speed, Variable Steer”
test defined in SAE J266 [4]. To begin this
maneuver, the vehicle was driven in a straight line at
50 mph. The driver was instructed to maintain as

constant a test speed as possible before, during, and
after the steering inputs using smooth throttle
modulation. At time zero, handwheel position was
linearly increased from zero to 270 degrees at a rate
13.5 degrees per second, as shown in Figure 2.
Handwheel position was held constant at 270 degrees
for two seconds, after which the maneuver was
concluded. The handwheel was then returned to zero
as a convenience to the driver. The maneuver was
performed to the left and to the right. Three
repetitions of each test condition were performed.

When lateral acceleration data collected during
Slowly Increasing Steer tests was plotted with
respect to time, a best-fit line was found to
accurately describe the data from 0.1 to 0.4 g. The
authors defined this as the linear range of the lateral
acceleration response. Using the slope of the best-fit
line, the average of handwheel positions at 0.3 g was
calculated using data from each of the six Slowly
Increasing Steer tests performed for each vehicle.
This average handwheel position was used to
calculate NHTSA J-Turn and Road Edge Recovery
steering inputs, as described in later sections of this
paper.

The handwheel input repeatability of the Slowly
Increasing Steer maneuver was excellent. Vehicle
speed input and test output repeatability was very
good, but was strongly influenced by stability control
intervention. The Slowly Increasing Steer maneuver
is a Characterization maneuver, and therefore does
not receive Rollover Resistance maneuver ratings.

NHTSA J-Turn

The NHTSA J-Turn was derived from the J-Turn
used during NHTSA’s Phase II rollover research
program [5]. The handwheel magnitudes were
calculated by multiplying the handwheel angle that
produced an average of 0.3 g in the Slowly

Figure 2. Slowly Increasing Steer maneuver description.
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Increasing Steer maneuver by a scalar of 8.0. The
rate of the handwheel ramp was 1000 degrees per
second. The J-Turn maneuver used automated
steering inputs commanded by the programmable
steering machine.

To begin the maneuver, the vehicle was driven in a
straight line at a speed slightly greater than the
desired entrance speed. The driver released the
throttle, coasted to the target speed, and then
triggered the commanded handwheel input described
in Figure 3. The nominal entrance speeds used in the
J-Turn maneuver ranged from 35 to 60 mph, and
were increased in 5 mph increments until a
termination condition was achieved. Termination
conditions included two-wheel lift or completion of a
test performed at the maximum maneuver entrance
speed without two-wheel lift. If two-wheel lift was
observed, a downward iteration of vehicle speed was
used in 1 mph increments until such lift was no
longer detected.

A summary of the two-wheel lifts produced during J-
Turn testing is presented later in the “Maneuver
Comparisons” section of this paper. Using the
evaluation factors previously described, the authors
have rated the NHTSA J-Turn maneuver as follows:

Objectivity and Repeatability = Excellent

The NHTSA J-Turn was the most objective and
repeatable of all of the Rollover Resistance
maneuvers performed during Phase IV. By using the
programmable steering machine, handwheel inputs
were precisely executed and consistently replicated
from run-to-run. The test driver was able to achieve

maneuver entrance speeds within an average of ± 0.9
mph (1.9 percent) from the desired target speed.

Generally speaking the vehicle speed, lateral
acceleration, and roll angle data observed during J-
Turn tests were highly repeatable. That said, the roll
angle repeatability of tests performed at a vehicle’s
tip-up threshold speed (the maneuver entrance speed
for which two-wheel lift may or may not occur) was,
at times, lower than that observed at other speeds.
Even when nearly identical steering and speed inputs
were achieved, small response fluctuations (due to
test-to-test variability) were apparent. When a
vehicle is operated at the tip-up threshold, these
fluctuations can lead to large differences in roll
angle. Note that this is the case for all maneuvers
that endeavor to evaluate dynamic rollover
propensity. As such, roll angle variability at the tip-
up threshold did not lower the Objectivity and
Repeatability rating of the J-Turn maneuver.

Performability = Excellent

The NHTSA J-Turn had one major steering input.
As such, it was easiest of all of the dynamic rollover
propensity maneuvers to perform. Objective and
repeatable NHTSA J-Turns were easily performed
using the programmable steering controller. The test
procedure was well developed, and adapted
handwheel input magnitudes to the vehicle being
evaluated.

Discriminatory Capability = Excellent
(when limited to vehicles with low rollover resistance and/or
disadvantageous load configurations)

None of the Phase IV test vehicles experienced two-
wheel lift during NHTSA J-Turn tests performed in
the Nominal Load configuration. However, all of the
vehicles except the Ford Escape and the Toyota
4Runner (with its yaw stability control enabled) had
two-wheel lift when tested in their Reduced Rollover
Resistance configuration.

The NHTSA J-Turn is not a severe enough maneuver
to discriminate between typical, current generation,
sport utility vehicles loaded with a driver and
passenger only (e.g., Phase IV vehicles in the
Nominal Load configuration). However, it was
sensitive to the decrease in rollover resistance
attributable to a decrease in SSF of 0.05. Also the
speed at tip-up could discriminate between the
individual Phase IV test vehicles when the entire
group was loaded to produce a decrease in SSF of
0.05. In Phase IV, a roof load of either 120 or 180

Figure 3. NHTSA J-Turn maneuver description.
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pounds was used to reduce the SSF by 0.05, but the
addition of 5 to 6 passengers can cause a similar
reduction in SSF for typical current generation
SUVs, vans and pickup trucks.

Appearance of Reality = Good

Drivers can perform J-Turns during actual driving.
Cloverleaf entrance/exit ramps and tightly curved
roads driven at substantial speeds are two such
examples. The NHTSA J-Turn was not given an
excellent rating in this category, however, because it
is very unlikely that actual drivers would input
handwheel angles as large as those used in the J-Turn
without also applying sustained braking. Braking
introduces longitudinal wheel slip, and longitudinal
wheel slip can greatly reduce lateral force. Since a
reduction in lateral force has the effect of lowering
the overturning moment of the vehicle, the likelihood
of an on-road untripped rollover occurring (while the
driver is engaged in sustained braking) is lessened.

During NHTSA’s discussions with the automotive
industry, every manufacturer stated that they
routinely perform J-Turn testing during vehicle
development. This maneuver has a long history of
industry use.

Road Edge Recovery Maneuver

The Road Edge Recovery maneuver (also known as
Fishhook 1b or the Roll Rate Feedback Fishhook)
was derived from the Fishhook 1 maneuver used
during Phase II. Unlike the Phase II fishhook,
however, the initial and countersteer handwheel
magnitudes were symmetric, and were calculated by
multiplying the handwheel angle that produced an
average of 0.3 g in the Slowly Increasing Steer
maneuver by a scalar of 6.5. The duration of the
maneuver dwell time (the time between completion
of the initial steering ramp and the initiation of the
countersteer) was not fixed. Road Edge Recovery
dwell times were defined by the roll motion of the
vehicle being evaluated, and could vary on a test-to-
test basis. This was made possible by having the
steering machine monitor roll rate (roll velocity). If
an initial steer to the left was input, the steering
reversal following completion of the first handwheel
ramp occurred when the roll rate of the vehicle first
equaled or went below 1.5 degrees per second. If an
initial steer to the right was input, the steering
reversal following completion of the first handwheel
ramp occurred when the roll rate of the vehicle first
equaled or exceeded -1.5 degrees per second. Road

Edge Recovery maneuvers used automated steering
inputs commanded by the programmable steering
machine. The handwheel rate of the initial steer and
countersteer ramps was 720 degrees per second.

To begin the maneuver, the vehicle was driven in a
straight line at a speed slightly greater than the
desired entrance speed. The driver released the
throttle, coasted to the target speed, and then
triggered the commanded handwheel input described
in Figure 4. The nominal entrance speeds used for
the Road Edge Recovery maneuver ranged from 35
to 50 mph and were increased in 5 mph increments
until a termination condition was achieved.

Road Edge Recovery termination conditions included
two-wheel lift or completion of a test performed at
the maximum maneuver entrance speed without two-
wheel lift. If two-wheel lift was observed, a
downward iteration of vehicle speed was used in 1
mph increments until such lift was no longer
detected. Once the lowest speed for which two-
wheel lift could be detected was isolated, two

Figure 4. Road Edge Recovery maneuver description.
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additional tests were performed at that speed to
monitor two-wheel lift repeatability.

A summary of the two-wheel lifts produced during
Road Edge Recovery testing is presented later in the
“Maneuver Comparisons” section of this paper.
Using the evaluation factors presented previously,
the authors have rated the Road Edge Recovery
maneuver as follows:

Objectivity and Repeatability = Excellent

The Road Edge Recovery maneuver was performed
with good to excellent objectivity and repeatability.
By using the programmable steering machine,
handwheel inputs were precisely executed and easily
replicated from run-to-run. The test driver was able
to achieve maneuver entrance speeds within an
average of ± 1.3 mph from the desired target speed.

Generally speaking the vehicle speed, lateral
acceleration, and roll angle data of Road Edge
Recovery tests were highly repeatable. As stated
before, the roll angle repeatability of tests performed
at a vehicle’s tip-up threshold speed (the maneuver
entrance speed for which two-wheel lift may or may
not occur) was, at times, lower than that at other
speeds. Even when nearly identical steering and
speed inputs were achieved, small response
fluctuations (due to test-to-test variability) were
apparent. When a vehicle is operated at the tip-up
threshold, these fluctuations can lead to large
differences in roll angle. Note that this is the case
for all maneuvers that endeavor to evaluate dynamic
rollover propensity. As such, roll angle variability at
the tip-up threshold did not lower the Objectivity and
Repeatability rating of the Road Edge Recovery
maneuver.

The Objectivity and Repeatability of the Road Edge
Recovery maneuver is slightly worse than that of an
otherwise identical maneuver not using roll rate
feedback. This is because using roll rate feedback to
initiate Road Edge Recovery steering reversals can
increase dwell time variability when certain
combinations of handwheel angles, rates, vehicle
speed, and load configuration are considered. Such
combinations can influence the roll motion of the
vehicle such that it differs from that observed during
other tests performed in a particular series. Since the
roll rate zero crossing immediately following
completion of the initial steer defines when the
handwheel reversal is initiated, a delayed roll rate

zero crossing translates into an extended dwell time.
If this occurs, preservation of the vehicle’s roll
motion can be compromised (even though the
reversal still occurs when the vehicle achieves its
post-initial steer maximum roll angle).

No anomalous roll rate zero crossings or
inappropriately extended dwell times occurred during
any valid Road Edge Recovery tests performed in
Phase IV. However, the potential for such
occurrences does exist. Efforts to prevent this
phenomenon from influencing future test results are
presently under development.

While the authors acknowledge the existence of this
issue, it happens quite rarely (usually with heavily
loaded vehicles). Since extended dwell times are
obvious to the test driver, they may be instructed to
perform an additional test with the same inputs to
assess output repeatability, if required. Therefore,
from a practical point of view, the objectivity and
repeatability of this maneuver is not much worse
from that of an otherwise identical maneuver not
using roll rate feedback. For this reason, the authors
assigned an Objectivity and Repeatability rating of
Excellent to the Road Edge Recovery maneuver.

Performability = Excellent

Objective and repeatable Road Edge Recovery
maneuvers were easily performed with the
programmable steering controller. The test
procedure was well developed and adapted
handwheel input magnitudes to the vehicle being
evaluated. Use of roll rate feedback allowed the
timing of Road Edge Recovery handwheel inputs
(i.e., the duration of the dwell time) to automatically
adapt to a test conditions with differing maneuver
entrance speed, load configuration, stability control
intervention on a test-to-test basis.

Discriminatory Capability = Excellent

The Road Edge Recovery is an excellent maneuver
for measuring the rollover resistance of different
vehicles. Two-wheel lift was produced during tests
performed with the Chevrolet Blazer and Mercedes
ML320 (with enabled and disabled stability control)
in the Nominal Load configuration. Each Phase IV
vehicle tested in the Reduced Rollover Resistance
configuration experienced two-wheel lift, regardless
of whether its stability control was enabled or
disabled (if so equipped).
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Although the Mercedes ML320 was not evaluated in
the Reduced Rollover Resistance configuration, the
authors are certain it would have been exhibited two-
wheel lift during tests performed in the this
configuration. The Reduced Rollover Resistance
configuration raises a vehicle’s center of gravity
height. This action will encourage, not prevent, two-
wheel lift.

While the Road Edge Recovery maneuver does an
excellent job of discriminating between different
levels of untripped rollover resistance for typical,
current generation, sport utility vehicles, it is unlikely
the maneuver will be capable of such discrimination
for the entire light vehicle fleet. The authors do not
anticipate many incidents of two-wheel lift during
testing of vehicles that have a Static Stability Factors
of 1.13 or greater (e.g., vehicles that earn three or
more stars under NHTSA’s current rollover rating
program). That said, the Road Edge Recovery is one
of only two maneuvers known to NHTSA that causes
two-wheel lift for vehicles above the 1.13 SSF range.
Therefore, it does as well at discriminating
throughout the entire fleet of vehicles as will any
other on-road, untripped Rollover Resistance
maneuver if the occurrence of two-wheel lift is used
as a criterion.

Appearance of Reality = Excellent

The handwheel inputs defining any Road Edge
Recovery (fishhook) maneuver approximate the
steering a driver might use in an effort to regain lane
position on a two-lane road after dropping the two
passenger-side wheels off onto the shoulder.

ISO 3888 Part 2 Double Lane Change

The International Standards Organization (ISO) 3888
Part 2 Double Lane Change was a driver-based
maneuver, i.e., the test driver closed the steering
control loop. Since test driver generated steering
inputs were used, three drivers were used for the
evaluation of each vehicle. This allowed for the
determination of the effects of driver variability. The
programmable steering machine was not used to
generate steering inputs for any path-following ISO
3888 Part 2 test.

The ISO 3888 Part 2 course was developed to
observe the way vehicles respond to handwheel
inputs drivers might use in an emergency situation.
As shown in Figure 5, the course requires the driver
to make a sudden obstacle avoidance steer to the left,
briefly establish position in the left lane, and then
rapidly return to the original [right] lane. The ISO
3888 Part 2 Double Lane Change sets the widths of
the first and second lanes based on the width of the
vehicle being evaluated.

To begin this maneuver, the vehicle was driven in a
straight line at the desired entrance speed. At a
nominal distance of 6.6 ft (2.0 m) after entering the
first lane, the driver released the throttle. The
maneuver entrance speed was determined when the
driver released the throttle. No throttle input or
brake application was permitted during the remainder
of the maneuver. The driver steered the vehicle from
the entrance lane, through the offset (left) lane, then
through the exit lane.

Figure 5. ISO 3888 Part 2 double lane change course dimensions.
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Drivers iteratively increased maneuver entrance
speed from approximately 35 mph in 1 mph
increments. The iterations continued until “clean”
tests could no longer be performed (i.e., the desired
course could not be followed without striking or
bypassing cones). Each driver was required to
perform three “clean” runs at the their maximum
speed. This was done to assess input and output
variability for tests performed by the same driver,
with the same entrance speed.

As suggested by the DaimlerChrysler Corporation,
the rating metric used by NHTSA was the maximum
maneuver entrance speed for which a driver
successfully achieved a “clean” run (i.e., none of the
cones delineating the course were struck or
bypassed). Runs that were not “clean” were
considered invalid. If a double lane change were to
be used for determining Government dynamic
rollover resistance ratings, the authors believe it is
essential that the vehicle respect all course
delineations.

The manner in which drivers chose to implement the
1 mph iterations was driver-dependent. Some drivers
preferred to increase speed until they could no longer
achieve a “clean” run. Once this threshold was
reached, the driver would reduce speed slightly and
perform three “clean” runs. Other drivers would
perform three “clean” runs at one speed before
proceeding to the next iteration. Both methods
produced similar results. To reduce any confounding
effect tire wear may have on ISO 3888 Part 2 Double
Lane Change test results, new tires were installed on
each vehicle for each driver.

The ISO 3888 Part 2 Double Lane Change tests were
performed using test vehicles in their Nominal Load
and Reduced Rollover Resistance configurations. No
two-wheel lift was produced during any “clean” ISO
3888 Part 2 Double Lane Change, regardless of
driver, vehicle, or load configuration. Using the
evaluation factors presented previously, the authors
have rated the ISO 3888 Part 2 Double Lane Change
maneuver as follows:

Objectivity and Repeatability = Bad

Since the test driver generates steering inputs for the
ISO 3888 Part 2 Double Lane Change maneuver,
vehicle performance in this maneuver depends upon
the skill of the test driver, the steering strategy used
by the test driver, plus random run-to-run
fluctuations. The ISO 3888 Part 2 course layout

attempts to minimize this variability by using three
cone-delineated lanes, and by relating the width of
two of the three lanes to test vehicle width. These
course layout differences endeavor to minimize the
number of paths available to the driver while
maintaining a high maneuver severity level.

Despite these attempts to minimize variability,
substantial driver-to-driver and within driver run-to-
run differences in the steering inputs occurred during
the Phase IV ISO 3888 Part 2 testing. These
differences tended to increase as the maneuver
progressed. That said, these differences might not
necessarily matter for the purpose of determining
Rollover Resistance Ratings. What are most
important are driver-to-driver and run-to-run
differences in vehicle outputs, specifically how they
influence the vehicle rating metric.

Using three test drivers, the overall range of
maximum maneuver “clean” entrance speeds in the
Nominal Load configuration varied from 1.1 mph for
the Mercedes ML320 with disabled stability control,
to 2.0 mph for the Chevrolet Blazer. The average
range was 1.5 mph. While these may seem like small
ranges, the entire range of maximum attainable
“clean” entrance speeds was only 5.7 mph when all
of the Phase IV vehicles were considered. Since the
Phase IV vehicles are believed to be representative
of contemporary sport utility vehicles, these results
imply the maximum valid “clean” entrance speeds
achievable for most sport utility vehicles will fall
within this 5.7 mph range. Therefore, driver-to-
driver variability accounts for an average of 27
percent of the rating metric range. The range of
maximum “clean” entrance speeds of the Chevrolet
Blazer suggests that this variability can account for
up to 35 percent of the rating metric range.

Table 2 presents a rank ordering of the Phase IV
rollover test vehicles based on the maximum “clean”
entrance speeds achieved by the three test drivers.
Note that “1” is the best rank and “6” the worst.
This table clearly shows the problem caused by
driver-to-driver variability combined with the small
range of metric values. While the Chevrolet Blazer
attained the best ranking from all three drivers, the
rankings for the Ford Escape, Mercedes ML320 with
stability control enabled, and the Toyota 4Runner
with stability control enabled varied by three places
(e.g., 2nd to 5th).
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Table 2. Vehicle Rankings Based on Maximum Achievable
Entrance Speeds for “Clean” ISO 3888 Part 2 Tests

(Performed in the Nominal Vehicle Configuration)

Driver
Vehicle

GF/RS LJ RL

Chevrolet Blazer 1 1 1

Ford Escape 5 5 2

Mercedes ML320
(ESP)

2* 2 5

Mercedes ML320
(disabled ESP)

4* 3 3

Toyota 4Runner
(VSC)

3* 3 6

Toyota 4Runner
(disabled VSC)

6* 6 4

*Tests performed by Driver RS.

Driver skills and abilities vary with time. Although
this was not directly measured in Phase IV, the
authors believe that if the ISO 3888 Part 2 course
was used to re-test the Phase IV vehicles, with the
same drivers, the results would not be exactly
reproduced. Since the rating metric range
established in Phase IV was so narrow, day-to-day
(or even hour-to-hour) changes in test driver
performance could potentially change the maximum
“clean” entrance speeds by a substantial percentage
of the overall range.

Due to the problems associated with driver-to-driver
variability and run-to-run (for the same driver)
variability, the Objectivity and Repeatability of the
ISO 3888 Part 2 Double Lane Change maneuver was
rated as bad.

Performability = Good

The procedure for performing tests with the ISO
3888 Part 2 course was straightforward. However, as
discussed above, use of this course is associated with
objectivity and repeatability issues. Resolving these
issues will add difficulty and complexity to the test
procedure.

For example, one possibility for improving
objectivity and repeatability is to use multiple drivers
to perform the testing (three drivers were used during
the NHTSA testing). While this should help, there
are still potential problems. One exceptionally
skilled test driver could generate very good
performance metrics for a mediocre vehicle. If this

exceptionally skilled driver did not test some other
vehicle, that vehicle’s performance metrics might,
incorrectly, be lower than they should be. Therefore,
in addition to using multiple drivers, procedures
would need to be developed to ensure that drivers of
approximately equal skill test every vehicle.

For the Government’s purpose, the authors believe a
test maneuver should adapt to differing vehicle
characteristics so as to maximize severity. In the
case of a double lane change, the course layout must
be modified on a per-vehicle basis so as to achieve
worst-case lane geometry. The ISO 3888 Part 2
Double Lane Change layout adjusts to the vehicle
being tested. However, based on the fact two-wheel
lift was not detected during any ISO 3888 Part 2 test
for which no course delimiting cones were struck, the
authors do not believe the layout imposes the worst-
case lane geometry for any of the Phase IV vehicles.

Discriminatory Capability = Very Bad

ISO 3888 Part 2 tests were performed with each
vehicle in the Nominal Load and Reduced Rollover
Resistance configurations. Despite the use of high
steering magnitudes and the production of high
lateral accelerations, no two-wheel lift occurred
during any “clean” run performed using the ISO
3888 Part 2 course, for any of the Phase IV test
vehicles. While one instance of two-wheel lift did
occur during a run that was not “clean,” the rollover
resistance rating of the vehicle was not adversely
affected; when a run is not “clean”, the path-
following nature of the test is no longer meaningful.
The driver could use an infinite combination of
steering inputs. For example, rather than attempting
to perform a “clean” run, the driver could input the
Road Edge Recovery steering required to produce
two-wheel lift. To achieve a high maneuver entrance
speed, the driver could simply drive straight through
the course without any avoidance steering. Either
case would simply be recorded as a “not clean” test,
although the test outcomes are obviously very
different.

Unlike the J-Turn and Road Edge Recovery
maneuvers, the occurrence/non-occurrence of two-
wheel lift cannot be used as a measure of vehicle
performance for this maneuver because two-wheel
lifts during “clean” runs are unlikely to occur.
Therefore, the rating metric used by NHTSA was the
maximum entrance speed that a driver could
successfully achieve during a “clean” run.
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When tested in the Reduced Rollover Resistance
configuration, vehicles had ballast placed on their
roofs so as to raise their centers of gravity. Addition
of the roof-mounted ballast reduced the Static
Stability Factors of these vehicles by approximately
0.05. A 0.05 reduction in SSF equates, for sport
utility vehicles, to approximately a one star reduction
in the vehicle’s rollover resistance rating. NHTSA
believes that a one star reduction in the rating should
make a vehicle substantially easier to roll over.
Maneuvers with good discriminatory capability
should measure substantially worse performance
during Reduced Rollover Resistance tests, when
compared with performance observed in the Nominal
Load configuration.

Table 3 presents the maximum achievable “clean”
entrance speeds attained by any of the test drivers for
the Nominal Load and Reduced Rollover Resistance
configuration for each test vehicle. When results
from the two load configurations were compared, a
substantial change in rollover resistance was not
seen. While the maximum achievable “clean”
entrance speeds attained by each test driver in the
Reduced Rollover Resistance configuration did
decrease slightly when compared to similar Nominal
Load results for three vehicles, they increased
slightly for the 2001 Toyota 4Runner. When each of
the vehicles was considered, the overall average
difference in maneuver entrance speed was 0.4 mph.
The average of the absolute values of these
differences was 1.3 mph. It is important to recognize
that both average differences are less than the
average driver-to-driver variability of 1.5 mph.

Table 3. Maximum Entrance Speeds Achieved by Any Driver
During “Clean” ISO 3888 Part 2 Tests

(Nominal and Reduced Rollover Resistance Configurations)

Configuration

Vehicle Nominal
Load
(mph)

Reduced
Rollover

Resistance
(mph)

Difference
(mph)

Chevrolet Blazer 41.0 39.0 2.0

Ford Escape 38.0 37.3 0.7

Mercedes ML320
(ESP)

38.0 37.4 0.6

Mercedes ML320
(disabled ESP)

38.9 37.1 1.8

Toyota 4Runner
(VSC)

37.6 39.3 -1.7

Toyota 4Runner
(disabled VSC)

37.0 38.0 -1.0

The substantial change in rollover resistance that was
expected between the Nominal and Reduced
Rollover Resistance configurations was not observed
for the ISO3888 Part 2 Double Lane Change
maneuver apparently because the sensitivity of the
test to handling properties is predominant compared
to its sensitivity to rollover resistance. Placing
weight on a vehicle’s roof raises its center of gravity,
which reduces its rollover resistance. This also
increases a vehicle’s mass and roll moment of inertia,
resulting in changes to a vehicle’s handling that are
not well understood. Since handling and rollover
resistance are inextricably intertwined in the rating
produced by this maneuver, the rating generated can
improve while the rollover resistance of a vehicle
deteriorates.

Results from both J-Turn and Road Edge Recovery
testing are, also influenced by the handling
characteristics of the vehicle. However, handling
performance has less of a chance to dominate these
maneuvers because they involve fewer major steering
movements (one for a J-Turn, two for a Road Edge
Recovery, and three for a Double Lane Change).

The above reasoning also explains an apparent
anomaly in Table 3. In this table, the Nominal Load
Chevrolet Blazer has the best ranking of any of the
vehicles. However, based on its one star rating and
performance in the NHTSA J-Turn and Road Edge
Recovery maneuvers, the authors believe it has the
lowest rollover resistance of any of the Phase IV
rollover test vehicles [1]. The apparent contradiction
is resolved if the ISO 3888 Part 2 Double Lane
Change maneuver is regarded primarily as a measure
of handling performance rather than rollover
resistance.

Since tests using the ISO 3888 Part 2 Double Lane
Change Course measure some combination of
vehicle handling and rollover resistance (with
handling characteristics apparently dominating the
measured metric values), the authors can rate the
Discriminatory Capability of the ISO 3888 Part 2
Double Lane Change maneuver for rollover
resistance as no better than very bad.

Appearance of Reality = Excellent

In general, double lane change maneuvers have an
excellent appearance of reality. The handwheel
inputs used by the drivers during ISO 3888 Part 2
testing emulate the steering a driver might use in an
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emergency obstacle avoidance maneuver performed
on a two-lane road.

MANEUVER COMPARISONS

Two-Wheel Lift

Table 4 summarizes the incidents of two-wheel lift
(or absence thereof) observed during J-Turn, Road
Edge Recovery, and ISO 3888 Part 2 Double Lane
Change testing. Nominal Load, Reduced Rollover
Resistance, and Modified Handling data (where
applicable) are each presented.

Table 4. Minimum Maneuver Entrance Speed Resulting in
Two-Wheel Lift (mph)

Vehicle J-Turn
Road Edge
Recovery

ISO 3888
Part 2

2001 Chevrolet Blazer
--

(38.91)

40.1

(36.21, 34.92)

--

(--1)

2001 Toyota 4Runner
(VSC)

--

(--1)

--

(49.61, --2)

--

(--1)

2001 Toyota 4Runner
(no VSC)

--

(46.11)

--

(37.71, --2)

--

(--1)

1999 Mercedes
ML320
(ESP)

--

(50.91)

49.9

(N/A1, 51.72)

--

(--1)

1999 Mercedes
ML320
(no ESP)

--

(45.11)

46.4

(N/A1, 51.32)

--

(--1)

2001 Ford Escape
--

(--1)

--

(46.01, --2)

--

(--1)

Note: Unless indicated, the results presented in this table were
observed in the Nominal Load configuration.
1Reduced Rollover Resistance configuration
2Modified Handling configuration

For each vehicle, no two-wheel lift was observed
during J-Turns or ISO 3888 Part 2 Double Lane
Changes tests performed in the Nominal Load
configuration. The Road Edge Recovery maneuver
was capable of producing two-wheel lift for two
vehicles evaluated in the Nominal Load
configuration, the Chevrolet Blazer and the
Mercedes ML320. In the case of the ML320, the
Road Edge Recovery maneuver was able to induce
two-wheel lift during tests performed with enabled
and disabled stability control. The maneuver
entrance speeds of the tests for which two-wheel lift
occurred with enabled stability control were greater
than those associated with disabled stability control.

No driver was able to produce two-wheel lift during
“clean” ISO 3888 Part 2 tests performed with any
vehicle in the Reduced Rollover Resistance
configuration. However, two-wheel lift was
observed during J-Turn and Road Edge Recovery
tests performed with this load configuration.
Compared to Nominal Load results, the Chevrolet
Blazer produced two-wheel lift at lower entrance
speeds in the Reduced Rollover Resistance
configuration2. Unlike the Nominal Load
configuration tests, NHTSA J-Turns performed with
vehicles in the Reduced Rollover Resistance
configuration produced two-wheel lift for every
vehicle except the Ford Escape.

The NHTSA J-Turn produced two-wheel lift during
Mercedes ML320 tests performed both with enabled
and disabled stability control in the Reduced
Rollover Resistance configuration. The entrance
speeds of the tests for which two-wheel lift occurred
with enabled stability control were greater than those
of tests with stability control disabled. Similarly, the
Road Edge Recovery maneuver produced two-wheel
lift during Toyota 4Runner tests performed both with
enabled and disabled stability control in this load
configuration. The entrance speeds of the tests for
which two-wheel lift occurred with enabled stability
control were greater than those associated with
disabled stability control.

The Modified Handling configuration imposed
different demands on the vehicles depending upon
how this test configuration was achieved.
Installation of optional wheel/tire packages did not
increase the rollover propensity of the Ford Escape
or Mercedes ML320. Although two-wheel lift
occurred during tests performed with the ML320,
each of these tests began with maneuver entrance
speeds greater than the 50 mph maximum nominal
value. The Road Edge Recovery maneuver produced
two-wheel lift during ML320 tests performed both
with enabled and disabled stability control.
Maneuver entrance speeds of the tests for which two-
wheel lift occurred with enabled stability control
were greater than those associated with disabled
stability control.

2Road Edge Recovery tests were not performed with the Mercedes
ML320 in the Reduced Rollover Resistance configuration due to test
driver safety concerns. Since two-wheel lift occurred during
Nominal Load configuration ML320 tests, the authors believe it
would have certainly occurred in the Reduced Rollover Resistance
configuration. The roof-mounted ballast used in this configuration
reduced rollover resistance, thereby increasing rollover propensity
compared to the Nominal Load.
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Simultaneously loading the Toyota 4Runner to
GVWR and rear GAWR did not adversely affect its
rollover propensity. This loading had a very
pronounced effect on the Chevrolet Blazer’s rollover
resistance; when left-right steering was input in this
configuration, two-wheel lift occurred at a maneuver
entrance speed of 34.9 mph.

Road Edge Recovery and J-Turn Maneuver
Inputs vs. Closed-Loop Double Lane Change
Steering

One of the most common criticisms of NHTSA’s
Road Edge Recovery and J-Turn maneuvers is that
the handwheel inputs required to produce two-wheel
lift are unreasonably large. It is important to
acknowledge any maneuver that endeavors to
directly assess on-road, untripped dynamic rollover
propensity must include substantial steering inputs,
especially if vehicle maneuver entrance speed is to
be held to a reasonably safe level. To ascertain how
the Road Edge Recovery and J-Turn handwheel
inputs used in Phase IV related to those that occurred
during tests performed by actual test drivers,
maximum handwheel angles and rates were
compared (a detailed discussion of the driver-based,
closed-loop, path-following double lane changes
performed in Phase IV is available in [1]).

Handwheel Angles

Some of the largest handwheel magnitudes observed
during Phase IV research occurred during
Consumers Union Short Course (CUSC) testing [1].
Although this paper does not discuss the CUSC
course layout, test procedures, or test outcome, the
maneuver is mentioned in this section because the
steering data collected during these tests provides a
more accurate depiction of what the capabilities of
human drivers really are. This is because the course
layout is not as tightly constrained as of the ISO
3888 Part 2, allowing the drivers much more
flexibility in the manner in which they can steer
vehicles through the course. Like the ISO 3888 Part
2, the CUSC was delineated with pylons. Phase IV
CUSC testing used three drivers per vehicle.

For each vehicle, the handwheel angles observed
during CUSC testing were up to 61.7 percent greater
than those used to for J-Turns and up to 99.1 percent
greater than those used to for the Road Edge
Recovery maneuvers.

With the exception of the Mercedes ML320 with
disabled stability control, the J-Turn handwheel
angle magnitudes used for each vehicle were
contained within the range established by the
maximum handwheel magnitudes measured during
CUSC and ISO 3888 Part 2 tests performed with that
vehicle. For the ML320 with disabled stability
control, the J-Turn handwheel magnitude was less
than the maximum handwheel magnitude measured
during either path-following, closed-loop, test.

The handwheel angle magnitudes used for the Road
Edge Recovery maneuvers were all below the
maximum handwheel magnitudes measured during
the CUSC and ISO 3888 Part 2 tests performed with
the same vehicle.

The maximum handwheel angle data presented in
this section demonstrate that the magnitude of the
inputs used to define the J-Turn and Road Edge
Recovery maneuvers are within the capabilities of
actual, albeit skilled, drivers. However, a meaningful
comparison of J-Turn and Road Edge Recovery
handwheel inputs to those that occurred during
closed-loop, path-following double lane changes is
incomplete without the consideration of steering
rates, as discussed in the next section of this paper.

Table 5 summarizes the handwheel angles used
during Phase IV J-Turn and Road Edge Recovery
maneuvers, and those measured during CUSC and
ISO 3888 Part 2 tests for which test drivers provided
the steering inputs.

Table 5. Maximum Handwheel Angle Comparison: Automated
Maneuvers Versus Closed-Loop Maneuvers (Nominal Load)

Vehicle
NHTSA
J-Turn

(degrees)

NHTSA
Road Edge
Recovery
(degrees)

ISO 3888
Part 2

(degrees)

CUSC
(degrees)

Chevrolet Blazer 401 326 358 492

Toyota 4Runner
(VSC) 298 478

Toyota 4Runner
(disabled VSC)

354 287

308 450

Mercedes ML320
(ESP) 262 400

Mercedes ML320
(disabled ESP)

310 252

323 411

Ford Escape 287 233 259 464
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Handwheel Rates

When analyzing handwheel rate data, it is important
to consider the duration over which the rate was
sustained. While most drivers can generate very high
handwheel rates, they are typically sustained for a
short duration.

To assess whether the Phase IV test drivers could
achieve the handwheel rates used by the J-Turn and
Road Edge Recovery maneuvers, handwheel rates
measured during the closed-loop, path-following
double lane changes were processed with 500, 750,
and 1000 millisecond running average filters during
post-processing of the data. Using these data, the
authors were able to determine whether an actual
driver could sustain the handwheel rates required by
a particular J-Turn or Road Edge Recovery maneuver
for the required duration.

Table 6 compares the [fixed] handwheel rates used
for the J-Turns and Road Edge Recovery maneuvers
to sustained rates measured during CUSC and ISO
3888 Part 2 tests for which test drivers provided
steering inputs

During CUSC testing, the Phase IV test drivers were
able to sustain handwheel rates of up to 1187, 1026,
and 831 degrees per second for 500, 750, and 1000
milliseconds, respectively. When ISO 3888 Part 2
data were considered, these rates fell to 986, 801,
and 612 degrees per second, respectively.

The handwheel rate used for all J-Turn maneuvers
performed in Phase IV was 1000 degrees per second.
Since the steering angle magnitude of these
maneuvers was vehicle dependent, the duration for
which 1000 degrees per second had to be maintained
ranged from 287 to 401 milliseconds. To assess
whether the drivers used in Phase IV could achieve
the handwheel rate used by the J-Turn, CUSC and
ISO 3888 Part 2 data processed with the 500
millisecond running average filter were considered.
The use of these data was most appropriate because
its output was the average handwheel rate over a
period of 500 milliseconds, slightly longer than that
actually required for the J-Turn. Since handwheel
rates of up to 1187 degrees per second were
sustained by test drivers for 500 milliseconds during
CUSC testing, the authors believe that the steering
rate used by the J-Turn maneuver is within the
capabilities of an actual driver.

The handwheel rate used for all Road Edge Recovery
maneuvers performed in Phase IV was 720 degrees
per second. Once again, since the steering angle
magnitude of these maneuvers was vehicle
dependent, the duration for which 720 degrees per
second had to be maintained ranged from 647 to 906
milliseconds. To assess whether the drivers used in
Phase IV could achieve the handwheel rate used by
the Road Edge Recovery maneuvers, CUSC and ISO
3888 Part 2 data processed with the 750 and 1000
millisecond running average filters were considered.

Table 6. Maximum Handwheel Rate Comparison: NHTSA Maneuvers Versus Closed-Loop Maneuvers (Nominal Load)

J-Turn Road Edge Recovery
ISO 3888 Part 2

(deg/sec)
Consumers Union Short Course

(deg/sec)
Vehicle

Rate
(deg/sec)

Duration
(ms)

Rate
(deg/sec)

Duration
(ms)

500 ms
RA

750 ms
RA

1000 ms
RA

500 ms
RA

750 ms
RA

1000 ms
RA

Chevrolet Blazer 401 906 986 801 612 1187 1026 831

Toyota 4Runner
(VSC)

886 722 543 1030 822 784

Toyota 4Runner
(disabled VSC)

354 797

800 660 535 989 815 768

Mercedes ML320
(ESP)

820 671 476 941 787 693

Mercedes ML320
(disabled ESP)

310 700

857 678 536 964 828 668

Ford Escape

1000

287

720

647 807 682 454 1049 911 766
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For the Mercedes ML320 and Ford Escape, use of
data processed with the 750 millisecond filter was
most appropriate because its output was the average
handwheel rate over a period of 750 milliseconds;
slightly longer than the 647 to 700 milliseconds
duration actually required for the Road Edge
Recovery tests performed with these vehicles. For
the Chevrolet Blazer and Toyota 4Runner, use of
data processed with the 1000 milliseconds filter was
most appropriate because its output was the average
handwheel rate over a period of 1000 milliseconds;
slightly longer than the 797 to 906 millisecond
duration actually required for the Road Edge
Recovery tests performed with these vehicles. The
authors believe that because handwheel rates of up to
1026 and 831 degrees per second were sustained for
750 and 1000 milliseconds, respectively, during
CUSC tests, the steering required by the Road Edge
Recovery maneuvers is within the capabilities of an
actual driver.

SUMMARY AND CONCLUSIONS

Thirty years ago, NHTSA began studying maneuvers
intended to assess dynamic rollover propensity. At
that time, the conclusion was that the maneuvers
being studied had such major problems, particularly
in the area of objectivity and repeatability, as to
preclude their use for discriminating rollover
resistance. Today, following much effort, this is no
longer the case. Table 7 summarizes the scores
assigned to each Rollover Resistance maneuver in
the areas of Objectivity and Repeatability,
Performability, Discriminatory Capability, and
Appearance of Reality.

Table 7. Summary of Rollover Resistance Maneuver Scores

Assessment
Criterion

NHTSA
J-Turn

Road Edge
Recovery

ISO 3888
Part 2

Objectivity and
Repeatability

Excellent Excellent Bad

Performability Excellent Excellent Good

Discriminatory
Capability

Excellent* Excellent Very Bad

Appearance of
Reality

Good Excellent Excellent

*When limited to vehicles with low rollover resistance and/or
disadvantageous load configurations.

As can be seen from Table 7, two of the Rollover
Resistance maneuvers discussed in this paper have
ratings of satisfactory or better in each of the four
maneuver evaluation factors. In the authors’
opinion, these two maneuvers are good for
discriminating rollover resistance.

The authors do not believe driver-based double lane
changes such as the ISO 3888 Part 2 are acceptable
of effectively assessing a vehicle’s rollover
resistance.

The authors consider the Road Edge Recovery to be
the best maneuver for measuring light vehicle
rollover resistance. However, since the NHTSA J-
Turn is the most basic rollover resistance maneuver
(i.e., a single step-steer input), the authors feel it
serves as a useful complement to the Road Edge
Recovery.
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ABSTRACT

The primary description of crash severity in most
crash databases is vehicle delta-V. Delta-V has been
traditionally estimated through crash reconstruction
techniques using computer codes, e.g. Crash3 and
WinSmash. Unfortunately, delta-V is notoriously
difficult to estimate in many types of collisions
including sideswipes, collisions with narrow objects,
angled side impacts, and rollovers. Indeed,
approximately 50% of all delta-V estimates in the
National Automotive Sampling System /
Crashworthiness Data System (NASS/CDS) 2000 are
reported as unknown.

The Event Data Recorders (EDRs), now being
installed as standard equipment by several
automakers, have the potential to provide an
independent measurement of crash severity, which
avoids many of the difficulties of crash
reconstruction techniques. This paper evaluates the
feasibility of replacing delta-V estimates from crash
reconstruction with the delta-V computed from
EDRs. The analysis is based on 225 NASS/CDS
cases from 1999 - 2001, which have corresponding
EDR datasets. The potential of extracting manual
seat belt use from EDRs is also discussed and
compared with the corresponding results from
NASS/CDS gathered by crash investigators.
Although EDRs are expected to greatly enhance the
investigation of a crash, it should be noted however
that current EDRs are not perfect. The paper
discusses the limitations of current EDR technology
and the need for enhancement of future Event Data
Recorders.

INTRODUCTION

Widespread deployment of Event Data Recorders
(EDRs), sometimes called “black boxes,” promises a
new and unique glimpse of the events that occur

during a highway traffic collision. The EDR in a
colliding vehicle can in some cases, provide a
comprehensive snapshot of the entire crash event –
pre-crash, crash, and post-crash. By carefully
collecting and analyzing the details provided by the
growing number of EDR-equipped vehicles, the crash
safety research community has an unprecedented
opportunity to understand the interaction of the
vehicle-roadside-driver system as experienced in
thousands of U.S. highway crashes each year.

Under National Highway Traffic Safety
Administration (NHTSA) sponsorship, Rowan
University is developing a first-of-a-kind database of
EDR data collected from real world traffic crashes in
the United States. Although the database is still
under development, the EDR data collected to date
have a number of potential research applications.
The most immediate application of EDR data has
been in crash reconstruction, which can use this new
tool to supplement conventional methods of
determining crash severity.

WinSmash vs. EDR delta-V

The vehicle resultant change in velocity, commonly
referred to as simply resultant delta-V, is the primary
description of crash severity in most crash databases.
For the National Automotive Sampling System /
Crashworthiness Data System (NASS/CDS)
database, NHTSA estimates both longitudinal and
lateral delta-V from detailed measurements of vehicle
deformation using a computer code such as
WinSmash [Stucki et al, 1998]. WinSmash and
similar codes, e.g. Crash3 [NHTSA, 1982], are most
accurate for frontal crashes with full frontal
engagement. As crashes deviate from this ideal
configuration, the estimates become increasingly less
accurate [O’Neill et al, 1996; Stucki et al, 1998].
Delta-V for some crash configurations is notoriously
difficult to estimate. These configurations include
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sideswipe, collisions with narrow objects, e.g. poles
and trees, angled side impacts, and rollover.
Reflecting this difficulty, approximately 50% of all
delta-V estimates in NASS/CDS 2000 are reported as
unknown.

EDRs have the potential to provide an independent
measurement of crash severity which avoids many of
the difficulties of crash reconstruction techniques.
For vehicles equipped with an EDR, sensors on the
vehicle itself provide a direct measurement of vehicle
velocity versus time – and hence delta-V. The GM
EDR for example measures longitudinal velocity vs.
time. Other automakers record both longitudinal and
lateral acceleration vs. time. Unlike WinSmash
estimates of delta-V, the availability and validity of
this data are unaffected by the crash mode. In fact, a
comparison of the NASS/CDS cases for which EDR
data are also available shows that an EDR-generated
delta-V is available for many of the cases in which
the WinSmash-generated delta-V was listed as
unknown.

OBJECTIVE

The objective of this paper is to evaluate the potential
to supplement and possibly replace WinSmash-
estimated delta-Vs with the delta-V recorded in
EDRs. The paper will examine those NASS/CDS
cases from 1999 - 2001 for which there are
corresponding EDR datasets. It should be noted, that
because of the small sample currently available (225
events), the primary outcome of this analysis should
be regarded only as an initial indication of the more
conclusive findings that can be expected from follow-
on studies with a larger EDR sample.

DESCRIPTION OF THE ROWAN
UNIVERSITY EDR DATABASE

NHTSA has collected EDR records from several
hundred crashes investigated as part of NHTSA
Special Crash Investigations (SCI), NASS/CDS
investigations, and Crash Injury Research and
Engineering Network (CIREN) studies. NASS/CDS
is a national sample of 4,000 to 5,000 crashes
investigated each year by NHTSA at 27 locations
throughout the United States. The SCI file is a
collection of targeted crash investigations looking at
emerging safety issues. Much of the EDR data for
the SCI cases have been collected as part of a special
study investigating Advanced Occupant Protection
Systems (AOPS) conducted in collaboration with
several automakers. CIREN is a system of crash
investigations, conducted at hospitals, which collects
approximately 400 cases each year.

To date, the cases in NASS/CDS involving EDR data
are all General Motors vehicles. At the time of this
study, General Motors was the only automaker that
had publicly released the format of their EDRs. In
addition, General Motors has signed an agreement
with Vetronix to produce a Crash Data Retrieval
System capable of downloading, decoding, and
displaying the data recorded in GM EDRs. The SCI
cases contain the EDR data from several automakers
other than GM, but, under confidentiality agreements
with the automakers, NHTSA has not yet publicly
released this data. Although CIREN teams have
begun to download EDR data, at this time no CIREN
cases with EDR data are available for analysis.

As shown in Table 1, NASS/CDS teams from 1999-
2001 successfully collected EDR data from 225
vehicles involved in traffic crashes. The number of
EDR data sets collected in 2002 investigations is
expected to exceed those collected in 2001. The
NASS/CDS 2002 data was not available for this
analysis as NHTSA development of the database was
still underway at the time of this study. An early
examination of a partial 2002 dataset was however
obtained as the basis for a later section on EDR
download difficulties.

Table 1. Contents of the Rowan University EDR
Database by Source

Source Total Number of Cases

NASS/CDS 1999 2

NASS/CDS 2000 34

NASS/CDS 2001 189

Total 225

To analyze this dataset, Rowan University developed
a database of the NHTSA EDR cases collected from
NASS/CDS 1999-2001. The cases extracted from
this database and used in this analysis included only
crashes in which an EDR had been successfully
downloaded and matched with a corresponding
NASS/CDS case. The database consists of the
following six (6) tables as described in Gabler et al
(2002):

a) NASS/CDS case description
b) General EDR parameters
c) Near Deployment Event – Crash Parameters
d) Deployment Event – Crash Parameters
e) Near Deployment Event – Pre-crash parameters
f) Deployment Event – Pre-crash parameters
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DESCRIPTION OF THE GM EDR CASES

GM EDRs have the capability to store a description
of both the crash and the pre-crash phase of a traffic
collision. Crash event parameters include
longitudinal velocity vs. time during the impact,
airbag trigger times, and seat belt status. Later
versions of the GM EDR also store precrash data
including a record of vehicle speed, engine throttle
position, engine revolutions per minute and brake
status for five seconds preceding the impact. Since
their introduction in the early 1990’s, GM has
continuously improved their EDR design. This has
been both a boon and a challenge to researchers who
seek to compare the crash performance of vehicles
equipped with different generations of the GM EDR.

Computing EDR Delta-V

Arguably, the most valuable data element stored in an
EDR is the velocity-time history of the vehicle during
the crash. In GM EDRs, the change in longitudinal
velocity is recorded every ten milliseconds for up to
300 milliseconds in older EDR designs and up to 150
milliseconds in newer EDR designs. Change in
lateral velocity is not recorded.
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Figure 1. EDR record of Longitudinal Velocity vs.
Time for a 1999 Pontiac Grand AM involved in a
frontal collision with another vehicle

Figure 1 shows the longitudinal velocity vs. time
recorded by an EDR in a 1999 GM Pontiac Grand
Am involved in a frontal collision with another
vehicle. For this paper, the EDR delta-V was
obtained for each case by finding the maximum
change in velocity as shown in Figure 1. The
maximum delta-V corresponds to the delta-V
computed in WinSmash. WinSmash and similar
computer codes assume fully plastic deformation, i.e.
the vehicles do not separate [Stucki et al, 1998]. In
reality, most collisions also involve a rebound phase

in which some of the crash energy is restored as
kinetic energy. This can be observed in Figure 1, as
the final recorded velocity change is approximately 5
mph lower than the maximum velocity change.

Storing Multiple Crash Events

GM EDRs can store a near-deployment event, a
deployment event, or both. A near-deployment event
is defined as a crash of too low a severity to warrant
deploying the airbag. A deployment event is an
impact in which the airbag was deployed. For
NASS/CDS 1999-2001 cases, Table 2 lists the
distribution of cases in the EDR database. As shown
in Table 2, the database is comprised primarily of
lower severity near-deployment events.

Table 2. Near-deployment vs. Deployment EDR
Cases for NASS/CDS 1999-2001

Source Total

Near Deployment Events Only 107

Case with both Near Deployment +
Deployment Events

80

Deployment Events Only 38

Total 225

Availability of EDR Velocity Data

One concern when using current GM EDRs is that
velocity-time data was not always recorded in an
event. As shown in Table 3, non-zero velocity data
could be recovered from only 37% of the EDR near
deployment events. In 45% of the near-deployment
events, the velocity-time data was completely
missing. GM has told us that the missing-time data is
characteristic of their first EDR design capable of
storing precrash information. In these EDRs, the
near deployment crash velocity vs. time data is not
meaningful and is not decoded by the Vetronix
software. GM has told us that this problem has since
been corrected. Indeed, examination of our dataset
showed that the missing velocity-time data for near-
deployments appears to be roughly confined to GM
model years 2000 and 2001. EDRs installed in pre-
2000 models and 2002 and later models do not, in
general, have this problem.

As shown in Table 4, velocity data were successfully
recovered from all but nine of the EDRs that recorded
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deployment events. The fact that nine of the 118
cases did not have velocity data is not a reflection on
the EDR design. For these nine cases, the research
team had only a graphical screenshot from which to
extract EDR data rather than an EDR file
downloaded using the Vetronix tool. In these nine
cases, this screenshot did not include velocity vs.
time data. Similarly, in 13 of the 84 near deployment
cases without velocity vs. time data, the research
team had only a graphical screenshot from which to
extract EDR data, and this screenshot did not include
velocity vs. time data. If the EDR files had been
available for these cases, velocity-time data may have
been recoverable.

Table 3. Near-Deployment Events: Availability
of EDR Velocity Data

Type of
Event

Cases
with

Velocity
vs. time

Cases
with
Zero

Velocity
vs. time

Cases
Missing
Velocity
vs. time

Total

Near
Deployment

Only
52 15 40 107

Near
Deployment

+
Deployment

18 18 44 80

Total 70 33 84 187

Table 4. Deployment Events: Availability of EDR
Velocity Data

Type of
Event

Cases
with

Velocity
vs. time

Cases
with
Zero

Velocity
vs. time

Cases
Missing
Velocity
vs. time

Total

Deployment
+

Near
Deployment

74 - 6 80

Deployment
Only 35 - 3 38

Total 109 - 9 118

Distribution of Change in Velocity

Figures 2 and 3 show the distribution of longitudinal
delta-V for near-deployment and deployment events
respectively. As noted above, non-zero velocity vs.
time data was available for 70 EDR non-deployment
cases and for 109 EDR deployment cases. As would
be expected, near-deployment events are of lower
severity than deployment events as measured by
delta-V. It should be noted however that in this
sample, near-deployments were observed in rare
cases for delta-V as high as 30 mph. Figure 3 shows
the unexpected finding that over 10% of the airbag
deployments occurred for longitudinal delta-V of 5
mph or lower. These cases were primarily either side
impacts or collisions with fixed objects, e.g., trees
and poles.
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Figure 2. Near-deployment events: Distribution
of EDR Longitudinal Delta-V (70 Cases,
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RESULTS

The following section explores the use of EDR data
as an improved method of collecting data in crash
reconstruction. Specifically, this section discusses
(1) the accuracy of recorded EDR velocity versus
WinSmash estimates, (2) the feasibility of obtaining
delta-V estimates in crashes where a WinSmash
estimate was not available, and (3) a comparison of
belt usage rate as obtained from crash investigators
versus direct EDR measurement.

Can EDRs recover Unknown NASS Delta-Vs?

As shown in Figure 4 and tabulated in Table 5, EDR
velocity-time data were frequently available for cases
in which NASS/CDS delta-V was coded as unknown.
In 117 cases (52%), both the EDR and the
NASS/CDS delta-V were available. In an additional
20% of the cases, an unknown NASS/CDS delta-V
could be replaced with the delta-V measured by the
EDR. However, in 15% of the cases, NASS/CDS
investigators were able to estimate a delta-V when
the EDR did not record velocity-time data. In 14% of
the cases (31 of 225), a delta-V measurement was not
available from either WinSmash or the EDR file.

Table 5. EDR vs. NASS: Delta-V Availability

EDR
Cases

NASS/CDS
delta-V
known

NASS/CDS
delta-V

unknown

Total

Known
velocity vs.

time

117 44 161

Zero
velocity vs.

time

7 8 15

Missing
velocity vs.

time

26 23 49

Total 150 75 225

EDRs are clearly a promising means to determine
delta-V for crashes in which crash severity is difficult
to estimate using conventional methods. In over half
of the cases with an unknown NASS/CDS delta-V
(44 of 75), an EDR delta-V estimate was available as
an alternative measure. However, counterbalancing
this advantage is the problem of missing EDR
velocity data even in cases when NASS/CDS
investigators were able to estimate a delta-V based
upon vehicle damage. GM has told us however that
this issue of missing near-deployment velocity data
has been corrected in later versions of their EDRs.

Both EDR & NASS Delta-V
known
52.0%

Neither EDR nor
NASS Delta-V known

14%

NASS Delta-V Known /
EDR Delta-V Zero or

Missing
15%

EDR Delta-V Known /
NASS Delta-V Unknown

20%

Figure 4. EDR vs. NASS: Delta-V Availability

WinSmash Delta-V versus EDR Delta-V

EDRs directly measure the acceleration of a vehicle
from onboard sensors and have the potential to be a
more accurate gauge of vehicle response to a crash
than would an after-the-fact crash reconstruction.
This section compares delta-V as directly measured
by EDRs with delta-V as reconstructed using the
WinSmash computer code.

Of the NASS/CDS 1999-2001 cases, 117 cases had
both a WinSmash-generated longitudinal delta-V and
a corresponding EDR file with longitudinal velocity-
time data. Seven of these cases were excluded, as the
NASS/CDS most harmful event was a rear impact or
a side impact with a significant force component
from the rear –events which are not captured by
EDRs. Figures 5 and 6 compare the delta-V
estimated by WinSmash with the corresponding
delta-V computed from EDR data for the remaining
110 cases.
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Figure 6. Longitudinal Delta-V comparison by
type of event (near-deployment or deployment)

Symbols falling on the line drawn diagonally across
the plot are cases where the EDR and WinSmash
delta-V perfectly matched. Although there is rarely a
perfect match between the two, it can be seen from
both plots that the cases roughly cluster about this
line. From this limited set of cases, Figure 5 suggests
that there is no evidence that EDRs deviate from
WinSmash estimates for any particular crash mode.
Figure 6 suggests that WinSmash reports higher
estimates of delta-V for lower speed near deployment
cases.

The WinSmash computer code estimates both the
longitudinal and lateral delta-V. While the
longitudinal delta-V is extremely important in full
frontal crashes, the lateral delta-V is extremely
important in side impact crashes. Both delta-V
components are important in narrow object and
frontal offset crashes. The analysis is limited to a
comparison of the longitudinal delta-V recorded by
the EDR and estimated by WinSmash.

Driver Seat Belt Status

Seat belt usage status is one of the more important
and controversial data elements collected by crash
investigators. Because driver seat belt use is
mandatory throughout most of the U.S., and is
typically collected by a combination of vehicle
inspections, medical reports, and interviewing the
occupant who may have violated this law, the
accuracy of seat belt usage is widely perceived as
questionable. However, as GM EDRs record driver
seat belt status, EDRs have the potential to more
accurately collect this crucial data element. Table 6
compares NASS-reported driver belt usage with
EDR-measured driver belt usage.

Table 6. NASS/CDS v. EDR Driver Belt Status

NASS
EDR Buckled Unbuckled Unknown Total
Buckled 105 2 8 115

Unbuckled 60 43 7 110

Total 165 45 15 225

For those cases where NASS/CDS investigators
could determine belt usage (210 of 225 cases), Figure
7 shows that the EDR and crash investigators agreed
in 70% of all cases (105 buckled cases and 43
unbuckled cases). However, in 29% of the cases (60
of 210 cases), NASS/CDS reported a buckled driver
while the EDR reported an unbuckled driver. In 2
cases, NASS/CDS reported the driver was unbuckled
while the EDR noted a buckled driver.

NASS - Unbuckled /
EDR - Buckled

1%

EDR and NASS
Agree
70%

NASS - Buckled /
EDR - Unbuckled

29%

Figure 7. EDR vs. NASS - Driver Belt Usage
when NASS/CDS Belt Usage is known

This suggests that NASS belt usage rates may be
over-reported. However, it should be noted that in
some early GM EDRs, the recorded manual belt
usage might be incorrect. In these early designs, the
belt sensor was read continuously—both before and
during the crash event itself. If the connection
between the belt sensor and the EDR was severed or
if power was lost to the EDR during the crash, GM
has told NHTSA that the EDR may incorrectly record
that the belt was unfastened. GM has told us that this
issue has been corrected in newer EDR designs that
were first installed beginning in some model year
2002 vehicles.



Gabler, page 7

LIMITATIONS OF EDRS

EDRs would appear to provide a better measure of
delta-V than WinSmash estimates. EDRs directly
measure the acceleration of a vehicle from onboard
sensors and are expected to be a more accurate gauge
of vehicle response to a crash than would an after the
fact crash reconstruction. Although EDRs are
expected to greatly enhance the reconstruction of an
crash, it should be noted that EDRs are not perfect.
In our study, we noted a number of limitations of the
current EDR devices in the fleet.

1. The Problem of Multiple Events

A crash is frequently characterized by multiple
events. For example as shown in Figure 8, a car may
first inadvertently leave the road and glance off a
guard-rail – the first event, careen into the path of an
oncoming car – the second event, and finally strike a
tree on the opposite side of the highway – the third
event.

Event 1 - Guardrail

Event 2
Airbag Deploys

Event 3
- Tree

Event 1 - Guardrail

Event 2
Airbag Deploys

Event 3
- Tree

Figure 8. Current EDRs may not capture all
events in a crash.

Most current EDRs are not equipped to record all the
events that may occur in a crash. The GM EDRs
analyzed in this study were capable of capturing two
events: a near-deployment event and a deployment
event. For some later GM EDR designs, a
deployment level event, which occurs after bag
deployment, can record over a near deployment
event. However, even these newer GM devices can
only capture two events. There are other automakers
EDRs that are only capable of capturing a single
event. As the typical event captured is the event that
deployed the airbag, any subsequent events may not
be recorded even if these events are more harmful.
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Figure 9. Events per Vehicle for NASS/CDS 1999-
2001 EDR Cases

Figure 9 presents the distribution of events per
vehicle for the 1999-2001 NASS/CDS cases with a
successful EDR download. 46% of the EDR cases
involved two or more events. In 18 % of the cases,
the vehicle was involved in three or more events. As
GM EDRs can only store a maximum of two events,
it is likely that potential EDR data was “lost” from
one or more events in these crashes.

2. The Difficulty of Correlating the EDR Event
with Post-crash Investigations

An additional challenge is determining which events,
of the many events a vehicle was subjected to, were
captured by the EDR. In our study, we compared
EDR-generated delta-V with the NASS/CDS most
harmful event delta-V. However, it could not be
determined if the NASS/CDS estimated delta-V
corresponding to the most harmful event was actually
the event recorded by the EDR.

Table 7. Example NASS/CDS case with Multiple
Events

Event CDC Estimated
Delta-V

1 12FREN3 Unknown

2 12FZEW3 19 mph

For example, Table 7 presents the case of a 2001
Chevrolet Monte Carlo along with the delta-V
estimated for each of the 2 events to which the car
was exposed. The first event is a narrow frontal
impact to the rightmost 1/3 of the vehicle. The
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second event is an overlapping wide frontal impact to
the center and right 2/3 of the vehicle. The front
bumper was displaced rearward to just forward of the
front bumper. The delta-V measured by the EDR
was 26 mph. For this case, it is unclear which event
triggered the EDR or was recorded.

As discussed earlier, 46% of the NASS/CDS cases
examined were characterized by multiple events.
The NASS/CDS database records the delta-V from
the event judged by the crash investigator to be the
most harmful and the event judged to be the second
most harmful. In both cases, it can very difficult to
match the EDR delta-V with the correct NASS/CDS
estimate of delta-V. In this study, we used our best
judgment to attempt to match the two, but it should
be noted that in many cases there was no definitive
means to ensure a correct match. Research is
currently underway to investigate this issue.

Our earlier comparison of WinSmash v. EDR delta-V
implicitly assumed that we were comparing delta-Vs
from the same event. However, in crashes composed
of multiple events, this assumption is not always be
true. Some of the differences may be simply the
result of comparing two different events of a crash.
To explore this possibility, we reexamined the
WinSmash v. EDR delta-V as a function of number
of events as shown in Figure 10.
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Figure 10. WinSmash v. EDR Delta-V as a
function of number of events per vehicle

Our conjecture had been that the scatter in the
WinSmash v. EDR comparison might be greatly
reduced in single event crashes. In single event
crashes, the single NASS/CDS event corresponding
to the single EDR event can be identified without
ambiguity. However, as seen in Figure 10, even
single event crashes exhibit a substantial difference
between WinSmash and EDR delta-V.

3. The Need for Longer Recording Times

NHTSA crash tests show that typical offset crashes
may last as long as 250 milliseconds (ms). Table 8
shows the time interval over which current generation
EDRs record crash pulse or velocity versus time.

Table 8. EDR Recording Intervals

Recorder Time Interval
(milliseconds)

Typical Offset Crash Test 250+

GMC EDR (pre-2000) 300

GMC EDR (post-2000) 150

Note that the most recent GM does not record for a
sufficient time interval to fully capture an event as
common as a frontal offset crash. EDRs from some
automakers record for an even briefer period. These
devices would consequently underestimate the delta-
V for longer length crash events.

Figure 11 illustrates this issue for four selected EDR
cases. In one of the cases (CDC= 11FLAE9), the
vehicle reaches a constant velocity at about 125 ms
after impact signaling that the crash event is over.
Note however that in the other three cases velocity is
still decreasing at the point when the EDR stopped
recording. In these cases, the EDR does not provide
a correct final delta-V.
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Figure 11. The Effect of Recording Time for four
selected GM EDR cases

To determine the extent to which EDRs did not
correctly capture delta-V in the current NASS/CDS
1999-2001 data set, those EDR cases, which had 300
ms of data, were artificially clipped at 150 ms.



Gabler, page 9

Delta-V was first computed using the full 300 ms of
data and then delta-V was recomputed using only the
first 150 ms of data – the recording capacity of the
newer GM EDRs. As shown in Figure 12, a cross
plot of the two delta-V estimates indicates that while
there is some error, it is not extensive.
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Figure 12. Delta-V error for 150 ms vs. 300 ms
recording interval: 300 ms cases from NASS/CDS

1999-2001

4. The Need for Additional Crash Sensor Axes

Crash pulse can only be measured along those axes
for which there are active crash sensors. Hence in the
GM cases investigated in this study, only the
longitudinal velocity-time history corresponding to
the frontal airbag sensor was available. Lateral delta-
V is only anticipated to be available for those
vehicles with side impact airbags. Rear impacts are
not recorded, as these events are not relevant to
frontal airbag deployment. Similarly, rollovers are
not recorded as only a limited number of high-end
cars have a rollover sensor.

5. Missing Velocity vs. Time Data

The EDRs in the NASS/CDS 1999-2001 sample
recorded velocity data for only about one-third of the
near deployment events. This prevents the analysis
of very low severity crash events. GM has told us
that this problem has been corrected in the later
versions of their EDR. Velocity data was typically
available for all deployment events.

6. The Need for Additional Event Triggers

Current GM EDRs record only in the event of an
airbag deployment or near-deployment. Presumably,
the longitudinal accelerometer in these devices,
which detects frontal crashes and deploys the airbag,
also detects rear impacts. It would be useful if future

EDRs could be designed to capture events such as
rear impacts, which are detected by current sensors,
but which do not necessarily deploy the airbag.

7. Field Data Collection Issues

In the field, NHTSA has found that it is not always
possible to download data from the EDR. In the first
11 months of 2002, the NASS/CDS sample and case
selection process provided 684 vehicles that were
identified as being equipped with an EDR. Of that
subset, 60% of those vehicles were successfully
downloaded. The remaining 271 vehicles were
identified as being equipped with an EDR but the
data were not obtained.

The reasons for the inability to obtain the EDR data
were culled from case comments entered by
NASS/CDS researchers and are described below. In
the discussion that follows, it should be noted that the
Vetronix system allows the crash investigator to
connect to a supported EDR in either of two ways:

• Connection to the vehicle's Onboard Diagnostic
connector (OBD) typically located below the
steering wheel, or

• Directly connecting to the EDR in cases where
the vehicle's electrical system has been damaged
during the crash. This option requires access to
specialized cables that differ from EDR to EDR.

Figure 13 presents the distribution of NASS 2002
cases for which an attempted EDR download was not
successful.
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The reasons for EDR download failures fell into the
following major causal categories:

A. Data Collection Failed / No Recording
accounted for 40 vehicles or 15% of the total un-
recovered EDR data. This category included
situations where the recording device did not
record any or all of the expected data or the
criteria to record data was not met in the crash.
Compromise of the vehicle’s electrical system
during the crash was the most frequent cause of
failed recordings. The air bag control modules
are equipped with capacitors to deploy the
occupant protection systems, however these
capacitors generally do not have the power
supply to also record crash data.

B. Software/Cable Issues accounted for 62 vehicles
or 23% of the total un-recovered EDR data.
Included in this category are cases where the
vehicle was known to have an EDR but the
Vetronix software to support the make/model of
vehicle was not available to the researcher at the
time of inspection. This category also included
cases where problems using the direct
connection cables prevented communication
with the EDR. Direct connection to an EDR
requires a cable/connector that are unique to each
EDR model. If these cables are not available to a
researcher in the field, the EDR cannot be
downloaded.

C. OBD Unusable accounted for 35 vehicles or
13% of the total un-recovered data. This
category included those situations where it was
impossible to interrogate the EDR via the OBD
vehicle diagnostic connector. No attempt to
make direct connections to the recording device
was annotated in any of these situations.

D. Technical/Training Issues accounted for 84
vehicles or 30% of the un-recovered data. This
category includes circumstances where the crash
data was not available due to technical issues
such as, inability to access the data-recording
device without causing undue damage to the
vehicle, partial inspections of vehicles, time
constraints as well as a lack of problem solving
and technical assistance at the time of the vehicle
inspection. An example of a training issue is
attempting to download the EDR without
checking the Vetronix supported vehicles listing.

E. Crash Damage Prevented Access accounted for
16 vehicles or 6% of the un-recovered data. This
category includes situations where the EDR data

could not be accessed due to crash induced
deformation. This includes situations where the
actual recording-device could not physically be
accessed or the interior of the vehicle itself could
not be accessed due to crash damage

F. No Permission accounted for 34 vehicles or 13%
of the un-recovered data. NHTSA requires owner
permission prior to interrogating the vehicle
EDR. This category includes situations when
permission was not given to interrogate the EDR.
Within the category are situations when
permission was denied to perform any vehicle
inspection or permission was given to perform a
full vehicle inspection less the EDR
interrogation.

Proper training of crash investigators in the use of
EDRs is essential. In November 2002 NHTSA’s
National Center for Statistics and Analysis’, Crash
Investigation Division produced a NASS Event Data
Recorder Data Collection Guideline (Roston, 2002).
This Guideline has been provided to all NASS, SCI
and CIREN personnel and will be provided to new
researchers as they attend NASS Basic Training.
Additionally, the NASS Basic Training EDR
curriculum was reviewed and updated. This
rededicated effort to provide additional training in
EDR download protocol will, in all likelihood, have a
positive impact on all of the training issues that were
identified for 2002 un-recovered data.

Of major concern to all users of EDR data is the
relationship between the major categories of OBD
Unusable and Software/Cable Issues. As previously
mentioned, the “OBD unusable” category includes
those situations where it was impossible to
interrogate the EDR via the OBD vehicle diagnostic
system due to reasons such as loss of power or no
keys. The “Software Issues” category includes those
situations when issues with the Vetronix software or
cabling / connectors prevented downloading the
EDR. When cable or connection issues were cited,
this implies an unsuccessful attempt to utilize the
OBD connection under the dash. If the researcher
was attempting to directly connect to the EDR – a
backup download measure, we can assume that
connection via the OBD connector had failed.

Nearly 25%, (15 of the 62 vehicles in this category)
can be attributed to not being able to utilize the OBD
plug. As shown in Figure 14, when these situations
are combined with the previously recorded OBD
unusable vehicles they account for 18% of the total
un-recovered data.
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including cabling issues.

This phenomenon should be considered before
recommending that the OBD diagnostic connector
also serve as a universal connection to EDRs. Use
of the OBD connector requires vehicle power.
Generally, vehicles that are involved in a crash of
significant severity will be without vehicle power.
This can be due to crash - induced damage or from
actions taken to render the vehicle safe by first
responders. Without vehicle power the OBD plug is
basically useless, and connections must be made to
the EDR directly. When one considers the
requirement that at least one vehicle in a NASS
selected case must be towed due to damage, the
significance of the universal connection at the OBD
plug becomes very apparent.

CONCLUSIONS

The goal of this study was to examine the feasibility
of using EDR data to support crash reconstruction.
It should be noted, that because of the small sample
currently available (225 events), the primary outcome
should be regarded only as an initial indication of the
findings that can be expected from follow-on studies
with a larger EDR sample.

Our conclusions are as follows:

• Database Development. Rowan University has
developed an EDR Database based on 225 cases
from 1999-2001 NASS/CDS in which EDR data
was recovered during crash investigation. The
cases are composed entirely of GM vehicles of
model years 1996-2002.

• WinSmash vs. EDR Delta-V. It has been
proposed that EDRs could potentially replace
delta-V estimates from crash reconstruction with
the delta-V recorded in EDRs. Our analysis of
110 cases in which both a NASS/CDS delta-V
and EDR change in velocity data was available
suggests that there is no evidence that EDRs
deviate from WinSmash estimates for any
particular crash mode. The analysis suggests
however that WinSmash tends to overestimate
delta-V for lower speed near deployment cases.

• EDRs can Recover Unknown Delta-Vs. EDRs
have the potential to provide a delta-V for many
of the NASS/CDS cases now listed as having an
unknown delta-V. In 58% of the cases with an
unknown NASS/CDS delta-V, an EDR delta-V
estimate was available as an alternative measure.

• EDRs do not always record velocity-time
data. One concern when using current GM
EDRs is that velocity-time data was not always
recorded in an event. In 51% of the cases with
zero or missing EDR velocity data, NASS/CDS
investigators were able to estimate a delta-V
based upon vehicle damage. GM has told us that
this problem has been corrected in the later
versions of their EDR.

• Seat Belt Usage. As GM EDRs record driver
seat belt status, EDRs have the potential to more
accurately collect this crucial data element. A
comparison of NASS-reported driver belt usage
with EDR-measured driver belt status suggests
that seat belt usage may be over reported in
NASS/CDS

• Limitations of EDR Data. Although EDRs are
expected to greatly enhance the investigation of a
crash, current EDRs are by no means perfect.
The limitations of current EDR technology
include a) insufficient recording times to capture
the entire event b) inability to capture multiple
events, c) difficulty of correlating EDR events
with the events recorded by crash investigators,
d) missing velocity v. time data for near
deployment events, e) the need for additional
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crash sensors to supplement the currently
available longitudinal sensor, and f) the need for
resultant delta-V to measure crash severity in all
crash modes.

• EDR Download Rates. This paper has
examined the reasons why EDR data downloads
are not always successful. Of particular concern
is the inability to reliably connect to the EDR
through the OBD diagnostic connector, which
accounted for 18% of all EDR download
failures.
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ABSTRACT

The 5th percentile (American) female version of
the newly-developed Thor-Lx dummy lower
extremity, denoted Thor-FLx, was fitted to a 5th

percentile female Hybrid III dummy for a series of
frontal sled tests with toepan intrusion. The
objectives of the study were to compare the Thor-
FLx response with that of the Hybrid III/Denton leg,
evaluate the effects, if any, on upper-body responses,
and evaluate the repeatability and durability of the
new leg design. The 56 km/h tests replicated a 40%
offset deformable barrier test producing 16 cm of
toepan intrusion with peak toepan accelerations of 80
g’s. Tests were performed with a standard three-
point belt, depowered driver’s airbag and a simulated
knee bolster. Identical test configurations were used
for tests with Thor-FLx limbs and Hybrid III/Denton
limbs attached to the same above-knee Hybrid III
dummy. Important Thor-FLx design aspects found
to influence the response include the tibia axial
compliance, ankle joint-stops, Achilles tendon, and
anterior tibia shape. An evaluation of test severity
based on each designs’ injury criteria produced
similar outcomes, with both leg types exceeding
injury thresholds. There were no significant
differences in any of the upper body responses, and
incorporation of the new Thor-FLx did not
compromise upper body response repeatability.

INTRODUCTION

The lower limbs are prone to frequent and
disabling injuries in automobile crashes (Shams et
al., 2002; Kuppa et al., 2001a; Shams et al., 1999).
In an attempt to improve the research tools available
for lower limb injury investigation, the U.S. National
Highway Traffic Safety Administration (NHTSA)
began an effort to develop an advanced dummy lower
extremity that became known as Thor-Lx. The goals
of the Thor-Lx project were to produce a more
biofidelic dummy limb with expanded measurement
capabilities that would provide researchers with a
better overall account of lower limb response in a

crash. At the time of development, the entire Thor
(Test Device for Human Occupant Restraint)
advanced frontal dummy was used only as a research
tool, so the Thor-Lx leg assembly was designed as a
retrofit that could be attached at the knee or hip of the
50th percentile male Hybrid III or Thor dummy, and
denoted Thor-Lx/HIIIr.

The 50th percentile male Thor-Lx has been
evaluated in a number of test environments, and was
found to produce biofidelic responses with sufficient
repeatability and ease-of-use. A number of
component-tests were performed and compared to
similar tests with human volunteers and cadavers,
which indicated that Thor-Lx response closely
represented the response of the human subjects (Ito et
al., 2001; Wheeler et al., 2000; Petit et al., 1999;
Rudd et al., 1999). In sled and vehicle tests that
subjected the design to a number of severe loading
conditions, the Thor-Lx was found to be durable
while providing a more thorough account of occupant
response due to the expanded instrumentation (Rudd
et al., 2003; Ito et al., 2001; Kuppa et al., 2001b;
Longhitano and Turley, 2001; Rudd et al., 2001).
Sled tests presented by Shaw et al. (2002) showed
that retrofit of the Thor-Lx onto a Hybrid III dummy
had minimal effects on above-knee dummy response
compared to identical tests with Hybrid III/Denton
legs. Furthermore, encouraged by the favorable test
results, the NHTSA developed a set of injury criteria
applicable to the new leg design (Kuppa et al.,
2001a).

An additional component of the NHTSA
advanced frontal crash test dummy program was
development of a more biofidelic 5th percentile
female dummy leg. At the time, the 5th percentile
female Thor dummy did not exist, so the leg was
designed from the beginning as a retrofit for the
Hybrid III dummy, and called Thor-FLx/HIIIr,
hereafter referred to as Thor-FLx (Figures 1-3).
Design criteria for the Thor-FLx were scaled from
the specifications of the Thor-Lx 50th percentile male
dummy leg (Shams et al., 2002). The anthropometry
for the 5th percentile female leg was based primarily
on work by Robbins (1985). Most of the design
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elements of the Thor-FLx were carried over from the
Thor-Lx, with the exception of the ankle joint-stop
design and the knee covers, which were modified
based on size requirements and improved
functionality (Shams et al., 2002).

Figure 1. Thor-FLx assembly with flesh removed.

Figure 2. Schematic of Thor-FLx hardware.

Figure 3. Schematic of Thor-FLx instrumentation.

Because of the more recent introduction, few
tests with the female version of the Thor leg have
been presented in the literature. Several biofidelity
tests were performed by Shams et al. (2002), who
found that the Thor-FLx response met the design
specifications and showed little degradation in
response after numerous tests. Vehicle tests with the
5th percentile female Hybrid III/Denton leg (hereafter
referred to as Denton) and Thor-FLx were presented
by the NHTSA (2002), which also showed the Thor-
FLx to be sufficiently durable and able to maintain its
calibration responses after repeated tests. In
comparing the Denton leg to the Thor-FLx, the
NHTSA reported that the Denton leg exhibited stiffer
axial load response than the Thor-FLx for inertial
loading, a result also seen in comparative testing with

the 50th percentile male legs (Ito et al., 2001; Wheeler
et al., 2000; Rudd et al., 1999). Another conclusion
regarding the Thor-FLx in the vehicle tests was that
the Achilles tendon played an important role in the
distal tibia axial load response following the toepan
intrusion. While limited published test results
indicate good Thor-FLx performance, further testing
was needed in order to support widespread
implementation of the new leg design.

One important criterion in retrofitting the Thor-
FLx leg onto the Hybrid III dummy is not having the
different leg design affect the dummy’s upper body
responses, from which restraint systems have been
designed. Because of the variability associated with
vehicle testing, the NHTSA (2002) was unable to
assess whether or not upper body responses differed
as a function of leg type. An investigation of this
type is best performed with sled tests, which can
subject the dummy to severe impacts in a repeatable
manner. This paper describes a series of sled tests
designed to show whether or not retrofit of the Thor-
FLx onto the Hybrid III 5th percentile female dummy
would produce upper body responses different from
those produced by the dummy fitted with the
standard Hybrid III/Denton leg. In addition, the tests
evaluated the repeatability and durability of the Thor-
FLx as well as the lower extremity response
differences between the Thor-FLx and Denton legs.

METHODS

A total of six frontal sled tests (Table 1) with a
Hybrid III 5th percentile female dummy were
performed at the University of Virginia. Three of the
tests were performed with Hybrid III/Denton legs and
three were performed with the Thor-FLx/HIIIr legs.
The crash pulse was representative of a 56 km/h 1998
Dodge Neon offset frontal collision (Figure 4) with
16 cm of longitudinal toepan intrusion. The Neon
offset test produced significant toepan intrusion, a
challenging environment chosen to evaluate leg
durability and repeatability while highlighting the
differences in response of the two designs. Intrusion
timing and toepan acceleration levels were based on
vehicle test data. The amount of translation was
chosen to be close to that found in the vehicle tests
while exercising the dummy ankles to their design
limit.

Table 1.
Test Matrix

Leg Type Tests (numbers in
parentheses indicate test ID)

Hybrid III/Denton 3 (690, 691, 692)
Thor-FLx/HIIIr 3 (693, 694, 696)
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Figure 4. Sled deceleration for six tests.

Equipment

The tests were conducted with a Via Systems
Model 713 deceleration sled system, on which a test
fixture, or “buck,” approximating the interior of a
mid-size sedan was mounted. The 56 km/h crash
pulse was prescribed with a hydraulic decelerator.
Toepan intrusion was produced by a sled-mounted
system driven by an independent ground-mounted
decelerator (Shaw et al., 2002; Rudd et al., 2001).
The aluminum honeycomb-filled intrusion
decelerator cylinders were configured to start the
intrusion at 71 ms after the initiation of the impact
event (T0) with a peak deceleration of approximately
80 g’s (Figure 5) to give approximately 16 cm of
translation into the occupant compartment (Figure 6).
The toepan angle was fixed at 53° to the horizontal
(Figure 7).
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Figure 5. Normal toepan acceleration for five
tests (sensor failure on test 691).

The seat was a production bucket seat equipped
with an anti-submarining pan integral with the
bottom cushion frame. The frame and anti-
submarining pan were reinforced to allow multiple
uses while ensuring repeatable subject responses. An
adjustable knee-bolster device was used to simulate
the energy-absorbing characteristics of production
instrument panel and dash assemblies. Cylinders
filled with aluminum honeycomb provided a

repeatable constant stroking force (310 kPa crush
strength, 2.5 kN theoretical crush force per knee) for
the padded knee-contact surfaces. The belt restraint
was a standard three-point system used in
combination with a depowered, tethered driver-side
airbag, deployed 13 ms after To.
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Figure 6. Longitudinal toepan displacement for
six tests.

Positioning

Occupant positioning for the 5th percentile
female Hybrid III dummy approximated that in a
mid-size sedan frontal barrier test, but included a
semi-rigid back pad that reduced the seat depth by 9
cm. Moving the dummy forward relative to the seat
was necessary to provide sufficient clearance
between the calves and the front of the seat cushion
following toepan intrusion. Knee-to-bolster and
chest-to-wheel distances were similar to those in the
frontal barrier tests (Figure 7).

A special seat-pelvis fixture was developed to
aid in positioning the dummy (Shaw et al., 2002).
The positioning method produced repeatable pre-test
dummy position values as determined by low
coefficients of variation (CV) (Table 2). The CV is
calculated by dividing the standard deviation by the
mean within a test group and then multiplying by
100% (Hultman et al., 1991; Maugh, 1983; Foster et
al., 1977). For automotive testing, CVs below 10%
are generally considered acceptable, and those less
than 5% are indicative of low test-to-test variability.

Data Acquisition, Instrumentation and Video

Sensor data from the dummy and buck were
recorded at 10 kHz with a 3.3 kHz hardware filter.
Raw force and acceleration data were processed by
subtracting initial offset values and filtering to SAE
J211-prescribed filter classes. Calculation of certain
injury criteria required further processing. The data
were reported in accordance with the SAE coordinate
system (Figure 8).
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Figure 7. Occupant compartment configuration and initial dummy position.

Table 2.
Initial position measurements

H-point
relative

to buck a

Left knee
distance b

Right knee
distance

Chest-
to-wheel

c

Head
angle d

Pelvic
angle d

Left tibia
angle d

Right tibia
angle d

cm cm cm cm deg deg deg deg
5th percentile female Hybrid III/Denton
Mean 0.0 3.4 3.0 21.5 0.2 1.5 43.0 44.8
SD e 0.2 0.1 0.1 0.1 0.2 0.2 0.3 0.7
CV % f nc 1.7 1.9 0.3 nc nc 0.6 1.5
5th percentile female Thor-FLx/HIIIr
Mean 0.6 3.0 2.7 21.6 0.1 1.4 45.9 45.4
SD e 0.1 0.1 0.3 0.1 0.1 0.5 0.8 1.0
CV % f nc 3.3 9.2 0.5 nc nc 1.7 2.2
a)Horizontal displacement of the h-point relative to an arbitrary origin on the buck
b)Center of anterior knee surface to knee bolster centerline
c)Horizontal distance from the center of the steering wheel (on the airbag module cover) to the dummy chest

centerline
d)Angles measured relative to the horizontal
e)SD: standard deviation
f) CV: coefficient of variation = (SD/mean) X 100%
g)nc: not calculated because mean was near zero

Chest-to-wheel

Knee
distance

Tibia
angle

Pelvic
angle

53° toepan
angle

9 cm
back pad
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Distal Tibia Load Cell
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Xversion Axis

Figure 8. SAE coordinate system with lateral view
of ankle on right (positive axes: x forward, y to the
right and z down).

Instrumentation common to all tests included
sled and buck kinematics, restraint loads and above-
knee dummy instrumentation. Above-knee dummy
instrumentation included a triaxial accelerometer
mounted at the head center of gravity (CG), chest
CG, and pelvis CG. Dynamic deformation data for
the thorax was measured with the standard Hybrid III
chest slider. Upper-neck loads were measured with a
triaxial load cell and both femurs were fitted with
uniaxial load cells. The same knee assemblies were
used for both leg types, and consisted of ball-bearing
knee sliders with a string potentiometer to measure
shear (x-axis) displacement.

Denton legs were instrumented with four-axis
upper and lower tibia load cells (Fx, Fz, Mx, My), x-
and z-axis heel accelerometers and z-axis toe
accelerometers. Thor-FLx/HIIIr legs included four-
axis upper tibia load cells (Fx, Fz, Mx, My), five-axis
lower tibia load cells (Fx, Fy, Fz, Mx, My), x- and y-
axis mid-shaft tibia accelerometers, a triaxial midfoot
accelerometer and rotary potentiometers to measure
ankle rotations about all three axes (Figure 3).

High-speed photographic data were recorded by
off-board and on-board high-speed digital video
cameras arranged to record side views of the crash
event for subsequent use in motion analysis. All
cameras were operated at 1,000 frames per second.

Data Analysis

This study included evaluations of dummy
repeatability and response magnitude. Repeatability
was assessed quantitatively by calculating the CV
within each group of tests. Qualitative analysis was
performed by plotting time-history curves from
multiple tests on the same graph. The response
obtained with the Hybrid III/Denton legs was
considered the “industry standard” for comparison
with tests using the Thor-FLx/HIIIr. Differences

between peak instrument values were evaluated using
a two-sample t-test to indicate statistical significance.

Ankle moments were calculated using distal tibia
load cell values and tibia accelerations (when
available) as shown in Figure 9 and Equations 1 and
2. Distances and masses used in the calculation are
shown in Table 3. The standard Tibia Index
formulation was used for both leg types, and the
Thor-FLx calculation used modified critical values as
presented by Kuppa et al. (2001a) and listed in Table
5.

Myank

∆zlca

∆zcga

Mydtib’Fxdtib’

Axdtib’

Distal Tibia Load Cell
reaction loads

transformed to ankle
coordinate system

Myank

∆zlca

∆zcga

Mydtib’Fxdtib’

Axdtib’

Distal Tibia Load Cell
reaction loads

transformed to ankle
coordinate system

Figure 9. Ankle y-axis moment calculation for
Thor-FLx (primed variables indicate values
transformed to ankle coordinate system due to
ankle z-axis internal/external rotation, which
occurs between distal tibia load cell and ankle).

Thor-FLx:

cgadtibdtiblcadtibdtibank zAxmzFxMyMy ∆−∆−= '''
(1).

Hybrid III/Denton:

lcadtiblcadtibdtibank xFzzFxMyMy ∆+∆−= (2).

Table 3.
Ankle moment calculation values

Hybrid III/
Denton

Thor-FLx/
HIIIr

mdtib [kg] - 0.536 a

∆zlca [m] 0.066 0.089 a

∆zcga [m] - 0.044 a

∆xlca [m] 0.014 -
Mydtib y-axis moment at distal load cell
Fxdtib x-axis force at distal load cell
Fzdtib z-axis force at distal load cell
Axdtib x-axis acceleration of tibia
Myank y-axis moment at ankle joint
a) Source: GESAC, 2001

Response magnitudes were evaluated with a
number of injury criteria from the U.S. Federal Motor
Vehicle Standard 208 (FMVSS 208), lower limb
performance limits from Mertz (1993), and proposed
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lower limb injury criteria from Kuppa et al. (2001a).
Injury criteria for the upper body (above knee) are
shown in Table 4, and those for the legs (below knee)
are shown in Table 5.

Table 4.
Upper Body Injury Assessment Reference

Values (IARV)

Body Region Hybrid III 5th Percentile Female
HIC 15

700
HIC 36 a

Head

1000
Nij

Fc,tens = 4287 N Fc,comp = -3880 N
Mc,flex = 155 N-m Mc,ext = -62 N-m

1.0
Upper neck tensionb

Neck
=ijN

c

ocy

c

z

M

M

F

F ,+

2620 N
Chest deflection

52 mm
Chest acceleration 3ms clip

Chest

60 g’s
Femur axial loadFemur

6805 N
a)HIC 36 not specified in FMVSS 208
b)Compression criterion omitted, neck loads

tensile only

Table 5.
Proposed Lower Extremity Injury Limits

Body Region Hybrid III/
Denton Limit

Thor-Lx/HIIIr
Limit

Proximal tibia axial loadTibia
Plateau b 5104 N 4000 N

Tibia Index (Hybrid III)
Fc = -22900 N Mc = 115 N-m

1.0 N/A
Revised Tibia Index (Thor-FLx)
Fc = -8600 N Mc = 146 N-m

Tibia/Fibula
Shaft b

c

yx

c

z

M

MM

F

F
TI

22 +
+=

N/A 0.91
Distal tibia axial loadAnkle/

Calcaneus b 5104 N 3750 N
Dorsiflexion moment/angle

N/A 37 N-m 35°
Xversion moment/angle

Ankle/
Malleolus a

N/A 25 N-m 35°
a)50% risk of AIS 2+ injuries (Kuppa et al.,

2001a)
b)25% risk of AIS 2+ injuries (Kuppa et al.,

2001a)

RESULTS

The Hybrid III dummy and both leg types
performed consistently throughout the test series. A
few short-duration signal spikes were found in the
pelvis during the first test (690), but the dummy was
checked for abnormalities and was found to have no
problems. The spikes were small in magnitude, did
not compromise any results, and diminished in
subsequent tests. The upper tibia load cell of the left
Thor-FLx limb lost its x-axis moment channel in its
first test (693), but was not remedied due to a
replacement being unavailable. Aside from this
sensor axis failure that affected all of the Thor-FLx
tests, the Thor-FLx performed as expected. The sled
system produced consistent impact speeds (55.1 –
56.4 km/h) and peak decelerations (27.4 – 27.7 g’s;
Figure 4). During one test (693), the rubber impact
cushion fell out of one of the intrusion decelerators
prior to impact, causing a higher initial peak in the
toepan normal acceleration (99.5 g’s). Although this
caused a higher variability among the peak toepan
accelerations (75.2 – 99.5 g’s; Figure 5), the overall
intrusion response and the resulting toepan
translation remained fairly consistent (15.7 – 16.8
cm; Figure 6).

A numerical summary is presented in Table 6,
which contains dummy responses that met any of the
following criteria:

• Average peak response CV greater than or
equal to 10%

• Average peak response was at least 80% of
IARV or performance limit

• p-value between Hybrid III and Thor response
less than 0.05

• Upper body response difference between
Denton and Thor-FLx tests greater than 5%

• Lower extremity response difference between
Denton and Thor-FLx tests greater than 10%

Any values meeting the above criteria are shown in
bold text for clarity. Time-history curves for some of
the sensor and calculated data are shown in Figure
10. Corridors (shaded region) have been constructed
by averaging the responses in the Hybrid III tests and
filling the area between plus/minus one standard
deviation. Individual curves plotted on top
correspond to the responses from the individual Thor-
FLx tests. Ankle moments were calculated according
to Equation 1 for Thor-FLx and Equation 2 for
Hybrid III. The lack of acceleration data for the
Hybrid III precluded inclusion of the inertial
component in Equation 2, however, the tibia
acceleration (as measured by Thor-FLx) was near
zero at the time of peak ankle moment.

Figure 11 shows film analysis results for points
relative to their position at T0 in the sled coordinate
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frame (x forward, z up). Tibia-foot angle results do
not represent the actual ankle flexion angle (as
measured by Thor-FLx ankle potentiometers), but

show the relative change in angle between the tibia
and foot segments as a function of time.

Table 6.
Average peak response values

Hybrid III/Denton Comparison Thor-FLx/HIIIr
Average % IARV a CV b ∆ c p-value d Average % IARV a CV b

HIC36 220 22% 10% -10% 0.272 199 20% 9%
HIC15 128 18% 17% -13% 0.332 112 16% 7%
Nij 0.47 47% 5% 9% 0.316 0.51 51% 11%
Chest Deflection -26.0 mm 50% 7% -9% 0.171 -23.6 mm 45% 7%

U
pp

er
B

od
y

Right Femur Fz -1831 N 27% 13% -9% 0.372 -1674 N 25% 5%
Left Upper TI/RTI 1.06 106% 5% e e f f f

Right Upper TI/RTI 1.01 101% 3% e e 0.58 63% 1%
Left Upper Tibia Fz -2701 N 53% 4% -11% 0.030 -2401 N 60% 4%
Right Upper Tibia Fz -2405 N 47% 2% -18% 0.001 -1972 N 49% 3%
Left Lower Tibia Fz -2871 N 56% 4% 14% 0.011 -3263 N 87% 3%
Right Lower Tibia Fz -2579 N 51% 4% 10% 0.030 -2843 N 76% 3%
Left Dorsiflexion - - - - - 37.7° 108% 1%
Right Dorsiflexion - - - - - 31.1° 89% 3%
Left Ankle My 61.0 N-m - 3% -48% 0.000 31.6 N-m 85% 4%

L
ow

er
L

im
b

Right Ankle My 28.5 N-m - 31% -24% 0.315 21.8 N-m 59% 3%
a)% IARV = Mean/IARV X 100%
b)CV: Coefficient of Variation, calculated as CV = Standard Deviation/Mean X 100%
c)∆: difference between Thor-FLx average and Hybrid III average, positive percentages indicate Thor-FLx

produced higher value, calculated as ∆ = (Thor – H3)/H3 X 100%
d)p-value calculated from two-sample t-test
e)no direct comparison made for Tibia Index and Revised Tibia Index due to different formulation for Hybrid

III/Denton and Thor-FLx/HIIIr
f) Sensor problem for all tests precluded calculation of Revised Tibia Index
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Figure 10. Time-history instrument responses: the Denton leg test results are plotted as an average ± one
standard deviation corridor in orange (shaded), and the individual Thor-FLx tests are plotted as lines.
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Figure 10 (continued). Time-history instrument responses: the Denton leg test results are plotted as an
average ± one standard deviation corridor in orange (shaded), and the individual Thor-FLx tests are
plotted as lines.
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Figure 10 (continued). Time-history instrument responses: the Denton leg test results are plotted as an
average ± one standard deviation corridor in orange (shaded), and the individual Thor-FLx tests are
plotted as lines.
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Figure 11. Time-history of film analysis: the Denton leg test results are plotted as an average ± one
standard deviation corridor in orange (shaded), and the individual Thor-FLx tests are plotted as lines.
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Figure 11 (continued). Time-history of film analysis: the Denton leg test results are plotted as an average ±
one standard deviation corridor in orange (shaded), and the individual Thor-FLx tests are plotted as lines.

DISCUSSION

The Hybrid III 5th percentile female dummy with
Hybrid III/Denton and Thor-FLx/HIIIr limbs was
subjected to a series of frontal sled tests without
incurring any structural failures. The toepan
intrusion provided a challenging environment for
comparison of the lower limb designs, while the
repeatability of the sled environment enabled direct
comparison of upper body responses.

Upper Body (Above Knee)

Repeatability of Upper Body Responses Most
of the CVs for the upper body responses were below
ten percent for tests with both leg designs (Table 6),
indicating that the test-to-test variability was normal
across the board. In the Denton leg tests, the HIC36,
HIC15, and right femur axial load had a higher
variability as indicated by CVs of 10%, 17%, and
13%, respectively. Due to the restraint conditions
and softer vehicle pulse used for these tests, the head
accelerations were low and the resulting HIC values
were less than 22% of their respective IARVs. One
of the Denton leg tests (691) had a peak head CG
acceleration a few g’s higher than the other two,
possibly the result of different head contact with the
airbag. Because of this and the low overall value, the
slightly higher CVs did not raise any concerns. Thor-
FLx tests produced HIC36 and HIC15 CVs of 9%
and 7%, respectively. The Denton test right femur
axial load value was 27% of its IARV, and the higher
variability in this case was believed to be a result of
the restraint condition on the dummy’s right side
(intersection of lap and shoulder belt) and more
sensitive knee bolster interaction (13% CV for right
knee bolster load). During these tests and other sled
tests with toepan intrusion, there has been a tendency
for higher variability in knee bolster contact, since
the intrusion loads drive the knees up and back at the
same time as the upper body is decelerating into the

bolster (Rudd et al., 2001; Shaw et al., 2002). Small
differences in initial position can lead to noticeable
response changes under these circumstances. The
CV for the right femur axial load in the Thor-FLx
tests was 5%.

In the tests with the Thor-FLx limbs, the neck
injury criteria (Nij) had a CV of 11%. The neck
tension was fairly consistent from test-to-test (7%
CV), but the occipital condyle y-axis moment (15%
CV) varied enough to push the CV for Nij to 11%.
The neck variation, which was not accompanied by
large variability in head or chest measures, was likely
the result of slightly different neck interaction with
the airbag. Nij values in the Denton leg tests were
less variable with a CV of 5%.

Analysis of the time-history motion plots (Figure
11) shows that the tests with the Thor-FLx exhibited
about the same overall variability in upper body
dummy kinematics as tests with the Hybrid
III/Denton leg. In some cases (head x-axis motion
and torso angle), the tests with the Thor-FLx limbs
produced motions that were more similar to one
another than tests with Hybrid III/Denton limbs, but
it is important to consider that these differences are
not much larger than the expected error inherent in
film analysis. Overall, with Denton leg tests
producing an average upper body CV of 7.25% and
Thor-FLx tests at 6.5%, the upper body repeatability
was equivalent and within the normal expected range
for both leg designs.

Upper Body Response Trends There were no
statistically significant differences between peak
upper body responses with the Denton and Thor-FLx
legs (Table 6). Upper body kinematics, as measured
with film analysis, were qualitatively similar for both
leg types as well (Figure 11). After the toepan
intrusion began at 71 ms, the Thor-FLx tests
exhibited slightly less forward (x-axis) head and torso
excursion, but the average differences were less than
two centimeters and not much greater than the
expected test-to-test range of variation in film
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analysis. The trend of Thor-FLx tests undergoing
slightly less upper body forward motion was likely a
result of minimized pelvic excursion from altered
knee bolster interaction, which occurred as a result of
differences in anterior tibia and knee geometry.

Based on the plots in Figure 10, the upper body
responses for Denton and Thor-FLx tests were almost
indistinguishable from one another, with the
exception of the chest deformation. The peak chest
deformation was, on average, 9% lower in tests with
the Thor-FLx legs compared to those with the Denton
legs. The upper shoulder belt loads were nearly
identical for all of the tests (Denton average 4472 N
with 2% CV and Thor-FLx average 4471 N with 4%
CV), the torso angles were similar (Figure 11d), and
there was only a 2% difference in average chest
acceleration 3 ms clip.

HIC36 and HIC15 values also decreased for
Thor-FLx tests, by 10% and 13%, respectively. One
of the Denton leg tests (691) had slightly higher head
CG accelerations (peak resultant of 41 g’s versus 36
and 38 g’s), which was the cause of the increased
HIC average over the Thor-FLx tests. This
difference was not statistically significant, and
relatively minor considering HIC values were less
than 22% of their respective IARVs.

Because of their proximity to the legs,
differences in femur response would be expected in
this type of test, however, the femur axial loads were
remarkably similar for Denton and Thor-FLx tests.
The time-history plots of femur axial load were very
similar (Figure 10e & 10f), and the difference was
only noticeable in the peak values (Table 6). On
average, the right femur axial load was 9% lower for
the Thor-FLx tests than for the Denton tests. This
finding was similar to that in the 50th percentile male
tests, with Denton leg tests sustaining higher femur
loads, especially on the right side because of less
bolster contact (Shaw et al., 2002).

The upper body and femur injury prediction
measures relative to their IARVs are shown in Figure
12. Most of the measures were well below their
threshold value, with the exception of the chest
acceleration 3 ms clip, which was just over 70% of
the IARV. The column charts in Figure 12 show the
differences in response from Denton tests to Thor-
FLx tests, as well as the relative response magnitude
and variability. Not only did inclusion of the Thor-
FLx have little or no effect on relative response
magnitude, but the variability in these tests did not
compromise the predictive ability of the Hybrid III
dummy.
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Figure 12. Peak values by leg type relative to IARV: for each value, the lighter bar on the left represents
the Denton leg test value and the darker bar on the right represents the Thor-FLx leg test value; the error
bars represent ± one standard deviation within each test set; the IARVs correspond to FMVSS 208 criteria,
while the proposed femur limits are taken from Kuppa et al., (2001a).
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Overall, the upper body response differences
were minor and could be attributed to normal test-to-
test variation. The relatively small number of
replicate tests may not provide the most
comprehensive evaluation of repeatability and
response difference, but these tests in conjunction
with the 50th percentile male tests (Shaw et al., 2002)
indicate that retrofit of the Thor leg designs is
unlikely to change Hybrid III dummy upper body
response.

Lower Limb

Repeatability and Durability of Lower Limb
Neither of the leg designs sustained any structural
damage during this test series, and neither required
any special maintenance to ensure proper working
order. The Thor-FLx left upper tibia load cell did
partially fail during the first test, but the failure only
affected the x-axis moment channel. At the time, a
replacement load cell was unavailable, so the testing
proceeded despite the lost channel. This loss was
considered minor and was believed to be the result of
a pre-existing problem with the sensor axis.

All of the lower limb responses, except for the
Hybrid III/Denton right ankle y-axis moment, had
CVs of 5% or less. During these tests, there was
sufficient ankle flexion to engage the soft joint-stop
of the Hybrid III/Denton ankle. At this point, the soft
joint-stop engages such that small increases in
rotation angle are accompanied by large increases in
moment. Because of the more variable interaction of
the right knee with the knee bolster and a slight
variation in total intrusion displacement among the
three tests, there was a greater variation in the
maximum flexion angle of the right ankle that caused
the calculated moment to have a CV of 31%. This
variation was not considered to compromise the
results, but was indicative of a design limitation with
the Hybrid III/Denton ankle joint that was also
evident in tests with the 50th percentile male (Rudd et
al., 2003). The Thor-FLx, with its continuous ankle
joint-stop design, produced CVs of 4% and 3% for its
left and right ankles, respectively.

Lower Limb Response Differences The
differences between Hybrid III/Denton and Thor-FLx
leg responses in this test condition were not as
distinct as those seen with the 50th percentile male
dummy (Rudd et al., 2003). While all of the
responses were statistically significantly different, the
ankle y-axis moments were the only dummy
responses that reflected the design differences
between the Denton and Thor-FLx limbs with a
substantially different time-history response.

Tibia axial loads, as listed in Table 6, were
significantly different at the 0.05 level. Proximal

(upper) tibia axial loads were on average 11% and
18% lower with the Thor-FLx for the left and right
leg, respectively. Loads in the Thor-FLx were likely
lower because of the compliant element incorporated
into the tibia shaft to reduce its stiffness in
comparison to the Denton design. On the other hand,
distal (lower) tibia peak loads were higher with the
Thor-FLx because of the superimposed axial load in
the distal load cell from the Achilles tendon with
increasing dorsiflexion. The Thor-FLx left tibia peak
load was 14% higher and the right was 10% higher,
which occurred with approximately 26° of
dorsiflexion in the left ankle and 22° in the right.
The peaks in distal tibia axial load were dominated
by inertial loading from the intrusion, but there was
sufficient Achilles loading in the Thor-FLx at that
moment to produce higher loads even though the
Denton leg has been shown to have a stiffer inertial
response.

The most notable difference in lower limb
response was at the ankle joints, where the Thor-FLx
ankle y-axis moment time-history had a clearly
different behavior than the Hybrid III/Denton ankle
(Figure 10i & 10j). As soon as the occupant began to
move forward under inertial loading (about 20 ms
after T0), the Thor-FLx ankle potentiometers
registered increasing dorsiflexion, which
corresponded with an increase in the calculated ankle
moment for the Thor-FLx. During the same period
of time in the Denton tests, the ankle moment
remained near zero. After the toepan intrusion began
at 71 ms, the Thor-FLx ankles continued to develop a
larger ankle moment, although at a faster rate, until
the peak was reached between 90 ms and 100 ms.
After the toepan intrusion began, the Denton ankle y-
axis moment rose quickly starting from 90 ms to its
peak at around 100 ms. The left ankle flexion
moment was 48% lower in the Thor-FLx than in the
Denton, and the right ankle flexion moment was 24%
lower. Based on the film analysis of tibia-foot angle
(Figure 11h), both Thor-FLx and Denton ankles
rotated the same amount during the tests.

Injury Prediction Based on injury criteria
available for both leg designs (Mertz, 1993; Kuppa et
al., 2001a), this test condition produced lower limb
measures above proposed injury thresholds for the
Hybrid III/Denton and Thor-FLx (Table 6, Figure
13). The left and right Hybrid III/Denton legs had
upper Tibia Indices of 1.06 and 1.01, respectively,
indicating high risk of tibia mid-shaft fracture. The
Revised Tibia Index, which was applied to the Thor-
FLx data, did not exceed its proposed limit of 0.91 in
any location.

The Thor-FLx exceeded its dorsiflexion limit at
the left ankle, with an average angle of 37.7° which
was 8% higher than the proposed value of 35°
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(Figure 13b), indicating the risk of an ankle injury.
The corresponding left ankle moment, however, did
not exceed its proposed limit of 37 N-m. The right
ankle rotation was 89% of the proposed limit.
Because of the large amount of toepan intrusion
present in this test condition, it was expected that an
occupant in a similar vehicle crash would be at
increased risk of ankle injuries caused by over-
rotation.

Based on the proposed injury criteria, the two
dummy legs predicted two different injury
mechanisms in this same test condition. In this
setting, the ankle injury would be more likely to
occur than the mid-shaft tibia fracture, indicating that
the Thor-FLx has a more realistic injury predictive
ability than the Hybrid III/Denton leg.

The Tibia Index, used to predict mid-shaft tibia
fractures, accounts for combined loading in the tibia.
Kuppa et al. (2001a) suggested modified critical

values for use with the Thor-Lx and Thor-FLx based
on results from a number of whole leg tests. The
Revised Tibia Index consists of a higher critical
moment and a lower critical axial load compared to
the original Tibia Index formulation (146 N-m vs.
115 N-m and –8600 N vs. –22900 N). Tibia Index
(for Hybrid III/Denton) and Revised Tibia Index (for
Thor-FLx) components at the left distal tibia are
shown in Figure 14 for comparison. Because of the
canted tibia shaft design in the Denton, axial load-
induced moments developed at the load cell
locations. The higher measured moment and lower
critical moment combined with a high critical force
value, led to a moment-dominated Tibia Index. The
different critical values for the Revised Tibia Index
and the absence of axial load-induced tibia moments
in the Thor-FLx resulted in more equal contributions
from axial load and moment in the Revised Tibia
Index calculation.

a)
T

I/
R

T
I

0

0.2

0.4

0.6

0.8

1

1.2

Thor-
FLx

sensor
failure

Denton (Hybrid III) Limit = 1.0

Proposed Thor-FLx Injury Limit = 0.91

Left Upper Right Upper 0

0.2

0.4

0.6

0.8

1

1.2
Denton (Hybrid III) Limit = 1.0

Proposed Thor-FLx Injury Limit = 0.91

Left Lower Right Lower
b)

A
ng

le
[d

eg
]

0

10

20

30

40

50

Proposed Thor-FLx Injury Limit = 35°
degrees

Left Right
Xversion Dorsiflexion

Left Right

Figure 13. Peak values by leg type relative to proposed injury limit: for each value, the lighter bar on the
left represents the Denton leg test value and the darker bar on the right represents the Thor-FLx leg test
value; the error bars represent ± on standard deviation within each test set; proposed limits are taken from
Kuppa et al., (2001a). TI = Tibia Index, RTI = Revised Tibia Index.

T
ib

ia
In

de
x

(H
yb

ri
d

II
I/

D
en

to
n)

0

0.2

0.4

0.6

0.8

20 40 60 80 100 120 140
Time [ms] R

ev
is

ed
T

ib
ia

In
de

x
(T

ho
r-

FL
x)

0

0.2

0.4

0.6

0.8

20 40 60 80 100 120 140
Time [ms]

Figure 14. Left distal Tibia Index (left plot) and Revised Tibia Index (right plot) components (solid area
represents axial load contribution and hatched area represents moment contribution).

CONCLUSIONS

The repeatability of the sled test methodology
provided a test environment conducive to studying
the effects of leg type on overall dummy response.
Similar studies with the 50th percentile male indicated
that the Thor-Lx design was repeatable and durable

in the sled test setting, and that retrofit onto the
Hybrid III dummy at the knee did not change upper
body responses with respect to the dummy with
Denton legs (Rudd et al., 2003; Shaw et al., 2002).
Both dummy limbs performed as designed during this
test series, but the enhanced design and
instrumentation of the Thor-FLx gave a more
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thorough assessment of injury risk. The results
suggested the following conclusions:

• Upper body repeatability was acceptable for both
leg types. Incorporation of the new leg design
did not introduce variability beyond what was
expected. Most coefficients of variation were
below 10%, which was considered acceptable.

• Similar upper body injury severity was predicted
with both leg types. Overall response magnitude
relative to IARV was independent of which leg
was used.

• Repeatability and durability of Thor-FLx design
was good. Aside from one load cell losing an
axis, there were no failures of the dummy leg.

• Improved biofidelity and increased measurement
capability of Thor-FLx were advantageous over
Hybrid III/Denton. During this test series, the
most notable design difference was the ankle
joint-stop, which, in the Thor-FLx, produced a
continuously increasing resistance to
dorsiflexion as opposed to the sudden increase
near the soft bumper in the Hybrid III. Trends in
tibia axial loads were also different as a result of
the compliant tibia element and Achilles tendon
in the Thor-FLx. The additional sensors of the
Thor-FLx provided a more comprehensive
account of the lower limb responses.

• Proposed lower limb injury criteria provided
meaningful interpretation of Thor-FLx
instrument data. The predicted injury risk from
the Thor-FLx was similar to what would be
expected from a case with significant toepan
intrusion.

• The single test condition and relatively small
number of replicate tests may preclude broad
application of conclusions.
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ABSTRACT

This paper presents the results of a study on crash
conditions and occupant characteristics in side impacts
to support the development of advanced side impact
test procedures. The US vehicle fleet has been
changing in recent years with a growing population of
light trucks and vans, and the rapid introduction of
side impact inflatable restraints for both thoracic and
head protection. The study utilizes the US
NASS/CDS, and FARS and GES (1990-2001) to
characterize the current and projected US side crash
environment in order to identify opportunities to
improve side impact protection for the modern US
fleet.

INTRODUCTION

Federal Motor Vehicle Safety Standard (FMVSS) 214,
the United States (US) side impact regulation for
passenger cars establishes minimum requirements for
thoracic and pelvic protection in intersection type
vehicle-to-vehicle side crashes [1]. Full compliance
by all passenger cars was required by the 1997 vehicle
model year. Full compliance by trucks, buses and
multiple purpose vehicles with a GVWR of 6,000
pounds or less, was required by the 1998 model year.
While not addressed in FMVSS 214, head trauma is
partly addressed by the upper interior requirements of
FMVSS 201 for which full compliance is required by
the 2003 model year [2]. The optional FMVSS 201
side pole impact test adds requirements permitting, but
not requiring, the installation of dynamically
deploying head protection systems.

The FMVSS 214 dynamic test simulates a 90º impact
of a vehicle traveling 30 mph (48.3 km/h) into a target
vehicle traveling 15 mph (24.2 km/h). The current
striking barrier in dynamic FMVSS 214 is generally
representative of a passenger car in terms of weight,
front geometry profile, and linear stiffness of the front
structure [3,4]. The FMVSS 214 dummy represents a
50th percentile male. The optional FMVSS 201 side
pole test simulates a 90º impact of a vehicle traveling

18 mph (29 km/h) laterally into a rigid pole and also
incorporates a 50th percentile male dummy.

Even after full implementation of FMVSS 214, the
remaining side impact safety problem is considerable.
Side impact accidents of light vehicles, i.e. passenger
cars, and light trucks and vans (LTVs), result in over
9,700 fatalities each year (2001 FARS [5]).

This paper focuses on a study of crash conditions and
occupant characteristics in side crashes on US roads.
The study objective was to identify opportunities to
improve side impact protection for the modern US
fleet and to support the development of advanced side
impact test procedures. The study is part of the
National Highway Traffic Safety Administration
(NHTSA) research to improve occupant protection in
side impact crashes for the light vehicle US fleet.

First, a brief overview of the modern US fleet is
presented. Next, the crash data study methods and
results are presented. Finally, in the discussion
section, the ensuing advanced side impact test
procedures that are under research and development
by NHTSA are presented.

U.S. Sales and In-Use Populations of Light Trucks and Vans
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Figure 1. Data Source: Automotive news Market
Data Books.

OVERVIEW OF THE MODERN US FLEET

LTV sales have grown from 33% of the new US
vehicle sales in 1990 to over 50% in 2002 (Figure 1).
The LTV population has grown from 26% of light
vehicles on US roads in 1990 to around 40% in 2002
and, based on current sales data, is projected to
continue growth.

There has also been a rapid introduction of side
impact inflatable restraints for both thoracic and head
protection in the US fleet (Figures 2 and 3). As an
example, 21% of passenger cars sold in 2002 had head
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air bag systems installed as compared to 0.04% in
1998. Curtain bags are becoming the most popular
amongst head air bags systems, in particular for sports
utility vehicles (SUVs) (Table 1).
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Figure 2. Driver head air bag installations in new
vehicles (combo and curtain systems).1
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Figure 3. Driver thorax air bag installations in new
vehicles (includes combo air bags).

Table 1. 2001 Head Air Bag Systems Availablity

Head Airbags Combo Curtain ITS
Std 17% 16% 2%

2001 PCs
Opt 13% 2% 0%

Std 3% 13%2001 SUVs
Opt 9% 32%

None

According to the Automotive Occupant Restraints
Council, 70% of all new 2004 North American vehicle
make/models will offer head curtains and/or tubes and
45% of new 2003 vehicles will offer thorax bags [6].
The installation rate may be as low as 2% on some
model lines and is affected by factors such as cost and
consumer awareness.

Despite rapid introduction in recent years, the
population of vehicles with side air bags on US roads
is still small. Based on recent sales data, it is
estimated that, by the end of 2001, only 1.4% (1.8
million) passenger cars and 0.6% (0.5 million) LTVs
on the US roads had head air bags installed, and 5.2%

1
Data source: Ward's Automotive Yearbook. In Figures 2 and 3,

the assumption is that 15% of vehicle models with optional side air
bags actually had air bags installed. Combination air bag systems
are the seat mounted head/thorax combination air bags

(6.57 million) passenger cars and 1.35% (1.15 million)
LTVs on US roads had thorax air bags.

Improved Side Crash Protection of Side Impact
Inflatable Restraints

Vehicles with modern countermeasures, specifically
side air bags systems appear to have improved side
impact protection. Using a simple comparison of star
ratings in the US side New Car Assessment Program
(NCAP), recent model year passenger cars and LTVs
equipped with thorax air bags provided better overall
thoracic and pelvic protection than vehicles not
equipped as such (Figures 4 and 5). On a scale of 1 to
5, a 5-star rating indicates the least injury risk or
highest level of safety [7]. The vehicles equipped
with thorax air bags may have other structural
enhancements that contributed to their improved
safety performance.

Driver US Side NCAP
1997-2002 MY Passenger Cars
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Figure 4. US side NCAP passenger car rating
with/without thorax side air bags.

Driver US Side NCAP
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Figure 5. US side NCAP LTV rating with/without
thorax side air bags.

The US side NCAP testing follows the FMVSS 214
configuration with a 5 mph increase in impact speed.
The program also uses 50th percentile male dummies
as surrogates for driver and rear passenger occupants.

Using the head protection measure in FMVSS 201
side pole tests, vehicles equipped with head curtain
and combination side air bag systems provided
considerable head protection with the Head Injury
Criterion (HIC) well below the required limit (Figure
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6). Seven of the ten vehicles tested had head curtains
and three had combination head/thorax air bags. As
an example of the potential to improve head
protection, two matched vehicles with and without
head protection air bags were crash tested in the 201
pole test configuration. HIC decreased more than ten
fold in the vehicles with head protection (Figure 7).
Special crash investigations by NHTSA of cases
involving head side air bags systems, although limited
in numbers, also indicate that head air bags systems
are successful in reducing head injuries [8].

FMVSS 201 Pole Tests with Head Protection
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FMVSS 201 Side Pole Tests
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Figure 7. FMVSS 201 pole tests with and without
head side air bags.

US SIDE CRASH ENVIRONMENT

Methods

A study of side crashes utilizing the US National
Automotive Sampling System/Crashworthiness Data
System (NASS/CDS), the US Fatality Analysis
Reporting System (FARS), and the US General
Estimates System (GES) (1990-2001) was performed.
To have a better indication of the future US side crash
safety problem, the emphasis was on crashes with
belted occupants in side struck vehicles of model
years 1995 and later. Vehicle age affects or sampling
variability across calendar years are not addressed in
this study. No model year restrictions were made on
the striking vehicle in both NASS/CDS, and FARS
and GES populations.

While FARS is a census of all fatal traffic crashes on
US roads, NASS/CDS is a data system based on a
nationally representative sample of crashes. Since the
collected data are based on a sample, the NASS/CDS
national estimates are statistically weighted. In this
analysis, the NASS/CDS results are considered useful
point estimates for sample sizes ≥ 20. The model
year and restraint filters were relaxed for certain
aspects of the analysis to allow for larger sample sizes.
The overall NASS/CDS study population was defined
as follows:

• People: near/far side occupants, seated in first two
rows, not completely ejected

• Vehicles: light passenger vehicle (under 10,000 lbs
GVWR, towed from the scene, inspected by NASS)

• Damage: primary damage to the side, no rollover,
no top damage, minor secondary front, rear, or
undercarriage damage

In the NASS/CDS population, a nearside occupant is
seated on the side of the vehicle with the primary
damage. A farside occupant is seated on the side pf
the vehicle opposite to the side with the primary
damage. In the FARS and GES populations a nearside
occupant is seated on the same side as the initial point
of impact. Belted occupants are those restrained by 3-
point belts.

Side crashes involving three classes of crash partners
(passenger cars, light trucks and vans, and narrow
objects) were studied. Occupant exposure was
addressed relative to seating position, restraint use,
age, gender, height, and occupant proximity.
Occupant injuries were addressed in terms of severity,
equivalent fatality units (EFUs), injured body region,
and injuring contacts. EFUs are cost-weighted
combinations of injuries and fatalities including both
economic and quality of life costs [9]. Crash
conditions including collision partner and delta-v were
examined. The absolute size of the principle direction
of force (PDOF) relative to 12 o’clock was labeled as
angle of PDOF and examined. The absolute angle
difference from head-on orientation for the two
vehicles in the vehicle-to-vehicle side crash was
labeled as orientation angle and also examined.
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Table 2. Standing Height of Dummies and US
Population2

H-III**
People*

(min/mean/max)
95th Male 6' 2" 5'10"/6'2"/6'3"
50th Male 5' 9" 5'4"/5'9"/5'10"
5th Female 4'11" 4'9"/4'11"/5'1"
10 Year-old 4' 6" 4'4"/4'8"/5'1"
6 Year-old 3'9" 3'7"/3'11"/4'3"
3 Year-old 3'1" 3'0"/3'3"/3'6"
1 Year-old 2'5" 2'4"/2'6"/2'8"

* Based on stratified 1988-1994 data from the Centers for Disease
Control and Prevention/National Center for Health Statistics

** Hybrid III theoretical erect postures (calculated)

Using standing height as a surrogate for size/stature,
the NASS/CDS population was segmented into
groups. The objective was to define a stratification
that best represented the crash population by existing
dummies sizes. Since there were gaps and some
overlaps between the min/max of the population
statistics, the bounds were set up midway between the
standing heights of available dummies shown in Table
2. As such, the intervals were [4' 8.5"- 5' 4"], [5' 4"- 5'
11.5"], and [5' 11.5"- 6' 5.5"] for the 5th female, 50th

male, and 95th male respectively.

NASS/CDS Overview Results

Side crashes result in 32% of the seriously injured
(AIS 3+) occupants in tow-away non-rollover light
vehicle crashes in the US (Table 3). Nearside
occupants are involved in 49% of the side crashes but
they account for 66% of the seriously injured side
crash population.

Table 3. NASS/CDS 1995-2001 Annual Estimates
Tow-away Non-rollover Light Vehicle Crashes3

All
Crashes* Side Nearside Farside

Occupants 4,666, 092 1,306,788 645,113 661,113

(%) 28% 49% 51%

Seriously
Injured 94,006 30,094 19,921 10,174

(%) 32% 66% 34%

*Rollovers excluded

When belted occupants in side crashes of modern
vehicles of model year 1995 or later are considered,
the nearside occupant accounts for 75% or more of the
seriously injured as compared to the farside crash
occupant (Table 4). Similar proportions are seen

2
The min/max for adults (age 20+ years) is from any one percentile

group considering age, ethnicity and race. The mean is for the
groups combined. For children, the min/mean/max are the
5th/50th/95th percentiles of the average between boys and girls of the
age group irrespective of ethnicity and race.
3

Tables 2 and 3: First vehicle damage was used when most severe
damage was not available, thus allowing the use of cases with un-
inspected vehicles.

when vehicles of all model years are considered and
the national estimates are based on larger sample sizes
(Table 5). The reduction in the percentage of
seriously injured farside occupants relative to nearside
occupants in the belted population is consistent with
more rigorous analyses of belt effectiveness. In an
earlier study by NHTSA, the fatality reduction for 3-
point belts was found to be 39% and 58% for farside
occupants in side struck passenger cars and LTVs,
respectively, compared to 10% and 41% for nearside
occupants [10].

Table 4. 1995-2001 NASS/CDS - AIS 3+ Belted
Occupants, MY 95+ Struck Vehicle

Nearside 8,904 80% 6,678 80% 2,469 75%
n 82 100 46

Farside 2,230 20% 1,704 20% 834 25%
n 26 26 20

Crash Partner
pass car LTV narrow obj

Table 5. 1990-2001 NASS/CDS - AIS 3+ Belted
Occupants, All MY Struck Vehicle

Nearside 50,709 71% 36,547 79% 12,163 76%
n 470 477 191

Farside 21,047 29% 9,478 21% 3,765 24%
n 130 148 68

Crash Partner
pass car LTV narrow obj

Using simple ratios of the number of seriously injured
and killed occupants to total number involved, annual
injury and fatality rates for near side crashes relative
to all crashes are presented in Table 6. In a nearside
crash, an occupant is 30% more at risk of being
seriously injured and 58% more at risk of being killed
as compared to occupants of all crashes. The lower
injury rates observed among reported belt users in the
comparisons in Table 6 are consistent with more
rigorous analyses of belt effectiveness [10].

Table 6. Serious Injury/Fatality Rates-Annual
Estimates NASS/CDS 95-01 Light Vehicles

All Occ
Rates (%)

Belted
Rates (%)

Unbelted
Rates (%)

All Crashes* 2.4/0.5 1.5/0.3 7/1.7

Near Side 3.1/0.8 2.4/0.6 8.4/2.3
* Rollovers included

Near Side Belted Side Crashes For the Modern
Model Year Fleet

Near side crashes, with all objects and light vehicles
as crash partners, were studied for struck vehicles of
recent model years, i.e. model years 1995 or later (MY
95+) and were compared with similar crashes for
struck vehicles of model years 1994 or earlier (MY
94-).
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For nearside seriously injured belted occupants in
modern vehicles (MY 95+), chest is the predominant
injured body region (52%) followed by head (22%),
pelvis (19%) and abdomen (12%) (Figure 8). For the
modern vehicles, seriously injured occupants with
chest injuries decreased from 66% for the older model
years. Modern vehicle AIS 3+ occupants had a
slightly lower percentage of serious head injuries and
a slightly higher percentage of serious pelvis injuries.

AIS3+ Belted Occupants by Body Region
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Figure 8. Belted occupants by seriously injured body
region in nearside crashes.

When the frequency of serious injuries and standard
errors computed by the Sudaan software [11] are
considered for MY 95+ vehicles, 39.7% ± 1.73% of
the injuries were in the chest, followed by 25% ± 2.5%
in the head, 8.4% ± 1.7% in the abdomen, and 11.7%
±3% were in the pelvis respectively. For MY 94-
vehicles, 31.4% ± 3.1% of the injuries were in the
chest, followed by 21.37% ± 3.1% in the head, 8% ±
1.2% in the abdomen, and 13.2% ±2.2% were in the
pelvis respectively. The reduction in the frequency of
serious chest injuries for nearside belted occupants in
MY95+ vehicles as compared to MY94- vehicles is
statistically significant.

Nearside Belted Occupants Fatalities
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Figure 9. NASS/CDS fatalities in occupants with an
injury in a given body region.

In fatal NASS/CDS cases with nearside belted
occupants, occupants were categorized by a maximum
serious injury (MAIS 3+) in a single body region or in
multiple body regions, e.g. AIS 4 in both head and
chest (Figure 9). In MY 95+ struck vehicles,
occupants with head injury had the highest percentage
of fatalities at 34% followed by those with abdominal
injury at 21% followed by the chest at 16% (Figure 9).

A similar ranking was seen with MY 94- vehicles.
Occupants with an MAIS 3+ in more than one body
region had over 45% fatalities for all model years.
Fatalities for occupants with chest injuries decreased
from 23% to 16%. In contrast, there was an increase
from 29% to 34% in fatalities for occupants with head
injuries in modern nearside struck vehicles (Figure
9)4.

The overall fatality rate for seriously injured belted
occupants decreased from 27.8% to 17.5% in modern
nearside struck vehicles as compared to the older
models (Table 7).

Table 7. AIS 3+ Occupant Attributes for Modern
Vehicles vs. Older Side Struck Models

MY 94/earlier MY 95/later
female 50% 55.3%
rear seat 4.1% 6.5%
partial eject 6.5% 5.8%
fatality 27.8% 17.5%

Occupants with a 5th female height grouping increased
to 34% of the seriously injured occupants in modern
nearside struck vehicles from 20% for the older
models while the occupants with a 50th male height
grouping decreased from 60% to 45% in the modern
vehicles (Figure 10).
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Figure 10. Seriously injured occupants by dummy
size height grouping.

For serious nearside head/face injuries, the
predominant injuring contacts are the exterior of other
vehicle and B-pillar, with the B-pillar being more
prominent for the modern side struck vehicles (Table
8). For serious nearside chest injuries, the
predominant injuring contact is the side interior
followed by the armrest for all model year side struck
vehicles (Table 9).

4
There was also a decrease from 29% to 21% in fatalities for

occupants with MAIS 3+ abdominal injuries, but sample size <20
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Table 8. Nearside Impacts Head/Face Injuring
Contacts by Rank Order (%), AIS 3+ Injuries

oth veh ext 26 B-pillar 28
B-pillar 19 oth veh ext 20

Roof 12.3 Roof 13
side interior 12 left side* 8

left side 6 oth veh/obj 6

MY 94 & earlier MY 95 & later

*Sample size < 20

Table 9. Nearside Impacts Chest/Back Injuring
Contacts by Rank Order (%), AIS 3+ Injuries

side interior 63 side interior 62
arm rest 14 arm rest 15
B-pillar 8.5 B-pillar 6

steerng whl 8 belt web/buc* 6
seat/bck supprt* 2 instr pnl+below* 3

MY 94 & earlier MY 95 & later

*Sample size < 20

There is an increase of median delta-v, vehicle and
crash partner weight for seriously injured occupants in
modern struck vehicles (Table 10). Median crash
conditions are the values below which 50% of the
seriously injured occupants are accounted for.

Table 10. Median Crash Conditions for Side Struck
Vehicles, AIS 3+ Occupant

MEDIANS MY 94/earlier MY 95/later
total delta-v 18 mph 21 mph
lat delta-v 15 mph 17 mph

PDOF 69 deg 60 deg
orientation 80 deg 90 deg

vehicle weight 2800 lbs 3108 lbs
partner weight 3263 lbs 3329 lbs

partner MY 1986 1992

Overview of Crash Partner in FARS

Using FARS data, nearside fatalities in the first two
rows of light vehicle side impacts (excluding all
rollovers) were examined by crash partner. In 2001
FARS nearside struck MY 95+ vehicles, 21% of
fatalities occurred in narrow object crashes and 32%
in crashes where a vehicle was struck by an SUV or
pickup truck (Figure 11).
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Large car
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P/U
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Large van
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Small car
2%

Other event or
object

3%Rigid non-
narrow object

4%

n =2,312

Figure 11. All Occupants: Crash Partner, 2001 FARS
Nearside Nonrollover Occupant Fatalities, MY 1995+
Struck Vehicle.

When the belted population is considered, narrow
object crashes account for 16% and crashes with a
SUV or pickup truck account for 38% of the fatalities
(Figure 12).
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Figure 12. Belted Occupants: Crash Partner, 2001
FARS Nearside Nonrollover Occupant Fatalities, MY
1995+ Struck Vehicle.

A look at the trend of fatalities in FARS vehicle-to-
vehicle nearside belted crash subpopulation is shown
in Figure 13. In the modern FARS fleet, SUV and
pickup trucks, as crash partners, increasingly account
for more fatalities in side struck vehicles (54% in
1999 FARS, 65% in 2001 FARS).
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vehicle
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Figure 13. Crash Partner in Vehicle-to-Vehicle
Nearside Belted Nonrollover Fatal Crashes.
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Overview of Crash Partner in NASS/CDS

Using NASS/CDS national estimates, nearside crashes
with passenger cars involved 54% of occupants and
resulted in 38% of the seriously injured and 29% of
the EFUs. This is in contrast with nearside crashes
with LTVs and narrow objects, which involved 26%
and 8% of occupants but resulted in 29% and 18% of
the seriously injured, and 30% and 23% of the EFUs
(Figure 14).
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Figure 14. NASS/CDS- All Occupants: Involvement/
EFUs/MAIS3+ by Crash Partner.

When the belted population is considered, nearside
crashes with passenger cars, LTVs, and narrow
objects account for 43%, 32%, and 12% of the
seriously injured and 34%, 35%, and 16% of the EFUs
respectively (Figure 15). The reduction in the
percentage of seriously injured occupants in narrow
object crashes with belted occupants relative to
crashes with passenger cars and LTVs is consistent
with more rigorous analyses of belt effectiveness. In
an earlier study by NHTSA, the fatality reduction for
3-point belts was found to be 21% in fixed objects
nearside impacts for side struck passenger cars
compared to 12% for crashes with other passenger
cars [10].
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Figure 15. NASS/CDS- Belted Occupants:
Involvement/EFUs/MAIS3+ by Crash Partner.

Nearside Belted Side Crashes For the Modern
Model Year Fleet by Crash Partner

Nearside crashes with passenger cars, and narrow
objects as crash partners were further studied for

seriously injured belted occupants and MY95+ struck
vehicles, and compared with similar crashes for MY
94- struck vehicles. Chest is the predominant injured
body region for the three crash partners (Figures 16-
18). Crashes with LTVs and narrow objects had more
occupants with serious head injuries for all model
years.

For MY 95+ struck vehicles, crashes with passenger
cars had a considerable decrease in occupants with
chest injuries and in occupants with head injuries, but
an increase in occupants with pelvic injuries. Crashes
with LTVs also had a considerable decrease in
occupants with head injuries and a decrease in
occupants with chest and pelvic injuries but an
increase in occupants with abdominal injuries. Only
narrow object crashes had increases in both occupants
with head and occupants with chest injuries in MY
95+ struck vehicles.
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Figure 16. Struck by a passenger car: NASS/CDS
seriously injured occupants.
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Figure 17. Struck by an LTV: NASS/CDS seriously
injured occupants.
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Figure 18. Narrow Object crashes: NASS/CDS
seriously injured occupants.

In MY 95+ struck vehicles, fatalities decreased
considerably in AIS3+ occupants struck by a
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passenger car (PC) while they increased for narrow
object (NO) crashes relative to the older models
(Table 11). For MY 95+ nearside struck vehicles,
seriously injured belted occupants are 3 times as likely
to die in a crash with an LTV, and 6 times as likely to
die in crash with a narrow object when compared to a
crash with a passenger car. Partial ejections for
occupants in crashes with LTVs and narrow objects
are on the order of 10 to 15 times higher than in
crashes with passenger cars (Table 12).

Table 11. Fatalities in AIS 3+ Occupants,
NASS/CDS 1990-2001 Nearside Crashes

PC LTV NO
belted occ, all MY 21.2 26.6 38.4
belted occ, MY 94 - 24.2 27.4 37.5
belted occ, MY 95 + 7.0 23.2 42.3

Table 12. Partially Ejected AIS 3+ Occupants,
NASS/CDS 1990-2001 Nearside Crashes

PC LTV NO
all occ, all MY 5.3 7.6 20
belted occ, all MY 2.1 8.6 16.4
belted occ, MY 94 - 2.4 8.4 16.6
belted occ, MY 95 + 0.9 9.2 15.7

The small size occupants (up to 5' 4" height) increased
to about 40% of the seriously injured occupants for all
the three crash partners in the modern nearside struck
vehicles (Figures 19 and 20).

Near Side Occupant Height by Dummy Size Grouping
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Figure 19. All model years: NASS/CDS seriously
injured occupants by height.
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Figure 20. MY 95+: NASS/CDS seriously injured
occupants by height.

The percentages of seriously injured versus involved
occupants by side crash partner for different size

occupants are presented in Figures 21-23. When the
ratio of the number of seriously injured occupants
relative to the number of occupants involved is
considered, the small size occupant is more at risk of
serious injury in side impacts irrespective of crash
partners. In crashes with passenger cars, the small size
occupant is over 220% more likely to be seriously
injured then occupants in the 50th male size grouping.
In crashes with LTVs and narrow objects, the small
size occupant is 34% and 10% more likely to be
seriously injured than occupants in the 50th male size
grouping. The lowest risk of serious injury is for
occupants in the 95th male size grouping in narrow
object crashes, followed by occupants in the 50th male
grouping in crashes with passenger cars.

MY 95+ Vehicles- Struck by a Passenger Car
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Figure 21. Nearside Occupants in Passenger Car Side
Crashes by Dummy Size Groupings: Involved versus
Seriously Injured.

MY 95+ Vehicles- Struck by an LTV
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Figure 22. Nearside Occupants in LTV Side Crashes
by Dummy Size Groupings: Involved versus Seriously
Injured.
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Side Crashes by Dummy Size Groupings: Involved
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For head/face injuries, the predominant injuring
contact is the exterior of other vehicle in crashes with
LTVs and the B-pillar in crashes with passenger cars
and narrow objects (Table 13). For chest injuries, the
predominant injuring contact is the side interior for the
three crash partners.

Table 13. Nearside Impact Head/Face Injuring
Contacts by Rank Order (%), 1990-2001 NASS/CDS

Belted Occupants, AIS 3+ Injuries

B-pillar 23 oth veh ext 43 B-pillar 29
oth veh ext 15 B-pillar 16 Roof 22

Roof 13 side interior 14 left side 15
A-Pillar 13 A-pillar 9 oth object 9

side interior 9 Roof 7.2 A-pillar* 7

struck by PC struck by LTV narrow object

*sample size <20

Table 14. Nearside Impact Chest/Back Injuring
Contacts by Rank Order (%), 1990-2001 NASS/CDS

Belted Occupants, AIS 3+ Injuries

side interior 55 side interior 67 side interior 57
arm rest 22 steerng whl 13 seat/bck supprt* 15
B-pillar* 13 arm rest 7 steerng whl* 8

belt web/buc* 3 B-pillar 4 instr pnl+below* 5
steerng whl* 2 belt web/buc* 2.4 oth occ* 3

struck by PC struck by LTV narrow object

*sample size <20

Median crash conditions for seriously injured
occupants are presented in Table 15. In vehicle-to-
vehicle crashes, the median delta-v is higher for
crashes with LTVs than with passenger cars for all
model years. The shift to higher delta-v’s in crashes
with LTVs is shown in the distributions that are
presented for the modern struck vehicles in Figures 24
and 25. While the orientation angle is 90 degrees for
both striking LTVs and passenger cars in MY 95+, the
PDOF is 60 degrees emphasizing the contribution of
the longitudinal component of the delta-v for both
crash partners (Figure 25).

Table 15. Median Crash Conditions for Modern
Vehicles vs. Older Side Struck Models, MAIS 3+

struck by LTV

MEDIANS
MY 94-
n=470

MY 95+
n=82

MY 94-
n=477

MY 95+
n=100

total delta-v 16 mph 18 mph 21 mph 22 mph
lat delta-v 13 mph 14 mph 18 mph 18 mph

PDOF 69 deg 60 deg 70 deg 61 deg
orientation 75 deg 90 deg 90 deg 90 deg

vehicle weight 2998 lbs 3219 lbs 2844 lbs 2998 lbs
partner weight 3064 lbs 3153 lbs 3638 lbs 3968 lbs

partner MY 1986 1993 1988 1992

struck by PC

VTV Crashes -Lateral Delta-v, Struck Vehicle MY 95+
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Figure 24

VTV- Direction/Value of Longitudinal Delta-v, MY 95+
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Figure 25

The median curb weight for a striking LTV is 3968 lbs
vs. 3153lbs for a striking passenger car for seriously
injured occupants in MY 95+ struck vehicles. There
is a shift to heavier striking vehicles for the modern
fleet as compared to older models years (Figure 26
and 27).
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Figure 26

Striking Vehicle Weight, Struck Vehicle MY 94 & Earlier
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Figure 27

The median delta-v for nearside narrow crashes has
increased for MY 95+ (Table 16). The total delta-v



Samaha, 10

distribution is presented for all model years to allow
for a larger sample size (Figure 28).

Table 16. Narrow Object Crashes - Median Crash
Conditions for Modern vs. Older Models, MAIS 3+

MEDIANS
MY 94-
n=191

MY 95+
n=46

total delta-v 20 mph 24 mph
lat delta-v 16 mph 17 mph
PDOF 71 deg 60 deg
vehicle weight 2822 lbs 3108 lbs
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Figure 28

The angle of PDOF distribution shows a wide range of
approach angles of the vehicle to the struck narrow
object (Figure 29). Forward oblique angles, i.e. 0-85°
clockwise or anti-clockwise from 12 o’clock, account
for about 68% of the seriously injured occupants while
90° approaches account for only 11% of the seriously
injured (Figure 30).
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Front Seat Occupant: How Does Stature Affect
his/her Nearside Crash Safety?

As shown above, small size occupants account for
close to 40% of the seriously injured occupants in near
side crashes of modern vehicles. To better understand
the safety problem for the front seat nearside crash
population, occupant characteristics and injuries were
examined for small and large size occupants. Using
height as a surrogate for size, two height groupings
based on current side impact dummy availability, the
50th percentile male and the 5th percentile female were
considered. The assumption was that the crash
population height groupings 5’ 4” or less and greater
than 5’ 4” would be best represented by the two
existing side impact dummy sizes in advanced crash
test procedures. To allow for a larger sample size, all
model years were considered.

Struck by Passenger Car, all MY
Nearside AIS3+ Front Seat Belted Occupants

0

20

40

60

80

head/face neck chest/back abdomen pelvis

p
er

ce
n

t
(%

)

height > 5' 4", n=272
height <= 5' 4", n=173

Weighted 1990-2001 NASS/CDS Side Impacts

Figure 31

With exception of chest injuries, front seat occupants
<= 5’ 4” have a higher percentage of serious injuries
in the major body regions than those > 5’ 4” in crash
with passenger cars, LTVs, and narrow objects
(Figures 31-33), specifically in the head.

Over 18,000, i.e. 38.4%, of the serious head injuries
for the front seat occupant occur in the small size
occupants. 49% of those are in crashes in a vehicle
struck by an LTV and 34% are in crashes with a
passenger car. Over 29,000, i.e. 61.6% of the serious
head injuries occur in the large size occupants. 53.5%
of those are in crashes with LTVs and 27% are in
narrow object crashes.
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Narrow Object Crashes, all MY
Nearside AIS3+ Front Seat Belted Occupants
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Figure 33

Table 17. Height > 5’ 4”: Head/Face Injuring
Contacts (%) for Front Seat Belted AIS 3+ Occupant

B-pillar 26 oth veh ext 48 B-pillar 32
roof 26 B-pillar 15 left side 22

- A-pillar 14 Roof 14
- Roof 9 oth object 9

struck by PC struck by LTV narrow object

Table 18. Height <= 5’ 4”: Head/Face Injuring
Contacts (%) for Front Seat Belted AIS 3+ Occupant

oth veh ext* 28 oth veh ext 46 roof* 46
A-Pillar* 23 B-pillar 22 B-pillar* 30

side interior 13 side interior* 11 oth object* 12
B-pillar* 9 roof* 8

struck by PC struck by LTV narrow object

*sample <20

The main head injuring contacts for the large size
occupant are the other vehicle exterior and B-pillar in
crashes with LTVs and narrow objects (Table 16).
The data indicate similar injuring contacts for the
small size occupant in crashes with LTVs and
passenger cars (Table 17). In addition, the side
interior, which includes everything below the window
sill in an intruding door structure, is the fourth top
injuring contact for serious head injuries for the small
size occupants.

When the fatal NASS/CDS cases are considered, a
small size seriously injured occupant is twice as likely
to die in a narrow object crash than the large size
occupant and less likely to die in a crash with a
passenger car (Table 18).

Table 19. Front Seat AIS 3+ Belted Occupants, 1990-
2001 NASS/CDS Nearside Crashes, all MYs

PC
n=173

LTV
n=176

NO
n=54

PC
n=272

LTV
n=281

NO
n=128

female 87 82 73 43 32 27
partial eject 4 10 16 2 7 15
fatality 17 29 54 22 26 29

ht <= 5' 4" ht > 5' 4"

In crashes with LTV, the various age groups examined
were nearly equally represented in the seriously
injured for both small and large occupants (Figure 35).
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Figure 34
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Figure 35

Narrow Object Crashes, all MY
Nearside AIS3+ Front Seat Belted Occupants

0

20

40

60

80

0-5* 6-15* 16-30 31-45 46-65 66+*

Age (years)

p
er

ce
n

t
(%

) height > 5' 4", n=128
height <= 5' 4", n=54

Weighted 1990-2001 NASS/CDS Side Impacts

* sample < 20

Figure 36

In crashes with passenger cars, the older age
occupants make up a larger segment of the seriously
injured occupants. In such crashes, 45% of the
seriously injured small occupants and 35% of the large
occupants are over 66 years old (Figures 34). In
contrast, in narrow objects crashes, 45% and 73% of
the seriously injured small and large occupants are
between 16 and 30 years of age (Figure 36).

NASS/CDS Nearside vs. Farside Seriously Injured
Occupants

Although farside occupants represent 25% or less of
the seriously injured in belted side crashes of modern
side struck vehicles, it is worthwhile to examine their
injuries and injuring contacts. This would enable the
assessment of current/future countermeasures that
may have the potential to improve farside crash safety
protection. To allow for a larger sample size for
farside occupants, all model year struck vehicles were
considered.
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Struck by Passenger Car
AIS3+ Belted Occupants by Body Region
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Struck by LTV
AIS3+ Belted Occupants by Body Region
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Narrow Object Crashes
AIS3+ Belted Occupants by Body Region
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Figure 39

When compared to nearside occupants, chest injuries
are also predominant in AIS3+ farside occupants in
crashes with passenger cars and LTVs (Figures 37-
39). Head injuries are predominant for farside AIS 3+
occupants in narrow object crashes and are increased
in crashes with passenger cars. Pelvis injuries are
decreased for farside AIS 3+ occupants in crashes
with passenger cars and LTVs.

Table 7. Farside Impact Head/Face Injuring Contacts
by Rank Order (%), 1990-2001 NASS/CDS Belted

Occupants
struck by LTV

A-Pillar* 30 side interior 43 Roof 29
side interior 14 non contact* 11 B-pillar* 18
head restr* 13instr panel+below 9 side interior* 12

Mirror* 12 Roof* 8 oth object* 11
instr pnl+bel* 8 B-pillar* 7.8 instr pnl+bel* 7

struck by PC narrow object

*sample size <20

Table 20. Farside Impact Chest/Back Injuring
Contacts by Rank Order (%), 1990-2001 NASS/CDS

Belted Occupants
struck by LTV

belt web/buc 72 belt web/buc 36 seat/bck supprt* 50
seat/bck supprt* 10 oth occ* 12 side interior* 17

side interior 5 instr pnl+below* 11 belt web/buc* 7
front air bag* 4 side interior 9 instr pnl+bel* 7
instr pnl+bel* 3 seat/bck supprt* 8 steerng whl* 5

struck by PC narrow object

*sample size <20

The side interior is the dominant injuring contact for
serious head injuries for AIS 3+ farside occupants
followed by the roof (Table 18). The belt restraint
webbing/buckle is the dominant injuring contact for
serious chest injuries for AIS 3+ farside (Table 19).

Far Side Occupant Height by Dummy Size Grouping

0

10

20

30

40

50

60

70

up to 5' 4" 5' 4"- 5' 11.5" 5' 11.5"- 6' 5.5" > 6' 5"

p
er

ce
n

t
(%

)

struck by PC (n=130)
struck by LT (n=148)
narrow object (n=68)

note: missing prorated

Belted Occupants With AIS 3+ injuries
Weighted 1990-2001 NASS/CDS Side Impacts

Figure 40.

The small size occupants (up to 5' 4" height) make up
25%, 36%, and 9% of the seriously injured occupants
for AIS 3+ belted farside occupants in crashes with
passenger, LTVs, and narrow objects (Figure 40).

Overview of Rear Seat Occupants Side Crash
Safety

Mainly because of lower occupancy rates, rear seat
(second row in this analysis) occupants make up a
small percentage of the seriously injured in side
crashes (Table 19). In nearside crashes of modern
vehicles, rear occupants make up 7.3%, 10.2% and
4.4% of those involved in crashes with passenger cars,
LTVs and narrow objects and account for 5.6%, 1.4%
and 14.2% of the seriously injured in these crashes.
Although they make up a small percentage of the
seriously injured population, it is important to
examine the rear seat side crash safety problem,
specifically in light of the NHTSA policy and
accepted safety practice that children aged 12 years
and younger be seated in the rear seat. To allow for a
larger sample size, especially for the farside rear seat
population, both belted and unbelted occupants, and
moderate injuries (AIS 2+) were considered in side
crashes involving light vehicles.
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Table 21. Rear Seat AIS 3+ Occupants Rear Seat
Occupancy (%), NASS/CDS 1990-2001 Nearside

Crashes (Farside)
PC LTV NO

all occ, all MY 7.1(3.4) 7.8 (5) 10.8 (7.7)
belted occ, all MY 3.3 (1.2) 3.5 (2.5) 8.6 (3.5)
belted occ, MY 95+ 5.6 1.4 14.2
belted occ, MY 94 - 2.8 3.9 7.2

Head injuries are predominant for moderately injured
rear seat occupants specifically for the farside at 65%
(Figures 41 and 42). For the nearside rear seat
occupants, chest is second main injured body region
followed by the abdomen for both the seriously and
moderately injured. Back injuries are over 39% of the
moderate chest/back injuries for nearside rear
occupants, while they make up less than 1% of the
serious chest/back injuries.
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Figure 42

The side interior is the dominant injuring contact for
head injuries for AIS 2+ rear seat nearside occupants
followed by the B-pillar (Table 22).

Table 22. Rear Seat AIS 2+ Occupants, Head/Face
Injuring Contacts (%) – Side Crashes 1990-2001

B-pillar 27 right side* 37
side interior 23 side interior 25

roof 12 seat bck sppt* 9
right side 8 B-pillar* 8

other pillar 8 roof* 6
oth veh ext* 6

Nearside Farside

*Sample<20

For the moderate (AIS 2+) and serious (AIS 3+)
nearside chest injuries, the predominant injuring
contact is the side interior surface at 91% and 75%
respectively.

Rear Seat Occupants Height by Dummy Size Groupings
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Figure 43

Up to the 5th percentile female height grouping make
up 43% and 54% of the occupants for AIS 2+ nearside
and farside rear seat occupants (Figure 43). As a
single grouping, the 50th male makes up 42% and 36%
of AIS 2+ nearside and farside rear seat occupants,
and the 5th percentile female grouping makes up 19%
and 39% of those populations.
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Figure 44

The majority of the AIS 2+ rear seat occupants are
under 30 years of age with exception of 28% of the
farside occupants are over 66 years old (Figure 44).

Side Crashes and Rollover: A Perspective from
FARS and GES

In 2001, 37% of the LTV side crash fatalities and 18%
of side crash injuries were in a crash in which a
rollover occurred. This is compared to 12% of
fatalities and 5% of injuries in side struck passenger
cars (Figures 45 and 46). Around 32% of the LTV
rollover fatalities occurred in side crashes where the
rollover was a subsequent event. Advanced
countermeasures and inflatable restraints designed for
nearside crash protection may have potential safety
benefits in crashes involving side struck LTVs with
rollover occurring as a subsequent event.
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Figure 45. Fatalities in light passenger vehicles with
an initial side impact by vehicle type and rollover
occurrence, FARS 1996-2001.
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Figure 46. Estimate of occupants injured in light
vehicles with an initial side impact by vehicle type
and rollover occurrence, GES 1995-2001.

Overview of LTV Side Crash Safety

As part of assessing the future US side crash safety
problem, it is necessary to study the side crash safety
of the growing LTV population, and to investigate
opportunities to improve their side crash protection.

Side struck LTV occupants accounted for 25% of the
fatalities and an estimated 29% of injuries in light
vehicle side impact on US Roads (2001 FARS and
GES). This represents an increase from 19% of the
fatalities and 21% of the injuries in 1995. The LTV
side impact safety is still small relative to the
population of LTV currently on US roads (38.4% in
2001).

To get an indication of the current safety problem by
crash partner and have a reasonable population size,
nearside nonrollover fatalities in side struck LTVs of
model years 90 or later (MY 90+) were examined. In
2001, 24% of the fatalities occurred in narrow object
crashes and 27% in crashes where an LTV is struck by
another SUV or pickup truck (Figure 47). For the
belted LTV fatalities, 18% occurred in narrow object
crashes and 35% occurred in a crash by another SUV
or pickup truck.
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Figure 47. Crash Partner, 2001 FARS Nearside
Nonrollover Occupant Fatalities, MY 1990+ Side
Struck Light Truck.

In NASS/CDS, for MY 90+ nearside struck LTVs
with all occupants (belted and unbelted), crashes with
passenger cars, other LTVs, and narrow objects,
accounted for 22%, 26%, and 17% of the seriously
injured occupants, respectively. Heavy vehicle crashes
accounted for 34% of the seriously injured occupants
in side struck LTVs as compared to only 10% for all
side struck vehicles.
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Figure 48

Nearside struck LTVs have a lower percentage of AIS
3+ occupants with chest injuries as compared to all
side struck light vehicles (i.e. PCs and LTVs together
as the struck population) except in crashes with
narrow objects. They have a similar increase of
occupants with head injuries in crashes with narrow
objects and other LTVs (Figure 49). They have a
higher percentage of AIS 3+ occupants with serious
pelvic injuries (36%) in crashes with other LTVs.

Nearside AIS3+ Occupants - Struck Vehicle is an LTV
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Head injuries are over 24% (9965) of the serious
injuries for all occupants (belted and unbelted) in MY
90+ nearside struck LTVs. The main injuring contacts
for serious head injury are the A-pillar, roof, and other
vehicle exterior or object accounting for 22%, 20%,
and 14% of the serious head injuries respectively.
For LTVs struck by another LTV, the main injuring
contacts are the roof followed by the other vehicle
exterior (Table 23). For LTVs in narrow object
nearside crashes, the main injuring contacts are the A-
pillar followed by the roof and the narrow object
itself.

Table 23. Side-struck LTV Head/Face Injuring
Contacts (%) – Near Side 90-01, AIS 3+, All MY

roof 20 A-pillar 40
oth veh ext 14 roof 21
B-pillar* 13 oth veh/obj 12

struck by LTV narrow object

Side-Struck LTVs
Occupant Height by Dummy Size Grouping
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Figure 50

Side struck crash condition medians are similar to
those all side struck light vehicles with exception of
increased struck vehicle and partner weights (Tables
15, 16, and 24).

Table 24. Crash Conditions for Side-struck, 1990-
2001 NASS/CDS, All MY

MEDIANS
PC

n=51
LTV
n=97

NO
n=71

total delta-v 15 mph 18 mph 19 mph
lat delta-v 13 mph 15 mph 17 mph

PDOF 69 deg 70 deg 60 deg
orientation 90 deg 85 deg -

vehicle weight 3990 lbs 3351 lbs 3616 lbs
partner weight 3291 lbs 4145 lbs -

partner MY 1990 1990 -

FINDINGS

Modern US Fleet

• The LTV population has grown to approximately
40% of light vehicles in the US and is projected
to continue growth based on current sales data.

• Thorax and head air bag systems are being
introduced rapidly in the US fleet but their
installation rates are currently low. They provide
improved chest protection for a 50th percentile
male in crashes represented by current FMVSS
214 and improved head protection for a 50th

percentile male in crashes represented by current
FMVSS 201.

Near Side Crashes

• Near side crashes have higher serious injury and
fatality risks as compared to all crashes.

• Nearside safety problem is three times the farside
safety problem for belted occupants in the modern
fleet (MY 95+ light vehicles).

• Nearside crashes with passenger cars, LTVs, and
narrow objects resulted in 38%, 29% and 18% of
the seriously injured occupants, and 29%, 30%
and 23% of the equivalent fatality units.

• A nearside occupant is three times more likely to
be seriously injured in crashes with narrow
objects and 1.6 times in crashes with LTVs as
compared to crashes with passenger cars.

• In 2001, 37% of side struck LTV fatalities and
18% of injuries were in crashes in which a
rollover occurred. This is compared to 12% of
fatalities and 5% injuries in side struck passenger
cars. Around 32% of the LTV rollover fatalities
occurred in side crashes where the rollover was a
subsequent event.

Injured Body Regions

• For nearside seriously injured belted occupants in
modern vehicles (model years 95 and later), chest
is the predominant injured body region (52%)
followed by head (22%), pelvis (19%) and
abdomen (12%).

• Nearside occupants with serious chest injuries
decreased from 66% in older side struck models
to 52% in the modern side struck vehicles. The
reduction is from 70% to 45% for crashes in
which the striking vehicle is a passenger cars.

• There are more occupants with serious head
injuries in side crashes with LTVs and narrow
objects than crashes with passenger cars in both
modern and older vehicles (25% and 50% for
LTV and narrow objects vs. 5% for passenger car
crashes in modern side struck vehicles).

• There are 18% of occupants with serious
abdominal injuries in side crashes with LTVs as
compared to 7% in crashes with passenger cars in
modern vehicles.

• There is an increase in occupants with serious
pelvic injuries from 14% to 20% in nearside
crashes with passenger cars in the modern fleet, in
contrast with a decrease in the other main body
regions, i.e. head, chest, and abdominal injuries.
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• Head injuries are predominant for moderately
injured rear seat occupants, specifically for the
farside at 65%. For the nearside rear seat
occupants, chest is second main injured body
region followed by the abdomen for both the
seriously and moderately injured.

Fatalities and Fatality Risk

• Modern fleet occupants with serious head injury
(MAIS 3+) had the highest percentage of fatalities
at 34% followed by those with injury in the
abdomen at 21%, and in the chest at 16%.

• The overall fatality rate for seriously injured
belted occupants decreased from 27.8% to 17.5%
in modern nearside struck vehicles as compared
to the older models but increased from 29% to
34% for those with serious head injuries.

• For side crashes with passenger cars, the fatality
rate for seriously injured belted occupants
decreased from 21.2% to 7% as compared to a
slight decrease from 26.6% to 23.2% in crashes
with LTVs, and an increase from 38.4% to 42.3%
in narrow objects crashes in modern vehicles.

• In 2001 FARS nearside struck modern vehicles,
21% of fatalities occurred in narrow object
crashes and 32% in crashes where a vehicle was
struck by an SUV or pickup truck.

• In 2001 FARS modern fleet, MY 95+ SUVs and
pickup trucks, as crash partners, accounted for
65% of the fatalities in vehicle-to-vehicle side
crashes (2001 FARS).

Occupant Size

• In the modern fleet, the small size occupant (up to
5' 4" height) is more at risk of serious injury in
side impacts irrespective of crash partners. In
crashes with passenger cars, LTVs, and narrow
objects, the small size occupant is over 220%,
34%, and 10% more likely to be seriously injured,
respectively, than an occupant in the 50th male
size grouping.

• Occupants in the 5th female height grouping, [4'
8.5"- 5' 4"], increased from 20% to 34% of the
seriously injured in modern nearside struck
vehicles while those in the 50th male height
grouping, [5' 4"- 5' 11.5"], decreased from 60% to
45%.

• With exception of the chest, small size occupant
in the front seat have a higher percentage of
serious injuries in the major body regions in
crashes with passenger cars, LTVs, and narrow
objects, specifically in the head.

• Over 18,000, i.e. 38.4%, of the serious head
injuries for the front seat occupant occur to small
size occupants. 49% of those are in crashes in a

vehicle struck by an LTV and 34% are in crashes
with a passenger car.

• Over 29,000, i.e. 61.6% of the serious head
injuries for the front seat occupant occur to large
size occupants. 53.5% of those are in crashes
with LTVs and 27% are in narrow object crashes.

Injuring Contacts

• The main head injuring contacts for both the
small and the large size front seat occupant are
the other vehicle exterior and B-pillar in crashes
with LTVs and narrow objects.

• The side interior, which includes everything
below the window sill in an intruding door
structure, is the fourth top injuring contact for
serious head injuries for small size occupants.

• The side interior is the dominant injuring contact
for head injuries for AIS 2+ rear seat occupants.

• The predominant injuring contacts for serious
head injury in near side struck LTVs are the A-
pillar followed by the roof which is probably
attributed to structural collapse in the LTV side
structure and roof in those crashes.

Crash Conditions

• In vehicle-to-vehicle crashes with seriously
injured occupants, the median delta-v is higher
for crashes with LTVs than with passenger cars
for all model years. Crashes with striking LTVs
having a lateral delta-v of 18 mph or higher
account for more than 50 % of AIS 3+ occupants
as compared to 14 mph for crashes with
passenger cars in the modern fleet.

• The median curb weight for a striking LTV is
3968 lbs vs. 3153 lbs for a striking passenger car
for seriously injured occupants in the modern
struck vehicles.

• While the orientation angle is 90 degrees for both
striking LTVs and passenger cars in the modern
crash fleet, the PDOF is 60 degrees emphasizing
the contribution of the longitudinal component of
the delta-v for both crash partners.

• Crashes with delta-v 20 mph or higher result in
around half of the seriously injured occupants in
narrow object nearside crashes. Frontal oblique
crashes, i.e. at a principle direction of force 0-85°
clockwise or anti-clockwise from 12 o’clock,
account for about 68% of the seriously injured
occupants in narrow object crashes while crashes
with 90° approaches account for only 11% of the
seriously injured occupants.
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DISCUSSION: MOTIVATION FOR UPGRADED
TEST PROCEDURES

As outlined above, even after full implementation of
FMVSS 214, the remaining side impact safety
problem is considerable.

Benefits of FMVSS 214 - It worth noting that for the
crash condition best represented by dynamic FMVSS
214, nearside crashes with passenger cars, there is a
considerable reduction in fatality rates and serious
chest injuries in the modern side struck vehicles.
Since FMVSS 214 mandated a minimum of 10%,
25%, 40%, and full compliance of vehicle model years
1994, 1995, 1996, and 1997, respectively, of vehicles
sold in the US, these safety gains may be attributed in
part to the US side impact standard.

Improve Protection for Different Size Occupants-
In order to provide better crash protection for all
segments of the US motoring population, specifically
the small size occupant, the 5th percentile side impact
dummy, SIDIIs [12], is being evaluated in current and
any potential higher severity crash test configurations.
Advanced and different size side impact dummies will
be evaluated as those become available.

Improve Protection for Multiple Body Regions- To
provide improved and added measurement capabilities
for injury assessment for occupant head, chest,
abdomen and pelvis, the ES-2 [13], an upgrade of
EUROSID-1, the side impact dummy of the European
Union side impact regulation, is being evaluated.

Impact Speed=
20 mph (32.2 km/h)

 

Figure 51. New oblique side pole test configuration

To fully address head protection and improve chest
protection, a comprehensive side impact pole test with
both 50th male and 5th female side impact dummies is
being developed. The new test procedure is intended
to simulate real world side crashes with narrow
objects such as trees and poles and provides a
performance test to promote advanced

countermeasures for head and chest protection in
higher severity side crashes (Figure 51).

Improve Protection with an Updated Crash
Partner-
To provide self-protection in a side crash environment
where the injuring crash partner is increasingly an
SUV or a pickup truck, research of the FMVSS 214
movable deformable barrier to be more representative
of modern striking LTVs is planned. Assessment of
countermeasures developed for a pole test requirement
and advances in the area of vehicle compatibility and
aggressivity will be taken into consideration.

REFERENCES
1. Federal Register, Vol. 55, October 30, 1990, Rules

and Regulations page 457221.
2. Federal Register, Vol. 63, August 4, 1998, Rules

and Regulations page 41451.
3. Samaha, R. R, Molino, L., Maltese, M. R.,

“Comparative Performance Testing of Passenger
Cars Relative to FMVSS 214 and the EU
96/EC/27 Side Impact Regulations: Phase I”,
Paper 98-S8-O-08, 16th ESV, 1998.

4. Summers S., Hollowell W. T., “Design
Considerations for Compatibility Test
Procedure”, SAE paper 02B-169, 3/2002.

5. National Center of Statistics and Analysis,
NHTSA, “Traffic Safety Facts 2001: A
compilation of Motor Vehicle Crash Data from
the Fatality analysis Reporting System and the
General Estimates System”, 12/2002.

6. Automotive News, “Side Bags: A Crash Course”,
12/ 9/2002.

7. http://www.nhtsa.dot.gov/cars/testing/ncap/Info.ht
ml#iq10

8. Chidester, A. B, Roston, T. A., “Air Bag Crash
investigations”, Paper 246, 2001 ESV.

9. NHTSA Technical Report, “The Economic Impact
of Motor Vehicle Crashes 2000”, Appendix A,
5/2002.

10. Kahane C., “Fatality Reduction by Safety Belts for
Front-Seat Occupants of Cars and Light Trucks”,
December 2000, NHTSA Technical Report, DOT
HS 809 199.

11. Sudaan User’s Manual, Professional Software for
Survey Data Analysis for Multi-Stage Sample
Design, Release 7.0.

12. First Technology, “SIDIIs, Small Side Impact
Crash Test Dummy, User’s Manual”, 2/2002.

13. First Technology, “ES-2, Eurosid-2 50th percentile
Side Impact Crash Test Dummy, User’s Manual”,
2/2002.

ACKNOWLEDGMENTS
The authors would like to acknowledge Susan Partyka
of NHTSA for her expert data analysis, and Sam Lu
and Jim Simons for contributing data on side air bag
market share, and Stanley Backaitis also of NHTSA
for contributing data on dummy and US population
height.



Anselm 1

NEW ACCIDENT RESEARCH SYSTEM OF GERMAN INSURERS AND HIGHLIGHTS OF THE
MAIN TOPICS

Dieter Anselm
GDV Loss Prevention Commission
Germany
Klaus Langwieder
GDV Institute for Vehicle Safety - Munich
Germany
Paper No. 494

1. ABSTRACT

Every year, the police in Germany record around
2.35 million road traffic accidents, which are then
processed by the relevant statistics offices. In the
same period, around 4.5 million damage claims
related to road traffic accidents are reported to
insurance companies. This discrepancy clearly
demonstrates that there are a number of different
ways of interpreting the real situation with regard
to accidents. It is thus essential that general
accident data provided by police and insurance
companies is supplemented by in-depth data for
more specific research.
This is why the accident research unit of the
German Insurance Industry (GDV) set up an
Institute for Vehicle Safety (IFM) where traffic
accidents are investigated in depth, in accordance
with statistical methodology. Accidents are
analyzed on the basis of expert reports regarding
car damage, in case accident reconstruction, police
reports and injury descriptions of
physicians/hospitals and are entered in specially-
designed databases. In contrast to former accident
material, the GDV databases provide direct access
to accidents involving specific car makes/models,
and the accident material is updated every year
with information on new car models. With an
average of 200 data fields, the total number of
accident details which can be examined here is
significantly higher than that available from the
statistical databases and enables a targeted
examination of key issues. Four areas of research
will be reported as examples: heavy goods vehicles,
car airbags, motorcycle accidents and cervical spine
injuries.

2. INTRODUCTION

In our modern, hectic world, everything is in a
constant state of flux, and not least the accident
research work of the German Insurance Industry.
With the decision of GDV to merge the Munich
Institute for Vehicle Safety and the Institute of
Road Traffic (GDV Cologne) into a new general
research unit in Berlin by January 2004, a new
phase of the accident research of GDV will be
started, combining and preserving as much expert
knowledge as possible.

3. DATA SOURCES

Large-scale analyses

The vehicle accident research work of the German
Insurance Association began 1969 with the analysis
of accident files from individual insurance
companies. Even today, being allowed to examine
accident files of all insurance companies is a
possibility unique within Germany. Accident files
contain information from police reports, eye-
witness accounts, and expert appraisals of damage,
the course of accidents and the injuries suffered by
the persons involved. This information can be used
to create databases with a greater information
density than that provided by governmental data
sources.
The downside of this amount of information was
the difficulty of selecting specific incidents of
relevance, since over 4 million claims per year
were registered by the insurance companies. In
order to filter this large quantity of accidents
properly, notification campaigns were run in the
years 1980, 1990 and 1998. During these
campaigns, the insurance companies flagged those
specific accidents which were relevant to the
requirements of accident research. Important
parameters used were: knowledge of data on
injuries, the course of the accident and the vehicles
involved.
The disadvantage of this method was the time
factor, since 3-5 years have been reduced to
elaborate the large scale accident material, these
publications have now become an integral part of
international accident research.

In the year 2000, the methodology used to filter
relevant accident files was drastically changed. The
insurance companies no longer had to participate in
specific analysis campaigns. Instead, it became
possible to index the data required for compiling
statistics during the normal course of insurance
business in such a way that this data could be pre-
selected. The level of payment for claims were used
to pre-assess the severity of accident. A "personal
injury" attribute was also used to filter the
statistical data of over 4 million annual accidents to
around 18,000 accidents involving personal injury
showing high claims costs and which had a high
density of information.
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Today, the accident files are ready for analysis after
about one year. Furthermore, this information can
now be updated continuously and periodic
notification campaigns will no longer be required.
All this means that 1500 accidents per year are now
entered in this database.
This improved information density at the individual
insurance companies also allows us to focus on
specific vehicle types, a particularly important
factor for vehicle-related safety systems.

Further sources of data and specific analyses

Our continuous work on accident research not only
enhances reputation but also reflects a level of
competence which can be a key factor in ensuring
positive cooperation, especially in the public sector.
One example of this is that over the last few years,
the Bavarian police and the German Federal
Ministry of the Interior have been progressively
paving the way for the Institute for Vehicle Safety
(IFM) to directly access police reports and special
analyses.
This cooperation has led to projects in which, in
addition to representative sample surveys, data for
complete accident groups could be collected, such
as all fatal accidents on Bavarian autobahns or all
accidents involving young drivers in a specific
administration area with 500,000 inhabitants.
The following examples of research include
projects in the fields of commercial vehicles, airbag
research for private cars, motorcycle accidents and
cervical spine injuries.

4. ANALYSIS OF SERIOUS HGV (HEAVY
GOODS VEHICLES) ACCIDENTS

A complete evaluation of the approximately 1,000
serious-injury HGV accidents reported in Bavaria
in 1997 was completed in 2001.

Figure1: Missing Front Under-run Structure

In addition, head-on collisions between cars and
HGVs, which are considered especially dangerous
and which accounted for half of the car occupants
killed in the accidents included in the research
material, were analyzed in a cooperation with
Munich University dissertation. The dissertation
revealed that, at a conservative estimate, energy-

absorbent front underrun protection could
potentially reduce the number of seriously injured
car occupants by at least 40% and the number of
fatally injured occupants by at least 11%.

In order to ensure that these systems become
commercially available quickly before they have to
be introduced by law in new trucks in August 2003,
legislators are calling for financial support, in the
form of a weight-based or length-based bonus, a
reduction in vehicle tax or a discount on tolls for
those who install them.
In addition, another project investigated the
benefits of ESP in commercial vehicles. The
conclusion was that up to 9% of serious HGV
accidents could have been positively affected or
even prevented using an ESP.

Representative Survey of HGV Drivers

In view of the rise in HGV accidents and the
consequent need for countermeasures, a
representative survey is being conducted among
HGV drivers under the direction of the IFM. The
survey is supported by DVR (the German Traffic
Safety Council) and the "Human - Traffic -
Environment" Institute for Applied Psychology
(Institut für angewandte Psychologie „Mensch-
Verkehr-Umwelt“, MVU).
The aim of the survey is to identify possible causes
for the increasing number of HGV accidents and to
use HGV drivers' experience and knowledge to
improve HGV safety and drivers' working
conditions.
The IFM interviewed 1,200 HGV drivers at service
and rest areas in 2001. DVR-Zert has conducted
further interviews at driver training centers and
haulage companies in 2002. The report is available
via IFM.

Bus and Coach Safety

As part of its work on bus and coach safety, the
IFM has recorded all bus and coach accidents
(approximately 950 cases) that occurred in Bavaria
in 1998 and resulted in injuries. It aims to provide a
general picture of the incidence and characteristics
of these accidents and to determine the risk
potential for occupants, in order to produce
measures to improve active and passive bus and
coach safety.
A preliminary core assessment of the total material
was completed at the end of 2001. The results
showed that occupants generally only suffer minor
injuries. Serious injuries primarily occur in
accidents in which the bus or coach tips/rolls over
or in collisions with heavy vehicles.
Furthermore, the data points to a risk of injury for
bus passengers which should not be underestimated
in accidents caused by maneuvers (e.g. braking and
driving off).
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Figure 2: Bus Roll Over

In view of the number of bus and coach occupants
involved in accidents in Europe every year (150 to
200 deaths and more than 30,000 injuries), the
European Union has launched a project entitled
ECBOS (Enhanced Coach and Bus Occupant
Safety). The primary objective of the project is to
develop proposals for new rules and improved
standards for buses and coaches with the intention
of helping to reduce the injuries suffered by bus
and coach occupants involved in accidents by
improving passive and active safety.

As part of this project, the IFM has created a
database of well documented and reconstructed bus
and coach accidents involving seriously and fatally
injured occupants. The database, to which further
cases will be added in the future, is intended as a
basis for evaluations on follow-up projects.

5. ACCIDENTS INVOLVING CARS
EQUIPPED WITH AIRBAGS

An important report was also compiled for the
Federal Highway Research Institute of Germany
(BASt) on the subject of “Accident injuries in
vehicles equipped with airbags” with the help of
external data sources. This involved carrying out a
survey of the accident victims jointly with the
technology center of the German Automobile Club
ADAC.
This new data has confirmed that airbags are highly
effective as protection not only for drivers but also
for passengers. In the case of serious front-impact
collisions, the proportion of serious to fatal injuries
(MAIS 3+) is at least 20% lower for both drivers
and passengers than for comparable accidents
without airbags.
Initial experiences from real accidents indicate that
side airbags (head/thorax airbags) provide
significant additional protection.
In spite of the high benefit of airbags some problem
areas also became apparent, however, with regard
to the triggering of airbags, such as triggering while
the vehicle is stationary, triggering during normal
driving, triggering in minor accidents, failure of
triggering failing in serious accidents, rollover
accidents and under-run accidents involving trucks.

In addition, isolated cases of airbag aggression
causing burns to the hands or to the face were
identified.

Figure 3 : Passenger Airbag

The patterns of injury, however, reveal that the
frequency of serious injuries could be further
reduced if additional improvements were made to
the interaction between the airbag and the seat belt
force load limiter, and if intelligent sensor
technology were introduced for multi-level airbag
systems.

6. MOTORCYCLE ACCIDENTS CAUSED BY
BRAKING

Around 15% of all motorcyclists involved in
accidents fall prior to the actual accident. This
doubles their risk of injury since the slide of the
motorcyclist across the road generally ends on the
hard parts of the other vehicle involved or on other
obstacles.

Figure 4: Typical fall in front of the opposing
vehicle

These problems were researched by intensively
examining the 1,100 motorcycle accidents on our
database with regard to the mechanics of falls and
the circumstances in which a fall preceded a
collision. This revealed that locking of the front
wheel due to over-braking as a reflex reaction was
responsible for a fall in nearly 90% of the cases.
These falls could have been avoided by an Anti



Anselm 4

Lock Brake system (ALB). An even more
significant feature of ALB, however, is that it
enables full brake power to be used at all times
without the risk of a fall.

This unequivocal result of our accident research is
in strong contrast to the fact that only a small
proportion of motorcyclists' vehicles are equipped
with ALB (around 5% in Germany). This has led
German insurance companies to launch a
campaign, which on the one hand aims to dispel
existing prejudices against ALB among
motorcyclists and on the other hand to put
considerable pressure on manufacturers to bring
more and cheaper ALB motorcycles onto the
market.

7. RISK OF CERVICAL-SPINE INJURIES IN
CAR ACCIDENTS

Cervical-spine injuries are among the most
common injuries suffered by car occupants wearing
seat belts. One of the key aims of IFM’s medical
research is to reduce this type of injury, which is
still on the increase. In 2001, a preliminary medical
report form for cervical spine injuries including the
QTF-Scale, developed by the IFM, was presented
to experts. A dynamic seat-test standard is also on
the way to be internationally harmonized by the
International Insurance Wiplash Prevention Group
(IIWPG) formed by Allianz Zentrum für Technik
(AZT), GDV, Insurance Institute for Highway
Safets (IIHS) and The Motor Insurance Repair
Research Center (MIRRC) Thatcham. Steps will be
taken toward having it adopted by the automobile
industry and legislators.

A Medical Consultant Group discusses current
problems concerning diagnosing, documenting and
providing therapy for cervical-spine injuries in
addition to medical report guidelines. It also deals
with education for the public and preventive
measures.

Figure 5: Human "test dummy"

New medical methods (muscle-reflex
measurement, 3-D real-time ultrasound
examination and balance tests) are employed to try
to overcome the difficulty of distinguishing
between objective and subjective diagnoses of
cervical-spine injuries.

In particular, dynamic muscle measurement is set,
if the basic research work remains constant, to
become a standard for identifying exaggerated
claims in a few years' time. However, a
considerable amount of research is still needed on
this method with regard to validation,
standardization and simplification of the measuring
procedure. Further basic research in these fields is
being conducted in close cooperation with Ulm
Surgical University Clinic.
The dynamic test for vehicle seats developed over
the past few years by the IFM in collaboration with
the Swiss Federal Institute of Technology in Zurich
(ETH Zürich) has now been developed further
using a special dummy for researching cervical-
spine injuries (BIORID). This dummy is much
more similar to real humans than the HYBRID
dummy previously used, which was considered too
stiff. A further series of comparative tests, which
has, however, not yet been concluded, is being
carried out with another dummy for researching
cervical spine injuries (TNO RID) in order to find
the best and most practical dummy for seat tests.
To this end, a series of 13 of the latest vehicle seats
were tested with HYBRID III, BIORID and the
RID 2 dummy. The final assessment will soon be
available.

Working Group for a Cervical Spine Injury
Diagnostic Standard

The medical expert group set up by the IFM two
years ago has now presented a second draft for a
standard preliminary medical report form for
diagnosing cervical spine injuries. The Swiss
Insurance Association has already adopted large
parts of this form, which are to be introduced
across Switzerland in 2002.
To use this report form across Germany, the
"Präsidium der Berufsgenossenschaft" has
suggested a study be carried out to see how
practicable it is in hospitals and doctors' surgeries.
An expert committee, including IFM
representatives, has been planned to produce a
suitable design for the study.

Industry Workshop on Cervical Spine Injuries

At this workshop, the results of vehicle seat tests
using the current dynamic test standard proposal
were presented in a generalised form (only
recognizable to the manufacturer concerned) and
improvements were discussed. Some automobile
manufacturers have now introduced improved
seats, based on the IFM seat test standard, in series
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production, but there is still considerable possibility
for improvement from most manufacturers. It is
important by publishing test results to ensure
extremely simple, cheap solutions, which are
nowhere near the optimum level of safety, do not
delude the customer into believing that the
manufacturer is offering adequate safety and a
safety consciousness of the consumer will be
promoted even with regard to seat/head restraints.

8. OUTLOOK

The wide range of possibilities for accident
research offered by the Munich Institute for
Vehicle Safety of the GDV could only be partly
illustrated in the previous examples. Many more
aspects of traffic safety can be addressed using the
various data sources. An intensive analysis of
model-related issues is planned for the year
2003/2004.
There is much more research work to be done by
GDV in the future
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ABSTRACT

An observation study carried out in 2000 (n = 430
children in vehicles) by the Institute for Vehicle
Safety (IFM) revealed that two thirds of children are
not properly secured in vehicles, even when child
restraint systems (CRS) are employed, i.e. "misuse"
can be observed. "Misuse" refers in this context to
instances where children are secured incorrectly in
the CRS and where child seats are not installed
properly in the vehicle. At 96%, the proportion of
children secured in vehicles in Germany is high, but
parents still experience problems when fitting and
using child seats. In particular, this concerns
protection systems which require that the child seat is
fitted separately using the adult seat belt in addition
to the child actually being secured in the seat.
Incorrect installation was observed in 60% of cases
where the seat had to be secured separately in the
vehicle.

The fact that the three-point seat belt is intended to
provide an optimum fit for adults as well as the
design of the child seats appear to cause problems
when it comes to securing a CRS.

ISOFIX, a protection system that is independent of
the adult seat belt, allows the child seat to be fitted
securely, simply and always correctly in the vehicle.
The most recent results of fitting tests at the Institute
for Vehicle Safety have shown that, in comparison
with the conventional method using the adult seat
belt, fitting errors can be significantly reduced with
ISOFIX. In practice, this means that a much higher
level of protection can be expected due to the
avoidance of errors in installation, since tests carried
out in this context have demonstrated that misuse of
child protections systems, such as the seat not being
secured tightly enough, can increase load values for
the child by up to 40%.

In addition to two rigid ISOFIX low anchorages, an
anti-rotation device, i.e. top tether or support leg, is
planned for future ISOFIX seats in Europe.

INITIAL SITUATION IN GERMANY

The increasing numbers of vehicles on the road
coupled with the ever increasing expectations with
regard to personal mobility means that child safety in
vehicles is constantly subject to new requirements as
the number of child passengers increases. These
journeys represent a potential risk of accident and
injury to children. In order to come to terms with the
changing situation and the laws that apply to
restraining children in vehicles which came into force
in Germany as of 1 April 1993 [1], increasing
demands are being made of parents themselves.
These relate to, on the one hand, the correct use of
CRS (selection, installation and use) and on the other,
an increased awareness with regard to the correct
behavior of a child when traveling.

In Germany since 1991, the number of children killed
while traveling as passengers in cars has decreased by
approximately 53%. However the number of children
killed annually while traveling in cars is still higher
than the figure when they are involved with traffic in
other ways, such as pedestrians or cyclists (Figure 1).
If we look back at the laws on child restraint
introduced in 1993 we can see that the number of
secured children have continued to increase
constantly, and since 1997 the figure has remained at
90 percent and above (Figure 2). If we take the
number of children restrained according to age group,
we can see very clear differences (Figure 3). Whereas
92% of children up to the age of 5 years are secured
in CRS, the rate for children aged 6-11 is only 59%.
Children in the latter age group are generally
restrained by an adult seat belt which is not suitable
for them (34%), and the number of children who
were not restrained at all (7%) is considerable.
Accident investigations carried out by the IFM [2]
show that an unrestrained child is seven times more
likely to be killed or seriously injured than a
restrained child.
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Figure 1. Reduction in the number of children killed,
according to type of traffic involvement (aged 0 through
14 years)
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Source: Federal German Highway Research Institute
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Figure 2. Trend in the use of restraints for children in
cars
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Source: Federal German Highway Research Institute; urban 2001

Figure 3. Use of child restraint according to age group

The introduction of laws stipulating the mandatory
use of restraints did indeed influence the number of
children that are restrained, but not the quality of
restraint achieved. Previous studies in Germany [3]

and the rest of Europe [4] have clearly shown that
child restraint systems are often misused and that
children are thus incorrectly secured which can be
very detrimental to the level of protection afforded by
a CRS. Studies carried out in USA [5] have also
shown similar results. When asked, 96% of
parents/guardians were of the opinion that the child
was correctly secured and/or the installation of the
CRS in question was correct, but a subsequent check
showed that four out of every five children were not
correctly restrained.

In order to assess the situation in the Federal
Republic of Germany, the Federal Highway Research
Institute commissioned the Munich-based Institute
for Vehicle Safety to carry out a comprehensive
fundamental study on improving the protection of
children in cars (subsequently to be referred to as the
BASt study [6]). An important focus of this study
was "child safety and misuse", which was first
investigated in 1995 by means of a comprehensive
survey involving both observation and questioning.
In total, 250 vehicles were subjected to investigation
and the protection of 354 children was checked. The
basic findings were that two thirds of these children
were either incorrectly restrained, or seated in a CRS
that itself was incorrectly installed. The questions
revealed a range of information about how the errors
occurred and the reasoning and motives of the
parents. The most frequently made errors were
subsequently replicated in sled tests in order to
determine the loads placed on the dummies. The
values measured during these tests clearly indicate
that when a CRS is not used correctly, the protection
it affords is diminished dramatically as a result.

In order to determine the current state of affairs, and
to ascertain whether changes in quality of restraint
had taken place since the BASt study [6], the IFM
carried out a second observation and questioning
study in 2000 [7] using a similar strategy to the
previous one. Individual observations with regard to
misuse based on these studies will be discussed
below. The time difference between the two studies
(five years) allowed comparisons to be drawn for the
first time.

Furthermore, the results of these studies were to be
used in order to show where the potential of the new
"ISOFIX" restraint type lies. The presentation of
results from ISOFIX test series and installation
studies allows an opinion to be voiced on current
initiatives to include the ISO standard 13216-1 [8] in
ECE-R 44 [9] and thus to enable universal approval
for ISOFIX seats.
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RESULTS REGARDING MISUSE

Misuse frequency

In the 2000 study, the percentage of children secured
incorrectly, or in a restraint system that was not
correctly installed in the vehicle was 66.1%. This
absolute "misuse frequency" value was thus
approximately 3% higher than the frequency
observed in the 1995 study (Figure 4).

66.1%
63.0%

1995 2000
misuse

n = 351 childrenn = 295 children

Figure 4. Frequency of misuse – comparison of the 2000
and 1995 studies

Severity of misuse

Since not all instances of misuse have the same
consequences with regard to safety deficits, the types
of misuse were divided into three categories "slight",
"medium severe" and "severe".

The study carried out in 1995 showed that almost half
of all handling errors fell into the "severe misuse"
category because these errors resulted in the greatest
impact on the level of protection. Figure 5 shows that
fortunately the proportion of severe handling errors
has dropped by 47.4% since the 1995 study. This
means that although the actual frequency of
occurrences of misuse remains at an unchanged high
level, there was however a considerable improvement

in the quality of installation and restraint as can be
seen by the reduction in the number of severe errors.

slight medium severe severe

1995; n=183 children

2000; n=232 children
minus
47.4%

5.4%

22.0%

42.1%

50.4% 52.5%

27.6%

Figure 5. Severity of misuse - comparison of the 2000
and 1995 studies

System observations

Misuse rates
The misuse rate provides information on the extent to
which at least one handling error occurred for each
system type. Handling errors here refer to both the
incorrect installation of a seat or to the incorrect
restraint of a child in a seat. Figure 6 is an overview
showing the number of seats of each system type
investigated in the study and the rate of misuse that
was observed for each of these systems. The highest
rates of misuse were found for the 4 and 5 point
harness systems of Group I with values of 100% and
82.8% respectively, followed by the rearward-facing
systems of Group 0 with 68% and the booster
cushion systems of Groups II-III with a value of
59.7%. The rates for the more recently introduced
Group 0+ systems were considerably lower with
values of 28.6%, and 45.8% and 47.8% for the 3
point harnesses of Groups I-III and II-III respectively.
The impact shield systems of Group I showed a rate
of 50%.
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59.7%

47.8%45.8%
50.0%

82.8%

28.6%

68.0%

100%

ECE-gr. 0
rearward facing

system
(n = 25)

ECE-gr. 0+
rearward facing

system
(n = 7)

ECE-gr. I
4-point system

(n = 12)

ECE-gr. I
5-point system

(n = 134)

ECE-gr. I
impact shield

system
(n = 8)

ECE-gr. I-III
3-point system

(n = 24)

ECE-gr. II-III
3-point system

(n = 67)

ECE-gr. II-III
booster
cushion
(n = 67)

Figure 6. Misuse rates for the various types of system
Only systems with a sufficient number of cases (n>5) are shown here

Severity of misuse according to system type
As shown in Figure 5, the tendency shown by the
current study was towards "medium severe" misuse
with a value of 50.4%, followed by severe misuse
(27.6%) and slight misuse (22.0%). Looking at the
differences in results according to system types
(Figure 7) clearly shows that systems which require

two separate processes to install the seat and to
secure the child lead to more frequent occurrences of
serious misuse. This rate is particularly high for the
rearward-facing systems of Group 0, namely 70.6%,
and for the 4/5 point harness systems which are
41.7% and 29.7% respectively.
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(n=32)

ECE-group II-III
booster cushion

(n=40)

slight misuse medium severe misuse severe misuse

n = 100% = observed CRS with misuse

Figure 7: Misuse severity for the various types of system
Only systems with a sufficient number of cases are shown here
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Differentiation of misuse in terms of CRS
installation and securing of child
A further criterion regarding potential misuse of a
CRS can be derived by observing two different
factors, the installation of the child restraint system in
the vehicle and the securing of the child in the
restraint.

Table 1 shows that systems which need to be
installed separately in the vehicle were incorrectly
installed in 59.4% of the observed instances. This
applied, in particular, to the 4/5 point harness systems
of Group I and the rearward-facing Group 0 systems
which both show that correct conventional
installation of the CRS with an adult seat belt poses
problems.

The securing of the child in the CRS was seen to be
incorrect in 58.7% of the observed instances. Almost

all systems showed high degrees of misuse here, and
in particular the 4 point harness systems with 91.7%
and the 5 point harness systems with 67.9%, as well
as the booster cushions and rearward-facing Group 0
systems both of which were also very high. Positive
trends could be seen in the rearward-facing systems
of the recently introduced Group 0+. The 5 point
harness system showed a considerable improvement
over the previously common 4 point harness. The
rearward-facing Group 0/1 systems only occurred
twice in the survey. Both of these instances showed
installation errors and one also showed a child
securing error. Because of the very low number of
cases for these systems, and of the five impact shield
systems (one of which had a incorrectly secured
child) these will not be taken into account any
further.

Table 1.
Comparison of installation and securing misuse for the different types of CRS

Installation misuse Type of child restraint system Securing misuse

% No. No. No. No. %

40.0 10 25
ECE-GROUP 0

rearward-facing system 25 14 56.0

14.3 1 7
ECE-GROUP 0+

rearward-facing system 7 1 14.3

* 2 2
ECE-GROUP 0/I

rearward-facing system 2 1 *

ECE-GROUP I
58.3 7 12 4-point system 12 11 91.7
64.9 87 134 5- point system 134 91 67.9

Total 59.4 107 180 impact shield system 8 4 50.0

ECE-GROUP I-III
3- point system 24 11 45.8

ECE-GROUP II-III
3- point system 67 32 47.8

ECE-GROUP II
impact shield system 5 1 *

* Due to small number of cases,
no percentage rate is given

ECE-GROUP II-III
booster cushion 67 40 59.7

351 206 58.7 Total

RESULTS OF INSTALLATION MISUSE

In 1999, the IFM performed sled tests [12] to study
the consequences of a loosely installed seat with a
view to the biomechanical loads (for limits see
Table 2) exerted on the restrained child. An impact
shield system was installed both correctly and
incorrectly (with 75 mm belt slack) using a three-
point seat belt in a real car body (VW Golf IV)
mounted on a deceleration sled. The measurement
data presented in Figure 8 indicates that the dummy
loads in the misuse tests were approx. 30–40% higher
than with correct installation.

Table 2. Limits for assessing the results of
measurements

Limits for acceleration according to ECE-R 44 [9]

res. chest acceleration (ares 3 ms) 55 g

chest acceler. vertical (aZ 3 ms) 30 g

head excursion horizontal 550 mm

Limits for acceleration according to CMVSS 213 [10] /
FMVSS [11]

head (HIC36 ms) 1000

head acceleration (ares 3 ms) 80 g

Used biomechanical tolerance limits

neck moment (MY) 20 Nm

neck force(FZ) 2.0 kN
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VW Golf IV; rear seat bench; fixation by 3-point-belt

head: HIC36 ms res. head acceleration ares 3 ms [g] res. chest acceleration ares 3 ms [g]

0

1000

0

80

0

55

without belt slack with belt slack

Figure 8. Rear seat of a VW Golf IV: 3-point belt attachment with and without belt slack

correct installation installation with belt slack

Figure 9. 3-point belt attachment: a comparison of "correct" and "incorrect" attachment

The reasons for these higher biomechanical loads are
due both to the uncontrollable kinematic processes of
the slack CRS as well as to the "principle of speed
adjustment" [13]. Whereas the velocity of the vehicle
decreases after the beginning of the collision, the belt
slack makes it possible for the CRS to continue
moving at the same velocity. The CRS does not begin
to decelerate until the belt slack has been taken up.
During the remaining time, the CRS experiences a
greater velocity change (deceleration) than the

vehicle itself. Firm installation of the CRS with no
belt slack, on the other hand, makes it possible for the
restraint system to actively participate in the
deceleration of the vehicle. A comparison of the
sequence of movements shown in Figure 9 illustrates
another danger. The belt slack makes substantially
greater forward displacement of the entire CRS
possible. This in turn favours the impact of the head
against a hard object in the interior of the vehicle or
against the back of the front seat.
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ISOFIX

As already mentioned, users evidently have problems
correctly installing the CRS using the adult seat belt.
In some cases, the design issues are also a
contributory factor. The vehicle seat belts make it
impossible to install the CRS perfectly in all cases.
Unfavourable belt geometries with an upper belt
anchorage point located too far forward,
asymmetrical lower anchorage sites, or long belt lock
lashes can all result in incorrect attachment. In
addition, there is sometimes poor compatibility
between the vehicle seat and the CRS, e.g. sculpted
vehicle seats or seat belts that are too short for
rearward facing systems.

Mode of Functioning of Controllable Attachment

The ISOFIX fixation system developed by the
"International Organisation for Standardisation
(ISO)" [8] constitutes a "standardised quick rigid
connection system" for Child Restraint Systems
which makes installation simple. This rigid interface
between the CRS and the vehicle permits proper
installation in all cases irrespective of the vehicle seat
belt.

The CRS is firmly anchored in the motor vehicle by
two anchorages which are 6 mm thick, spaced 280
mm apart and located in the seat bight. When
installing the seat, two snap fasteners located on the
CRS connectors snap around these anchorages and
firmly bolt the seat to the vehicle (Figure 10). In the
event of an accident, this form of attachment enables
immediate, controllable participation of the CRS in
the deceleration of the vehicle.

Figure 10. Schematic illustration of a 2-point ISOFIX
system (source: VW/Audi)

Potential improvements as a result of ISOFIX

Previous ISOFIX installation studies
In order to ascertain the improvement potential that
ISOFIX is able to offer, a range of installation tests

have been carried out using ISOFIX prototypes (4
point ISOFIX system) and conventional child seats.
The comparison was designed to obtain information
about the type of handling errors that are likely to be
made when using the two installation methods, and to
judge the acceptance of the ISOFIX method.

The observations carried out by Britax Römer [14]
showed that when installing using the ISOFIX system
considerably fewer errors were made than when
installing a conventional seat. Whereas half of the
cases of conventional seats examined were installed
incorrectly, misuse was only observed in
approximately 10% of the ISOFIX seats. The test
persons rated the ISOFIX systems higher in terms of
user-friendless. The perceived advantages stated
included easier handling and assembly, as well as
increased stability and safety. Similar results were
observed in a Swedish study [15] but the differences
in the misuse rates were not as extreme.

The most comprehensive installation tests that have
been performed up to now were carried out by IFM
as part of the BASt study [6, Chap. 5.4]. Here, 150
test persons were asked to compare the ISOFIX
system with two conventional CRS systems. Again
fewer errors were made installing the ISOFIX system
than when installing conventional seats. The misuse
rates for conventional seats lay between 60 and 80%,
whereas the misuse rate recorded for ISOFIX seats
was only 4%. Thus only 6 of the 150 test persons
installed an ISOFIX seat incorrectly. The test persons
were subsequently asked their opinions of the
ISOFIX system. The majority stated that the ISOFIX
seat was easier to install than a similar conventional
seat. They were also convinced that the ISOFIX was
more stable, that the anchorage was better and that as
a result, in the event of a collision, a child would be
afforded more protection.

New ISOFIX installation study
In order to obtain current and realistic results, IFM
carried out another ISOFIX installation study in
2002. Now for the first time, it was possible to test
commercial series production seats that use the
ISOFIX system. The seats used in the survey were 2
point ISOFIX harness systems which meet the ISO
standard 13216 from May 1999. The ISOFIX seats
made available by German child restraint
manufacturers were installed and tested in a midsize
family car. The car had been equipped as standard
with ISOFIX anchorage points on both outer rear
seats and the ISOFIX seats had the vehicle-specific
approval required for use. The ISOFIX seats were, 1)
a Group 0+ rearward-facing seat, made up of a
ISOFIX frame and a shell seat (Figure 11) and 2) a
Group I forward-facing seat with harness system and
integrated ISOFIX (Figure 12).
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Figure 11. ISOFIX frame with baby shell seat
(Group 0+)

Figure 12. Group I seat with integrated ISOFIX

Test procedure – The adult test persons were first
shown by the instructors how to install the relevant
ISOFIX seat. The written instructions had been
reduced simply to the installation/deinstallation
instructions and these were handed over to the test
person who was then allowed to carry out the
installation themselves. The installation and
deinstallation procedures were checked for
correctness and this information was recorded. The
test persons were then asked to comment on their
impressions with regard to handling, stability and
safety, and to indicate any perceived advantages and
disadvantages as well as to make suggestions for
improvement of the ISOFIX system. In addition, the
test persons were also asked to comment on their
willingness to purchase an ISOFIX seat, as well as
being asked to give their age, gender and marital
status.

Sample – The testing took place over a total of six
days in the car park of a large furniture store. The test
participants approached were informed both by
means of posters and in person of both the purpose of
and the background to the study. The participants
were also given information about ISOFIX in the
form of brochures. A total of 120 people volunteered
to take part, the majority of this group, namely 87%
were in the 20-40 age group. The vast majority
(approximately 84%) were parents and more than
three quarters of the testers were women.

Results

ISOFIX seat (Group I) - This seat was tested by 100
people. The individual installation/deinstallation steps
were monitored and documented by the technical experts
on hand. The experts noted whether both catches had
locked properly and whether correct locking was tested
using status displays, whether the seat was pressed into
place and whether the final check of the stability of the
seat was carried out.

correct
97.0%

misuse
3.0%

n = 100

Figure 13. Frequency of installation errors made when
using the ISOFIX, Group I seat

Figure 13 shows that 97% of test persons installed the
ISOFIX seat correctly. Only 3 of 100 installations
showed instances of misuse; in one case the test
person was unable to lock the system into place, and
in two cases only one side locked. At this point we
should also mention that in 14 instances the
installation of the seat was not successful at the first
attempt. This indicates that the functionality of
ISOFIX could still be improved in a way that would
do even more justice to the "click and go" claim. It
would also appear that the principle of individual
locking hinders simple and instantaneous locking.
Apart from the instances in which misuse was
observed, the locking was checked using the status
display and a subsequent tug test. When it came to
pressing the seat into place, however, the test persons
were not so diligent, and in seven instances, the seat
was not pressed into place and in eleven instances
this was not carried out to a sufficient degree. In a
real life situation, this can lead to a risk of reduced
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protection since errors of this type can lead to the seat
and child being displaced more than they should thus
bringing increased risk of injury. The release of the
ISOFIX lock did not cause any problems for the
testers and was considered easy.

ISOFIX seat (Group 0+) – This seat was a
combination seat made up of an ISOFIX frame and a
baby shell seat. The two items are installed
separately. The ISOFIX frame differs from the Group
I ISOFIX seat in that the locks do not operate
separately. Instead, they operate synchronously and
the frame does not have to be pressed into place
subsequently. Of the 20 installation attempts carried
out, all test persons were able to successfully install
the seat, and on only two occasions was a second
attempt necessary (Figure 14). When compared to the
Group I seat, the fundamentally different construction
(separate locking compared to coupled locking)
meant that the functionality of ISOFIX must be seen
as better. All attempts to install the seat were tested
by checking correct locking using the status display,
and a tug test on both sides. The
deinstallation/removal of the ISOFIX frame was
considered difficult (requiring a relatively high
degree of strength) by 10% of test persons.

As Figure 14 clearly shows, the installation of the
baby shell seat proved more difficult and resulted in
misuse in 5 instances (25%) of 20. The reasons for
this were, in one case that the shell seat was not
attached, and in two cases that it was not locked into
place. On two further occasions the shell seat was
neither attached nor locked into place. In the event of
a collision taking place, errors of this nature would
lead to a serious risk of injury to the child and, in a
worst case scenario, would result in a complete lack
of protection. Here the manufacturers of child seats
need to implement better thought-out concepts in
order to preclude all possible handling errors.

100.0%

75.0%

25.0%

correct correct misuse

Installation
ISOFIX-Basis

Installation
baby shell

n = 20

Figure 14. : Frequency of installation errors; ISOFIX
frame and baby shell seat Group 0+

Evaluation of ISOFIX - The test persons were
subsequently asked to comment on their impressions
of the ISOFIX system compared to the conventional
method using an ordinary seat belt, and to comment
on the seat they tested.

Figure 15 shows the responses of the 120 test persons
to these questions. At approximately 84%, the vast
majority of testers were of the opinion that the
ISOFIX system makes the CRS easier to install. Just
11% saw no difference between the ISOFIX seat and
the conventional seats that they have used, and only
4% said that the ISOFIX was more difficult to install.

With regard to stability of installation compared with
child seats installed using an ordinary seat belt,
approximately 81% of testers believed that ISOFIX
gave greater stability of installation. In 15% of cases
the impression was that stability levels were equal,
given that the conventional method of securing was
carried out systematically and without error. Only
2.5% (3 instances) believed the stability to be worse
and 1.7% (2 instances) did not respond.

The question "Does the special attachment method
used by ISOFIX mean that the child is better
protected?" was answered positively by
approximately 82% of testers, a very high value. The
proportion of testers that were of the opinion that the
level of safety is equal to that of conventional
systems lay at approximately 8% and 5% of testers
believed that ISOFIX was not safer than conventional
methods. Approximately 5% of test persons were
unable to give an opinion.

The 100 testers that installed the Group I ISOFIX
seat were also asked whether the greater weight of
the ISOFIX system was still acceptable.
Approximately a third replied with yes, 19% replied
that it was just about acceptable, and 7% found the
seat too heavy. This result suggests that this issue
would also play a part when parents are deciding
what seat to purchase. Manufacturers of ISOFIX
design seats should not ignore this aspect.

0.8%

84.2%

4.2%

10.8%

don´t know

equal

no

yes

Is ISOFIX easier
to install?

n = 120

Figure 15a. Responses to the various questions
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1.7%

15.0%

2.5%

80.8%

don´t know

equal

worser

better

How is the
installation stability?

n = 120

Figure 15b. Responses to the various questions

5.8%

7.5%

5.0%

81.7%

don´t know

equal

no

yes

Is ISOFIX safer?

n = 120

Figure 15c. Responses to the various questions

Avoidance of installation misuse with ISOFIX
As can be seen from Table 1 (on page 5), installation
misuse only occurred with system types where
installation and securing are carried out as two
separate procedures. This refers to the rearward-
facing systems of Groups 0, 0+ and 0/I and the 4/5
point harness systems of Group I. Figure 16 shows
the levels of installation misuse observed for these
system types. Almost 60% of child seats that require
a separate installation were not installed correctly.
85% of these errors were of the medium severe or
severe categories. Of the 107 CRS installations where
misuse occurred, the most frequent error with a value
of 78.5%, was of the type "loose seat attachment",
followed by "incorrect belt route" and "incorrect
installation direction" at 11.2% and 4.7%
respectively. Exactly how these installation errors
affect the loads exerted on dummies was tested
during the sled testing which was carried out as part
of the BASt study [6, Chap. 5.3]. The forward
displacement as well as the load placed on the head
and chest of the dummies were, in part, considerably
higher than the relevant reference values. In the event
of an accident taking place, this would result in a
considerable reduction in the level of protection
afforded to the child. Even in the event of an accident

with a severity lower than is simulated in testing for
ECE-R 44, these installation misuses could lead to
severe/life-threatening injuries for the child. The
results that have been gathered by this study clearly
indicate the extent to which installation misuse can be
eliminated by the use of ISOFIX.

Installation Severity of misuse

59.4%
misuse

15.0% minor

48.6%
moderate

36.4%
serious

n = 180 = 100% n = 107 = 100%

40.6%
correct

Figure 16. : Proportion of misuse when installing seats
and severity of this misuse

Dynamic test series for ISOFIX

Dynamic test series have been used to provide
additional information about the loads exerted on a
child in the event of a collision when using the
ISOFIX method compared with the use of a
conventional child seat attachment method. The sled
tests carried out by Britax Römer [14] using 5 point
harness systems resulted in 25% less load being
placed on the head when using ISOFIX than when
using a conventionally attached seat. The measured
values for the chest deceleration were 15% to 21%
lower. Although the resulting forces on the neck were
approximately the same, the 4-point ISOFIX system
showed approximately 140 mm less forward
displacement of the head.

The series of dynamic tests were carried out by TÜV-
Rheinland [16] using a Golf IV chassis. The ISOFIX
child seat available specifically for use with this
vehicle model was compared with a conventional
seat. Both the seats used were "impact shield"
systems where the ISOFIX seat is rigidly fastened to
the vehicle using two locking arms (2 point system).
The dummy is secured using the impact shield
attached to the child restraint. With the conventional
seat, the three-point seat belt already in the vehicle
was used to secure both the dummy and the seat. The
recorded acceleration values for head and chest were
only marginally different, but the ISOFIX seat
permitted a considerably greater forward
displacement of the head. However, all measurements
remained within the limits laid down in ECE-R 44.
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Integration in ECE-R 44 - the current situation

In order to be able to introduce ISOFIX universally
onto the market, it must be granted universal
approval in accordance with ECE-R 44. This is
currently not possible since the ISO standard 13216-1
[8] passed in May 1999 is not yet a component of the
testing procedure according to ECE-R 44 [9].

In the interests of the worldwide harmonization of
ISOFIX, the ECE-GRSP ad-hoc group "ISOFIX" is
currently discussing whether and in what form, a
third anchorage point ("top tether") as stipulated in
the US standard FMVSS 213 [11] and designed to
reduce the amount of forward rotation of ISOFIX
seats, should be included in ECE R-44.

In order to test the effects of the top tether system, the
IFM carried out a further series of tests [17]. In this
series, three different ISOFIX seats (CRS A, CRS B,
CRS C) were tested with and without the a top tether
in a real vehicle chassis (BMW 3 Series) in
accordance with FMVSS 213. The measured values,
as shown in Figure 17 indicate that the use of a top
tether has no real effect on the biomechanical loads.
Both the loads exerted on the head (HIC36 ms and
ares 3 ms), and the chest acceleration remained below
under the legal limits regardless of the type of
installation. The differences between an installation
using a top tether and a pure ISOFIX installation
were within the measuring tolerances. The vertical
chest acceleration (aZ 3 ms) also showed that the use of
a top tether did not reduce the loads. Indeed, in one
case, the use of a top tether even led to the legal
limits being exceeded. The vertical forces on the neck
are almost identical for both types of installation. The
legal limit was only exceeded by the model "CRS B
without top tether", but even with the top tether this
particular model was at the upper limit.

Regardless of the installation method, the measured
neck moment was considerably greater the reference
value for all three models (
Table 2). Further development is still required here.

The results of the two test series discussed here
cannot provide sufficient support for the need to
introduce an additional anchorage point in the form
of a top tether or a support leg in order to reduce
forward displacement by limiting rotation. This
statement cannot, however, be generally applied to all
ISOFIX seats, since differences in design will
naturally result in different behavior during testing.

But it appears that a satisfactory solution to the "top
tether problem" may have been found: At the GRSP
meeting in December 2002, it was decided that
forward-facing ISOFIX systems which are fixed in
place using the two lower anchorage points and an
additional upper "top tether" point should be
universally approved provided that the forward
displacement is reduced from 550 mm to 500 mm.

In addition to this, all ISOFX systems when used just
with the two lower anchorage points must meet the
current ECE-R44 stipulations with a forward head
displacement of 550 mm. This ensures that even
when the top tether is not used, i.e. in the event of a
handling error, as can be expected in 20-30% of
instances, the protection of a child secured in a
forward-facing ISOFIX system seat can still be
guaranteed.

However, for rearward-facing ISOFIX restraint
systems, the upper anchorage point or top tether will
not be prescribed. The important thing here is that an
additional anti-rotation system is used, either a
support leg, a lower-tether, an upper-tether or a
different form of tether. The decision as to which of
these is used should be left up to the manufacturer.
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head: HIC36 ms res. head acceleration
ares 3 ms [g]

res. chest acceleration
ares 3 ms [g]

head excursion [mm]

0

1000
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chest acceleration vertical
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vertical neck force
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neck moment
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Figure 17: Results of measurement with and without top tether

SUMMARY

For many years now the number of children killed in
cars in Germany has been decreasing. An important
factor in this trend is the very high level of restraint
use.

However, what still remains unsatisfactory is the
quality of restraint which significantly impacts the
level of protection afforded by a CRS. Observations
made by IFM have shown that both the process of
installing a child restraint system in a vehicle and the
securing of a child in the CRS are often prone to
errors: The frequency of this type of misuse lies at
approximately 60 %.

Depending on the type of CRS used, installation
errors occur with a frequency of anything from 15%
through 65%. The studies carried out by IFM found
that the average rate of installation misuse lies at
59.4%.

The dynamic tests that have been carried out show
that a seat which has been installed incorrectly (e.g.
with slack belts) can lead to increased loads on the
dummy in the region of 30 to 40% compared to
values for a correctly installed seat.

The vast majority of installation errors can be
avoided by the use of ISOFIX. The most recent
installation studies by IFM showed that ISOFIX seats
are almost always installed correctly. Thus, 97% of

installations of a forward-facing Group I system were
carried out correctly and 100% of Group 0+ seats
with ISOFIX frames were installed correctly.

A number of test series have shown lower load values
for ISOFIX child seats compared with conventional
seats. The most important advantage of ISOFIX seats
is that correct and fixed installation is ensured long-
term, which is not the case with conventional seats.

The discussions surrounding the integration of
ISOFIX in ECE-R 44 are coming to an end: the
planned regulations for universal approval of ISOFIX
provides for a top tether for forward-facing systems
but the associated seats must also meet the current
ECE-R 44 even if there is no top tether (seat is
secured with just the two lower ISOFIX points). With
a top tether anchorage point, the forward
displacement may only be a maximum of 500 mm to
ensure that the risk of impact of the child's head in
the interior of the vehicle is reduced further. One
important aspect in this context is that the loads on
the head, chest and cervical spine must still remain
below critical levels.

By taking these aspects into account and ensuring a
rapid and universal introduction of ISOFIX it will be
possible to increase the safety of children in cars in
the future.

Without top tether

With top tether

CRS A CRS B CRS C CRS A CRS B CRS C CRS A CRS B CRS C CRS A CRS B CRS C

CRS A CRS B CRS C CRS A CRS B CRS C CRS A CRS B CRS C
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ABSTRACT 
 
In Japan, the number of traffic accidents and slight 
injuries has increased in recent years, but the number 
of fatalities has decreased. However, among fatalities 
in vehicles, the number of older people has increased 
1.8 times during the last ten years.  
 
Among serious injuries involving older people in 
vehicles examined by type of accident, the percentage 
of crossing collisions is noticeably greater than in other 
age groups. Older people tend to be more seriously 
injured with the same impact. 
 
This paper describes the recent status of traffic 
accidents in Japan based on nationwide traffic accident 
statistics. In particular, it shows the change of 
casualties in vehicles. It also identifies human errors 
leading to accidents involving older drivers and how 
their chest injuries are caused in low-speed collisions 
based on the in-depth investigation studies. It suggests 
both active and passive safety measures for older 
drivers. 
 
INTRODUCTION 
 
Traffic fatalities in Japan, which fell to 8,466 in 1979 
from its peak of 16,765 in 1970, have since turned 
upward and attracted public concern. Facing the 
seriousness of the traffic accident problem, the 
government declared a "state of emergency" in 1989: 
urgent measures were needed for traffic accidents 
caused by the rapid motorization of the country. 
 
With this background, TV stations aired special 
programs reporting how Germany halved the number 
of fatalities in their country. In the Diet, deputies asked 
the government in June 1990 to improve and reinforce 
the system of research and analysis of traffic accidents. 
Administrative bodies were recommended to develop 
an advanced system of statistical analysis by 
improving and reinforcing various statistics on traffic 
accidents and to organically integrate statistics on 
traffic accidents, roads and vehicles. The advisors also 
suggested that comprehensive research and survey of 
traffic accidents be conducted through scientific 
approaches in collaboration with experts in 
engineering, medicine, and psychology. 
 

Consequently, the ITARDA was founded in March 
1992 with the collaboration of the government, the 
Japan Automobile Manufacturers Association (JAMA), 
the Marine and Fire Insurance Association of Japan 
and so forth. 
 
The ITARDA provides the results of its analysis of 
macrostatistics to administrative agencies, car 
manufacturers and research institutions at their request 
based on an integrated database of nationwide traffic 
accident data (approx. 950,000/year), statistics on 
drivers (76 million persons), census on road traffic 
(traffic density, road width, etc.), statistics on vehicle 
ownership (principle statistics such as weight, length 
and width of 77 million vehicles), etc.  
 
In 1993, our institute opened an office for in-depth  
investigation studies in Tsukuba, a science town that 
lies 50 km to the northeast of Tokyo. The office 
collects in-depth investigation data on about 300 
accidents per year. 
 
TRENDS OF TRAFFIC ACCIDENTS IN JAPAN 
 
Accidents in Recent Years 
 
In Japan, the number of fatalities in traffic accidents 
(within 24 hours) decreased to less than 9,000 in 2001 
due to comprehensive countermeasures taken from the 
beginning of the 1990s. On the other hand, the number 
of traffic accidents has risen in recent years as shown in 
Figure 1, recording 1,180,000 casualties in 2001. 
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Figure 1.  Change in traffic accidents. 
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Among traffic fatalities classified by road user types, 
as shown in Figure 2, those of vehicles or motorcycles 
show a noticeable decrease, while those of pedestrians 
and pedal cyclists have decreased or leveled off. In 
Japan, so-called "vulnerable road users" (pedestrians 
and pedal cyclists) represent about 40% of the total 
fatalities, accounting for a high percentage of 
accidents. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Fatalities by road user type. 
 
 
Among traffic accidents, vehicle vs. vehicle accidents 
increased in 2001 to 2.5 times that in 1977 and 
single-vehicle accidents increased to 1.7 times, while 
vehicle vs. pedestrian accidents decreased to 0.85 
times. Among vehicle vs. vehicle accidents, which 
have been increasing in the last ten years, rear-end 
collisions and crossing collisions have increased 
noticeably (see Figure 3). (Vehicle vs. vehicle 
accidents include those of four-wheeled vehicle vs. 
two-wheeled vehicle or bicycle.) 
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 Figure 3.  Vehicle vs. vehicle accidents. 
 
Figure 4 shows the percentage of injuries (slight, 
serious and fatal) in 2001 among rear-end accidents 
and crossing collisions, two types of accidents that 
have increased recently. Rear-end collisions account 
for 37.8% of all vehicle vs. vehicle accidents, but only 
14.7% of fatal injuries. On the other hand, crossing 
collisions represent 28.4% of all vehicle vs. vehicle 
accidents and 28.5% of the fatal injuries. 
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Figure 4.  Types of accidents by seriousness of 
injuries among vehicle vs. vehicle accidents. 
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Fatalities by Age Group 
 
When comparing 1992 and 2001 by age group, 
fatalities decreased among the youth (age 16 to 24) in 
vehicles or on motorcycles, while those of older people 
(65 and over) in vehicles increased (see Figure 5). 
 
One reason for the reduction of fatalities among the 
youth is the decrease in speeding accidents above 80 
km/h, which is the danger recognition speed (speed at 
which danger is perceived) (see Figure 6). The increase 
in the rate of wearing a seat belt in recent years also 
contributed to the reduced percentage of fatalities 
while in vehicles (see Figure 7). 
 

Veh
icl

es

Moto
rcy

cle
s

Mop
ed

s
Bicy

cle
s

Ped
est

ria
ns Age 15 or under

Age 16 to 24

Age 25 to 34

Age 35 to 44

Age 45 to 54

Age 55 to 64

Age 65 and over

0
200
400
600
800
1000
1200
1400
1600

Persons

1992
 

 
 

Vehi
cle

s

Moto
rcy

cle
s

Mop
eds

Bicy
cle

s

Pede
str

ian
s Age 15 or under

Age 16 to 24

Age 25 to 34

Age 35 to 44

Age 45 to 54

Age 55 to 64

Age 65 and over

0
200
400
600
800

1000
1200
1400
1600

2001

 
 
Figure 5.  Fatalities by road user type and by age 
group. 
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Figure 7.  Rate of wearing a seat belt. 
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Traffic Accidents among Older People 
 
Figures 8 and 9 show types of accidents among two age 
groups of older people - the early stage of elderliness 
(age 65 to 74) and the late stage of elderliness (age 75 
and over), respectively. Among those in the early 
elderly stage, fatalities among pedestrians, which are 
the most common, have tended to level off, but 
fatalities of those in vehicles have been increasing year 
by year. In the late elderly stage, fatalities among 
pedestrians are the most common, representing about 
40% of the fatalities of pedestrians of all age groups 
combined. The fatalities among pedal cyclists and 
those in vehicles have also increased, although the 
overall number is not as many. 
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Figure 8.  Fatalities among the early elderly stage.  
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Figure 9.  Fatalities among the late elderly stage. 
 
Figure 10 shows driver's license holders in Japan by 
age group. The group aged 50 to 54 is particularly large 
compared with other age groups. They are the 
baby-boom generation born between 1947 and 1950. 
In ten years, these baby boomers will be in the older 
group of people. 
 

With the rapidly aging population, Japan sees an 
increasing percentage of older driver's license holders 
(Figure 11). With more and more older people driving 
a vehicle, fatalities among those people have been 
increasing (Figure 12). 
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Figure 11.  Percentage of older people in driver's 
license holders. 
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Among fatalities of occupants in a vehicle, vehicle vs. 
vehicle accidents represent about 60%, whereas 
single-vehicle accidents while driving at high speed 
account for about 40%. Among these vehicle vs. 
vehicle accidents, the types of accidents by age group 
are as shown in Figure 13. The number of fatalities 
among older people age 65 and over due to crossing 
collisions is particularly greater than in other age 
groups. 
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Figure 13.  Fatalities by accident type and by age 
group in vehicle vs. vehicle accidents (2001). 
 
 
The Rate of Fatalities and Injuries among Older 
People in Vehicles 
 
The relationship between the damage caused to the 
vehicle upon collision (classified into major damage, 
medium damage and minor damage) and fatalities and 
serious injuries among drivers wearing seat belts was 
analyzed using the Comprehensive Database on 
Traffic Accidents (1995-1999). Among fatalities and 
serious injuries examined by age group, the older the 
driver is, the more likely to be killed or seriously 
injured if damage to the vehicle is similar, as shown in 
Figures 14 and 15.  
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Figure 14.  Fatality rate by age group. 
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Figure 15.  Serious injury rate by age group. 
 
 
Note 1: Major damage: The vehicle has completely lost 

its functions and is not repairable. 
 Medium damage: The vehicle is unable or 

almost unable to run by itself and would be 
very difficult to repair. 

 Minor damage: The vehicle is able to run by 
itself and is repairable. 

 
Note 2: Fatality rate = fatalities / (fatalities + serious 

injuries + slight injuries) 
 Serious injury rate = serious injuries / 

(fatalities + serious injuries + slight injuries) 
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Main Injured Body Region of Older Drivers 
Injured While Driving 
 
Using the Comprehensive Database on Traffic 
Accidents, an analysis was made as to whether drivers 
wearing seat belts were  seriously injured or killed in 
relation to the damage to the vehicle. Figure 16 shows, 
by age group, the main body region injured among 
cases of fatalities and serious injuries with major or 
medium damage to the vehicle. Among fatalities with 
major damage, the head was the main body region 

injured in those up to about age 65, but the chest was 
the most commonly injured in those beyond age 70.  
 
Among fatalities of people 65 or over with medium 
damage, the chest is the main body region most 
commonly injured, although the statistics show 
variations. 
 
Among serious injuries with major damage and serious 
injuries with medium damage, the chest is most 
commonly injured among people beyond age 60. 
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(3)  Fatalities with medium damage to vehicle (4)  Serious injuries with medium damage to vehicle
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Figure 16.  Main body region injured among fatalities and serious injuries, by degree of damage to vehicle 
(Drivers of a passenger car, wearing seat belts (1995-2001)). 
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ANALYSIS  BASED  ON IN-DEPTH 
INVESTIGATION  DATA 
 
Analysis of Human Errors Leading to Crossing 
Collisions of Older Drivers by In-depth 
Investigation Data 
 
Figure 13 shows that older people were more prone to 
crossing collisions than other age groups. An analysis  
of human errors leading to such accidents was 
conducted on thirty-two cases of older drivers age 65 
and over involved in an accident, using the data of  
 

 
 
in-depth investigation on scene for the five years 
preceding 2001 (of which two were excluded as 
fatalities). 
  As shown in Figure 17, among the 17 cases of 
crossing collisions with stop signs, eight were caused 
when the driver was either careless or distracted and 
entered the crossing, although at a low speed, without 
stopping [A]. They represent about half of the human 
errors leading to crossing collisions. 
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Figure 17.  Crossing collisions with stop signs (17 cases). 
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Figure 18.  Crossing collisions with traffic signals (13 cases). 

 
 
As shown in Figure 18, among the 13 cases of crossing 
collisions with traffic signals, five were caused when  
the driver " [B] Misjudged the distance to and the speed 
of the other vehicle", showing a slightly higher 
frequency than other causes. 
Among collisions at a crossing with stop signs, factor 

[A] (Figure 17) applies to more than half of the cases. 
This suggests the validity of a system that "exchanges 
electronic information between the vehicle and the stop 
signs before the vehicle enters the crossing and gives 
prior warning to the driver" or a system that "gives 
warning, when stop locations have been input to a 
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navigator, if the vehicle's speed is greater than the 
calculated one" to ensure that older drivers are well 
aware of a crossing with stop signs, as effective 
solutions. 
 
In accidents at a crossing with traffic signals, the factor 
most commonly identified was " [B] (Figure 18) 
Misjudgment of the distance to and the speed of the 
other vehicle". This suggests the deterioration of 
kinetic vision. As measures to avoid such accidents, it 
is advisable to reinforce traffic safety education for 
older drivers and to adopt techniques of Advanced 
Safety Vehicles (ASV) promoted by the MLIT. 
 
Analysis of Chest Injuries among Older Drivers 
Based on In-depth Investigation Data 
 
Figures 19 and 20 show the relationship between chest 
injuries of drivers wearing seat belts and their age 
among injuries caused by frontal collisions where the 
relationship between AIS and the barrier equivalent 
velocity (Vb) was evident, based on the in-depth 
investigation database between 1994 and 2000. 
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Figure 19.  Relationship between AIS and Vb 
among chest injuries (with the seat belt worn / the 
air bag deployed). 
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Figure 20.  Relationship between AIS and Vb 
among chest injuries (with the seat belt worn / the 
air bag not deployed or not equipped). 

Among the cases shown in Figure 19 where the 
occupants wore the seat belts and the air bag deployed, 
older people were injured in 5 cases and other adults 
(age 16 to 64) were injured in 34 cases. Figure 20 
shows 5 cases where the older people were injured 
while they were wearing seat belts but the airbag was 
not equipped or it was not deployed, while there were 
75 such cases among other adults. 
 
As shown in Figure 20, among the accidents where 
older people wore their seat belts but were without 
airbags or the airbags were not deployed, the older 
people received chest injuries to AIS 5 at a speed of Vb 
= 15 km/h, each at a speed lower than in other 
accidents. Furthermore, even among the cases where 
the airbags were deployed, older people were injured to 
AIS 3 at a speed of Vb = 15 km/h, assuming a woman 
of 63 years old is considered as an older person. This 
shows that the chest impact tolerance of older people is 
considerably lower than that of other adults who were 
injured to only AIS 3 at a speed of approximately Vb = 
40 km/h. 
 
 
CONCLUSION 
 
Although traffic fatalities have been decreasing in 
Japan, the number of fatalities of older people in 
vehicles has been increasing. Among the fatalities of 
older people in vehicles examined by type of accident, 
the percentage of crossing collisions is noticeably 
greater than in other age groups. 
 
Among collisions at a crossing with stop signs 
involving older drivers, the most common cases are 
those in which the driver entered the crossing, although 
at a low speed, without stopping because they were in a 
careless and distracted state of mind. Among collisions 
at a crossing with traffic signals, many were caused by 
the "misjudgment of distance to and the speed of the 
other vehicle". 
 
To avoid accidents involving older drivers, further 
analysis of accidents should be conducted, and to 
compensate for human errors of older drivers a system 
using ASV sensor techniques should be introduced. 
 
An analysis of the main part of the body injured in 
older drivers indicates that they have weaker chest 
resistance than other age groups. It is hoped that 
vehicles providing greater safety for not only older 
people but also other age groups will be developed 
taking this factor and mitigation of damage into 
account. 
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1 ABSTRACT 
 
The development of tyre- and truck- manufacturers 
leads to the direction to introduce wide base single 
tyres (size 495/45R22,5) instead of twin tyres on 
the driving axle of trucks, tractors and busses. To 
study the driving behaviour and safety of various 
trucks and units with different tyre combinations 
and loading conditions was the aim of the study. 
 
A computer-aided simulation was used for this 
investigation. Drive tests with the a 40 t unit with 
prototype single tyres on the drive axle were 
carried out to verify the simulation. 
 
Alterations in driving behaviour and driving safety 
are mainly dependent on the tyre cornering 
stiffness. The prototype wide single tyres had a 
higher lateral stiffness which leads to a higher 
degree of under- steering (safer driving behaviour). 
The altered spring base on the drive axle had no 
influence on the side- tilt stability of vehicle 
combinations but the solo truck profited from the 
higher rear axle roll stiffness (less danger for roll- 
over accidents). As far as the driving safety is 
concerned nothing speaks against wide base tyres 
on the drive axle. The simulation of a tyre defect in 
a bend (assuming 40% of the max. transferable side 
force for the flat tyre) showed no increased danger 
using wide single tyres.  
 
Later driving tests showed however the need of 
tyre run flat possibilities to avoid jack-knifing of 
road trains. Also tyre pressure monitoring systems 
and electronic stability programs for the trucks are 
advised. 
 
2 INTRODUCTION 
 
In 2003 several tyre manufacturers came with wide 
base single tyres for the drive axles of heavy trucks 
on the European market. 
Already in 1996 the European Commission started 
the COST1 Action 334 „Effects of Wide Single 
Tyres and Dual Tyres“ for trucks. The main 
objective of the action was to establish the relative 
effects of wide base single tyres and dual tyre 
assemblies in respect of road pavement damage, 

                                            
1 COST = EUROPEAN COOPERATION IN THE 
FIELD OF SCIENTIFIC AND TECHNICAL 
RESEARCH 

vehicle operating costs, vehicle safety, vehicle 
comfort and environmental aspects  (e. g. tyre/road 
noise).  
 
This paper only describes the vehicle safety 
aspects. The practical research work (mathematical 
simulation of the truck driving behaviour) was 
carried out by order of BASt by the former Institute 
of Automotive Engineering of the University of 
Hanover [1] and was part of the German input to 
the COST 334 Action, which was finished with the 
presentation of the results on a special workshop on 
the 7th Symposium on Heavy Vehicles Weights and 
Dimensions in Delft in June 2002 [2, 3]. 
 
3 AIM OF THE STUDY 
 
Cost-reducing aspects such as a lower purchase 
price and reductions in empty weight and rolling 
resistance have promoted the use of wide single 
tyres on the towed axles of trailers and semi-
trailers. 
The development of tyre industry together with the 
truck manufacturers, which could be seen at the 
Hanover Motor Show 2002, goes in the direction to 
introduce wide base single tyres with a tyre width 
of nearly half a meter (size 495/45R22,5) instead of 
twin tyres also on the driving axle of trucks, 
tractors and busses, see figure 1. 
 

Figure 1:  Wide Base Single Tyres  
 
To study the driving behaviour and safety of 
various trucks and units with different tyre 
combinations and loading conditions was the aim 
of the study. 
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4     METHODOLOGY 
 
In this research project a computer-aided 
simulation in ADAMS2 was used to investigate 
and compare the driving behaviour and driving 
safety of heavy goods vehicles with wide single 
tyres on their driving axles on the one hand and 
standard vehicles with twin tyres on the other. The 
different tyre widths also enabled alterations to be 
made to the vehicle’s chassis, e. g. changes in the 
frame width, the spring suspension width and the 
stabiliser setting. 
 
The following practically-relevant scenarios were 
simulated: 
 
• keeping the same drive axle (width), only 

alteration of the different tyre combinations for 
the drive axle (smaller rear track width for the 
single tyre) incl. alteration to tyre 
characteristics, tyre mass and tyre inertia 
moment; 

 
• enlarged axle width (+70 cm) with the same 

spring suspension width for the single tyre and 
same outer width; 

 
• enlarged axle width and alteration of the width 

of the spring suspension and consequent 
alteration to the roll stiffness while keeping the 
stabiliser dimensions the same; 

 
• driving behaviour (safety) with a defect tyre 

(tyre burst) while driving in a bend (danger of 
jack knifing). 

 
In order to cover as large a range of vehicles as 
possible, the simulation was used to test a solo 
truck (about 15% of the heavy goods truck fleet 
> 15 t in Germany), a truck with draw bar trailer 
(about 35 % of the fleet) and a tractor with semi-
trailer (about 50% of the fleet). Appropriate 
driving manoeuvres were also selected for the 
simulation in order to observe driving safety with 
the different tyre variations. These were in 
particular: 
 
• Single lane change: looking for offtracking and 

rearward amplification, 
• J-turn (driving in a sharp bend like in a 

highway exit): looking for stability limits, see 
figure2. 

 
 

                                            
2 ADAMS = AUTOMATIC DYNAMIC 
ANALYSIS OF MECHANICAL SYSTEMS 
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Figure 2:  Steering angle vs. time in J-turn test 

 

In the simulation the height of the centre of gravity 
of the pay load was varied from 1,8 m (like in the 
driving tests described below), to 2,7 m (centre of 
volume) and additionally a swinging load hanging 
from the body’s roof (as worst condition for the 
driving behaviour) was simulated. 
 
Additional driving tests (single lane change with 
the path following method and driving on a circular 
course) were carried out according to international 
(ISO) standards with a 40 t tractor semi-trailer 
combination which is the most common variant. 
These tests were, however, carried out without any 
alterations to the chassis of the tractor, see figure 3. 
The tyres chosen were: 
 
• 315/70R22,5 on the steering axle of the tractor 
• 315/70R22,5 as twins or 495/45R22,5 as single 

tyres on the drive axle of the tractor 
• 385/65R22,5 as single tyres on the three towed 

axles of the semi-trailer 
 
These driving test results – carried out by KTI in 
Hungary - were used to verify the computer 
simulations. It was assumed that, if the results of 
this unit are comparable with the results of the 
simulation of this unit, the solo truck and the truck 
drawbar-trailer unit are verified, too. 
 
The lateral stiffness (cornering stiffness) of the 
different tyres were measured by a special 
measuring truck of the University of Hanover, the 
wide base 495/45R22,5 super single tyre was 
measured on a tyre flat-band-test facility by 
Michelin. The tyre characteristic curves for the 
single steps in the simulation were taken from 
calculations with the Delft Tyre Model. 
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Figure 3:  Path of single lane change (and formula) for the drive tests of KTI 
 
 
4 RESULTS 
 
The cornering stiffness of the wide base single tyre 
is higher than that of the dual tyres, see figure 4. 
This is the main reason for the more under-steering 
behaviour, which usually is said to be safer than 
over-steering, of for instance a single truck. This 
was also observed by drive tests carried out by 
Volvo [2]. The tendency to under- steering can also 
be observed for articulated vehicles. 
 
From the simulation of the single lane change 
manoeuvre (and from the driving tests, too) it can 
be seen that the rearward amplification of the yaw 
velocity and the lateral acceleration are somewhat 
lower for the single tyres compared with the dual 
tyres on the drive axle. The difference of the 
rearward amplification of the lateral acceleration 
on it’s maximum at 0,5 Hz is about 5%, the 
difference of the rearward amplification of the yaw 
velocity is much smaller and therefore neglectable. 
Variations in the spring base width obviously do 
not have a noticeable influence on the driving 
behaviour. Also the height of the centre of gravity 
do not change the described behaviour in general. 
 
Most information can be derived from the stability 
simulation of driving into the J-turn. 
 
 
 

Figure 5 shows possible vehicle reactions, which 
are mainly dependent of the centre of gravity 
height and tyre characteristics. In the simulation the 
velocity was increased step by step until one of the 
stability limits was reached. The maximum velocity 
and the maximum attainable lateral acceleration are 
the interesting parameters.  
 
The driving radius is calculated by: square-velocity 
divided by centripetal acceleration. 
The actual driving behaviour can be described by 
comparing the actual radius relative to the radius a 
vehicle would follow with a given steering angle 
without a lateral acceleration, that means driving 
with a speed of nearly zero. If the actual driven 
radius proves to be higher, the behaviour of the 
vehicle can be described as under- steering (safer) 
and if the radius gets smaller, the behaviour is 
called over- steering. The danger of jack-knifing is 
the result. 
The maximum attainable lateral acceleration can be 
compared, too. It signifies a kind of resistance 
against roll- over. For the road trains ( and trucks in 
the same kind) the following versions were 
examined, see figure 6. The spring base is adapted 
every time for the different tyres used. 
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Figure 4: Cornering stiffness of wide base single and dual tyres in principal 
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                       Tractor semi-trailer going into skid  
 

 
                       Tractor semi-trailer roll over 
 

 
                           Tractor semi-trailer jack knifing 
 
 

   Figure 5:  Unstable driving conditions for a unit (stability limits for J-turn simulation) 
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Figure 6:  Old, current and future tyre combinations used for tractor semi-trailer combinations 
 
 
 
For articulated vehicles there is no difference in the 
maximum attainable lateral acceleration. The 
attainable max. lateral acceleration is strongly 
dependent of the height of the centre of gravity. 
Increasing the height of the centre of gravity by 70 
cm reduces the max. lateral acceleration to about 
40%. Swinging loads hanging from the 

roof is the most dangerous loading condition. The 
attainable max. lateral acceleration is reduced to 
more than half of that attainable by the vehicle with 
low centre of gravity. The max. lateral acceleration 
is improved for the solo truck using wide base 
single tyres by about 10 %. This means a higher 
roll- over stability can be achieved, see figure 7. 
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Figure 7:  Max. lateral acceleration for different trucks and articulated vehicles with different CG heights 

 
 
 

J-turn

38,0

0,0

5,0

10,0

15,0

20,0

25,0

30,0

35,0

low centre
of gravity

high
centre of
gravity

swinging
load

low centre
of gravity

high
centre of
gravity

low centre
of gravity

high
centre of
gravity

tractor semitrailer truck trailer rigid truck

cr
iti

ca
l s

pe
ed

 [m
/s

] old
situation

current
situation

future
situation

 
Figure 8:  critical speed of trucks and units with different tyre combinations and CG heights 
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Figure 8 shows the results of the critical (max.) 
speed of trucks and units going into a J-turn. 
Trucks and units have a higher critical speed with 
the same lateral acceleration, if they are equipped 
with wide base single tyres. This means they have a 
(safer) more under-steering driving behaviour. This 
advantage is higher with the trucks and units 
having a lower centre of gravity. The critical speed 
for a single truck is about 10 % higher having wide 
base single tyres on the drive axle. 
 
Another safety aspect is the vehicle behaviour in 
case of sudden tyre burst especially in a bend. This 
was studied by simulation, too. Most dangerous is a 
sudden tyre defect on the outer tyre of the drive 
axle. Only the 40 t tractor with semi- trailer was 
analysed. As soon as the tyre loses its pressure two 
effects will take place: 
 
• The maximum transferable side force of a 

defect single tyre decreases rapidly, for a twin 
assembly only one tyre can transfer side 
forces. 

• With a flat single tyre the wheel and the car 
body goes downwards, for a twin assembly 
one tyre has to carry half of the axle load 
alone, but the vehicle body moves down only a 
little bit. 

 
Both effects were part of the simulation. The loss 
of tyre pressure was assumed to occure one second. 
The max. transferable side force for the single tyre 
was assumed to be 40 % relative to the intact tyre. 
For these parameters the critical speed and 
maximum lateral acceleration in case of the J-turn 
manoeuvre were calculated, see figure 9. 
 
The over-steering driving behaviour, caused by a 
puncture damage of one of the dual tyres, changes 
into an (safer) under-steering behaviour, if a wide 
base single is used, (The change into higher lateral 
acceleration values for twin tyres indicate a smaller 
radius in the path). It has to be considered that a 
wide base single tyre has the disadvantage, that the 
roll over limit is considerably lower, for both low 
and high centre of gravity, if a tyre burst happens. 
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Figure 9:  Max. lateral acceleration for a 40 t unit having a sudden tyre burst on drive axle in a J-turn 
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5 CONCLUSIONS AND FURTHER 
NON SAFETY EFFECTS 
 
Wide base single tyres for drive axles of different 
manufacturers are in the market now and will 
probably replace the twin tyres used today. The 
driving behaviour of trucks and articulated vehicles 
was studied by computer simulation. Drive tests 
with the a 40 t unit with prototype single tyres on 
the drive axle were carried out to verify the 
simulation. 
 
The following results were derived from the 
simulation: Alterations in driving behaviour and 
driving safety are mainly dependent on the tyre 
characteristics (cornering stiffness) of the tyre 
itself. The wide single tyres showed a higher level 
of lateral stiffness which was reflected by a higher 
degree of under-steering i.e. safer driving 
behaviour. This tendency is beneficial with regards 
to the steerability of a vehicle combination. The 
altered width of the spring suspension on the drive 
axle had no influence on the side-tilt stability of the 
vehicle combination. Only the solo truck profited 
from the higher roll stiffness of the rear axle, which 
means a lower danger of a roll-over accident. As 
far as the driving safety is concerned no factor 
spoke against using wide base tyres on the drive 
axle. 
The investigation into the driving stability with 
defect tyres on the drive axle showed for the very 
seldom case of tyre defect in a bend (assuming 
40% of the max. transferable side force for the flat 
tyre) no increased danger could be observed in the 
mathematical simulation when using wide base 
single tyres. 
Later driving tests [2, 5] showed however the need 
of tyre run flat properties (e.g. supporting ring on 
the rim) to avoid jack-knifing of road trains. Also 
tyre pressure monitoring systems and electronic 
stability programs for the trucks are advised. 
 
In addition to the described safety aspects some 
more advantages and disadvantages of wide base 
single tyres should be mentioned but without 
further explanations [4]: 
 
• The rolling resistance of a single tyre is about 

20 % less compared with twins. This leads to 
lower fuel consumption (about 2 % for a 40 t 
unit) and lower CO2 emissions. 

• A higher pay load (130-150 kg) can be 
realised. 

• The tyre road noise is nearly equal for both 
tyre combinations. 

• The road wear (rutting) is higher for single tyre 
equipped trucks, especially on secondary 
roads. This can be nearly compensated if the 
wider 385 size tyres are used on steering axles 
instead of the common 315 or 295 size. 
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ABSTRACT

This report details a project to review and develop
the JARI pedestrian model as chosen by the IHRA
to develop their pedestrian head impact test
procedure. In the work several modifications were
made to the model, including the removal of
duplicated contacts defined between the model’s
arms and legs, modifications to allow axial
stretching in the spine, and the implementation of
shoulder joints. To test the biofidelity of the
simulated shoulder joints predictions from the
original and modified versions of the JARI model,
in addition to those from a pedestrian model
developed by TNO, were compared against the
results from shoulder impact studies completed on
PMHS’s. It was found that all the models
demonstrated very poor shoulder biofidelity.
Furthermore, for the same simulated vehicle-
pedestrian impacts, differences in the predicted
head impact velocities and head impact angles from
all the pedestrian models were as high as 3.9 m.s-1

and 17.1° respectively.

INTRODUCTION

The International Harmonised Research Activities
(IHRA) Pedestrian Safety Working Group is in the
process of developing a sub-system head impact
test procedure for assessing the aggressiveness of
vehicle fronts to pedestrian head impacts. It has
been decided that many details of the head impact
test procedure will be based on the predictions
from a pedestrian model simulating full-scale
vehicle-pedestrian accidents. The predictions from
the model will be used to relate the sub-system
head impact test conditions to the head impact
conditions in vehicle-pedestrian accidents. To
obtain an understanding of the confidence that
could be placed in the results of simplified multi-
body pedestrian simulations the IHRA Pedestrian
Working Group used three MADYMO pedestrian
models to simulate a matrix of vehicle shapes and
impact velocities. Under the same impact
conditions each model was found to predict
significantly different head impact conditions.
Following a review of the predictions from the
three pedestrian models the IHRA Pedestrian
Working Group decided to further improve the
most promising model, as developed by the Japan
Automobile Research Institute (JARI). The
improved model could then be used to refine the

provisional test conditions in the IHRA head
impact test procedure. However, although the JARI
model suffered fewer obvious problems than the
two other models reviewed, inconsistencies were
discovered in its predictions, raising concerns on
the model’s biofidelic response and accuracy. The
main concerns of the model’s predictive
capabilities related mainly to the biofidelity of the
model’s shoulder which is anticipated to have an
important influence on the impact severity of the
head with the vehicle front in vehicle-pedestrian
impacts (IHRA Pedestrian Safety Working Group,
2001).

To address this concern, TRL Limited has
undertaken a study funded by the UK Department
for Transport (DfT) to review and develop the
JARI pedestrian model. This paper details the
findings from this work. It reports on the
improvements made to the biofidelic structure of
the original JARI model to enhance its predictive
capabilities. The report details the differences in
the original and improved model’s predictions and
additionally assesses the performance of a
pedestrian model developed by TNO that could be
used as an alternative model for developing the
IHRA pedestrian head impact test procedure.

THE JARI PEDESTRIAN MODEL

Following a review of three MADYMO pedestrian
models the IHRA Pedestrian Working Group
decided to further improve the most promising
model as developed by the Japan Automobile
Research Institute (JARI) for use in the
development of their sub-system head impact test
procedure. A copy of this model was donated by
JARI to TRL for the purposes of this investigation.

Structure of the JARI pedestrian model

Figure 1 shows the structure of the JARI pedestrian
model. The model represents a 50th percentile male
pedestrian and is formed from 27 anatomical
segments joined by a series of kinematic joints.
With the exception of the elbows, the segments of
the model are joined by a series of spherical or
‘ball-and-socket’ type joints. The elbows are
formed from revolute or ‘hinge’ type joints. All the
joints have a defined stiffness characteristic to
approximate the stiffness and range of motion of
the equivalent anatomical joint. In addition to the
regular anatomical joints such as the knees and
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elbows, further joints have been implemented in
the model to simulate the bending response of the
long bones in the legs and arms.

In addition to the JARI pedestrian model, the Road
Accident Research Unit (RARU) of Australia and
TNO Automotive UK donated further MADYMO
pedestrian models for the investigation. The RARU
pedestrian model was one of the three models
included in the original model review completed by
the IHRA. It was known that this model possessed
some superior features to the JARI pedestrian
model and it was anticipated that these features
could be transferred into the JARI pedestrian model
to improve the biofidelity of its response.

The TNO pedestrian model (version release
2.2.1.2) was known to possess a more detailed
structure than the JARI pedestrian model. Due to
its enhanced structure it was anticipated that the
TNO model predictions may be more accurate than
those of the JARI pedestrian model and could
possibly offer an alternative and better model for
developing the IHRA sub-system head impact test
procedure. It was therefore decided to include this
model in the study in order to test the JARI
pedestrian model’s predictions against those of the
TNO model. An illustration of this model is
included in Figure 1. With the exception of some
initial confirmation runs all the pedestrian models
investigated in the study were run under the version
5.4 release of MADYMO.

Figure 1. The JARI (a) and TNO (b) pedestrian
models.

INITIAL REVIEW OF THE JARI
PEDESTRIAN MODEL

An initial review of the JARI model was completed
to identify possible limitations that could affect the
accuracy of its predictions. In addition, a brief
review of the TNO pedestrian model was
completed to compare the complexity of this model

with the JARI model. Both the construction and
animation outputs of the two models were
examined and many general observations were
made. The main ones of these were as follows:
• All anatomical segments in the JARI model are

connected with rigid kinematic joints allowing
at the most only 3-degrees of relative motion
between the anatomical segments. In contrast,
the TNO model has more complex joints in
critical areas of the model’s anatomy such as in
the knees, neck and ribs, which allow a greater
and more biofidelic range of movement
between anatomical segments.

• The JARI pedestrian model has no shoulder
joints, but shoulder joints have been simulated
in the TNO model.

• The exterior profile of the TNO model more
closely resembles that of a real pedestrian than
the JARI model, as shown in Figure 1. It is
expected that the improved exterior profile of
the TNO model will promote better contact
definition during simulated vehicle-pedestrian
impacts and improve the accuracy of the TNO
model’s predicted pedestrian kinematics.

• During simulated vehicle-pedestrian impacts it
was noticeable that there seemed to be a lack of
rotation in the upper body of the JARI model,
which could be anticipated in real vehicle-
pedestrian impacts. Irregular rotations were also
observed in the legs of the JARI model and
large oscillatory motions were noticed in the
model’s abdomen, though this generally only
occurred after head strikes with the simulated
vehicle. In general the kinematics of the TNO
model were more believable than those of the
JARI model (i.e. no irregular rotations or
oscillations of anatomical segments). However,
the author’s interpretation of the TNO model
response is possibly influenced by it looking
more like a real pedestrian than the JARI
model.

MODIFICATIONS TO THE JARI
PEDESTRIAN MODEL

The structure of the JARI and RARU pedestrian
models were compared to identify critical features
that could be taken from the RARU model and
implemented in the JARI pedestrian model in order
to improve its biofidelity. An isolated examination
of the JARI model was also completed to check
that there were no obvious limitations in its
construction. From these investigations several
modifications to the JARI pedestrian model were
decided upon based on those that would potentially
have the greatest improvement on the biofidelic
behaviour of the model and more importantly the
head impact response during simulated vehicle-
pedestrian impacts.

(a) (b)
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Modification 1 - Removal of secondary contact
between the arms and legs of the JARI
pedestrian model

It was found during investigations of the JARI
pedestrian model that the original model
developers had inadvertently duplicated the contact
definition between the arms and between the legs.
This would lead to double the contact force being
generated between the legs and between the arms
when contacting each other during simulated
vehicle-pedestrian impacts. Consequently, these
duplicated contacts were removed.

Modification 2 – Introduction of spine axial
translational joints

Rigid kinematic spherical joints were used to
connect the anatomical segments of the JARI
pedestrian model’s torso to simulate the range of
flexion in the spine. A limitation of these
connections is that they prevent axial stretching of
the spine, which can be considerable during
vehicle-pedestrian impacts. In the RARU
pedestrian model translational joints acting along
the length of the spine have been introduced
allowing the spine to stretch when loaded
sufficiently. It was felt that the stretching response
of the spine could have a considerable influence on
the impact behaviour of the head. Consequently,
the decision was made to introduce these
translational joints into the spine of the JARI
pedestrian model. Stiffness characteristics for both
translational joints were the same and these were
taken from the RARU pedestrian model.

Modification 3 - Introduction of shoulder joints

During vehicle-pedestrian impacts the leading
shoulder can strike the vehicle structure prior to the
head and thus influence the severity of the head
impact with the vehicle front. Due to the shoulder’s
potential influence on the impact behaviour of the
head it was considered important to accurately
simulate the dynamic response of the shoulders in
the JARI pedestrian model. It was discovered in
investigations of the JARI model that the motion of
the shoulders was not simulated. The assumption
was made in the model’s original construction that
the shoulders were rigidly connected to the upper
torso, although spherical joints did allow
abduction, adduction, flexion, extension and
rotation of the arms. It was anticipated that this set-
up would potentially increase the protection offered
by the shoulder to the head during simulated
vehicle-pedestrian impacts.

The RARU pedestrian model possesses additional
planar type joints that simulate the typical range of
movement observed in the shoulders. These planar

joints allow connecting bodies to displace relative
to each other along a defined plane and also to
rotate relative to each other about an axis
perpendicular to the defined plane. Hence, the
shoulder joints as implemented in the RARU
pedestrian model possess three degrees of motion;
two translational degrees of movement (i.e.
anterior-posterior and vertical shoulder movement)
and rotational movement of the shoulder about an
axis perpendicular to the plane defined by the
anterior-posterior and vertical axes of the shoulder.
Consequently, the details of these shoulder joints
were implemented in the JARI pedestrian model.
Stiffness characteristics for the joints were also
taken from the RARU model.

VALIDATION OF THE PEDESTRIAN
MODELS

Several types of model validation runs were
completed following the modifications made to the
JARI pedestrian model. The first of these compared
predictions from the original and modified versions
of the JARI pedestrian models against measured
kinematic data from full-scale post mortem human
surrogate (PMHS) pedestrian impact tests provided
by JARI. Next, for a series of simulated vehicle-
pedestrian impacts, the predicted head impact
behaviour from the original and modified JARI
pedestrian models and the TNO model were
compared. This was completed to assess the
implications that there might be in using the JARI
model for developing the IHRA sub-system head
impact test procedure. Finally, the performance of
the shoulder joints added to the JARI model were
tested by comparing the original and modified
JARI pedestrian model’s predictions against
measured data from PMHS shoulder impact studies
completed by Bolte et al. (2000). The shoulder
response of the TNO pedestrian model was also
tested in this part of the validation to assess how its
shoulder response compared with that of the
original and modified versions of the JARI
pedestrian model.

Validation 1 - Kinematics of the JARI
pedestrian model

Predictions from the original and modified versions
of the JARI pedestrian model were compared
against body segment trajectory corridors and
relative head impact velocities obtained from full-
scale pedestrian PMHS impact tests involving two
vehicle shapes; CAR A and CAR B. The
dimensions of these vehicle fronts were supplied to
TRL by JARI and these are detailed in Table 1.
The initial speed of the vehicles in the tests was
40 km.h-1 with a braking rate of 0.5 g.
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The posture of the original and modified versions
of the JARI pedestrian model were modified to
match the set up of the PMHS’s pre-impact. This
involved having the model’s arms folded in front of
the torso and the right leg (leading leg) was placed
slightly ahead of the left. Figure 2 shows the set-up
of the original JARI pedestrian model for the
CAR A simulated vehicle-pedestrian impact. The
figure also shows the modelled vehicle structure
used in the simulations. The design of the
simulated vehicle front was provided in the original
pedestrian model supplied to TRL by JARI. It is
constructed from three cylinders defining the edges
of the bumper, bonnet and lower limit of the
vehicle front. Planes have been joined between
these cylinders to form the skart, bumper, bonnet
and windscreen of the simulated vehicle. These
geometric shapes were re-positioned and re-sized
to obtain the desired vehicle shapes for the
simulated vehicle-pedestrian impacts. The impact
stiffness of both CAR A and CAR B were the same
and these details were also supplied by JARI. The
simulated friction between the soles of the feet and
ground was set at 0.67 and that between the
pedestrian dummy and the vehicle front was set at
0.3.

Table 1
Simulated vehicle front dimensions of CAR A

and CAR B

Vehicle dimension CAR A CAR B
Bumper lead (mm) 145 141
Bumper centre height (mm) 383 446
Bonnet leading edge height
(mm)

763 641

Bonnet length (mm) 1124 1019
Bonnet angle (°) 6.8 8.8
Windscreen angle (°) 45.0 35.0

Figure 2. Set-up of the original JARI pedestrian
model for the CAR A simulated vehicle-
pedestrian impact.

Validation 2 - Comparison of predicted head
impact velocities and head impact angles

Further simulated vehicle-pedestrian impacts were
completed to compare predicted head impact
velocities and head impact angles over a greater
range of vehicle shapes. Two further vehicle shapes
were investigated representing the profiles of a
mid-sized Sedan and a mid-sized SUV. Table 2
details the front geometry of these two additional
vehicles. The simulated design and stiffness of the
vehicle fronts matched that of the simulated
CAR A and CAR B vehicle fronts. The initial
impact speed and braking acceleration of the
simulated vehicles were 40 km.h-1 and 0.5g
respectively. However, for these runs the posture of
the pedestrian models was altered to a more natural
walking stance. The simulated friction between the
soles of the feet and ground was set at 0.67 and that
between the pedestrian dummy and the vehicle
front was set at 0.3.

For the two vehicle shapes in Table 2, simulated
vehicle-pedestrian impacts were also completed
with the TNO pedestrian model in addition to the
original and modified JARI pedestrian models.
These additional simulations were completed to
test the performance of the JARI versions of the
pedestrian model against that of the TNO model.
Also included in the comparisons made were the
predicted head impact velocities and head impact
angles obtained from the original and modified
JARI pedestrian models for the CAR A and CAR B
simulated impacts.

Table 2.
Front profiles of the simulated mid-sized Sedan

and mid-sized SUV vehicles

Vehicle dimension Sedan SUV
Bumper lead (mm) 127 127
Bumper centre height (mm) 475 516
Bonnet leading edge height
(mm)

702 839

Bonnet length (mm) 917 635
Bonnet angle (°) 14 18
Windscreen angle (°) 34 40

Validation 3 – Biofidelity of the JARI and TNO
modelled shoulder joints

Bolte et al. (2000) conducted a series of impact
studies on seated PMHS’s to assess the behaviour
and threshold injury response of the shoulder to
lateral impacts. In this work eleven non-embalmed
human PMHS’s were successively impacted on the
left and right shoulders with a 23 kg pneumatic ram
at the level of the glenohumeral joint. All the
PMHS’s used in the study were received and tested
less than 48 hours post mortem. These were
instrumented with ten tri-axial accelerometers,
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located at the sternum, first thoracic vertebra, right
and left acromion processes, the lateral and medial
thirds of each clavicle and on each scapula. The
impacting surface of the ram was 20.32 cm by
15.24 cm and the ram was covered with a 5.08 cm
thick piece of Arcel 310, 26.4 kg.m-3 density foam
padding. For the impact tests the initial impact
speed of the ram was tuned to values between 3.5
and 7.0 m.s-1 in order to achieve a threshold impact
severity on the impacted shoulder.

The original and modified versions of the JARI
pedestrian model and the TNO pedestrian model
were modified to match the set-up of Bolte’s
experiments. Limited details were available
concerning the set-up of the PMHS’s for the tests
and many of these were estimated in the models.
These included details on the exact seating posture
of the PMHS’s and the geometry and structure of
the bench that the PMHS’s were seated on for the
impact tests.

It was not possible to obtain details on the stiffness
characteristics of the Arcel foam added to the front
of the impacting ram. Initially the simulated
stiffness characteristics for this material were
matched to data obtained from impact tests
conducted on motorcycle helmet liners, which was
anticipated to exhibit a similar impact behaviour to
the Arcel foam. However, predicted shoulder
impact forces using these material characteristics
were very different from those measured and it was
uncertain if the differences were due to limitations
of the pedestrian models or a consequence of
incorrect stiffness characteristics being defined for
the impacting ram. To resolve this problem the
stiffness characteristics of the simulated ram were
modified so that the predicted shoulder impact
force on the pedestrian models was similar in
magnitude and profile to those measured. Although
this effectively fixed the impact behaviour of the
simulated impacts it was rationalised that any
further differences observed between predicted and
measured responses could be attributed solely to
limitations in the pedestrian models.

In order to compare their measurements, Bolte et
al. (2000) normalised their results to that of a
fiftieth percentile male and separated and presented
their results according to three impact severities of
the ram. The three impact severities were 3.7-4.2,
4.2-4.75 and 5.0-7.0 m.s-1 as defined by the ram’s
initial impact velocity. Consequently, initial ram
velocities of 3.95, 4.48 and 6.00 m.s-1 were
simulated in the shoulder impacts on the pedestrian
models.

VALIDATION RESULTS

Results - Kinematics of the JARI pedestrian
model

Figures 3 and 4 provide a typical example of the
results obtained from the kinematic validations of
the JARI pedestrian model. In general it was found
that the predicted body segment trajectories and
head impact velocities of the original and modified
versions of the JARI model are very similar. It is
suggested from these results that the modifications
made to the JARI model have had a limited
influence on the accuracy of these predictions from
the model.

Figure 3. Predicted body segment trajectories
and PMHS corridors for the CAR A impacts.

Figure 4. Predicted relative head velocities and
PMHS corridors for the CAR A impacts.

Results – Comparison of predicted head impact
velocities and head impact angles

Predicted body segment trajectories from the two
versions of the JARI model were compared against
equivalent predictions from the TNO pedestrian
model for simulated impacts into a mid-sized
Sedan and mid sized SUV. Figure 5, which
contains the predicted body segment trajectories for
the mid-sized Sedan impacts shows that the profiles
of the predicted trajectories are very similar though
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the deviation in the TNO model’s predictions from
those of the JARI models is greater later on in the
impact. In contrast, the profiles of the TNO
predicted trajectories for the mid-sized SUV impact
(Figure 6) are very different from those predicted
by the JARI models.

Figure 5. Comparison of predicted body
segment trajectories for the mid-sized Sedan
simulated impacts.

Figure 6. Comparison of predicted body
segment trajectories for the mid-sized SUV
simulated impacts.

Predicted head impact velocity relative to the
vehicle front. Figures 7 and 8 compare the
predicted relative head velocity-time history
responses for the mid-sized Sedan and SUV
pedestrian impacts respectively. The largest
difference is observed in the predicted relative head
velocities for the Sedan impact where the peak
relative head velocity predicted by the TNO
pedestrian model is around 2 m.s-1 greater than that
predicted by either the original or modified
versions of the JARI pedestrian model. In contrast
to these results, the predicted relative head
velocities for the SUV pedestrian impacts are very
similar. The difference between the predicted TNO
peak relative head velocity and that of the JARI
pedestrian models is less than 1m.s-1.

Table 3 details the relative head impact velocities
predicted by the original and modified JARI
pedestrian models and the TNO pedestrian model
for the simulated impacts into the mid-sized Sedan
and SUV. The Table also includes the relative head
impact velocities obtained from the original and
modified JARI simulated impacts into CAR A and
CAR B vehicle fronts. These results show that none
of the models consistently predict either the highest
or lowest relative head impact velocities. The
lowest predicted head impact velocity is provided
by the TNO model for the mid-sized SUV
simulation and the highest is produced by the
modified JARI model for the CAR A simulation.
The largest difference in the model predictions is
obtained for the mid-sized Sedan simulation where
the difference is 3.66 m.s-1.

Table 3.
Predicted relative head impact velocities for the

pedestrian models impacted at 11.11 m.s-1

Predicted head impact velocity
(m.s-1)

Vehicle
Type

Original
JARI model

Modified
JARI model

TNO
model

CAR A 13.16 14.02 Not
simulated

CAR B 13.27 12.66 Not
simulated

Mid-sized
Sedan

9.98 10.48 13.64

Mid-sized
SUV

9.79 10.12 8.89

Figure 7. Comparison of predicted relative
head velocities for the mid-sized Sedan
simulated impacts.
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Figure 8. Comparison of predicted relative
head velocities for the mid-sized SUV simulated
impacts.

Predicted head impact angles relative to the
vehicle front. Predicted head impact angles for the
simulated vehicle-pedestrian impacts were
determined using the following formula;

Head Impact Angle = arctan (VRX/VRZ)
Where;

VRX = Head horizontal impact speed
relative to the vehicle at time of vehicle-head
impact;

VRZ = Head vertical impact speed relative
to the vehicle at time of vehicle-head impact.

Table 4 details the relative head impact angles
predicted by the original and modified JARI
pedestrian models and the TNO pedestrian model
for the simulated impacts into the mid-sized Sedan
and SUV. The Table also includes the relative head
impact angles obtained from the original and
modified JARI simulated impacts into CAR A and
CAR B vehicle fronts. As with the predicted head
impact velocities none of the models was found to
consistently predict either the highest or lowest
head impact angles. The largest difference in the
results was for the mid-sized SUV simulation in
which the original JARI pedestrian model predicted
a head impact angle 17° larger than that predicted
by the TNO pedestrian model.

Table 4.
Predicted relative head impact angles for the

pedestrian models impacted at 11.11 m.s-1

Predicted head impact angle (°)Vehicle
Type Original

JARI model
Modified

JARI model
TNO
model

CAR A 103 98 Not
simulated

CAR B 70 76 Not
simulated

Mid-sized
Sedan

84 93 86

Mid-sized
SUV

107 104 90

Results – Biofidelity of the JARI and TNO
modelled shoulder joints

Predictions from the two versions of the JARI
model and the TNO model were compared against
the measured responses obtained by Bolte et al.
(2000). These included comparisons of the force-
time histories of the impacts, estimated effective
masses of the impact and the relative shoulder
displacement as defined by the acromion-sternum
displacement.

Comparison of measured and predicted
force time histories. Predicted impact forces from
the model runs were compared against samples of
the normalised impact force responses produced by
Bolte et al. (2000). As in the results of Bolte these
were grouped within defined velocity ranges that
the impact ram struck the PMHS’s in test. Figure 9
provides an example of the results obtained. It
shows that the magnitude and period of the
predicted responses broadly match the measured
responses. This result could be expected given that
the simulated stiffness of the impacting ram was
modified to get the predicted impact forces to
match those measured.

Figure 9. Predicted and measured normalised
force time histories for shoulder impacts
between 3.7-4.2 m.s-1.

Comparison of measured and predicted
effective masses. The measured effective impact
mass for the PMHS shoulders was estimated by
dividing the impulse of the shoulder impact by the
change in velocity of the first thoracic vertebra.
The change in thoracic vertebra velocity was
determined from the time of initial contact until the
time when the impacted acromion was maximally
displaced with respect to the non-impacted
acromion. The shoulder impacts resulted in
fractured and non-fractured impacts to the
shoulders. The average estimated effective masses
for the non-fractured, fractured and overall impacts
were as follows:
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• Average effective mass for non-fractured
impacts 20.7 kg

• Average effective mass for fractured impacts
18.7 kg

• Overall effective mass of impacts 19.9 kg

Bolte also normalised their results and found that
the average effective mass for the 50th percentile
male was 24.0kg.

It was not possible to estimate effective impact
masses for the pedestrian models according to the
method used by Bolte as there was very little
acromion-acromion displacement in the pedestrian
models as detailed below. Consequently, effective
shoulder impact masses for the pedestrian models
were calculated by dividing twice the energy of the
shoulder impact by the square of the velocity of the
impacted acromion at the time of zero relative
velocity between the ram and the impacted
shoulder.

Effective impact shoulder masses were estimated
for all three simulated ram impact speeds of 3.95,
4.48 and 6.00 m.s-1. These results are detailed in
Table 5 and show that the predicted effective
masses are at least 6 kg higher than that estimated
for the 50th percentile shoulder impact. The lowest
effective masses for the predicted responses were
estimated for the TNO pedestrian model. These
estimated effective masses were between 3.5 and
6.6 kg lower than those estimated for the original
and modified JARI models depending on the ram
impact velocity. Estimated effective masses for the
modified JARI model were also consistently lower
than those estimated for the original JARI model.
The differences between the original and modified
JARI model effective masses were between 0.4 and
3.0 kg.

Table 5
Estimated effective masses for the shoulder

impacts

Effective mass (kg)Ram
impact
velocity
(m.s-1)

Original
JARI
model

Modified
JARI
model

TNO
model

PMHS
50th

% ile
3.95 36.9 33.9 30.2
4.48 37.8 35.2 31.7
6.00 41.4 41.0 34.4

24.0

Comparison of measured and predicted
acromion-sternum displacement. Average
measured acromion-sternum displacements for the
non-fractured and fractured PMHS impacts were
respectively 47.6 and 33.5mm. The overall average
measured acromion-sternum displacement was
39.0 mm with a standard deviation of 22.0 mm.

Table 6 details the predicted acromion-sternum
displacement for the simulated ram impacts to the
shoulders of the three investigated pedestrian
dummy models at the three initial ram impact
speeds of 3.95, 4.48 and 6.00 m.s-1. All these
predicted displacements are considerably smaller
than the measured responses. The original JARI
model exhibits no displacement of the acromion-
sternum for the impacts and only minor
displacements are observed in the modified JARI
model. In comparison to the predicted
displacements from the original and modified JARI
models those predicted by the TNO pedestrian
model are much larger, averaging around 3.68 mm.
However, even the predicted acromion-sternum
displacements of the TNO model were on average
ten times smaller than those measured.

Table 6
Acromion-sternum displacement for the

shoulder impacts

Acromion-sternum displacement
(mm)

Ram
Impact
velocity
(m.s-1)

Original
JARI
model

Modified
JARI
model

TNO
model

Average
PMHS

measured
response

3.95 0.000 0.003 3.171
4.48 0.000 0.003 3.492
6.00 0.000 0.004 4.373

39.0

DISCUSSION

The principal objective of this study was to
improve the biofidelic response of the JARI
pedestrian model in order to alleviate concerns that
exist in applying the model for developing the
IHRA Pedestrian Working Group’s head impact
test procedure. To fulfil this role it is essential that
the JARI model is able to accurately predict the
impact behaviour of the head during simulated
vehicle-pedestrian impacts. Despite modifications
made to the JARI model in this study it is uncertain
if the accuracy of the predicted impact behaviour of
the JARI modelled head has been improved.

Simulated shoulder response

The action of the shoulder is considered to have a
critical influence on the impact behaviour of the
head with the vehicle front during vehicle-
pedestrian impacts. It was identified prior to this
study that the simulated shoulder was one of the
main limitations in the biofidelity of the JARI
pedestrian model and modifications were made in
this study to address this issue. When compared
against test results from shoulder impacts of PMHS
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published by Bolte et al. (2000) it was found that
the modified JARI model provided a consistent, but
only slightly better biofidelic shoulder response
than the original JARI model. Overall, both
versions of the JARI model provided poor
biofidelic shoulder responses in comparison to the
measured PMHS test data.

Predictions from the TNO pedestrian model were
also included in these comparisons to determine if
this model provided a better biofidelic shoulder
response than the JARI model. In comparison to
the predictions from the two versions of the JARI
model the TNO model did provide an overall better
biofidelic response. Predicted effective masses and
acromion-sternum displacements from the TNO
model correlated more closely with the measured
PMHS data than the JARI model. However, as with
the JARI model the TNO model was also
considered to provide a poor biofidelic shoulder
response. Predicted effective masses from all the
pedestrian models were on average 6 kg higher
than those estimated from the test results and the
best predicted acromion-sternum displacements as
provided by the TNO model were on average ten
times smaller (36 mm lower) than those measured.

The poor biofidelity in the simulated shoulder
responses raises concerns on the accuracy to which
the models can predict the impact behaviour of the
head given the anticipated influence that the
shoulder has on the head impact response during
vehicle-pedestrian accidents. In general the
shoulder impact comparisons indicate that the
simulated shoulder responses are too stiff in
comparison to that of real shoulders loaded under
severe impact conditions. The differences in the
predicted and measured shoulder response can be
attributed to a number of limitations in the models’
structures, which can be resolved given the
necessary resources.

Limitations of the simulated shoulder structure

The structure of the shoulders in both the modified
JARI and TNO pedestrian models adequately
simulate the normal degrees of movement in the
shoulder joint. However, it is noticed in the
comparisons against PMHS test data that large
differences exist in the simulated and measured
shoulder responses under severe loading
conditions. Severe impacts to the shoulder will
result in abnormal deformations and compressions
of the shoulder and upper torso that are not
currently simulated in the pedestrian models.
Severe impact loads to the shoulder will result in
compression of the shoulder joint, bending and
relative displacement of the bones forming the
shoulder complex, compression of the rib cage and
complex articulations, as well as shearing and

stretching of the thoracic and cervical spine. It is
anticipated that all these actions will contribute to
the differences observed between measured and
predicted shoulder behaviour.

It is recognised that further modifications to both
the JARI and TNO models are needed to improve
the biofidelity of the predicted shoulder response
under severe shoulder impacts. This would help to
improve the confidence in the models’ predictions
and especially the predicted impact behaviour of
the head during simulated vehicle-pedestrian
impacts.

Comparison of predicted head impact behaviour

It is uncertain how much an improved biofidelic
shoulder response in the model’s would influence
the predicted head impact behaviour. Indications
are that these might be considerable. For despite
only minor differences in the biofidelity of the
models’ shoulder responses, more significant
differences were observed in the predicted head
impact behaviour from the original and modified
JARI pedestrian models and the TNO pedestrian
model. Simulated vehicle-pedestrian impacts were
into bonnet leading edge heights ranging between
641 and 839 mm. For the equivalent simulated
impacts into the same vehicle fronts the differences
in the original and modified JARI predicted head
impact velocities and head impact angles ranged
between values of 0.3 – 0.9 m.s-1 and 3.3 – 9.6°
respectively. Greater differences were observed
between the head responses predicted by the JARI
and TNO models, where differences in the
predicted head impact velocities and head impact
angles for simulated impacts into the same vehicle
fronts were as high as 3.9 m.s-1 and 17.1°
respectively. Similar differences in head impact
behaviour would significantly alter the level of
impact energy applied to a vehicle front for the
purposes of sub-system testing for pedestrian head
strikes. The accuracy of the JARI pedestrian
model’s predicted head behaviour is therefore
imperative to the IHRA developing a representative
sub-system head impact test procedure and a key
element to achieving this is to improve the
biofidelity of the model’s shoulder response.

Although there are indications that improving the
biofidelity of the model’s shoulder response would
have a considerable effect on the predicted head
impact behaviour it is difficult to suggest if the
improvements would result in lower or higher
predicted head impact values. Examinations of the
models’ predictions found that none of the models
consistently provided the highest or lowest
predicted head impact angles and head impact
velocities, even though consistent differences were
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observed in the biofidelity of their shoulder
responses.

Predicted body segment trajectories

It was found in comparisons of predicted body
segment trajectories and relative head impact
velocities from the original and modified versions
of the JARI pedestrian model that these results are
very similar. Furthermore, both sets of predictions
broadly matched equivalent measurements
obtained from PMHS vehicle-pedestrian impacts as
provided by JARI. Although several modifications
were made to the JARI model, including the
facilitation of a stretching response in the spine and
the inclusion of shoulder joints in the model, these
results suggest that the modifications made have
had a limited influence on the general kinematic
behaviour of the model. This result is consistent for
all the vehicle profiles investigated in this study
which had simulated bonnet leading edge heights
of between 641 and 839 mm.

Predicted body segment trajectories from the TNO
model were also similar to those predicted by the
original and modified versions of the JARI model
for simulated vehicle-pedestrian impacts into a
relatively low profile mid-sized Sedan vehicle.
Despite the large differences in the structure of the
JARI and TNO pedestrian models the results from
the comparisons would suggest that the structure of
the models has a minor influence on the general
kinematic behaviour of the models. However, the
similarity between the models’ predictions was
found to be very dependent on the vehicle shapes
used in the simulated vehicle-pedestrian impacts.
For a higher profiled simulated SUV vehicle-
pedestrian impact there were considerable
differences between the body segment trajectories
predicted by the TNO model and those predicted
by the two versions of the JARI model, as shown in
Figure 6. These differences are also highlighted in
the animations of the simulated SUV vehicle-
pedestrian impacts. Figure 10 shows animated
frames from the original JARI simulation of the
SUV vehicle-pedestrian impact. As shown in this
figure, the pedestrian model slides onto the SUV
vehicle bonnet during the model run. In contrast,
Figure 11 shows that the TNO pedestrian model for
the SUV model simulation tended to get pushed
ahead of the vehicle front during the vehicle-
pedestrian simulated impact.

The purpose of including the TNO pedestrian
model in the study was to determine if it provided a
better alternative pedestrian model for developing
the IHRA pedestrian head impact test procedure
than the JARI pedestrian model. None of the
comparisons completed in this study provide any
obvious indications of which model should be

used. However, the gross differences in the general
kinematics of the pedestrian models for the high
sided SUV impact provides a useful separation of
which model provides the most accurate pedestrian
predictions. Comparing these model results against
matching PMHS test data would help in the
decisions of which model provides the most
accurate predictions. However, PMHS data used in
this study were for relatively low-sided vehicles
where the body-segment trajectories of the
different models were found to be similar. Further
work is thus deemed necessary to validate the
models’ predictions over a larger range of vehicle
shapes to determine if the TNO model provides a
significant improvement in predictive accuracy
over the JARI model.

Figure 10. Animated frames of the original
IHRA pedestrian model impact with the mid-
sized SUV.

Figure 11. Animated frames of the TNO
pedestrian model impact with the mid-sized
SUV.
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CONCLUSIONS

This work has aimed to improve the impact
behaviour of the JARI pedestrian model’s head
during simulated vehicle-pedestrian impacts.
Modifications made to the model to improve its
biofidelity included the introduction of additional
model joints to allow axial stretching of the spine
and the development of shoulder joints for the
model. Predictions from the original and modified
versions of the JARI pedestrian model were then
compared against measurements from full-scale
vehicle-pedestrian impact tests and shoulder impact
tests completed on PMHS’s. The predictions from
the two versions of the JARI pedestrian model
were also compared against the predictions from an
additional pedestrian model produced by TNO. The
general conclusions that can be made from the
work are as follows:
• The modified JARI pedestrian model was found

to have slightly better shoulder biofidelity than
the original JARI pedestrian model. The TNO
shoulder was found to have slightly better
biofidelity than either the original or modified
versions of the JARI pedestrian model.

• In comparison to test data from PMHS shoulder
impacts all the models demonstrated very poor
shoulder biofidelity and all simulated responses
were too stiff in comparison to PMHS shoulder
responses. Predicted effective masses were 6 kg
higher than those measured and the best
predicted acromion-sternum displacements
were on average ten times smaller (36 mm
lower) than that measured.

• The poor biofidelity of the simulated shoulder
responses is attributed to the pedestrian models
not simulating abnormal compressions and
deformations of the shoulder during severe
impacts. This would include bending and
relative displacement of the bones forming the
shoulder complex, compression of the shoulder
joint, compression and bending of the rib cage
and complex articulations, shearing and
stretching in the thoracic and cervical spine.

• Simulated vehicle-pedestrian impacts were into
vehicle fronts with bonnet leading edge heights
ranging between 641 and 839 mm. For
simulated vehicle-pedestrian impacts into the
same vehicle front the difference in the
predicted head impact velocities and head
impact angles from the original and modified
JARI models ranged between values of 0.3 –
0.9 m.s-1 and 3.3 – 9.6° respectively. The
differences in the predicted head impact
velocities and head impact angles from the
JARI and TNO pedestrian models for simulated
vehicle-pedestrian impacts into the same
vehicle front were as high as 3.9 m.s-1 and 17.1°
respectively.

• Despite consistent differences in the shoulder
biofidelity of the pedestrian models, none of the
models consistently predicted either the highest
or lowest head impact velocities and head
impact angles. Consequently it is not possible to
state if improving the biofidelity of the
simulated shoulder will increase or reduce
predicted head impact velocities and head
impact angles.

• It is not possible to say from this work if the
TNO model provides a superior model to the
JARI model for developing the IHRA head
impact test procedure. However, significant
differences were observed in the TNO and
JARI pedestrian models’ kinematic behaviour
for simulated impacts into a high profiled
vehicle front with a bonnet leading edge height
of 839 mm. It is suggested that the predictions
from both pedestrian models should be
validated against measured data from PMHS
impact tests into high profiled vehicles in order
to gauge which model provides the most
accurate biofidelic response.
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ABSTRACT

We present a nontechnical discussion of changes made to
the calculations of the lives saved by safety belts and air
bags published by the National Highway Traffic Safety
Administration (NHTSA). Each year when new data are
available from the Fatality Analysis Reporting System,
NHTSA’s National Center for Statistics and Analysis
(NCSA) estimates the numbers of passenger vehicle
occupants, ages 5 and older, that were saved by safety belts
and air bags during that year. NCSA also estimates the
number of people that would have been saved if belt use
had been at various higher use rates.

Substantial changes are made to these calculations. They
are corrected to properly recognize the combined
effectiveness of safety belts and air bags, and to remove
children under the age of 13 from the calculation of the

lives saved by air bags. We examine the method currently
used to parcel the total savings by belts and bags into those
saved by belts and those by bags, and delineate the range of
possible belt-bag attributions. Finally, we choose a
consistent method for all calculations hypothesizing a
higher belt use. Our choice will slightly change the
interpretation of the number of lives that would have been
saved if everyone had buckled up, but this change of
interpretation is necessary to have consistent estimates.

The new methods will change some estimates substantially
and so revisions will be issued for prior data years. We
specify how these will be calculated. We also discuss the
updated effectiveness ratings and belt use model that will
be implemented simultaneously with the new methods.

INTRODUCTION

Safety belts and air bags have made our roads
substantially safer over the years. NHTSA estimates
that safety belts have saved 147,246 lives in the
period 1975-2001, and air bags saved 8,369 lives

between 1987 and 2001. Figure 1 displays the
savings in the period 1991-2001, during which about
109,000 lives were saved by belts and 8,000 by air
bags.

Since children under the age of 5 should be in a child
safety seat, the lives saved by safety belts only
reflects occupants ages 5 and older. Similarly, since
children under 13 should not be in front of an air bag

unless there is no other seat available, the lives saved
by air bags reflects occupants ages 13 and older.

Of course, lives saved cannot simply be counted, but
must instead be estimated based on the numbers of

Figure 1. Lives Saved by Safety Belts and Air Bags
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fatalities and the known effectiveness of belts and air
bags. That is, we infer the number of those who did
not die from those who died while using the safety
device and the effectiveness of the device. In this
paper, we present recent changes we made to the
methodology used to estimate these lives saved and
those that would have been saved if a higher
proportion of occupants had used belts. We do not

provide formulas or other technical details here, but
these may be found in [G].

NHTSA also calculates variations on these lives
saved estimates, such as the numbers of lives lost
from not wearing safety belts or the number that
would be saved at some particular point in the future
(with a projected belt use), that should incorporate
changes similar to those in this paper.

1. HOW THE SAVINGS ARE CALCULATED, AND OUR MODIFICATIONS

Lives saved are estimated from the numbers of
fatalities, which NHTSA collects in its Fatal Analysis
Reporting System (FARS), and from the
effectiveness ratings of safety belts and air bags,
which NHTSA periodically recalculates to reflect
changes in technology and the types of crashes

occurring on the roads. We will illustrate our
nontechnical description with a small example,
namely drivers in the year 2000 in passenger cars
equipped with three-point belts, which had the
following fatalities and effectiveness ratings.

Table 1.
Fatalities and Effectiveness Ratings in 2000 for Drivers of Passenger Cars with 3-Point Belts

Source: National Center for Statistics and Analysis, NHTSA, 2000 FARS and [K2], [RC]

For instance, 2,008 people over the age of 12 and
belted with a 3-point belt died in crashes driving
passenger cars that didn’t have driver’s side air bags.
These 3-point belts are 48% effective against fatality,
meaning that they reduce the fatalities among those
who would die unbelted and without an air bag by
48%.

These effectiveness ratings, which are the most
recent available, were calculated by NHTSA in [K2]
and [RC]. The most recent effectiveness ratings in
the rear seats are found in [M]. Prior to the 2002 data
year, ratings from [K1] were used. The new ratings
reflect changes in belt technology, newer vehicles
(e.g. greater numbers of sport utility vehicles
(SUVs)), and changes in the types of crashes
occurring on the roads (e.g. the increased incidence

of SUV rollovers). The data year 2002 will be the
first that uses the ratings from [K2], [M], and [RC].
When the 2002 estimates are published, estimates
from prior data years will be revised in a manner that
gradually incorporates the transition from the ratings
in [K1] to those in [K2], [M], and [RC].

Because air bags are passive restraints, their
effectiveness ratings reflect the protection provided
by the air bag's presence, not its deployment. Note
also that the effectiveness of a belt-bag system is
somewhat less than the sum of the effectiveness
ratings of its two components, i.e. 53.72% <
48%+14%. That is, belts and bags have what is
known in statistical terminology as a negative
interaction.

Correcting the Use of the Joint Effectiveness of Belts and Bags

It is a relatively straightforward matter to estimate the
number of lives saved by belts and bags combined. If

x people die using a safety device that has an
effectiveness e (i.e. that reduces fatalities in settings

Belt Used? Air Bag in
Vehicle? Age 5-12? Effectiveness of

Restraint Used Fatalities

Yes Yes No 53.72% 3,565
No Yes No 14% 3,364
Yes Yes Yes 48% 0
No Yes Yes 0% 1
Yes No No 48% 2,008
No No No 0% 2,893
Yes No Yes 48% 0
No No Yes 0% 2
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in which people would otherwise die by e×100%),
then one can infer that a total of x/(1-e) used the
device in a setting in which they would otherwise die,
ex/(1-e) of which were saved by the device.
Applying this to each line of Table 2 gives that 6,540

drivers in passenger cars equipped with 3-point belts
were saved in 2000. We corrected an oversight in the
implementation of this calculation, concerning the
manner in which the effectiveness of combined belt-
bag systems was incorporated.

Table 2.
Lives Saved in 2000 for Drivers of Passenger Cars with 3-Point Belts

Source: National Center for Statistics and Analysis, NHTSA, FARS, 2000

Attributing the Joint Savings to the Belt and Bag Components

NHTSA wishes to parcel out this total savings to
belts and bags separately, and this requires making
choices. The 1,854 people saved in Table 2 who did
not have air bags were clearly saved by their belts,
and similarly, it is more reasonable to say that the
548 unbelted saved people were saved by their bag.
(We ignore the fact that we cannot say with certainty
that the air bag deployed in all 548 cases.) However,
for the 4,138 who were saved using both a belt and a
bag, we cannot say which restraint component saved
them. It is clearly unfair to attribute all 4,138 to one
component, since neither component could have

saved this many. E.g. these belts are only 48%
effective and so could only have saved at most 3,697
people (that is, .48×3,565/(1-.5372) = 3,697).
Similarly, bags could have saved at most 1,078
people. However, any partitioning between 3,697
belts, 441 bags and 3,060 belts, 1,078 bags is a
reasonable attribution. NHTSA’s current
methodology is to use the attribution that favors belts
the most (i.e. 3,697 saved by belts and 441 by bags)
because air bags are viewed as restraints that
supplement safety belts.

Correcting the Incorporation of Children in the Air Bag Calculations

Children under the age of 13 should not be placed in
front of an air bag unless there is no other seat
available. Because of this and because NHTSA has
found the available data to be insufficient to derive
reliable air bag effectiveness ratings for these
children, air bags are rated as 0% effective against
fatality for occupants under 13. For example, the
restraint (i.e. the air bag) used by the one unbelted
child between 5 and 12 years in row 4 of Table 2 has
an effectiveness rating of 0% for this child, instead of
the 14% used in row 2 for occupants over 12.

Similarly, had there been any belted children between
5 and 12 years in row 3 of Table 2, they would have
been using a restraint system (i.e. a belt and bag) that
is 48% effective for them, rather than the 53.72%
used in row 1 for drivers over 12. In programming
the calculation described in this paper, we corrected
an oversight in the implementation of the currently
used calculation that incorrectly applies the
effectiveness ratings for occupants over 12 to
occupants ages 5-12.

Making the Calculations Involving Hypothetical Use Consistent

NHTSA also estimates the number of people that
would have been saved if belt use had been higher

(e.g. the number that would have been saved if belt
use had been 90% in 2000). There are two

Belt
Used?

Air Bag in
Vehicle? Age 5-12? Effectiveness of

Restraint Used Fatalities Lives Saved by
Belts and Bags

Yes Yes No 53.72% 3,565 4,138
No Yes No 14% 3,364 548
Yes Yes Yes 48% 0 0
No Yes Yes 0% 1 0
Yes No No 48% 2,008 1,854
No No No 0% 2,893 0
Yes No Yes 48% 0 0
No No Yes 0% 2 0

Total Lives Saved 6,540
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reasonable ways that one could estimate such
quantities. In this paper we will refer to these
methods as the “Average Effectiveness” and
“Individual Effectiveness” methods. These are
difficult to describe without giving technical details,
which can be found in [G], but the basic difference
between the two is that the “Individual Effectiveness”

method uses the individual effectiveness ratings of
the several types of belts, while the “Average
Effectiveness” method uses an average effectiveness
rating. These methods would have given the
following estimates of the number saved among
drivers of passenger cars with 3-point belts if belt use
had been 90% in 2000.

Table 3.
Lives That Would Have Been Saved in 2000 for Drivers of Passenger Cars with 3-Point Belts if 90%

of Them Had Used Belts

Source: National Center for Statistics and Analysis, NHTSA, FARS, 2000

The difference in the two methods is fairly small in
this example (about 1%), but is a little larger in
general (about 5%).

NHTSA had previously used different methods in
different settings (e.g. for 90% use, 100% use, or use
that is one percentage point higher), and this resulted
in inconsistent estimates. Since both the “Average
Effectiveness” and “Individual Effectiveness”
methods are intuitively correct, but the “Average
Effectiveness” Method is easier to implement, we
chose it as the methodology to use for all calculations
of the lives that would have been saved at higher belt
use rates.

Of course, the question of which component the
additional savings should be attributed to also exists
here. The analog of NHTSA’s belt-favoring
approach from the previous section is to attribute all
of the additional 8,046 savings to belts (and none to
bags). This has the consequence that buckling up
doesn’t make the bag work better (although this
could be viewed as an unappealing property, since in
reality, buckling up positions the occupant for the air
bag to work optimally).

This calculation also uses a model of safety belt use
among potential fatalities (those who would have

died if they had been unbelted and with no air bag) as
a function of daytime use in the front seat. (The
latter is a convenient quantity to model on, since it is
estimated every year in NHTSA’s National Occupant
Protection Use Survey. [N]) Prior to the 2002 data
year, the model from [WB1] was used. NHTSA
updated this model in [WB2] to reflect recent
changes in belt use. Starting in the 2002 data year,
the updated model from [WB2] will be used in the
lives saved calculations (specifically, in the
calculations of the lives that would have been saved
at a higher belt use rate), unless a yet new model is
available at that time. Revisions will also be issued
for prior years that gradually incorporate the
transition from the model in [WB1] to the new
model.

Choosing a consistent methodology forced us to
change the interpretation of the savings at 100% belt
use. The previous calculation estimated the number
saved if ALL occupants had belted themselves. The
new calculation amounts to estimating the number
saved if belt use had been 100% among occupants of
the front seat in daylight hours. Consequently, the
new estimate is lower than the older, but had to be in
order to be consistent with the other calculations that
hypothesize a belt use rate.

2. IMPLEMENTING THESE CHANGES

All changes in the previous section will be applied in
the 2002 data year. In addition, revisions will be
issued for the estimated lives saved in previous years
that gradually incorporate the transition to the new
methodology.

There is no canonical choice for how far back
revisions should be calculated. Some of the changes
in the previous section are methodological

corrections that are valid for all years (such as the
correct use of the joint belt-bag effectiveness and the
removal of children under 13 from the air bag
savings). Other changes reflect recent changes on
the roads and so should only be applied to a limited
number of years. E.g. the new effectiveness ratings
from [K2], [M], and [RC] largely reflect the
increased presence of SUVs that started in the early
1990s, while the model of use among the potential

Method Used for Calculation Lives That Would Have Been Saved
“Average Effectiveness” Method 8,046

“Individual Effectiveness” Method 8,163
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fatalities in [WB2] reflects recent changes in belt use.
However since the corrections in the joint
effectiveness and the removal of children have little

effect prior to the 1990 data year, when air bags were
less prevalent, we plan to issue revisions for the lives
saved since the 1990 data year.

3. FUTURE WORK

NHTSA is currently updating its model of use among
potential fatalities as a function of daytime use in the
front seat from [WB2] to reflect the updated
effectiveness ratings from [K2], [M], and [RC]. We
plan to incorporate this model when it is available.

Also, modifications similar to those in this paper
could be made to the calculations of injuries
prevented from the use of safety belts or sustained
from not using belts. We plan to revisit the
methodologies currently used in these injury
calculations.
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ABSTRACT

Computer simulation, component testing, and sled
tests often require the generation of suitable, derived
acceleration time histories to define a collision event.
These time histories have shape, amplitude, and
duration characteristics. Suitable, derived
acceleration time histories should be based on a
particular vehicle’s response in a staged full scale
crash test. A staged crash test includes
instrumentation in order to measure acceleration time
histories, force time histories and other engineering
parameters. Analytical techniques are developed to
derive acceleration time histories at different
collision severities based on the measured
acceleration time history in a particular crash test.

BACKGROUND

The dependence of occupant response on the
collision pulse shape is well studied. Agaram [1]
conducted DYNA 3D and MADYMO studies and
concluded that “different crush pulses with identical
average accelerations values yield different occupant
response.” The Agaram study [1] used square,
triangle and half sine pulse models .

Simulation software has been developed and utilized
in the automotive safety field to develop and scale
collision pulses. The Structural Impact Simulation
and Model Extraction (SISAME) program has been
developed under contract with the U.S. Department
of Transportation to extract optimal lumped-
parameter structural impact models from actual or
simulated vehicle crash event data. This program
models a vehicle using a lumped parameter
methodology. This methodology utilizes rigid masses
connected by load paths consisting of zero mass
elements. The SISAME program requires a
significant modeling effort in order to arrive at scaled
collision pulses.

INTRODUCTION

This study presents closed form functions that are
applied and compared to observed experimental pulse

shapes. Differences between analytical predictions
and observed experimental results are explored.
Time histories are examined for the same vehicle at
different collision test speeds in order to investigate
the rate sensitivity of the vehicle collision response.
The analytical determination of static crush, dynamic
crush and vehicle structural restitution is discussed.
This research will show that a vehicle’s pulse shape
can be modeled and scaled using readily available
crash test data fitted with closed form functions.

There are numerous factors that can effect the
characteristics of a crash pulse. Some of these
include the vehicle shape, vehicle structure, vehicle
mass, collision partner, crash mode, and amount of
engagement. Given this variability, the modeling
technique must be flexible enough to accommodate a
wide range of characteristics but robust enough to
give good correlation to the parameters modeled.

The presented methodology first examined a set of
predefined crash pulse shapes and then interpreted an
actual test pulse to develop the parameters that best
fit the given shape. The next step was to develop a
methodology to scale those characteristics in order to
run analytical simulations or tests at different test
speeds.

PULSE MODELING DERIVATIONS

This research focused on four well recognized and
identified shapes: Haversine (sin2), sine, square wave,
and symmetric triangular. The procedure is to use
the minimum amount of variables to define the
collision pulse. Additionally, the generalized model
is derived for a two vehicle collision. The parameters
considered are:

a = acceleration
t = time
s = displacement

P = peak acceleration
T = duration of impact
V1= initial velocity of vehicle 1
V2= initial velocity of vehicle 2
∆V1= change in velocity of vehicle 1
∆V2= change in velocity of vehicle 2
T = Collision Pulse Time duration

The model inputs:
• VO1 = Impact Velocity of Vehicle 1
• VO2 = Impact Velocity of Vehicle 2
• ∆V1 = Velocity Change of Vehicle 1
• ∆V2 = Velocity Change of Vehicle 2
• Mutual crush = total crush to both Vehicles



Outputs from the model will include the acceleration,
velocity, and displacement time histories.
Additionally, peak acceleration, average acceleration,
and impact duration are also output from the models.

The Haversine pulse, Figure 1, is used as an example
of the model development. This pulse has been
widely used to represent frontal barrier pulses and
has been identified in previous research as being a
good representation of a frontal barrier collision pulse
[3].

Figure 1. Haversine pulse.

The half period sine pulse, Figure 2, is also utilized.
This has been previously identified in collision pulse
modeling as a standard pulse to represent a frontal
barrier impact [3,1].

Figure 2. Sine pulse.

The square wave, Figure 3, which represents the
collision as a constant acceleration, is presented as
the simplest representation of a collision [3,1].

Figure 3. Square wave pulse.

The symmetric triangular pulse shape, Figure 4, is
modeled. This pulse shape has also been previously
identified as a useful collision pulse model [2].

Tra

Figure 4. Triangular pulse.

The development of the Haversine model is presented
here as an example. The sine, triangular, and square
wave collision pulse models are derived in the
Appendix.

Model 1: Haversine (Sin2).
The acceleration is written in Equation 1.
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Figure 12. Graphical representation: Sin2.

Integrating acceleration with respect to time yields
velocity.
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At t = T, V = Vo + ∆V. Substituting into Equation 3
yields peak acceleration.
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Integrating Equation 3 yields displacement
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At t = 0, s = 0. Solving for C2 yields
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Substituting C2 into Equation 5 yields the
displacement as a function of time
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The final parameter to be determined is the duration
of contact. At t1 = t2 = T, mutual crush = absolute
value of s1-s2. Solving Equation 7 for impact
duration results in the following determination of
duration.
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The development of the above pulse shape (and those
in the appendix) cover a wide range of characteristic
shapes to approximate a crash pulse. However, the
demonstrated methodology can be applied to most
integrable functions which allows the user to
customize this methodology to other pulse shapes.

MODEL APPLICATIONS

After the pulse shape has been selected and the
various characteristics of the function have been
derived, there are a number of factors that arise in the
application of the derived model. When fitting a
model to actual crash test data it is simple to
determine the ∆V from the instrumentation; however,
the crush is not as easily quantified and various
difficulties arise as to exactly what crush value to
use.

A careful review of the derivation of the model
reveals that the use of the crush at separation of the
collision partners is required. The crush at separation
is easily determined from a derived force deflection
chart as seen in Figure 5. This separation crush was
input into the model for the sample test and the four
models were developed. Shown in Figure 6 are the
resulting four models plotted with the actual
acceleration time history. The data is then integrated
and the resulting velocity time histories are shown in
Figure 7. This is integrated again and the resulting
displacement time histories are shown in Figure 8.

Figure 5. Force versus deflection – compact four
door sedan.

Figure 6. Crush at separation as input into the
pulse models – acceleration versus time.

Figure 7. Crush at separation as input into the
pulse models – velocity versus time.

Figure 8. Crush at separation as input into the
pulse models – displacement versus time.



STRUCTURAL RESPONSE

Analysis of the acceleration and force data generated
provides some insight into the structural response
characteristics of the vehicle. For this analysis
restitution and crush rate sensitivity are considered.
Depicted in Figure 9 is an absorbed energy parameter
[4] for the frontal barrier tests conducted on a front
engine, front wheel drive midsize hatchback at 56, 64
and 77 kph. This graph indicates that there is good
correlation with energy absorption as velocity
increases.

Figure 9. Comparison of EAF versus deflection
derived from a front engine front wheel drive

midsize hatchback tested at different velocities.

Figure 10 is an energy absorption graph of a small
pickup truck undergoing frontal barrier impacts at 24
and 56 kph. There is similar structural response of
these 2 tests except in the very elastic initial 100 mm
of deformation. It is apparent that the energy
absorption characteristics follow the same path; that
is similar amounts of deformation require similar
amounts of energy irrespective of test speed.

Figure 10. Comparison of EAF versus deflection
derived from tests at different velocities – small

pickup truck.

RESTITUTION CHARACTERISTICS

After the maximum mutual crush has occurred the
impacting vehicle structures begin to rebound. The

restitution characteristics have a significant influence
on the post impact structural deformation data when
considering what is occurring in the dynamic
environment. The force deflection of a mid size four
door sedan full scale barrier test is plotted and shown
in Figure 11. The figure shows the maximum
dynamic structural deformation is about 750 mm. At
the moment of separation from the barrier the
deflection of the vehicle is about 675 mm. The
measured static residual crush is about 490 mm. This
difference between crush at separation and residual
crush has been observed in numerous other frontal
barrier tests and indicates that vehicle structures
continue to restore after separation from the barrier
has occurred. The rate of restoration is not sufficient
to maintain contact with the load cell barrier face.

Figure 11. Force versus deflection – midsize four
door sedan.

VELOCITY SENSITIVITY

An investigation was performed to analyze whether a
particular vehicle is well modeled by a characteristic
shape at different test speeds. If a vehicle can be
represented by a characteristic shape, then that shape
can be determined from a compliance test and readily
scaled to a different speed. While this concept has
not been generalized it has been observed in
numerous tests that have been analyzed. Two of
those studies are presented for discussion here.

Acceleration data from two rigid frontal barrier crash
tests of the same model full size van were studied and
shown in Figures 12 and 14. Overlaid on these
acceleration time histories is a sine model using the
presented methodology. Examination of the resulting
velocity time histories (Figures 13 and 15)
demonstrates clearly that the sine model represents
the vehicle dynamics. Even though these tests differ
by a factor of 4 in energy, the characteristic pulse
shape is the same



Figure 12. Acceleration versus time for a full size
van at 25 kph. Sine fit.

Figure 13. Velocity Versus Time for a full size van
at 25 kph. Sine fit.
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Figure 14. Acceleration versus time for a full size
van at 48 kph. Sine fit.

Figure 15. Velocity versus time for a full size van
at 48 kph. Sine fit.

A second analysis is performed with frontal barrier
crash tests of a small four door sedan at 40, 48 and 57
kph - Figures 16-18. The sine model, again, best
represents this vehicle’s collision time history at all
three test speeds. In the course of this research, other
vehicles were studied with similar results. These
results indicate that determined characteristic shape
can be scaled to different speeds for similar impact
conditions.

Figure 16. Acceleration versus time for small four
door sedan at 40 kph. Sine fit.

Figure 17. Acceleration versus time for small four
door sedan at 48 kph. Sine fit.

Figure 18. Acceleration versus time for small four
door sedan at 57 kph. Sine fit.



Figure 19. Velocity versus time for small four
door sedan at 40 kph. Sine fit.

MODELING DIFFERENT COLLISION MODES

The generated crash pulses have been compared to
full engagement barrier testing. In order to study the
effect of impact configuration, a comparison was
made between a full engagement barrier test and an
offset deformable barrier test. Figures 20 and 21
show the sine fit to the full engagement test
acceleration data.

Figure 20. Acceleration versus time for a mid size
four door sedan full frontal impact at 56 kph.

Sine fit.

Figure 21. Velocity versus time for a mid size four
door sedan full frontal impact at 56 kph. Sine fit.

Utilizing the same modeling technique, it was
determined that for the offset test a triangular pulse
was a better model. The triangular pulse is fitted to

the acceleration and the velocity time histories as
shown in Figures 22 and 23. The full engagement
test is best represented by the sine model. In contrast
the offset deformable test is best represented by the
triangular model. Consequently, impact mode clearly
effects the pulse shape. Additional work must be
done in order to generalize a method that will account
for the differences observed in two different crash
modes.

Figure 22. Acceleration versus time for a mid size
four door sedan 40% offset impact at 64 kph.

Triangular fit.

Figure 23. Velocity versus time for a mid size four
door sedan 40% offset impact at 64 kph.

Triangular fit.

CONCLUSIONS

• The derived collision pulse models have
been shown to represent the response of a
vehicle undergoing an impact.

• The applied technique is easily expandable
to other geometric pulse shapes.

• The derived models have been shown to be
scalable to other impact severities, but care
must be exercised in the application



• Structural response of the vehicle is
dependant on many characteristics which
include vehicle and impact mode
parameters.

• Different crash modes with the same vehicle
can exhibit different collision pulse shapes.

• Inputs to the collision pulse models must be
carefully considered. Impact speed, ∆V, and
crush data require careful analysis.

• For the vehicles studied, some vehicle
structural rebound takes place after
separation from the barrier. This
phenomenon prevents the structural rebound
from being directly measured by either load
cell or accelerometer instrumentation.

• Care must be exercised when applying the
data in this present research to a specific
vehicle.

CONTACT
Questions and comments are welcome and should be
addressed to the authors at:

KEVA Engineering, LLC
601 Daily Dr. Suite 225

Camarillo, California 93010
www.kevaeng.com
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APPENDIX – Sinusoidal, Square, and Triangular
Pulse Derivations

Model 2: Sinusoidal Pulse.
The model evaluated is a sine model to represent the
acceleration pulse.

)sin(θPa = (2-1).

T

tπθ =
(2-2).

where theta is chosen with boundary conditions that
at t = 0, a = 0 and at t = T, a = 0.

Figure A. Graphical Representation: Sine.

Integrating this acceleration yields the relationship
for the velocity.
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The integration constant C1 can be evaluated using
the initial condition: at t = 0, V = V0.
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Substituting C1 into Equation 2-3
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The peak acceleration (P) can be found by solving
Equation 2-5 knowing that at t = T, V = V0 + ∆V.
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The integration of velocity yields displacement.
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C2 is solved by knowing that at t = 0, s = 0, therefore

02 =C (2-8).

Substituting C2 into Equation 2-7 gives displacement
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The acceleration, velocity, and displacement time
histories all require the collision duration. The
collision duration is determined through the
following additional boundary condition: at t1 = t2 =
T, mutual crush = s1-s2. Substituting these conditions
into the displacement time equation, yields the
following equation for duration, T.
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Model 3: Square Pulse.
The third derived model is that of a simple square
wave. For this relationship, peak and average
accelerations are equal throughout the entire collision
duration.

TtPa ≤≤= 0 (3-1).

Figure B. Graphical Representation: Square.

The integration of acceleration with respect to time
yields velocity

1CPtV += (3-2).

At t=0, V = Vo. Solving for C1

oVC =1 (3-3).

Substituting C1 into Equation 3-2

oVPtV +=
(3-4).

Solving for P at t = T, V = V0 +∆V. The peak
acceleration can now be determined. Note that the
peak acceleration equals the average acceleration in
this model.
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Integrate velocity to get displacement
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At t = 0, S = 0. C2 can now be determined.

02 =C (3-7).

Substituting C2 into Equation 3-6
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At t1 = t2 = T, mutual crush = absolute value of S1-S2.
Solving for duration yields
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Model 4: Triangular Pulse
The final derived model is that of a triangular wave.
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Figure C. Graph. Representation: Triangular.

The analysis of the triangular pulse is going to be
performed in two parts. First, the time up to t < ½ T
is analyzed. For this time period, velocity is found
by the integration of Equation 20 with respect to
time.
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Using the known conditions, V = Vo at t = 0, C1 can
be determined

oVC =1 (4-3).

Substituting C1 into Equation 4-3
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Since the assigned triangular acceleration pulse is
symmetrical about the midpoint, at time t = ½ T, the
change in velocity will equal one half of the total
change in velocity.
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Assigning these boundary conditions allows the
solution for the peak acceleration
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Integrating Equation 4-4 with respect to time yields
displacement
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At t = 0, s = 0. This allows the determination of C2.

02 =C (4-8)

Substituting C2 into Equation 4-7
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The preceding derivation must now be carried out for
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Velocity is found by integrating Equation 4-9 with
respect to time
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C1 is arrived at by solving Equation 4-11 at time
equal to one half of the duration.
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Setting Equation 4-11 equal to Equation 4-12 allows
for C1 to be solved for.
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Substituting C1 into Equation 4-11 gives velocity
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Integration of Equation 4-14 yields displacement
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By setting Equation 4-9 equal to Equation 4-15 at
time equal to half the duration, C2 can be determined.
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Substituting C2 into Equation 4-15 results in:
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Combining the two derived relationships for
displacements up to the collision mid point and then
after the collision midpoint, the duration can be
determined. At time t = T, the mutual crush =
absolute value of s1 – s2. Algebraically solving for
duration of impact yields the following:
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INTRODUCTION OFTHE REGULATION OFPEDESTRIAN HEAD PROTECTION IN JAPAN

Toshiyuki NISHIMOTO,
Ministryof Land, Infrastructure andTransport (MLIT)
Japan
Paper Number 503

ABSTRACT

Pedestrian fatalities account for about 30% of all traffic
accident fatalities in Japan. As head injuries in particular often
lead to death or serious injury, it is important to reduce their
severity, and so a new regulation for head protection is currently
beingdrawn up.

The regulation is based on the results of discussions by
IHRA, and applies to passenger vehicles and trucks built on a
passenger car chassis weighing 2500 kg or less. The test
procedure involves a sub-system test that uses two head form
impactors, an adult head form and a child head form. The test
area is zoned for both adult and child heads impacting against
the bonnet top, and the regulation requires both adult and child
head injuries to be reduced to the required level.

All new models of applicable vehicles introduced after 2005
will have to comply with the new regulation. After 2010, all
new applicable vehicles will have to comply. Vehicles that have
difficulty meeting the regulation requirements, such as
low-bonnet-height vehicles and certain types of trucks, will
have a two-year grace period in which to comply. This report
explains the regulation in detail.
 

THE PRESENT CONDITION OF TRAFFIC
ACCIDENTS RELATING PEDESTRIAN
 

Characteristics of Pedestrian-relatedAccidents

Figure 1 shows that the accidents involving pedestrians
account for about 30% of all the traffic accidents in Japan, next
to accidents involving people driving or riding in motor
vehicles (40%) . The rate of fatality in those pedestrian-related
accidents are two to four times higher than other forms of
accidents (see Figure 2).

The statistics of casualties standardized by population distribution by
age or those of fatalities by age indicate that the rate of meeting with
accidentsorbeingkilledinsuchaccidentsincreasesamongpedestriansat
age 60 or over. This indicates that, the more Japanese society ages in
future,themorepedestriansarelikelytomeetwithaccidents.
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Vehicles Involved inPedestrian-relatedAccidents

Since about 60% of pedestrian-related accidents happen with
passenger cars and about 20% with trucks, a regulation on these

Figure 1 Distribution of Fatalities in Japan
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vehicles for protection of pedestrians should be effective.
Passenger cars and trucks of 2.5 t or less in gross vehicle weight,
which will be subject to this regulation, represent around 75%
of all the vehicles.

Parts of BodyMost Injured in Pedestrian-relatedAccidents

Figure 4 shows the distribution of major injured body regions
of pedestrian. Head injury accounts for about 60% of the
fatalities, therefore, head protection is quite important. As for
the vehicle impact speed (i.e. accident speed) of 40 km/h, the
speed controlled by this regulation, represents about 70% of
pedestrian-related accidents (see Figure 5).
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Figure 5 Cumulative Frequency of Vehicle Impact Speed
(Accident Speed)

Parts of Vehicle Inflicting Injury on Pedestrians

The parts of vehicle inflicting injury on pedestrians are
windshield, hood, fenders, window frames, A-pillar, their
frequency being in this order. (see Table 1). When the
pedestrian crashes into the windshield, the injury is often slight.
It will be effective to regulate these parts starting from those it is
most feasible to regulate.

Table 1 Distribution of Head Injurycaused Parts
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OUTLINE OF THE REGULATION FOR
PEDESTRIAN SAFETYIN JAPAN

In view of the reality of traffic accidents in Japan, the MLIT
will amend the Safety Regulations for Road Vehicles to
introduce a regulation for pedestrian safety starting from the
newly registered vehicles in 2005, based on testing methods
and thresholds reviewed at IHRA. The outline of the regulation
is as follows:

Scope of vehicles

- Passenger cars having no more than 10 seats
- Trucks having a GVW not exceeding 2,500kg and a similar

front shape as the passenger cars above mentioned

Effective Date

Vehicles except for vehicles defined in the next
�New-type vehicles : September 2005
�Continuously-manufactured vehicles : September 2010
Low height vehicles, Vehicles requiring high endurance,
such as SUVs and trucks, Full cab over vehicles,
Hybrid-engine vehicles
�New-type vehicles : September 2007
�Continuously-manufactured vehicles : September 2012

Note: New-type vehicles, as a result of the modification
on emission performance relating to “4. Kinds of
engine and main construction (Only for
improvement of emission performance)” and/or
“13. Exhaust emission standard values stipulated
in the Safety Regulations for Road Vehicles, the
low exhaust emission motor vehicle approval
enforcement procedure for approval” in the
“Judgment Criteria for Identity of Types of Motor
Vehicles”, will be considered as continuously -
manufactured vehicles.
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Outline of the regulation (SeeAppendix 1)

Test Procedure
a) Test area (SeeAppendix 2)

The child and adult head impactor test will be considered
for the regulation.
Test area for child head impactor

: 1,000mm ≤ WAD ≤ 1,700mm
Test area for adult head impactor

: 1,700mm ≤ WAD ≤ 2,100mm
Note: WAD (Wrap-Around Distance) means the

distance from the ground to the point on the
bonnet along the vehicle front structure.

b) Impactor (SeeAppendix 3)
Child head impactor: Diameter 165mm, weight 3.5kg
Adult head impactor: Diameter 165mm, weight 4.5kg

c) Impact speed and angle

Child head
impactor

Adult head
impactor

Speed
(km/h)

Angle
(deg)

Speed
(km/h)

Angle
(deg)

Category1 32 65 32 65
Category2 32 60 32 90
Category3 32 25 32 50

(Above head impact conditions were estimated from the IHRA
car-pedestrian 40km/h impact computer simulation results)

Definition Note
Category1 Vehicle having a BLE height

of less than 835mm
Sedan type

Category2 Vehicle having a BLE height
of not less than 835mm

SUVtype

Category3 Vehicle having a bonnet angle
of not less than 30 deg.

1 Box type

Note: BLE height: Bonnet Leading Edge height  

 

Criteria
HIC (Head Injury Criteria), defined by the following formula,

should not exceed 1,000 on two-thirds or more of the test area.
On the remaining area, HIC should not exceed 2,000.
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LIFESAVINGEFFECT

MLIT made an estimate of lifesaving effect of this pedestrian
safety regulation, assuming that it is introduced and that all the
vehicles concerned are replaced with vehicles complying to the
regulation. The result predicts that it may reduce 125 fatalities
among pedestrians of a total of about 3,000 a year. The estimate
used the traffic statistics of 1999 and took into account
passenger cars and trucks of 2800 kg or less in gross vehicle
weight (the weight range of trucks being different from that of
the regulation). The injury reference value was set to HIC 1,000
(to 1000 at 2/3 and to 2000 at 1/3 in the regulation).

Pedestrian fatalities
2982

persons

National Police
Agency traffic
accident statistics
(Fatalities in 30
days in 1999)

Child Adult
127 2855

Parts of body injured
-Rate of injuries
causedby head
crashing against
vehicle

64% 81.3 1827.2
NPATraffic
Accident Statistics
(1993 to1999)

Vehicle types
- Rateof vehicle

types concerned
75% 61.0 1370.4

NPATraffic
Accident Statistics
(Fatalities in 24 h in
1999)

Parts of vehicle
inflicting injury
concerned

- Rateof head
crashing against
hood

41%
(Child)
19%

(Adult)

25.0 260.4

IHRAStatistics
(Databaseon
pedestrian-related
accidents in the
world)

Crash velocity
concerned

- Rateof velocity
of 40 km/h or less

45� 11.2 117.2

ITARDA(Traffic
accidents survey
andanalysis report,
1999)

Injuryreference
value

- HIC1000 or less
2/3area

-HIC 2000 or less
1/3area

80% 9.0 93.7

MacLenghlin, etal.
‘Vehicle
Interactions with
Pedestrians’
Accident Injury–
Biomechanics and
Prevention,
Springer-Verlag,
N.Y.1993

9 94
Life saving effect

Total 103 persons

Notes:1. Children are defined to be age 15 or below and adults
age 16 or above.

2.Crash velocity is defined as the first crash velocity
between the pedestrian and the vehicle.

FUTUREVISION

For international harmonization, it was agreed to establish a
Global Technical Regulation for pedestrian safety. An informal
group was organized under ECE/WP29/GRSPfor this purpose.

According to its TOR, the informal group plans to finalize its
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written justification by the end of 2003 and its complete and
detailed recommendation by 2005 for a head protection
regulation and a legprotection regulation.

Accordingly, Japan plans, respecting the discussion to be
held in this Informal Group to the maximum, to introduce also
a regulation for leg protection, while working for the
harmonization of head protection regulations.
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Appendix 1

Illustration of the Draft Test Procedure

WAD 1700 - 2100mm
(See Appendix 2)

Wrap-Around Distance
(WAD)

Child Headform Impactor
(3.5kg)

Adult Headform Impactor
(4.5kg)

WAD 1000 - 1700mm
(See Appendix 2)

Impact Angle
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Appendix 2

Procedure to Determine The Test Area

The test area should be the area surrounded by the front test line, rear test line and side test lines.
Front test line:

The rear side line was chosen out of two lines to be assigned to the front test line. One line was the line where WAD was
1,000mm. The other line was located 165mm backward from the Bonnet Leading Edge Reference line.

Rear test line:
The front side line was chosen out of two lines to be assigned to the rear test line. One line was the line where WAD was
2,100mm. The other line was located 82.5mm forward from the line where the impactor contacted the bonnet when the
impactor contacted both the windscreen and bonnet, assuming that both the wiper arms and other equipment are removed.

Side test line:
The lines are located 82.5mm inside from the Bonnet Side Reference line.

Ground Reference Plane
A horizontal plane that passes through all tire contact points of a vehicle while the vehicle is in its normal ride state. (See

Figure 1.)

Figure 1: Ground Reference Plane

WAD
WAD (Wrap-Around Distance) is the geometrically traced distance from the contact point with the Ground Reference Plane,

vertically below the front face of the bumper, to any point on the vehicle front structure. (See Figure 2.)

Side test line

Rear test line
Test area

Bonnet Side Reference line

Side test line

82.5mm

Front test line

Bonnet Side Reference line

Vehicle
  

      Ground Reference Plane
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Figure 2 Definition of WAD

Bonnet Side Reference line
The geometric trace of the highest points of contact between a straight edge, held parallel to the lateral vertical plane of the

vehicle and inclined 45 deg. is traversed down the side of the front structure, and the side of the front structure.

Figure 3 : Bonnet Side Reference Line

Bonnet Leading Edge (BLE) Reference line
The geometric trace of the highest points of contact between the straight edge that is held parallel to the vertical fore and aft

planes of the vehicle with 1m length, the bottom point is 600mm above the Ground Reference Plane, and inclined 50 deg. is
traversed down the front of the front structure, and the front of the front structure.

In the cases described below, the line will be determined by the respective method given:
(1) In the case that the straight edge is parallel with the vehicle front structure:

The angle of the straight edge should be changed to 40 deg. (See Figure 4-3.)
(2) In the case that the top point of the straight edge contacts the vehicle front structure:

The BLE Reference line should be the line where WAD is 1000mm. (See Figure 4-4.)
(3) In the case that the straight edge contacts the bumper:

The BLE Reference line should be determined without the bumper. (See Figure 4-5.)

 

WAD 

 

Straight Edge
 

45deg.

Bonnet Side Reference Line
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BLE

50deg..

600mm

Straight Edge (1m)

Figure 4-1 General

BLE

Figure 4-2 In the case that the bottom point of the straight edge
contacts the vehicle front structure.

40deg.
.50deg..

BLE

Figure 4-3 In the case that the straight edge is tangential to the
vehicle front structure.

Contact with Bumper

BLE

Figure 4-5 In the case that the straight edge contacts the bumper.

Figure 4-4 In the case that the top point of the straight edge
contacts the vehicle front structure

BLE

WAD 1000mm
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Appendix 3

Specifications and Certification Test
of Head Form Impactors

Impactor Specification
Child Headform Adult Headform

Mass 3.5±0.07 kg 4.5±0.1 kg
Diameter
Moment of Inertia 0.0075-0.020 kgm2 0.0075-0.020 kgm2

Location of the Accelerometer
(seismic masses location)

Location of the Center of Gravity

Natural Frequency

Certification Test
- Drop Test** - Child Headform Adult Headform
Requirement 245-300 G 225-275 G

Test Condition:

Drop height

Drop angle

Temperature

Humidity

Spec. of steel plate

- thickness

- area

- friction

- others

over 300 mm square

rigidly supported

0.2-2.0 µm

Japan MLIT proposal

165±1 mm

In the direction of measurement axis: G.C.S.* ± 10 mm.
In the direction perpendicular to the measurement axis:

G.C.S.* ± 1 mm.

G.C.S.* ± 2 mm.

* G.C.S.: Geometric Center of Sphere.
** No requirement for high speed impact certification test, instead of the natural frequency
requirement as over 5000Hz.

Japan MLIT proposal

over 5000Hz

376±1 mm

Test Angle

10-70 %

over 50 mm

20±2 deg.
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ABSTRACT
This study investigated the ability of a number of
different dummies and candidate injury criteria
to correlate to retrospective real world data.
Vehicles were chosen for their rate of soft tissue
neck injury (STNI) claims in the field. The front
seats of the selected vehicles were mounted on a
HyGe sled and loaded with instrumented
dummies. They were then subjected to a
simulated rear impact using a bi-modal pulse of
16km/h delta V.

Correlation of the measured and calculated test
results, especially the NIC, Lower Neck
Extension Moment (-Mylower) and the newly
proposed LNL-index (Lower Neck Load index),
to claims frequency was investigated. In
conclusion, good correlation with claims data
was found using -Mylower with the Hybrid III and
RID2 dummies. Similarly good correlation was
found with the LNL-index when applied with the
RID2 dummy. It should be noted that -Mylower

and the LNL-index could not be investigated on
the BioRID II, since no lower neck load-cell was
available for this dummy at the time of testing.

INTRODUCTION

The three kinematic phases of low
speed rear impact

Low speed rear impacts are common
occurrences, especially in areas of high traffic
density. Injuries in these impacts are not life-
threatening, and are generally classified as AIS 1
neck injuries, and are also referred to as Soft
Tissue Neck Injuries. The majority of these
injuries resolve in less than 10 days, but a
smaller portion can persist longer than six weeks.
Due to the large number of rear impacts, the total
number of these STNIs, based on insurance

claim frequencies, is large. Various injury
mechanisms have been hypothesized, but none
proven due to a lack of diagnostic tools.
However, a general consensus is building in the
scientific community that the complex
kinematics of the head and neck before, during
and after head-to-head restraint contact in rear
impacts result in distortions of the neck. These
distortions may be different in the three phases
of impact, therefore, each phase may have
different injury mechanisms.

The first phase is generally described by the S-
shape deformation of the neck [Penning 1994,
Gauner 1997]. In this phase, there is translation
of the head relative to the thorax with very little
rotation of the head forcing the upper part of the
neck into flexion and the lower part into
extension. The second phase is the phase of
maximum extension. In this phase, the
occupant's lower neck is in extension while the
upper neck may be in flexion or extension
depending on the seat geometry and the
size/posture of the occupant. The third phase
involves rebound of the torso from the seat back.
The rebounding torso can interact with the seat
belts and produce deformations in the neck due
to inertial loading [Muser et al. 2000].

It is important to find appropriate criteria for
each of the phases of impact since the injury
mechanisms are quite different.

It is difficult to attribute real world STNI to a
particular phase in the impact event.
Retrospective studies can generally answer the
question of whether an injury has occurred or not
but cannot give any indication about the
kinematic phase in which the injury occured.
This makes it difficult to assign an appropriate
weighting factor to each of the individual phases
for an overall assessment.

AN EVALUATION OF EXISTING AND PROPOSED INJURY CRITERIA WITH
VARIOUS DUMMIES TO DETERMINE THEIR ABILITY TO PREDICT THE
LEVELS OF SOFT TISSUE NECK INJURY SEEN IN REAL WORLD
ACCIDENTS

Frank Heitplatz
Raimondo Sferco
Paul Fay
Joerg Reim
Ford of Europe, Germany and UK
Agnes Kim
Priya Prasad
Ford Motor Company, USA
Paper #504
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To date, several criteria have been proposed to
assess the risk of STNI in low speed rear
impacts: NIC [Boström et al. 1996] for use in the
first phase, Nkm [Schmitt et al. 2000] and -
Mylower [Prasad et al. 2001] for the second phase,
and rebound velocity [Muser et al. 2000] for the
third phase.

Currently, NIC is the most widely used criterion
for assessing low-intensity neck loading. It
assumes that hydro-dynamic pressure changes in
the spinal canal are produced as a result of the S-
shape motion in the early stage of a rear-end
impact and is the injury mechanism in this stage
[Boström et al. 1996]. It is assumed that there is
a correlation between the pressure, and the
relative acceleration and velocity of the occipital
condyles relative to the first thoracic vertebra.
However, limitations exist [cf. e.g. Boström et al.
2000, Muser et al. 2000] suggesting that only
values obtained within approximately the first
150 ms of the crash are reasonable. Furthermore,
the NIC peaks before or at initial head contact
with the head restraint; much before maximum
extension of the neck. Therefore, NIC can only
be used to assess injury potential during the first
phase.

As an assessment criterion for the second phase
Nkm has been proposed. Nkm is a linear
addition of shear forces and moments acting on
the upper cervical spine. However, Prasad and
Kim [1997] have reported that upper neck
moments are relatively insensitive to seat design
and impact severity with seats equipped with
head restraints. Recent reports have suggested
that a different mechanism of injury may be the
major contributing part in STNI. [Yoganandan
2001, Grauner et. al. 1997, Ono et al 2001] In
short, it has been suggested that a characteristic
kinematic of the lower cervical spinal joints may
result in a risk of local injury in the facet joints
leading to pain. Based on these findings and
earlier analysis of tests conducted with the
Hybrid III dummy, it was proposed that the
extension moments acting at the lower cervical
or upper thoracic spine (-Mylower) should be used
as a criterion for evaluating injury potential in
the second phase [Prasad 2001 IRCOBI].
However, this criterion takes account of only one

of, potentially, several forces and moments
generated in the neck during impact. Therefore, a
new criterion has been proposed as part of this
study for further evaluation (see below).

As an assessment criterion for the third phase of
impact, the rebound velocity has been proposed.
This criterion measures the velocity of the head
relative to the sled at the moment when the head
first returns to or passes through the position it
was in at time zero (prior to impact). This
criterion can only be correctly measured by film
analysis. This is considered unsuitable for
routine test purposes. A simple integration of the
head accelerometer signal is flawed due to the
rotation of the sensor during the movement of
the seatback and the extension of the head and
neck that generally occurs in the second phase.
Furthermore, the rebound velocity, in the
biomechanical sense, is not an injury criterion, as
an injury cannot occur due to a body part
travelling at a given speed but only by rapidly
stopping it from doing so. Therefore, the forces
acting on the body during the deceleration
caused by the belt system should be measured to
assess this phase.

Proposed criterion LNL-index

Based on fundamental mechanical knowledge,
the risk of damage to a joint in an impact
scenario is largest if moments and forces are
acting simultaneously. During the extension
phase of a low speed rear impact with no oblique
component there will generally be a negative
moment of the lower neck, combined with
positive shear and tension of the lower neck
(using SAE J211/2 conventions). Therefore, it
seems reasonable to estimate the effect of
combined loading on stresses developed in the
cervical vertebrae. This was originally proposed
by Prasad and Daniel [1984], further refined by
Mertz and Prasad [2000] and forms the basis for
Nij currently used in the FMVSS208 for
estimating the risk of serious neck injuries in
frontal and rear impacts. However, only axial
forces and bending moments were used. In the
current study, the proposed Lower Neck Load
Index (LNL), shown in Equation 1, combines the

Formula to calculate LNL

Equation 1

tension

lower

shear

lowerlower

moment

lowerlower
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three force components and two of the moment
components measured at the base of the neck.

It is worth making a few comments on the
construction of this formula. First, current
research activities focus mainly on impacts that
do not have any oblique element. However,
future research might call for dummies and
criteria that are also capable of addressing other
kind of impact scenarios. Therefore, the equation
presented also takes into account the lateral
forces, Fy, and the moments along the anterior-
posterior axis, Mx, even if these components are
small in the tests reported in this paper.

The criterion presented here is independent of
polarity, thereby avoiding any user error of sign
convention when measuring the neck loads.

When defining the intercept values for a
combined loading assessment, the ratio between
the individual components is important. Whereas
the values used for normalisation could, if
needed, be corrected indirectly by adjusting the
threshold value, the ratio implies more
fundamental aspects and should therefore be
chosen very carefully. Cadaveric research has
shown that the inter-vertebral disk is more
resistant to axial loading but comparatively less
so in shear [Lin et. al. 1978]. Therefore the shear
component should be rated higher. Based on the
findings of previous research [Prasad et al. 2001]
the extension moments are of high importance
and therefore also have a high weighting (see
Table 1).

Generally the quantitative results of LNL are
dependent on the dummy used. Particularly
when using the Hybrid III dummy the measured
bending moments are higher than the ones
measured with the RID2. This is related to the
much softer neck design of the RID2. Therefore,
when defining performance thresholds, the
dummy used is an important consideration.

Table 1

Proposed LNL-index intercept values

C-moment C-shear C-tension

15 250 900

A correction for the moments measured at the
RID2 load-cell accounting for the offset of the
centre of the cell to the centre of the T1 vertebra
was not used as this effect is considered small.
For the Hybrid III the offset between actual T1
location and the load cell measurement point is
large. Therefore, the moments measured on
Hybrid III have been corrected using the
standard formula (see Equation 2).

METHOD

Review of injury criteria by means of
retrospective study

In order to evaluate the currently proposed
evaluation criteria, a sled test series was
conducted (in co-operation with Johnson
Controls, Inc. Germany) using a retrospective
approach. We believe that any evaluation testing
should reflect the reported risk in the field.
Therefore, front seats that are from vehicles that
have known poor field performance should also
have a poor score when tested and vice versa.
For this purpose three seats have been chosen.
One seat was from a vehicle identified by make
and model as a poor performer (seat A (n=79))
based on GDV insurance claim data from 2000.
A second seat with acceptable performance (seat
B (n=152)) and a third seat from a vehicle with
good performance (seat C (n=96)) were also
tested. All vehicles are of contemporary design
levels, of the same class and are expected to
appeal to comparable demographics. In this
statistic (n) refers to all insurance claims as a
result of rear impacts for the specific model in
the GDV database.

Formula to correct lower neck moment for Hybrid III

Equation 2

)0502.0()0282.0( FzFxMyMy correctedlower ⋅+⋅+=
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Figure 1

Share of STNI reported for Vehicle A-C
100% = all recorded rear impacts for that

vehicle. Reports from 2000

Additionally, a version of seat B was tested that
is equipped with an active anti whiplash
protection system. Systems of this design type
have recently been reported to reduce injury by
43% on a statistically relevant sample size. [IIHS
2002]. Therefore, it could be expected that seat
B-active should have a significantly improved
performance over the standard seat B.

The seats were mounted on a HyGe sled. All
seats were adjusted according to the FMVSS208
procedure (mid track, backrest angle of 25deg
and headrest fully up) and tested with the Hybrid
III, BioRID II and the RID2 dummies (see
Figure 2).

Figure 2

Images of the test setup

Hybrid III seated in seat A RID2 seated in seat B

BioRID II seated in seat C

The most up to date seating procedure known at
the time was used for the BioRID II and RID2

dummy. The initial horizontal distance between
the head of each dummy and the front of the
head-restraint was documented (see Appendix
Table 2). Subsequently, the seats were subjected
to simulated rear impacts using the previously
reported bi-modal pulse [Heitplatz et al. 2002]
shown in Figure 3.

Figure 3

Generic delta V 16 km/h acceleration pulse

RESULTS AND DISCUSSION

Lower Neck Extension Moment (-My)

The peak lower neck extension moments (-My)
measured in the tests are shown in Figure 4. Note
that the moments for the Hybrid III have been
corrected for the offset of the load cell to T1
using the standard equation (see Equation 2).
The moments for the RID2 have not been
corrected. The results of lower -My for this
study correlate well to the number of real world
claims regardless of the dummy used. It should
be noted that the results with the Hybrid III neck
show substantially higher values than those from
the RID2. This is easily explained as the Hybrid
III neck is stiffer and therefore, the resultant
moments acting on the lower neck load cell are
higher for a similar amount of extension of the
neck. Comparing the lower neck moments of the
different dummy designs, it can be shown that
the qualitative correlation of measured results
and claims frequency is good for both dummies.
However, the quantitative differences between
claims frequency and neck moment appears to
correlate better with the RID2 dummy. The
active seat design (B-Active) reduced -My by
18% with the Hybrid III and 49% with the RID2
compared to a similar seat without this system
(B). However, it should be noted that the initial
distance between the head and head restraint was
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not the same in tests with seat B and seat B-
Active when tested with the RID2 dummy
(Table 2 in the Appendix). The initial distance is
known to affect head/neck responses.

Figure 4

Results for –My lower

Looking at the timing of individual events during
the crash sequence (see Figure 5), the lower neck
extension moments peak around the same time
as the head and neck reach maximum extension.
Therefore, lower neck extension moments can be
regarded as assessment criteria for phase 2.

Figure 5

Event timing

Lower Neck Load Index (LNL-index)

When using the RID2 dummy and the LNL
index there is good qualitative correlation to the
insurance claims frequency data (see Figure 6).

Furthermore, there is a significant 26% reduction
in the LNL index for seat C compared to seat A.
It is notable that the active head restraint reduced
the LNL index by 51%. This correlates well to
the recentlypublished insurance data that has
shown a reduction of 43% in insurance claims
for vehicles where this type of system was
installed [IIHS 2002].

Figure 6

Results for LNL

An example time domain plot of the LNL index
is shown in Figure 7. In this example, typical of
most cases, the lower neck moments followed by
the shear forces gives the largest contribution to
the overall value of the LNL index. Normally the
contribution of the tensile forces to the LNL is
quite small for seats equipped with head
restraints.

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

Seat A Seat B Seat C Seat B Active

0

5

10

15

20

25

30

35

40

Hybrid III

RID2

Total STNI share %

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

Seat A Seat B Seat C Seat B Active

0

5

10

15

20

25

30

35

40

Hybrid III

RID2

Total STNI share %

60

70

80

90

100

110

120

130

140

150

160

Seat A Seat B Seat C Seat B Active

Ti
m

e
(m

s)

Headrestraint contact
-My lower max
LNL-Index max
Maximum rearward travel of head
NIC max



Heitplatz 6

Figure 7

LNL-Index diagram for seat A and RID2
with detailed representation of the My, Fx

and Fz components

Other Criteria

In this limited study, the NIC has shown a
negative correlation to the frequency of
insurance STNI claims (see Figure 8). Though
limited testing has been conducted in this series,
indications are that the NIC, if used alone as an
injury criteria for evaluating STNI's, can be
misleading.

Figure 8

Results for NIC

The upper neck loads have also been recorded
during testing. However, there have been
problems with the recorded data, in particular on
the RID2 due its development status. At the time
of testing, an alternative load-path was found
that made the readings of the upper neck load-

cell unusable. The design of the dummy has
subsequently been changed. Also the plausibility
of the Nkm values measured on the BioRID II
dummy has been questioned. Therefore it was
decided not to include the data in this paper.

The dummies' rebound velocities for each seat
are shown in Figure 9. The rebound velocity is
relatively independent from the dummy type
used. For this limited study the rebound velocity
does not correlate to the claims frequency data.
However, the rebound velocities of all three
dummies are significantly lower for seat C,
compared to the other seats. This seat also has a
low claims frequency for total STNI's. It is
notable that the rebound velocity actually
increases slightly if the self-aligning (active)
head restraint is used.

Figure 9

Rebound velocity measured by film analysis

CONCLUSION

This initial study is too limited to make firm
recommendations and further research is
necessary. However some promising results have
been obtained, leading to preferred routes for
further research and development.

The Hybrid III and RID2 dummies showed
correlation to the real world claims data when
the lower neck extension moment is used as an
assessment criterion. Also, the newly proposed
LNL-index with the RID2 has shown good
correlation to the real world claim data in this
study. At the time of testing, the use of the
BioRID II dummy with suitable instrumentation
to measure lower neck moments or LNL was not
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possible. However, a lower neck load cell for
BioRID II recently became available and this
should be validated in dynamic testing. For this
study, the LNL for the rebound was not assessed
as realistic seatbelts were not used in the testing.
However, theoretically, an application of the
LNL to the rebound phase should be possible.
Currently there is no quantitative force and
moment data of injury thresholds available for
LNL. Further research will now focus on this
issue. The need for different intercept values for
different dummies will also be investigated
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APPENDIX

Table 2

Pre test distance Head to Headrest

H III RID2 BioRID II

Seat A 95 87 82

Seat B 87 64 70

Seat C 94 75 55

Seat B -
Active

83 87 68

Figure 10

Dynamic images of RID2 at the moment of maximum rearward displacement

Seat A - Dynamic deformation at 137 ms Seat B - Dynamic deformation at 127 ms

Seat B - Dynamic deformation at 147 ms Seat B active - Dynamic deformation at 115 ms
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ABSTRACT

We analyzed drivers’ braking behavior to minimize

over-dependence on the system in the design of the

Forward Collision Avoidance Assistance System.

There are various factors that influence

over-dependence on the system. We focused on the

braking algorithm to minimize interference between

driver operation and system actuation in this study.

It was proven that all subjects initiated the braking

operation in advance of system actuation when the

system was actuated at a Time to Collision of 1.7s or

less and when the car approached a stationary

obstacle at 60km/h. We propose that Time to

Collision is an effective state variable for analyzing

the dependence level on the system, and that a Time

to Collision setting of less than 1.7s is optimal for the

onset timing to minimize over-dependence on the

system.

INTRODUCTION

Several kinds of driving assistance systems are

proposed in this project to improve traffic safety by

utilizing state-of-the-art technologies. Forward

collision avoidance assistance systems 1) 2 ) 3) 4) are in

the development phase and are examples of driving

assistance systems aimed at supporting accident

avoidance. The purposes of this system are to avoid

collisions and reduce the damage from collisions.

Putting these systems into practical use is expected to

result in effective accident avoidance and/or damage

reduction in collisions. However, over-dependence

on the system could occur in practical use if the

system is not properly designed. This problem will

arise if the driver does not initiate sufficient braking

when the car is at risk of collision with a preceding

vehicle. This “risk-taking behavior” is a deviation

from the concept of the driving-assistance system.

Therefore, an appropriate system design that

considers human interaction is necessary to avoid

excessive dependence on the system. The purpose

of this study is to clarify the requirements for a better

system design that takes into account human

participation to minimize excessive dependence on

the driving assistance system.

There are various factors that influence dependence

on the system. We believe that the level of

interference between driver operation and system

actuation, the level of discomfort from the actuation

behavior of the system, and system actuation

reliability will affect the driver’s dependence on the

system. We focused on the braking algorithm in this

study to minimize the interference between driver

operation and system actuation. For example, it is

possible that the driver may not brake sufficiently

when the start timing of the system braking control is

early (when the level of interaction between driver

operation and system actuation is high). However,

the driver may brake sufficiently when the start

timing of the braking control is after the driver’s

A STUDY ON THE ONSET TIMING OF COLLISION AVOIDANCE ASSISTANCE

SYSTEM FOR MINIMIZING OVER-RELIANCE ON THE SYSTEM

Keisuke Suzuki

Japan Automobile Research Institute

Japan

Paper No.506
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braking operation (when the level of interaction

between driver operation and system actuation is low).

We must avoid situations in which the driver fails the

essential driving task. Therefore, it is important to

clarify the start timing of braking control by the

system so the driver does not depend excessively on

the system.

We conducted an experimental study with the driving

simulator at Japan Automobile Research Institute

(JARI), and investigated behavioral changes relevant

to braking manipulation when the start timing of

braking control was varied. These experimental

results enabled us to establish the start timing of

braking control in such a way that the driver does not

exhibit behavioral changes that indicate

over-dependence on the system. We focused

primarily on the driver’s behavior during the braking

operation in this study, and analyzed methods of

braking control by the system that do not interfere

with driver operation. The following two

requirements are important for preventing

interference between the driver and the system during

braking operation.

a) Initiation of braking control by the driver

The driver initiates braking operation before

braking control by the system.

b) Collision avoidance by the driver

The driver performs braking when the Time to

Collision becomes minimum, indicating that the

danger of the collision is greatest.

EXPERIMENTAL METHOD

We set up experimental scenarios in which the

vehicle approached a stationary obstacle at 60km/h in

the virtual space of a driving simulator. This driving

scenario simulated a situation in which the forward

obstacle collision avoidance assistance system would

operate. The drivers’ braking behavior was

observed when the start timing of braking control was

varied. Both the braking control function and the

forward vehicle collision warning function would be

installed in the system in the actual system design.

Only the braking control function, without warnings,

was set up in this study in order to analyze the

relation between the start timing of braking control by

the system and the drivers’ braking behavior.

Apparatus

The JARI dynamic driving simulator was used in this

study. It consists of five subsystems: a computer

system with the simulation model, a hydraulic moving

base system, a visual system, a sound system, and a

temperature regulating system. The

high-performance computer graphics have a short time

delay of less than 60ms. The simulated background

noise in the car corresponds to that in modern

passenger cars.

Driving Scenario in the Experiments

We constructed two straight lanes that simulated the

Japanese expressway in the space of virtual reality.

Clumps of vegetation were placed beside the road,

each lane of which was 3.5 m wide. A cluster of

trees following the road shoulder were arranged on

the left side, and a curb and shrubbery were arranged

following the road shoulder on the right side. The

operator of driving simulator instructed the subjects

to drive on the left side of the lane. A forward view

from the driver’s line of sight is provided in Figure 1.

Braking Control Algorithm by the System

The braking control pattern during system actuation

is shown in Figure 2. The control pattern when the

goal stopping position was in place in front of the

obstacle (for avoiding the collision) is illustrated in

Figure 2(a), and that when the goal stopping position
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was in place behind the obstacle is shown in Figure

2(b). The car will collide with the obstacle when

the goal stopping position is set behind the obstacle if

the driver does not perform braking operation.

Three deceleration levels, 0.3G (2.9m/s2), 0.5G

(4.9m/s2), and 0.7G (6.9m/s2), were configured for

the vehicle for use during system actuation. Two

positions, five meters forward of the obstacle and five

meters behind the obstacle, were set up as a target

stopping points.

Test Subjects

Twelve male drivers and thirteen female drivers, a

total of twenty-five drivers (aged 28 – 49 years,

average age of 35.8 years, standard deviation of the

age was 6.4 years) participated in this study. All

drivers were experienced, with a total driving

distance of more than 5,000 km per year. These

subjects were chosen from the general population and

were not JARI test drivers.

Experimental Procedure

We asked the subjects to drive the simulator to

familiarize themselves with its motion to commence

our investigation of braking behaviors. A driver

repeated the braking operation with an initial constant

velocity of 60 km/h during this test drive.� The

duration of the test drive was 15 minutes.

We asked the subjects to learn the braking maneuver of the

system after the test drive. The experiment operator first

explained the details of the action of the braking maneuver

to the subjects. The operator then asked the subjects to

familiarize themselves with the onset timing of braking

assistance when the system was activated. The subjects

underwent this trial three times. The drivers were

instructed not to perform braking and to experience system

actuation in these trials, to better understand the function of

braking control by the system. The experiment operator

completed these trials by confirming that the subjects

sufficiently understood the braking maneuvers of the

system.

The primary experimental study to investigate the

drivers’ braking operation was conducted after all

drivers had completed the trials to learn the system

function. Six different braking maneuvers,

including three levels of deceleration and two levels

of stopping point, were completely randomized in this

primary experimental study in order to minimize the

learning effect. The subjects were instructed to use

the forward collision avoidance assistance system

during this trial if they wanted to do so. The drivers’

behavior without the system was investigated in

addition to the driver’s behavior when the system is

equipped to analyze the difference in driver operation

between the two conditions.

Figure 1 Forward view from the driver’s

line of sight

(a) (b)

Figure 2 Braking control pattern during

system actuation
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EXPERIMENTAL RESULTS

Subjective Evaluations

We prepared two subjective evaluations for the test

subjects. The average and standard deviation of the

subjective evaluations of the “Dependence level on

the system” and “Change of driver’s braking

operation during system actuation” are shown in

Figure 3.

The results in the condition of “0.3G / Stopping in

front of the obstacle,” depicted on the left side of the

figure, suggest that the dependence level on the

system was high and also suggest that the drivers

were aware of the change in their own braking

operation. In contrast, the results in the conditions

of “0.5G / Stopping behind the obstacle” and “0.7G /

Stopping behind the obstacle” (first and second from

the right side of the figure) suggest that dependence

on the system and the change in braking operation

were extremely low. The subjective evaluation

result clearly fluctuated substantially in the different

braking control patterns. The degree of the

dependence on the system was proven to be high

during braking control when the system perfectly

avoided collision with the obstruction (when the goal

stopping position was set in front of the obstacle),

compared with trials when the goal stopping position

was set behind the obstacle.

Classification of Drivers’ Braking Behavior

The drivers’ braking behavior during the experiment

was classified into four types; the frequency of each

type is shown in Figure 4. The definitions of the

classification of drivers’ braking behaviors are listed

below.

(a) Only manual control by the driver (Driver only)

Only the driver manipulated the braking; the system

was not actuated.

(b) Precedence of manual control (Driver�System)

The driver’s braking behavior was predominant, and

the system was subsequently actuated.

(c) Precedence of system control (System�Driver)

System actuation was predominant, and the driver

manipulated the braking later.

(d) Only automatic control by the system

(System only)

Only the system controlled the braking; the driver did

not manipulate the braking at all.

The results in the condition of “0.7G / Stopping in

front of the obstacle” (third from the left), “0.5G /

stopping behind the obstacle” (second from the right)

and “0.7G / stopping behind the obstacle” (right side)

suggest that the overall frequency, including “Only

manual control” and “Precedence of manual control,”

was 100%. This indicates that every subject

Figure 3 Results of subjective evaluations
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manipulated the braking earlier than system actuation.

Thus, it can be stated that no interference between the

system and the driver was observed in these

conditions. The frequency of “Only automatic

control by the system” in the condition of “0.3G /

stopping in front of the obstacle” (first from the left)

was greater than 50%, and behavioral change was

observed in the driver. This indicates that the driver

and the system interacted and that the dependence

level on the system was high in comparison with the

above-mentioned conditions, such as 0.7G / Stopping

behind the obstacle. An more detailed analysis of

the relation between the start timing of braking

control and these drivers behavior changes will be

described below.

Average Braking Force by the Drivers

Average braking force by the subjects is provided in

Figure 5. The braking maneuvers in conditions of

“0.3G / Stopping in front of the obstacle” (first from

the left) and “0.5G / Stopping in front of the obstacle”

(second from the left) indicate that some subjects did

not apply the brakes at all. It appears that the

drivers in these conditions were completely

dependent on the system and did not operate the

brakes. The average braking force when the drivers

performed braking control was analyzed, with the

exception of those results when the drivers did not

exert any braking control. While only the results

when the driver performed braking control were

analyzed, the results in the condition of “0.3G /

Stopping in front of the obstacle” suggested that the

braking force by the subject was lower than in the

other braking patterns. The behavioral change

regarding braking manipulation is evidently one

index that suggests the level of dependence on the

system.

Condition in which the Driver Initiates the

Braking Operation before Braking Control by the

System

We analyzed the relation between the start timing of

braking control by the system and the dependence

level on the system (average value of a subjective

evaluation) and also analyzed the relation between

the start timing of the braking control and the

frequency with which the subjects started the braking

operation before system actuation. The results are

depicted in Figure 6 with respect to the target

stopping point and the level of deceleration. The

horizontal axis indicates the start timing of braking

control by the system in terms of the “Time to

Figure 6 Relation between the start timing of

braking control and the frequency with which the

subjects started the braking operation before

system actuation
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Figure 5 Stepping force of braking pedal in each

condition
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Collision.” This state variable, the Time to Collision,

can be determined by dividing the relative distance

between the car and obstacle by the relative velocity

between the car and obstacle.

The frequency with which the subjects operated the

brakes earlier than the system was lower in the

braking algorithm in which the stopping point was set

in front of the obstacle compared with the braking

algorithm in which the stopping point was set behind

the obstacle. An increase of the dependence level

on the system was also noted when the stopping point

was set in front of the obstacle

The relationship between the control start timing of

the system and the driver’s braking behavior was

then examined by using Time to Collision as an index.

While the stopping position (in front of the obstacle /

behind the obstacle) may affect the level of

dependence, all subjects performed the braking

operation in advance of system actuation when the

start timing of the braking control by the system was

shorter than 1.7s with respect to the Time to Collision

(oblique line in the figure; 0.7 G / Stopping in front of

the obstacle, 0.5G / Stopping behind the obstacle, 0.7

G / Stopping behind the obstacle). The “goal

stopping position" and "deceleration level during

system actuation" were changed as experimental

conditions in this study. However, it is clear that the

start timing of system actuation indicated by the

Time to Collision is one index for evaluating the level

of the operation interference between the system and

the driver. The following condition is satisfied

when the Time to Collision as the start timing of the

system braking control is shorter than 1.7s.

The driver initiates the braking operation in advance

of braking control by the system.

Condition in which the Driver Performs Braking for

Collision Avoidance

The fluctuation of Time to Collision during the drivers’

braking operation is provided in Figure 7. It became

apparent that Time to Collision never fell below a certain

value, indicated as TTCmin in the figure. Evidently all

drivers felt that the risk of collision was extremely high

when Time to Collision became less than TTCmin, and all

drivers controlled their braking manipulation to maintain

the condition that Time to Collision never fell below

TTCmin. This minimum value of Time to Collision was

0.84s in all trials in this study. Therefore, it is possible to

assume that the drivers will personally manipulate the

braking operation to avoid a collision if we set the braking

algorithm (the deceleration level and stopping position) so

that Time to Collision becomes less than 0.84s during

braking control by the system. These results satisfy the

following condition when Time to Collision during brake

actuation is shorter than 0.84s.

The driver performs braking when Time to Collision

becomes minimum, indicating that the danger of

collision is greatest.

Figure 7 Fluctuation of Time to Collision during

driver’s braking
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BRAKING CONTROL ALGORITHM TO

PREVENT INTERFERENCE BETWEEN THE

DRIVER AND THE SYSTEM

We examined the design method of the braking algorithm

to prevent interference between braking by the driver and

braking control by the system. We focused on the driver’s

braking behavior during the start of braking and avoidance

of collision. We found that the following two

requirements are important for minimizing operation

interference between the driver and the system and

over-dependence on the system.

a) The driver starts the braking operation in

advance of braking control by the system.

b) The driver performs braking when the Time to

Collision becomes minimum, indicating that the

danger of the collision is greatest.

The reason we chose these two requirements to avoid

interference between manipulation by the driver and system

actuation is illustrated in Figure 8. For example, the

system will be activated when the vehicle velocity overruns

the system’s braking control velocity even if the driver’s

manipulation is in advance of system actuation because the

driver’s braking is not sufficient. It is therefore important

for the driver to exert pressure on the brake pedal at certain

timing to avoid collision.

We chose the time when Time to Collision becomes

minimum, indicating that the risk of the collision is highest,

as the time when the driver should depress the brake pedal.

We consider that pressure on the brake pedal at this time by

the driver is important to minimize the level of dependence

on the system, since this driver activity signifies that the

driver will avoid collision by his/her own operation when

the risk of collision is greatest.

We examined the design range of a system that can

simultaneously satisfy the above two conditions based on

the driver’s behavior in this study. The results are

revealed in Figure 9. The horizontal axis indicates the

goal stopping position, and the vertical axis represents the

deceleration level of the system. The Time to Collision at

the start of braking control by the system will be less than

1.7s when the deceleration and stopping point are designed

in a region above curved line 1. Braking by the driver

comes before system actuation under this condition, which

satisfies the above condition a). We used 150ms as the

process delay time of braking control in our analysis of the

design range of the system, since the kinetic characteristics

of the system were constructed in the JARI driving

Figure 9 Design range of a system to avoid

interference between driver operation and system

actuation
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simulator. As a reference, curved line 1 is also shown

when the process delay time to braking actuation was 0s .

The Time to Collision during braking control by the system

will be shorter than 0.84s in situations when the

deceleration and stopping position are designed in the

region to the upper left of line 2. The aforementioned

study indicated that every subject personally performed

braking when Time to Collision became shorter than 0.84s

during system actuation. Therefore, it can be assumed that

drivers will manipulate braking operation for collision

avoidance when the deceleration and stopping position are

designed in this region.

These survey results clarify that the driver initiates

the braking operation in advance of the system when

the system is designed in the region shown in gray on

the left in the figure, and that the driver will perform

braking for collision avoidance when the risk of

collision is greatest. It is evident that operation

interference between the driver and the system does

not occur when the system is designed in this region,

and the driver’s dependence on the system will be

minimal. An example of the system design

satisfying these conditions is described below.

Deceleration: 0.5G

Stopping position: -5m (5m behind the obstacle)

CONCLUSIONS

Insight into a better system design to avoid operating

interference between the driver and the system and to

avoid excessive dependence on forward collision

avoidance assistance systems was obtained in this

study. The primary results derived from this

investigation are described below.

Investigation of Driver Behavior for Collision

Avoidance

a) All subjects initiated braking before system

actuation when the system was actuated at a

Time to Collision of 1.7s or less, under

conditions in which the car approached a

stationary obstruction at 60km/h.

b) It appeared that all subjects performed braking

during collision avoidance in such a way that

Time to Collision remained above 0.84s.

Functional Requirements for Preventing

Operation Interference between Driver Operation

and System Actuation

a) We clarified the design method of the braking

algorithm to minimize interference between braking

by the driver and braking control by the system. We

focused on the driver’s behavior during the initiation

of braking and collision avoidance. We consider the

following two requirements to be important for

minimizing interference between the driver and the

system, and over-dependence on the system.

The driver initiates braking in advance of the

braking control start timing by the system.

The driver performs braking when the Time to

Collision becomes minimum, indicating that

the danger of collision is greatest.

b) The above requirements will be satisfied when we

design a system based on the following conditions.

The braking control start timing indicated by Time to

Collision should be set at 1.7s or less. The minimum

Time to Collision during braking control by the

system should be less than 0.84 s.
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Urban district driving was assumed in this study, and

conditions in which the vehicle approaches an obstacle at a

speed of 60km/h were arranged. It was proven that no

interference between the driver and the system was

generated if the start timing of the system actuation was set

at a Time to Collision of less than 1.7 seconds. However,

the conditions to minimize interference between the driver

and the system will probably be different when the vehicle

velocity is varied. We will conduct investigations when

the vehicle velocity differs in the next step of this study.
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ABSTRACT
Improvements in occupant extrication techniques are
required due to enhanced safety features in modern
vehicles. The research questions were focused on
what force directions and what vehicle types, were
most highly associated with an extricated occupant.
Two national databases, FARS and CIREN were
queried. Principal direction of force for the occupant
vehicle and vehicle weight were used as delineating
variables. From FARS data, the percentage of
extricated occupants increased between 1993 and
2000. Left-sided crashes account for the highest
percentage of occupants requiring extrication
(18.8%) compared to occupants in rear crashes
(lowest at 8.6%). Occupants in vehicles less than
2500 pounds were most often extricated (19.1%)
compared to vehicles greater than 3500 pounds
(lowest at 11.3%). From the CIREN database, for
left-sided crashes, occupants required extrication
33.0% of the time when involved in truck-into-car
crashes whereas car-into-car crash victims were
extricated only 27.3%. These results imply an
increased risk for extrication need for those
occupants struck by a vehicle that is mismatched.

INTRODUCTION
Hundreds of thousands of vehicle crashes occur on
roadways every year. In many of these crashes the
occupant(s) are injured or incapacitated to the extent
that assistance is required to remove the occupant
from the vehicle wreck. Extrication can be defined
as the use of force to bend or remove a component of
the vehicle structure to remove a patient from a
vehicle wreck. Extrication of occupants from a
vehicle after the crash is often conducted by the local
fire and rescue teams that respond first to such an
incident. Unfortunately, occupant extrication
techniques and the risk of secondary injury to the
motor vehicle crash victim during these procedures
have received little attention in the scientific
literature. A study from a regional level 1 trauma
center that compared 102 patients requiring
extrication with 20 patients that did not indicated

those requiring extrication had a higher incidence of
brain injury and lower extremity injury, and were
associated with a higher incidence of post-injury
complications [Siegel, et.al. 1993]. This study also
concluded that a significantly greater percentage of
the injuries sustained by the patient group requiring
extrication were attributed to intrusion of vehicle
structures.

Despite the improvements in vehicle safety over the
last decade, occupant extrication techniques have
remained largely unchanged. The makeup of the
vehicle fleet has also significantly changed over the
last decade with significant increases in sales of
SUVs and light trucks. To recommend changes and
improvements to extrication procedures, it is
necessary to characterize the vehicle crashes that are
associated with the need for occupant extrication.
The purpose of this study was to examine the trends
associated with the need for occupant extrication
after vehicle crashes. The research questions were
focused on what force directions, what vehicle types,
and whether struck or striking vehicles were most
highly associated with an extricated occupant.

METHODS
The US DOT Fatality Analysis Reporting System
(FARS) was queried from years 1993 to 2001. Every
car crash in the US with a fatality is reported in this
database. The extrication variable was examined
with respect to vehicle type and type of crash.
Vehicle types were classified by both vehicle weight
and class code (e.g., 2-door sedan, minivan, SUV,
light truck). Crash types examined were frontal, right
side, left side, and rear impacts. The number of
victims involved in these crashes that required
extrication were counted and evaluated with respect
to the total number of occupants for each crash
condition and vehicle type. Thus, “risk” of
extrication was determined.

The US DOT Crash Injury Research and Engineering
Network (CIREN) database was also queried for the
extrication variable. The CIREN query was focused
toward near side crashes. The CIREN database
contains information not only on the crash variables
but also detailed medical information on each case
occupant. This database was also examined to
determine the need for occupant extrication. The
vehicle of the case occupant as well as the causal
agent of the near side crash was examined. In other
words, if the impacting agent was a vehicle, truck or
passenger car, or a stationary object such as a pole or
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tree. The type of collision was classified into four
types: car-into-car, where a passenger car was the
bullet vehicle and the case vehicle; truck-into-car,
where a light-truck or SUV was the bullet vehicle and
a passenger car was the case vehicle; car-into-other,
where the case vehicle hit a pole or tree; and other,
where some other combination of bullet and case
vehicle occurred.

RESULTS
From the FARS data, the trend in total number of
occupant extrications increased from 1996 to 2000
(Figure 1). In general, the number of occupants that
required extrication were involved in frontal impacts
more than twice as often as those in side impact.
This trend is reflective of the total number of frontal
crashes that occur in relation to side crashes. To
calculate the risk for occupant extrication, the
number of extricated occupants was divided by the
total occupants in a given category. This analysis
demonstrates that the risk for occupant extrication is
highest for side impact. The risk for occupant
extrication increased from 12.3% in 1996 to 18.8% in
2001. The percentage of occupants requiring
extrication from fatal vehicle crashes was 1.27 to
1.44 times higher for occupants in side compared to
frontal impacts (Figure 2).

Also using the FARS database, occupant extrications
were evaluated by vehicle weight (Figure 3). The
total number of extrications for the 2500-3500 lb
weight category increased from 2028 in 1993 to 3693
in 2001. The number of occupant extrications from
heavier and lighter vehicles remained fairly constant
in this time period. The risk for occupant extrication
was calculated for each of the weight categories. The
lightest vehicles (< 2500 lb) had the highest risk
percentages for occupant extrication (Figure 4). For
the years 1999 and 2000, the lighter vehicles (< 2500
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Figure 1: Total number of occupants requiring
extrication from fatal vehicle crashes (FARS data)
by principal direction of primary impact.
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Figure 4: Percentage of occupants requiring
extrication from fatal vehicle crashes (FARS data)
by vehicle weight.

lb) had approximately 1.7 times the risk for occupant
extrication than the heaviest vehicles (> 3500 lb).

The CIREN database analysis was focused on
occupants involved in side impact collisions since the
above FARS analysis demonstrated that this
condition was the highest extrication risk. The
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CIREN database produced 269 qualifying side
impact crashes. Of the 269 case occupants in this set,
97 (36.1%) were extricated. Of the car-into-car
crashes 27.3% of the case occupants required
extrication. In contrast, for 33.0% of truck-into-car
collisions the case occupant required extrication. The
CIREN database also records the time of the
extrication procedure. The average extrication time

was 22 minutes with a range between 10 and 60
minutes.

DISCUSSION
The objectives of this study were to characterize
some of the variables that are associated with the
need for occupant extrication after motor vehicle
crashes. There was a general increasing trend from
1993 - 2001 in the total number of extrications that
were conducted on occupants involved in fatal
vehicle crashes. Occupants that were at highest risk
for extrication were involved in side impact crashes
and were in lighter weight vehicles. Extrication risk
demonstrated a significant increasing trend between
1996 and 2001 for those occupants involved in a side
impact fatal crash. Up to 18.81% of occupants in
these crashes required extrication. For a given
change in velocity, a side impact crash in general,
will cause more intrusion into the occupant space
than a frontal or rear crash. This result appears to be
consistent with a previous study that directly
associated increased occupant compartment
intrusions with the need for extrication [Siegel, et.al.
1993].

Occupants that are in lighter weight vehicles have a
consistently higher risk for extrication than those in
heavier vehicles. After a steady rise in risk between
1996 and 2000, there seems to be a slight decrease in
the need for extrication in the 2001 data. It should be
noted that the total number of lighter weight vehicles
involved in fatal vehicle crashes has been steadily
decreasing over the last several years, while at the
same time the number of heavier weight vehicles has
been increasing during the same time period (Figure
5). This is probably reflective of the decreasing
numbers of lighter weight vehicles on the road and
the increasing number of SUVs and light truck
vehicles.

Because of the changing vehicle fleet, and the FARS
results of this investigation, the CIREN database was
evaluated for trends in side impact crashes with
vehicles that were mismatched. The CIREN database
contains very detailed information on each case with
over 900 data entries for each case occupant. Part of
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the inclusion criteria for CIREN cases is a victim
with severe injuries (at least AIS=3) and admission to
a regional level 1 trauma center. The advantage of
this database is that it contains information on only
later model vehicles. The information then, is
directly relevant to describe emerging trends. For
each of the side impact cases that were analyzed, the
bullet vehicle and the case vehicle were classified
either as a truck or passenger car.

The truck-into-car side impact scenario required a
higher percentage of the case occupants to be
extricated compared to car-into-car side crashes.
This implies an increased risk for extrication need for
those occupants struck by a vehicle that is
mismatched. Clearly, other variables such as crash
severity would need to be evaluated to more
completely delineate the associated risks with vehicle
incompatibility crashes.

This study represents one of only a handful of
investigations into occupant extrication procedures
and the associated factors. It has been documented
that the extrication process involves high risk of
additional injuries or aggravation of existing injuries
to the victim of a motor vehicle crash [Ersson, et.al.,
1999, Karbi, et.al, 1988]. The time for extrication to
be completed is also a critical factor. A previous
study that evaluated extrication times recommended
procedures that would be less than 30 minutes
[Wilmink, et.al., 1996]. The CIREN center data
demonstrates average times less than this but
indicates some cases that required up to 60 minutes.
The importance of the extrication procedure should
not be underestimated. Additional studies that
further document improvements to occupant
extrication techniques should be encouraged.
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ABSTRACT

The widespread and increasing use of deployable
devices for improved occupant protection has
created new opportunities to design vehicles for
multiple impact accidents. It is therefore of topical
interest to understand how often multiple impacts
occur; which order and combination of impacts
(front, side, rear) are most frequent; whether the
first, second or subsequent impact is most severe;
whether occupants are injured on the first, second
or subsequent impacts. In-depth accident files from
the UK Co-operative Crash Injury Study 1992-2001
were reviewed, focussing on restrained occupants
with MAIS 3+ injury severity where the vehicle
received (exactly) two impacts in the course of the
accident. The accident data shows that the first
impact is the most severe in about 75% of these
cases and indicates that injuries are very highly
associated with the more severe impact.

Keywords:

in-depth accident data, multiple impact, occupant
protection, restraint systems, deployment, injury
severity

INTRODUCTION

The widespread and increasing use of deployable
devices for improved occupant protection has
created new opportunities to design vehicles for
multiple impact accidents. Current systems, such as
air bags, typically deploy only once and operate
effectively for a fraction of a second. If a vehicle
incurs more than one impact during an accident and
deployable systems are activated on the first
impact, then they are not necessarily available for
the second and subsequent impacts that may occur.
It is therefore of topical interest to understand how
often multiple impacts occur; which order and
combination of impacts (front, side, rear) are most
frequent; whether the first, second or subsequent
impact is most severe; whether occupants are
injured on the first, second or subsequent impacts.

RESULTS

The results presented in this paper are based on the
in-depth UK Co-operative Crash Injury Study

(CCIS) 1992-2001. The study collects detailed
vehicle damage and occupant injury information
from a sample of (occupant) injury accidents that
occur in selected regions around England. Both the
case vehicle, which must have been less than seven
years old and towed away from the scene of the
accident, and its collision partner are eligible for
inclusion. The sample is weighted towards fatal and
serious accidents.

Table 1.
Impact Type for MAIS 3+ Occupants (N=1274)
Impact type driver front pass. rear pass.

Single
front 405 118 26

struck side 166 12 6
non struck side 73 60 3

rear 4 1 2
sub-total 648 191 37

Multiple
2 impacts 135 42 8
3+ impact 29 12 2

Rollover 117 46 7

The analysis in this paper is focussed on restrained
occupants injured to MAIS 3+ severity. This
includes severe fractures, lacerations and many
internal injuries, generally resulting in admission to
a hospital bed. Table 1 shows frequency of impact
type by seat position for 1274 MAIS 3+ restrained
occupants. It can be seen that multiple (two-
dimensional) impacts occur more often than
rollovers. The majority of the multiple impacts are
two-impact vehicles, i.e. vehicles that are coded as
receiving two separate impacts in the course of the
accident.

All following results apply to restrained occupants
with MAIS 3+ injury severity where the vehicle
received (exactly) two impacts in the course of the
accident.

The documentation of each case was individually
reviewed (a) to check the accident circumstances,
in particular the sequence of events; (b) to assess
the level of injury attributable to each impact; and
(c) to assess whether each impact was individually
of CCIS sample severity, i.e. of tow-away severity
and injury-causing potential.
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The CCIS tow-away sample criterion means that
single impacts are severe enough to disable the
vehicle. Where a vehicle has multiple impacts, it is
not necessary that all recorded impacts are
individually severe enough to render the vehicle
undrivable. The second and third impacts (i.e. the
less severe impacts) can be very minor; despite this,
they are coded up by the vehicle examiners in just
the same way as single impacts.

Table 2.
Timing of Impacts

vehicles
sequential 124 95%
simultaneous 3 2%
unknown 4 3%

total 131 100%

Table 2 shows how many times the impacts were
believed to follow sequentially one after the other
or to be simultaneous. The vast majority are coded
as sequential. The timing of only a small number of
impacts was considered to be unknown. CCIS
vehicle examiners rarely visit the scene of an
accident. The judgment of impact timing is mostly
based on the description of accident circumstances
recorded in the police report.

Table 3.
Object Struck

vehicles
same object 34 26%
separate objects 92 70%
other/unknown 5 4%

total 131 100%

It is difficult to ascertain the duration between
impacts without making an at-scene investigation.
When the same object is struck twice, e.g.
following rotation of the colliding vehicles, it is
likely that the duration between impacts is
relatively short. Table 3 shows that the same object
is struck twice in 26% of cases. As the duration
between impacts can also be short when separate
objects are struck, this is a conservative estimate of
the percentage of cases in which the impacts follow
in quick succession.

Table 4.
Severity of Impacts (N=131)

Impact severity
tow-away
or injury

AIS 1+ AIS 2+

one impact
only

46% 77% 89%

both impacts 54% 22% 11%
other/unknown 0% 1% 1%

total 100% 100% 100%

Table 4 provides three indications of the extent to
which two-impact vehicles are adequately covered
by the design of safety systems for single impacts.

The assessment of whether both or only one impact
was of CCIS sample severity (tow-away or injury
potential) is necessarily subjective. The judgement
was made conservatively, i.e. if in doubt, impacts
were categorised as having tow-away or injury
potential. By this criterion almost half (46%) of
two-impact vehicles could be considered as
incurring only one significant impact

In reviewing the individual accident reports, it was
usually fairly clear which injuries were attributed to
the first or second impact, especially at the more
severe levels. Table 4 shows the number of vehicles
for which both impacts, jointly or independently,
were considered to contribute to AIS 1+ injuries.
Over three-quarters of vehicles had only one injury-
causing impact, even at the level where bruises,
abrasions and other AIS 1 injuries are taken into
consideration

An even larger proportion of vehicles (89%) had
only one impact that contributed to injury at the
more severe AIS 2+ level. Vehicle safety systems
would normally be designed for this level of injury,
from which it can be concluded that design for
multiple impacts is required for around one in ten
cases of two-impact vehicles, based on the CCIS
sample

Table 5.
Most Severe Impact (N=124)

Impact
first second total

Front 43
83%

9
17%

52
100%

Side 45
76%

14
24%

59
100%

Rear 7
54%

6
46%

13
100%

total 95
77%

29
23%

124
100%

Table 5 describes when the most severe impact
occurred. When front and side impacts are the most
severe impact, they occur predominantly as the first
impact (83% and 76% respectively). This suggests
that the design of safety systems for single impacts
mostly covers double impacts too. Nonetheless
there remains a significant minority of cases (17%
and 24% for front and side impacts respectively) in
which it could be appropriate for deployable
systems to be operational on the second impact.
When rear impacts are the most severe impact, they
are roughly equally balanced between occurring
first or second.
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Table 6.
Sequence of Impacts: All Impacts

Second impact
First impact front side back total

front 4 43 10 57
side 17 43 6 66
back 6 1 1 8

total 27 87 17 131

Table 7.
Sequence of Impacts: Both at AIS 1+ Level

Second impact
First impact front side back total

front 3 8 3 14
side 5 7 0 12
back 3 0 0 3

total 11 15 3 29

Table 8.
Sequence of Impacts: Both at AIS 2+ Level

Second impact
First impact front side back total

front 1 5 1 7
side 2 3 0 5
back 2 0 0 2

total 5 8 1 14

Table 6, Table 7, and Table 8 show the sequence of
impacts for all impacts and for cases where both
impacts were considered to be relevant at the AIS
1+ and AIS 2+ levels.

The trend in these tables is that front impacts
followed by side impacts, and side impacts
followed by a second side impact, are the most
frequent events and constitute around half of all
double impacts. In the context of deployable safety
systems this (a) highlights the importance of
activating front, left and right systems
independently and (b) points to the possibility of
maintaining the deployed state of side systems for
an extended duration of time in order to cover the
occasions when the same side is struck twice.

Table 9.
Maximum Injury Severity for Sequential

Impacts (N=129)
Injury severity

Impact nil AIS 1 AIS 2 AIS3+ total
first 19% 5% 1% 75% 100%
second 60% 5% 1% 33% 100%

Table 9 shows the maximum level of injury
associated with the first and second impacts. Earlier
it was shown that the first impact is the most severe
impact about three-quarters of the time (see
Table 5). This is reflected in Table 9, where the
first impact was involved in an AIS 3+ injury for
75% of occupants. The second impact was

considered to be involved at the AIS 3+ level,
either independently or jointly, in 33% of cases. It
is worth mentioning again that these occupants are
a MAIS 3+ sample and therefore by definition have
at least one AIS 3+ injury.

A detailed breakdown of the impact type of the first
and second impacts that contributed to AIS 3+
injury is shown in Table 10 and Table 11. These
results can be compared to the distribution of
impact type for single impacts described above
(cf. Table 1).

Table 10.
Impact Type for AIS 3+ Injuries on First Impact

(N=103 occupants)
driver FSP rear

Frontal narrow
underrun 7 1
offset 13 2
intermed. 6 2
full 12 6

Struck underrun 7 1 2
side narrow 2 2

wide 12 6
Non- underrun 3
struck narrow
side wide 6 4 1

other 1
Rear narrow 4 3

Table 11.
Impact Type for AIS 3+ injuries on Second

Impact (N=46 occupants)
driver FSP rear

Frontal narrow 2 1
underrun 2 1
offset 2
intermed. 5
full 3 1

Struck underrun 2
side narrow 2 1 1

wide 10 1 2
Non- underrun
struck narrow 2
side wide 2
Rear narrow

underrun 2
offset
intermed.
full 2 2

These results confirm from injuries what was
already seen from impact severity: that the first
impact is the first priority for the design of safety
systems and that the proportion of significant
events on the second impact is high enough to
warrant attention.
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Table 12.
Maximum Injury Severity for More and Less

Severe Impacts (N=124 occupants)
Injury severity associated with

impact
nil AIS 1 AIS 2 AIS3+ total

more
severe

1% 2% 0% 98% 100%

less
severe

80% 8% 2% 10% 100%

Table 12 shows how injuries are associated with the
more and less severe impact. As expected, among
this sample of MAIS 3+ occupants, the more severe
impact is involved in an AIS 3+ injury in virtually
all cases (98%). The less severe impact is involved
in serious injury in one in ten cases. This indicates
that a priority for deployable systems is to be
activated on the more severe impact. This will
automatically result in appropriate protection for
the majority of double impacts even if the systems
are designed for single impacts.In practice, single-
activation systems are available on the second
impact if minor first impacts due not exceed the
deployment threshold.

CONCLUSION

Among the two-impact MAIS 3+ CCIS sample of
cases reviewed, the less severe impact is relevant to
serious injury in around 10-12% of cases. The more
severe impact occurs as the first impact for over
75% of double impacts.

The accident data reviewed indicates that vehicle
safety systems designed for single impacts are
probably already substantially effective for double
impacts. A priority for deployable systems is to
activate at a threshold that retains their protective
effect in the event of a second, severe impact. It is
also appropriate that front, left, right, and rear
deployable systems activate independently as
required. Increasing the duration of time over
which deployable side protection systems maintain
their activated state could further extend the
protection of occupants against double impacts on
the same side.
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ABSTRACT
In a frontal vehicle crash, for a given crash velocity
and given maximum vehicle crush, with a known
restraint characteristic, what is the vehicle pulse,
subject to lower and upper bound constraints, that
produces the lowest peak occupant deceleration? A
solution procedure using numerical optimization is
proposed. The pulse is discretized in the vehicle
crush domain. The optimization search is facilitated
by a specially developed algorithm that is a hybrid of
the sequential quadratic programming (SQP)
algorithm for nonlinear constrained optimization and
the genetic algorithm (GA). Optimization examples
are shown with linear and nonlinear occupant
restraints. Numerical results from the examples
indicate that when the number of pulse discretization
segments is less than five, the solution method is
effective in providing pulse improvements for
practical problems. A discussion on the theoretical
and practical aspects of optimal pulses is also given,
with reference to a theoretical optimal pulse recently
published by Wu et al. [1].

INTRODUCTION
Occupant protection in vehicle crash is an important
aspect in automobile design. It has been a continuing
endeavor on the part of automobile manufactures.
Some occupant crash-test responses are also
regulated by crash safety standards in many countries
and geo-political regions. Engineering design in this
field is generally executed with integrated testing and
analytical modeling. Analytical modeling at present
generally includes finite element, rigid-body
dynamics, and simple spring-mass model analyses.
Each of these approaches reduces the vehicle-
occupant restraint problem to a different level of
abstraction that is best suited to answering questions
raised from a particular perspective concerning the
central occupant response issue. These predictive
models, in their most direct applications, simulate the
occupant response under given vehicle structure and
restraint specifications. Given this capability, a
question that is naturally expected is then: what is the
best structure and restraint design for the occupant?
This optimal design question is the focus of this
study.

A definition of "best for the occupant" is in order at
this point. What metrics most comprehensively and
accurately reflect the level of occupant protection is
in itself a topic that still requires considerable
investigation. Nevertheless, the peak occupant thorax
acceleration has been used in the industry. This
metric has also been one of the injury assessment
values in the US Federal Motor Vehicle Safety
Standard 208 for frontal crash occupant protection. It
serves as an indicator of the force acting on the
occupant if the occupant is approximated as a single
point mass. In the scope of this study, "best for the
occupant" means a condition that gives the lowest
possible peak occupant thoracic acceleration.

The frontal vehicle crash design optimization
problem may be dealt with analytically with two
approaches. The first would use physical vehicle
parameters as the optimization variables, and would
therefore involve the solution of the dynamic crash
response of the vehicle in addition to the solution of
the occupant response to the vehicle motion. This
makes an efficient and accurate structural dynamic
solver a prerequisite, which at the present time, still
represents a challenge. The alternative approach is to
use a two-step strategy by first finding an optimal
structural response for the occupant. The second step
is to either solve an inverse structural design problem
based on the optimal structural response, or provide a
direction for structural design. The study in this paper
assumes this two-step approach, and deals only with
the first step, i.e., finding the optimal structural crash
response for the occupant.

Many studies have been published in the last three
decades or so on this optimal pulse problem. Several
[1-11] of these are particularly relevant to the current
work, and a brief review is given here. In [2-3],
different simple theoretical vehicle acceleration
pulses are evaluated analytically in terms of their
effect on the occupant. In contrast, in [4-9],
numerical methods are used to compute the occupant
response (based on either single-degree-of-freedom
(SDOF) spring-mass model or multi-body occupant
dynamics simulation), allowing for vehicle pulses of
general shapes. The vehicle pulses are in general pre-
selected for evaluation; therefore, these are not
optimization studies in the sense of the lack of an
automatic search. In [10], a sensitivity analysis is
used, which is in essence a gradient-based iterative
search. The vehicle pulse is discretized in the crash
displacement domain. Overall, to date, the optimal
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pulse problem has not been addressed using a formal
optimization approach as far as the authors are aware.

Results of several studies [6,10] have shown that a
"good" pulse has the following characteristics: high
at the beginning stage, decreasing to very low levels,
and re-surging in the last stage of the crash. However,
the authors did not present a definitive explanation
from a fundamental basis.

Motozawa and Kamei [11] used a specific condition
to identify "optimal pulses" with a linear SDOF
spring-mass model. Essentially the condition
stipulates the vehicle pulse to have a transient period
in the beginning that brings the occupant acceleration
to a level, and be able to maintain this level to the
end of the crash. A family of pulses satisfying this
condition were identified, which were concluded to
"consist of three aspects: high deceleration, low or
negative deceleration, and constant deceleration".

Wu et al. [1] recently presented SDOF spring-mass
model analyses that addressed the optimal pulse
problem by applying an energy relationship between
the vehicle pulse and the occupant acceleration in the
occupant-vehicle relative motion domain. A
significant result in [1] is the answer to the optimal
pulse question: for a given amount of vehicle crush
under a given crash velocity, the optimal pulse is one
that consists of an impulse, a subsequent zero-
acceleration period, and finally a constant level
period. This is applicable to both linear and nonlinear
non-decreasing restraint functions. The velocity
change of the impulse, the timing of the zero
acceleration period, and the final constant level are
completely determined by the crash velocity, the
maximum crush, and the restraint function. This
result is significant because it shows that the results
of several existing studies [9-11] can all be unified as
specific cases along the path to this optimum (i.e., it
is the theoretical limit of all those results). Physically,
the optimality of this "high-ended" pulse derives
from its unique ability to bring the restraint as
quickly as possible to a peak level, and maintain it at
this level for the rest of the crash event (i.e., a near
square-shaped occupant acceleration response in the
time domain, which is the most efficient).

At this point, the aspect of constraint condition
deserves some discussion. Figure 1 shows the
normalized linear occupant restraint system energy
(which maps directly to the peak occupant
acceleration) as dependent on the normalized
maximum vehicle crush for several types of pulses.
Clearly, the notion of optimal pulse is only
meaningful when we specify all the constraints, for

example, under a given amount of total vehicle crush.
Further constraint conditions are necessary to narrow
down the optimal pulse to one relevant to a particular
case. For example, the fourth pulse shown in Figure
1, which is a case in the family of pulses given in
[11], is inadmissible if the vehicle pulse is
constrained to be non-negative (Note that the thin
part of the dashed line corresponds to pulses with the
vehicle velocity and/or the crush having a negative
period before the end of the pulse. These are not
realistic in a physical vehicle crash case). As a further
example showing the importance of constraints, the
lower "Two-Impulse" curve (ending time (te) longer
than a quarter of the period) in Figure 1 will become
the higher one, if a constraint is imposed that the
occupant does not experience unloading (see
Appendix 1).
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Figure 1. Occupant restraint energy and crush
pulse relationship for selected pulse examples for
linear restraint (Occupant restraint energy is
normalized by that corresponding to a single impulse
pulse; and vehicle crush is normalized by that
corresponding to a square pulse ending at the
natural period of the restraint system (T). v0 denotes
the crash velocity).

In summary, the optimal pulse question can not stand
alone; it is only meaningful when the appropriate
constraints are specified. The answer, under the equal
maximum crush and non-negative constraints, is
given in [1] as the theoretical optimal pulse for a
general restraint system. In practice, the optimal
pulse question becomes somewhat more complicated.
Inevitably there will be more constraints; for
example, there may be limits to the acceleration that
will exclude the possibility of an impulse at the
beginning of the theoretical optimal pulse. An
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approach to obtain a solution which can deal with
such practical constraints is the objective of this
study. A numerical optimization method is proposed,
and applications of this method to practical examples
are shown.

NUMERICAL OPTIMIZATION METHOD

Problem Definition
The preceding discussion suggests that the optimal
pulse question can be cast as a constrained nonlinear
optimization problem. The peak value of the entire
acceleration time history of the occupant is chosen
here as the objective function (although the general
numerical solution method used here does allow
other metrics based on the kinematics of the
occupant, for example, its peak relative velocity, or
the maximum work to it from the restraint). The
vehicle pulse will be the variable to be optimized,
subject to the appropriate constraints (for example, in
the form of maximum crush, etc.).

Figure 2.   Schematic picture describing the
system and sign convention (x represents vehicle
crush, and y represents relative motion between the
occupant and the vehicle, with positive direction
shown by the arrows. Vehicle acceleration versus
crush, and occupant acceleration versus relative
motion relationship are shown schematically).

The above description can be summarized as:

minimize  maximum ( )))(()( txytx ���� + ,
    x                t

subject to constraint g(x)=0 (1),

where x is the forward motion of the vehicle (crush),
y is the forward motion of the occupant relative to the
vehicle (see Figure 2), and g denotes constraints that
can be put on the acceleration of the vehicle.

Since the optimization variable is the vehicle pulse
x(t), a function by itself, the above-defined
optimization problem is, strictly speaking, a
functional optimization problem. Since it is difficult,
if not impossible, to explicitly express the peak
occupant acceleration (the functional) in terms of the
vehicle pulse, with the constraint, and with a general
restraint function, the preferred analytical approach
of finding and solving the Euler equation that
corresponds to the optimal condition is impractical.
Therefore, in this study, the vehicle pulse is
discretized, and represented by individual
acceleration levels as variables. This approximation
turns the functional optimization problem into a
simpler parameter optimization one.

The discretization of the pulse is carried out in the
vehicle acceleration-crush domain, instead of the
time domain. This is for two reasons. First, a
specification in this domain, as opposed to in the time
domain, is natural to structural design since the
acceleration versus crush information is directly
mapped to force levels of each segment of the
structure along its longitudinal axis. Second, the
imposition of the constraints is more convenient in
this domain, as will be seen later.

The relationship between y (relative motion) and x
(vehicle crush) is implicitly defined by the following
two simple second order ordinary differential
equations (ODE):

                   ,)( xyfy ���� −=+
            ]);[;()( ii axxaxax −=−=��      (i=1, …, n) (2).

The first equation is the equation of motion for the
occupant, where f(y) is the restraint force normalized
by the mass of the occupant (f(y)>0, when y>0). (For
simplicity, the restraint force is assumed to depend
only on the relative position of the occupant
throughout this study, although numerically, damping
and other rate-dependent behavior can also be
incorporated).

The second equation relates the time domain function
x(t) to the crush domain defined vehicle acceleration
a(x) (a(x)>0 when x>0, for frontal crash), and the
second part of the equation denotes the discretization
of the pulse into n segments, as shown in Figure 3.
The crush distances xi (i=1,…,n) that define the
discretization are prescribed, and the n acceleration
levels ai are left as the parameters to be optimized. In
all the computation in this paper, a rebound
acceleration is assumed that has the same level as the

y

x

a(x) f(y)
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last segment of the crush pulse, and produces a
rebound velocity of 1/10 of the crash velocity.

Figure 3.  Discretization of the pulse in vehicle
crush domain.

The initial conditions for the two equations are:
0)0(      ,0)0( == yy � ,

                         0)0(      ,0)0( vxx == � (3),

where v0 is the initial crash velocity of the vehicle.

Throughout this study, the optimization constraints
are the crash velocity (v0) and the maximum crush
(d0). The velocity constraint can be written in terms
of the optimization parameters ai through the energy
relationship as:

                         02/
1

2
0 =−∆∑

=

n

i
ii vax (4).

The maximum crush constraint is automatically
satisfied by discretizing the crush over the range [0
d0], which is the aforementioned second reason for
formulating the problem in the acceleration-crush
domain.

As discussed in the introduction, constraint on the
pulse levels is also necessary for the problem to be
physically meaningful. The constraint imposed in this
study is:
                      iuiil aaa ≤≤    (i=1,…,n) (5),

where ail and aiu are the lower and upper bounds for
the i-th segment of the crash pulse. They are inputs to
the computation and can be determined based on
physical considerations (e.g., non-negative
acceleration), or design limitations.

So far, the optimization problem has been fully
defined. As a summary: a peak occupant acceleration
can be obtained after solving Equations (2), under a
given restraint function f(y), with the initial
conditions (3), for a given set of ai that is defined

over a prescribed division of the total crush d0 and
subject to the constraints (4) and (5). The remaining
task now is to develop an algorithm that facilitates
the search for the optimal set of ai.

Optimization Search Algorithm
The sequential quadratic programming (SQP) [12]
has been established as an effective general
nonlinear, constrained optimization algorithm. A
brief account of the key strategies for the SQP is
given here. The constrained optimization problem is
transformed into an unconstrained using the
Lagrangian function. The SQP algorithm goes
through a sequence of iterations, progressively
seeking to move to a better solution point. At each
iteration, the problem is approximated by a quadratic
programming (QP) sub-problem which can be
precisely solved if the first and second order
derivatives of the objective function are known.
Commonly, the gradient (first order derivative) is
approximated by finite difference, and the Hessian
matrix (second order derivative matrix) and its update
are also approximated for computational efficiency.
With most implementations, the QP sub-problem
provides only a search direction, and a step size along
this direction is determined by evaluating a merit
function that combines the objective function value
and the amount of constraint violation. In the current
study, a routine (constr) in the Matlab Optimization
Toolbox [13] is adopted with modifications to the
merit function definition and convergence criteria.

Computation of examples during the course of this
study showed that the SQP algorithm by itself often
converges (a sufficiently small step and objective
function change in successive iterations) to local
minima. While no method is known that completely
eradicates this shortcoming, some strategies, often
heuristic, do help alleviate the predicament.  In this
study, a "confirmation" step is implemented at the
convergence of a SQP sequence, by invoking a
simple genetic search algorithm (GA, see [12] for an
introduction). The GA search explores a
neighborhood of the SQP-converged point in the
parameter space. If within a given amount of
exploratory stochastic sampling, no superior point is
identified, the SQP-converged point is confirmed,
and the entire search is terminated; On the other
hand, if the GA converges to a superior point, the
control algorithm then recursively initiates the
SQP/GA process using this point as the new starting
point. The recursion goes on until a subsequent GA
confirms a SQP convergence.

The GA-type of search schemes are function-value-
comparison-based, with no derivative computation. It

x, crush

a

a

a

rebound

x x (max.  crush)

a

a

∆x

Time ti

Velocity vi

x



Shi 5

attempts to move to improved points through a series
of generations, each being composed of a population
which has a set number (population size, 30 in this
work) of individuals. Each individual is a point in the
parameter space (in our case, a pulse). The schemes
that are applied to the evolution of the generations
have some analogy to the natural genetic evolution of
species, hence the term genetic. Most evolution
schemes consist of basic operations commonly
named "reproduction", "cross-over", and "mutation".
The reproduction ensures that fitter individuals (those
giving better objective function values) get a higher
probability of continuation into the new generation.
The crossover operation provides some controlled
randomness in the new population by combing
"genes" (bits in the numerical representation of a
parameter. The parameters are represented in the
binary form in this study) from different individuals.
The mutation operation, when applied, injects an
additional measure of dynamics to the new
population by completely reversing certain gene
segments of a certain percentage of the individuals.

The GA is generally applied to unconstrained
problems, since constraints, aside from the upper and
lower bounds of the optimization variables, are
difficult to implement in the GA. This is because
some of the operations, such as the crossover and
mutation, do not automatically preserve constraints.
In this study, in order to use the GA, an ad hoc extra
operation was devised so that the constraint equation
(4) is enforced. This is possible, due largely to the
simplicity of the constraint. This extra operation
consists of a scaling and a bounding step. The scaling
step simply scales an individual after the three GA
operations mentioned above by a factor that brings
the energy of the new individual to the crash energy
(the second term of Equation (4)). Such a scaling
preserves the "look" of each individual, which is a
desirable property. The bounding step ensues that
each individual is bounded. This is achieved by
iteratively "trimming" the out-of-bound parameters
and "re-distributing" the trimmed energy uniformly to
the rest which are not at their respective bounds, until
all the parameters are bounded.

Numerical Assessment of SQP/GA Algorithm
An example problem was solved using the above-
proposed algorithm to assess its numerical
effectiveness. The parameters that specify the
problem were chosen to be representative of a
possible car on the road today in a v0=15.56 m/s (35
mph) full rigid barrier frontal crash. The maximum
vehicle crush was d0=0.71 m (28 inches). The
restraint system was assumed to be linear, with

ω2=1800 (rad/s)2 (ω being the fundamental radian
frequency of the system). In order to assess
convergence with different degrees of discretization,
optimization runs were carried out for each of the
following numbers of segments (c.f. Figure 3 for
definition of n), n=2, 3, 4, 5, 6, 8, 10, 15, 20. For this
example, the segment size was assumed to be equal,
although the program allows for non-uniform
division (as shown with a later example). For
simplicity, the initial starting pulse in the
acceleration-crush space, which was needed in the
optimization, was uniform over all the segments (i.e.,
a square-pulse), whose magnitude was determined
by:

                
0

2
0

00 2

1

d

v
aa i == ,   (i=1, …,n) (6).

A lower bound of 0, and upper bound of 0na were

specified for all the acceleration segments (Trial
numerical runs with negative lower bounds produced
better acceleration results, consistent with the
discussion in the Introduction).

Preliminary runs showed that repeat runs for the
same problem (same n) did not converge to the same
point, because of the randomness of the GA part of
the hybrid algorithm. As a result, for each problem (a
given n), ten repeat SQP/GA runs were executed to
get a "statistical" assessment. In addition, one SQP-
only run was executed for comparison.

Because of the number of runs involved, there was a
motivation to increase the speed of the execution. As
a result, in the algorithm development stage, the
integration of the equations of motion (Equation (2))
was carried out analytically as detailed in Appendix
2. This is possible because a linear-elastic restraint
was assumed. In the following, results from this
"analytical" approach are presented, and
correspondingly noted. After the algorithm
development stage, the equations of motion
(Equation (2)) were solved using a numerical ODE
solver in Matlab (ode45). This ODE-solver approach
was applied to this example problem, and all the rest
of the numerical examples shown in this paper. It is
noted that in using this approach, the restraint was
assumed to be linear in loading, but the unloading
was chosen to be a straight line from the unloading
point with a slope 5 times that of the loading part.
This more realistic restraint model was afforded by
the flexibility of the numerical ODE-solver method.

Figure 4 shows the result of the numerical study
described in the last few paragraphs. At each of the n
values where computation was carried out, result of
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the optimal peak occupant acceleration from the one
SQP-only run is shown by the "star" plot symbol. The
problem of convergence to local minimum is
reflected in the figure (e.g., n=10 result is inferior to
n=5 result). At each n value, the ten hybrid SQP/GA
runs in general provided improvements over the
SQP-only run; however, the ten runs did not end at
the same point (note that each of the result is still a
converged point, therefore, a minimum). The dashed
line in Figure 4 passes through the average of the ten
hybrid runs at each n value, giving an estimate of the
expected value from the hybrid algorithm. It is noted
that at relatively small n values (e.g., n=2, 3, 4, 5),
the SQP was able to produce relatively good
solutions, but as n gets larger, help from the GA step
becomes necessary to take the solution out of a local
minimum and continue the iteration.
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Figure 4. Convergence study with different
number of discretization segments (At each n
value, ten SQP/GA run results are shown by circle
symbols. Some of the ten symbols overlap and can
not be distinguished, as in the cases of n=2, and
n=15, etc.).

Numerical convergence is further examined with
Figure 5a which shows the case of n=5 as an
example. Each of the ten hybrid runs started with the
same path as the SQP-only run in the very first SQP
step, but embarked on different paths during the
subsequent GA, and the next SQP/GA iterations.
Figure 5b presents the vehicle accelerations
corresponding to the runs shown in Figure 5a in the
vehicle crush domain (normalized by the maximum
crush, d0).

Parallel to Figures 5a and 5b, Figures 6a and 6b show
the same type of information for the case of n=10, as
an example. Note that in Figures 5a and 6a, only the

history of the SQP phase of the SQP/GA iteration is
shown with respect to the cumulative number of the
SQP internal iteration, while the history of the GA
phase is not shown and essentially collapses in this
plotting scheme. As a result, a sudden drop (c.f.
Figure 6a) signifies an appreciable improvement
from a GA phase.  The number of SQP/GA iterations
and the total number of function evaluations as a
measure of the amount of computation for this series
of runs are provided in Table 1.

0 10 20 30 40 50 60 70
220

240

260

280

300

320

340

360

SQP iteration number

P
ea

k 
oc

cu
pa

nt
 a

cc
el

er
at

io
n 

(m
/s

2 )

n−step pulse with analytical solution, n=5

SQP only
SQP/GA hybrid runs

Figure 5a. Convergence history of runs with n=5
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the discretization of all the runs shown).
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Figure 6a. Convergence history of runs with n=10
(The sudden drops at 40 iterations for the hybrid runs
correspond to the improvement from the first GA).
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Figure 6b.  Vehicle acceleration corresponding to
runs shown in Figure 6a (The dot plot symbols of
the SQP-only run signify the discretization of all the
runs shown).

As a summary, Figure 7a shows the optimal pulse
result from the runs shown in Figure 4, and Figure 7b
presents the corresponding occupant acceleration
time history. Although the curves are difficult to
distinguish in Figure 7a, the objective is to show that
as the pulse is allowed more flexibility (i.e., n
increases), the optimal pulse progressively has a
higher and narrower peak at the beginning of the
crush, which is followed by a near-zero acceleration
part, and a more moderate elevation in the end.
Figure 7b shows that the optimal occupant response
gradually approaches a "hat" shape as n increases.
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Figure 7a. Vehicle acceleration result of the best of
the runs under each n value shown in Figure 4.
(The dot plot symbols signify the discretization).
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Figure 7b. Occupant acceleration time history
corresponding to pulses shown in Figure 7a (The
dot plot symbols correspond to the 1 ms time-step
size in the analytical solution in the optimization).

After the algorithm development with the above
"analytical" approach, the same problem was solved
using the ODE-solver approach, which is necessary
for general non-linear occupant restraints. The main
results are shown in Figure 8, and iteration details
given in Table 2 (The computation time per function
evaluation increased by two orders of magnitude on
average). The convergence trend is similar (Figure 8a
v.s. Figure 4), but a degradation is seen relative to the
"analytical" runs, when n is relatively large. This
appears to be caused by minor inaccuracy in the
gradient calculation, which itself is caused by
otherwise inconsequential numerical inaccuracy in
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function value evaluation by the ODE solver. The
"best-case" results (Figures 8b and c) are less orderly
compared with the "analytical" solutions. The ODE-
solver approach was used in all the computation
shown in the rest of this paper, with n limited to 5.

0 5 10 15 20
200

220

240

260

280

300

320

340

n, number of segments

O
pt

im
al

 p
ea

k 
ac

ce
le

ra
tio

n 
(m

/s
2 )

n−step pulse with ODE solution

SQP only
SQP/GA average
SQP/GA individual

Figure 8a. Convergence study of different number
of discretization segments, using ODE solver (At
each n value, ten SQP/GA run results are shown by
circle symbols. Some of the ten symbols overlap and
can not be distinguished).
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Figure 8b. Vehicle acceleration result of the best
of the runs under each n value shown in Figure 8a
(The dot plot symbols signify the discretization).

APPLICATION EXAMPLES
Two examples were run to demonstrate the
application of the numerical optimization method.
The first example involved a nonlinear occupant
restraint function (This restraint function was used in
[1]. In the present numerical study, a very small
positive slope is given to the flat part of the restraint
at 400 m/s2 (40 g) to build in a gradient in the

objective function). It used the same problem
definition parameters (initial velocity and maximum
vehicle crush), and optimization parameter bounds as
the   preceding    algorithm  study   example.   Four
discretization possibilities, n=2, 3, 4, and 5, each with
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Figure 8c. Occupant acceleration time history
corresponding to pulses shown in Figure 7a (The
difference between curves shown here and those in
Figure 7b in the unloading phase is a result of the
difference in the restraint unloading assumption).

ten repeat SQP/GA runs, were executed to further
examine the numerical behavior of the algorithm.
Each optimization run still started with the
convenient square pulse. The results are shown in
Figure 9.

In Figure 9a, the ten repeat run results at each of the n
values are shown, with the dashed line going through
the averages. Up to n=4, the ten repeat runs resulted
in identical peak occupant acceleration values (and
identical pulses. Also note that for n=4, the ten
SQP/GA runs did not follow exactly the same path
during the iteration, but concluded at the same point).
By n=5, the algorithm started to have difficulty
converging to a single solution, with one of the runs
standing out clearly. The actual pulses for the n=4
and n=5 cases are shown in Figure 9b. (The pulses
corresponding to the lowest ("best") and the highest
("worst") occupant peak acceleration values are
identified in Figure 9b). The resulting occupant
acceleration in the time and relative displacement
domains are shown in Figures 9c and 9d respectively,
along with that by the initial square pulse. This
example shows that the algorithm deals with general
nonlinear restraint correctly, and good convergence
appears to be attainable for at least up to n=4
segments for the pulse.
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Figure 9a. Result of nonlinear restraint
application example (There are ten circles (runs) at
each of the n values).
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Figure 9b. Results of n=4 and n=5 runs of the
nonlinear restraint application example
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Figure 9c. Occupant acceleration time history of
nonlinear restraint application example (The

spacing of the circle plot symbol is ten times the step
size of the ODE solver in all the optimization runs.)
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Figure 9d. Nonlinear restraint model (loading
part) and occupant response in relative
displacement domain (The restraint model includes
a linear unloading part, the slope of which is shown
by the numerical results in the figure. See Figure 9c
for an explanation of the circle plot symbols.)

The second application example is a pulse shaping
scenario: when a vehicle crash test has been carried
out, what changes to the pulse could be made to
minimize the occupant peak acceleration, if the total
vehicle crush and the occupant restraint systems are
fixed? This example used data from an actual 56 kph
frontal rigid barrier crash test. A four-segment
vehicle pulse model was constructed in the crush
domain, and it was used as the starting point for the
optimization. An occupant restraint system model
was also extracted from test data. The optimization
was carried out for the four acceleration levels, which
were subject to lower and upper bounds that were
assumed to reflect possible limitations. The result of
the computation is shown in Figure 10 along with the
actual test response and the input model. (In terms of
computational details, ten repeat runs were executed.
For this particular problem, each run converged with
23 major SQP iteration totaling 290 function
evaluations. The GA part which consisted of 40
generations of population size 30 did not identify an
improvement in any of the ten runs. Therefore, an
identical result was obtained for all ten runs. Data
shown in Figure 10 give this single result.)

The initial model of the pulse in the crush domain is
shown in Figure 10a, and the restraint system model
shown in Figure 10b. The pulse and restraint models
produce an occupant response (which is the initial
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starting point of the optimization) reasonably close to
the actual test result in both history and the peak
value, as shown in Figures 10b and 10c. The final
optimized pulse is shown in Figure 10a, and the
corresponding occupant responses shown in Figures
10b and 10c.
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Figure 10a. Vehicle pulse and optimization bounds
for application example.

The optimized pulse reached the upper bound in the
first segment, and reached the lower bound in the
third segment (note that numerically, the second
segment of the pulse, at 291.65 m/s2, should not be
considered reaching the upper bound set to 300 m/s2--
a quick numerical test that sets it to the upper limit
and takes off the increased energy from the last
segment produced occupant peak acceleration of
369.97 m/s2, higher than the 368.34 m/s2 by the
optimal pulse). From Figure 10c, the effect of the
optimal pulse on the occupant response is to induce
an earlier (in time) restraint. The amount of restraint
energy reduction can be judged from Figure 10b.

DISCUSSION

Optimal Pulse Shape
Some of the optimization results here can be
compared with the theoretical optimal. Figure 11,
which follows the same format as Figure 1, shows the
result of the series of runs with increasing n with the
ODE solver shown in Figure 8a. The numerical
results are normalized and represented by the circles
in Figure 11. The result of this series of runs brings
the occupant restraint energy from the square pulse at
the chosen normalized vehicle crush down towards
the theoretical optimal pulse by Wu et al. [1]. In
theory, if global convergence is achieved consistently
with increasing n, the result  of  this  series  of  runs
should eventually approach this line. This series of
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Figure 10b. Occupant restraint response for
application example (The loading part of the
restraint model consists of 4 linear pieces, and the
unloading is specified as a straight line with slope
shown by the last segment of the restraint model
curve. For the optimization result, the circle plot
symbols represent the computation data points, with
a reduction factor of ten in frequency for clarity).
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Figure 10c. Occupant acceleration time history
(For the optimization result, the circle plot symbols
represent the computation data points, with a
reduction factor of ten in frequency for clarity.)

"optimal" pulses under a given n value achieve
optimality by producing an occupant acceleration
time history (see Figure 7b) that ramps to a plateau
with a minimum vehicle crush permissible by the
pulse shape requirement (e.g., n segments) and
subject to non-negative pulse constraint. At the
plateau, the occupant and the vehicle decelerate with
the same acceleration while maintaining zero relative
velocity.
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In Figure 11, data are also presented on the optimal
two-step pulse for a perspective. As with the other
theoretical pulses shown in Figures 1 and 11, an
analytical optimal solution could be derived, but with
some added complexity. To avoid this, and to utilize
the optimization method proposed here, the two-step
optimal pulse was determined numerically. The n-
step optimization routine (with the analytical
equation solution for execution speed) was adopted
with modifications. In this two-step pulse case, the
division point of the two crush segments was also
included as an optimization variable. To this end, a
third optimization variable, the ratio of the first to
second segments of crush displacement (in addition
to the two acceleration steps) was added to the
optimization variable list. Another modification
involved normalizing the two acceleration step values
by the square-pulse level, outside the search routine,
to bring their magnitudes in parity with the third
variable, which has lower and upper bounds of 0.0
and 1.0. To map out a curve, computation was carried
out at each of ten normalized total vehicle crush
values from 0.1 to 1.0. At each of these values, to
gain confidence in the result, ten repeat runs were
carried out. Detailed results, defining the resulting
pulses are given in Appendix 1. From the result in
Figure 11, it is noted that the n=2 case of the n-step
series runs is above the optimal two-step result. In
theory this should be the case since the n=2 case has
less flexibility with its two segments required to be
equal.
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Figure 11. Occupant restraint energy and crush
pulse relationship for theoretical and numerical
examples (The dash line connects the average of
results of ten repeat runs (each represented by an 'x')
at each normalized crush for the two-step
optimization. Also see Figure 1 for notes on
definition of variables).

Convergence to Local Minima
The lack of global convergence as shown in the
numerical examples warrants a discussion.
Convergence to local minima is an unpleasant reality
with many complex nonlinear optimization problems.
For each particular problem, its significance should
be assessed in light of the overall objective. For
example, in the case of the n-step example problem
here, if the objective is a theoretical study of the
functional optimization problem, the local
convergence is a severe obstacle, since one would
want to be able to find the solution as n increases to
infinity. On the other hand, if the objective is to
achieve simply an improvement, the SQP/GA
algorithm apparently is still of value.

Quantitatively, from Figures 4, 8a, and 9a, it appears
reasonable to assume high confidence in the quality
of result from a single optimization run, if the
number of segments does not exceed 4 or 5. This may
appear to be rather restrictive; however, from a
practical point of view, this condition is of limited
significance for the following reasons. First, an
analysis based on such SDOF spring-mass models is
for guidance in general, and rigorous convergence
requirement is not meaningful. Second, limiting the
number of segments is sensible, because an optimal
pulse target will invariably be only approximately
realized in practice, because of the complexity in
both the vehicle structure and crush dynamics.
Therefore, the numerical optimization method can be
applied to practical design process, with a numerical
effectiveness consistent with the efficacy of the
simple vehicle-occupant model.

SUMMARY AND CONCLUSIONS
The notion of an optimal pulse is only meaningful
when the constraint conditions are specified clearly.
The pulse identified by Wu et al. [1] represents a
theoretical optimum under non-negative pulse
constraint. The optimal pulse problem may be solved
numerically with a formal optimization approach,
when complex constraints are present. The current
work provides one solution scheme.

The vehicle pulse is discretized in the vehicle crush
domain, and the optimal acceleration levels are
determined through a numerical search scheme. The
search scheme is a hybrid of the SQP and GA search
methods. The SQP search, although more efficient,
needs assistance from the GA search to alleviate the
local convergence problem. The hybrid SQP/GA
scheme still does not guarantee global convergence.
However, when the number of pulse discretization
segments is less than five, the method is effective in
providing pulse improvements for practical problems.
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APPENDIX 1.  RESTRAINT ENERGY V.S.
VEHICLE CRUSH OF EXAMPLE PULSES
WITH LINEAR RESTRAINT

Equations for the restraint energy v.s. vehicle crush
relationships plotted in Figures 1 and 11 for the
example pulses are given here. The equations are
derived using either direct solution of equation of
motion, or the energy relationship in [1]. In this
appendix, c denotes the vehicle crush normalized by
v0T/2 (the vehicle crush for a square-pulse with the
natural period T of the restraint system as the
duration), and e denotes the occupant restraint energy
normalized by v0

2/2 (the restraint energy resulted
from an impulse pulse with v0 velocity change).

Impulse+Square pulse by Wu et al. [1]

        





−

+=
)1(

1
2 βπ

ββ
c ,  ( )21 β−=e (A1.1)

where β is a parameter (the ratio of the velocity
changes in the square part of the pulse to the crash
velocity).

Two-impulse pulse
When the second impulse occurs at time te=T/4 (T is
the period of the linear restraint system):

              β
2

1=c , ( )22 1 ββ −+=e (A1.2),

where β is a parameter (the ratio of the velocity
changes of the second impulse to the total velocity
change).

When the second impulse is allowed to occur at a
time te>T/4,

                 β
π

ω etc = , ( )21 β−=e (A1.3),

where 32≤β  is defined the same as in the first case,

and ω is the radian frequency of the linear restraint
system. The time at which the second impulse should
be applied to achieve the best among the two-impulse
cases is determined by:

                  
)1(2

)cos(
β

βω
−

−=et (A1.4).

Note that in this case, unloading-reloading of the
restraint occurs before the second impulse.
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"Cosine type" pulse by Motozawa et al. [11]
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Motozawa et al.: "Cosine type", α=0.30, β=0.75. 

Vehicle accleration
Occupant acceleration

Figure A.1. Example of "Cosine type" occupant
acceleration and corresponding vehicle pulse by
Motozawa and Kamei [11].  (This example enters
the curve in Figure 1 with normalized restraint
energy at 0.28. The vehicle acceleration is required
to have a period of significant negative acceleration.)

where β is a parameter (the ratio of the velocity
change of the square part of the pulse to the total
velocity change). α is another free parameter. The
time for the start of the square part of the pulse, tc, is
determined by πωα /ct= , where ω is the radian

frequency of the linear restraint system. In the
example plotted in Figure 1, α=0.30. Its time
histories for the vehicle and occupant accelerations
are shown in Figure A1.

Square pulse
When the duration of the square pulse is less or equal
to half of the natural period of the linear restraint
system, the solution is:

                       
π
β
2

=c ,  
2

2
sin

2






= β

β
e (A1.6),

where β is a parameter. The ending time of the pulse,
te, is determined by etωβ = , where ω is the radian

frequency of the linear restraint system.

Two-step pulse
The optimal two-step pulse solution was obtained
using the numerical optimization method in this
study. The optimal occupant response is shown in
Figure 11. More computation details are given in
Tables A.1a and A.1b, which define the actual pulse
for each of the runs performed.

Table A.1a Ratio of second to first crush segments

Normalized crush 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Run 1 0.80 0.83 0.86 0.88 0.91 0.92 0.94 0.95 0.16 0.16

2 0.80 0.83 0.86 0.88 0.91 0.92 0.94 0.95 0.16 0.16

3 0.80 0.83 0.86 0.88 0.91 0.92 0.94 0.95 0.16 0.16

4 0.80 0.83 0.86 0.88 0.91 0.92 0.94 0.95 0.16 0.16

5 0.77 0.80 0.84 0.87 0.89 0.91 0.93 0.08 0.14 0.18

6 0.77 0.80 0.84 0.87 0.89 0.91 0.93 0.08 0.14 0.21

7 0.79 0.81 0.85 0.88 0.90 0.92 0.93 0.95 0.16 0.18

8 0.80 0.82 0.85 0.88 0.90 0.92 0.94 0.95 0.20 0.25

9 0.93 0.94 0.95 0.96 0.97 0.98 0.98 0.98 0.99 0.24

10 0.93 0.94 0.95 0.96 0.97 0.98 0.98 0.98 0.99 0.24

Table A.1b Ratio of second and first step of acceleration

Normalized crush 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Run 1 0.801 0.827 0.856 0.885 0.907 0.924 0.939 0.950 0.157 0.164

2 0.801 0.827 0.856 0.885 0.907 0.924 0.939 0.950 0.157 0.164

3 0.801 0.827 0.856 0.885 0.907 0.924 0.939 0.950 0.157 0.164

4 0.801 0.827 0.856 0.885 0.907 0.924 0.939 0.950 0.157 0.164

5 0.772 0.800 0.835 0.866 0.893 0.913 0.930 0.081 0.140 0.183

6 0.772 0.800 0.835 0.866 0.893 0.913 0.930 0.081 0.140 0.207

7 0.787 0.814 0.846 0.875 0.899 0.920 0.934 0.945 0.156 0.180

8 0.796 0.823 0.853 0.882 0.904 0.923 0.937 0.949 0.200 0.248

9 0.935 0.944 0.954 0.963 0.970 0.976 0.980 0.984 0.986 0.242

10 0.935 0.944 0.954 0.963 0.970 0.976 0.980 0.984 0.986 0.242



Shi 15

APPENDIX 2.  ANALYTICAL SOLUTION OF
VEHICLE AND OCCUPANT ACCELERATION
TIME HISTORIES WITH N-STEP-PULSE AND
LINEAR ELASTIC RESTRAINT

Refer to Figure 3, the vehicle velocity at the end of
the i-th step can be calculated through:

           iiii xavv ∆−= − 22
1

2      (i=1 … n) (A2.1),

where ai and ∆xi are the acceleration level and the
crush of the i-th segment, and v0 is the vehicle initial
velocity. The time duration for the segment is:

                
ii

i
i vv

x
t

+
∆

=∆
−1

2
    (i=1 … n) (A2.2).

With ∆ti and ai, the vehicle acceleration time history
is known.

In each of the segment, the occupant response is that
of a forced linear system described by:

           )        )()( 1
2

iii tt(tatyty ≤≤=+ −ω�� (A2.3),

where y is the relative displacement between the
occupant and the vehicle at a given time t that falls
between the beginning of the i-th segment (ti-1 ), and
its end (ti). These times are already available from
Equation A2.2. ω in Equation A2.3 is the radian
frequency of the system consisting of the occupant
and the linear elastic restraint.

The solution for A2.3 is:

)...1,0 

 /)cos()sin()( 2
21

nitt(

atctcty

i

iiiiii

=∆≤≤
++= ωωω

  (A2.4a),

where 1−−= ii ttt  is a shifted time for convenience.

The relative velocity and acceleration are
accordingly:

        
)0 

 )sin()cos()( 21

i

iiiii

tt(

tctcty

∆≤≤
−= ωωωω�

, A(2.4b),

and,

      
)0 

  )cos()sin()( 2
2

2
1

i

iiiii

tt(

tctcty

∆≤≤
−−= ωωωω��

(A2.4c).

The initial conditions are:
      11 0       ,)0( −− ==== ii y)t(yyty ��   (A2.5),

where 1−iy and 1−iy�  are the displacement and

velocity at the beginning of the i-th segment. Since
the occupant and the vehicle are moving together at
the incipience of the crash, we have:
                    00       ,0)0( 00 == )(yy �    . (A2.6)

Using the above initial conditions, for each segment,
the constants in A2.4 can be computed:

           ./         ,/ 2
1211 ωω iiiii aycyc −== −−� (A2.7)

Therefore, stepping through from i=1 to n, Equations
A2.7 and A2.4 can be used to progressively solve for
the complete time history of the occupant.  When
needed, the absolute acceleration of the occupant is
found by:
               )       )()( 1 ii-i tt(tatytz ≤≤+−= ���� A(2.8)
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ABSTRACT

A structure which effectively improves
compatibility in a vehicle-to-vehicle
frontal impact has been considered
focusing on sub-frame structure that
disperses applied force with multiple load
paths. Evolved sub-frame structure has
been studied by CAE with RADIOSS to
search the possibility to reduce
aggressivity and to improve self-protection
at the same time.
Vehicle models used for this compatibility
study were a large saloon car with
sub-frame and a small family car without
sub-frame. The large saloon car had three
different front structures: original,
forward-extended sub-frame, and original
with 25%-stiffness reduced structures. The
types of collision contained four different
crash modes in a combinat ion of lateral
overlap rate difference and side member
height difference. With these three
different structures in four different crash
modes, crash simulat ions were conducted
to evaluate aggressivity and self-protection
based on front structure and compartment
deformations, energy absorption amount,
and Average Height of Force (AHOF).
As a result, it was found that the front
structure with forward-extended sub-frame
improved both aggressivity and
self-protection by preventing override
effect through structural interaction
enhancement.

INTRODUCTION

In the United States, with the growing
popularity of light trucks and vans (LTVs),
the aggressivity of LTVs as an issue of
concern is growing. According to field data
analysis by NHTSA based on Fatality
Analysis Reporting System (FARS) data,
driver fatality rat io in frontal-frontal
LTV-to-passenger car crashes ranges from
1:2.6 to 1:6.2 [1]. The aggressivity of
LTVs is obvious and undeniable. Highly
possible factor of aggressivity is geometric

difference, in part icular, height differences
of structural stiff parts like side members.
Recent studies on crash compatibility
between vehicles have shown that the
factors influencing crash compatibility
performance are vehicle mass, stiffness,
and geometry. The majority of the studies
has concluded that geometry is the most
dominant factor [2, 3, 4, 5, 6, 7, 8]. And of
the geometric incompatibilit ies, height
difference of stiff structural parts is a
major concern. Height difference of
structural parts leads to override and/or
underrun effects, where energy absorption
efficiency of both vehicles is impaired,
generating addit ional compartment
intrusion. When a vehicle is overridden,
the crash energy is absorbed only by the
upper body, generating a signif icant upper
body intrusion in cowl and instrument
panel areas of the overridden car
compartment [4, 6, 8], compounding injury
and fatality risks to the occupants.
For compatibility improvement, structural
interaction to minimize override potential
and effect, therefore, is most important.
Thus, this study attempts to reduce
aggressivity and to enhance self-protection
by controlling override effect through
structural interaction enhancement.  

 

VEHICLE-TO-VEHICLE FINITE
ELEMENT SIMULATIONS

Crash Models

Vehicle-to-vehicle frontal crash
simulations were conducted by FEM to
isolate and identify the vehicle structures
that contribute to improvement of
compatibility performance. Vehicle models
used for the study were a large saloon car
with sub-frame shown in Figure 1 and a
small family car without sub-frame in
Figure 2. These models were highly
correlated with rigid barrier frontal impact.
The large saloon car had three different
types of frontal geometry:
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� Original structure, a base structure
(hereinafter described as “original
type”)

� Forward-extended sub-frame structure
for override prevention shown in
Figure 3 (“extension type”)

� Original structure with 25%-st iffness
reduced by side member and sub-frame
material thickness reduction (“low
stiffness type”)

The weight of large saloon car, 1,326kg,
was equalized to that of small family car so
that weight factor in this study can be
eliminated. This is the average weight of
passenger cars in Japan: 1,150kg plus two
Hybrid III 50t h percentile male dummies.
Initial crash velocity of both vehicles is
also the same, 56km/h.
Table 1 summarizes vehicle model
characteristics of large saloon and small
family cars. RADIOSS software was used
to make calculations during the period of
first 150ms after the collision.

Figure 1. FEM model of large saloon
car with sub-frame.

 

 

 

 

 

Figure 2. FEM model of small family
car without sub-frame.

Figure 3. Forward-extended sub-frame
structure of large saloon car.

Table 1.
FEM model characteristics

Simulation Matrix

There were four vehicle-to-vehicle frontal
crash modes. Figures 4 and 5 depict two
different lateral lap amounts, 50% and
100%, and two different height differences,
0mm and 100mm, respectively. In the case
of 100mm-height difference, the side
member of the large saloon car is higher
than that of the small family car.
Combinations of these overlap amounts and
height differences were adopted as crash
modes. The simulat ion test matrix contains
12 cases shown in Table 2, combining these
four test modes and three different vehicle
front geometries of the large saloon car.
Under the combination, toeboard and
A-pillar intrusions on driver side on both
models were measured to evaluate
compatibility performance.

Original
type

Extension
type

Low stiffness
type

Nodes 265,000 267,000 265,000 231,000
Elements 270,000 273,000 270,000 261,000
Length 3,925 mm
Width 1,680 mm
Mass 1,326 kg

Large saloon car Small
family

car

4,670 mm
1,780 mm
1,326 kg

Forward-extended Sub-frame
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Figure 4. Lateral overlap.

Figure 5. Side member relative height
difference.

Table 2.
Simulation matrix

 

 

 

 

 

 

 

RESULTS AND DISCUSSION

Front Structure Deformation

This section describes vehicle behavior
varied by difference in vehicle structure
and crash modes. Figures 6 through 9
illustrate deformation modes of original
and extension types of large saloon cars
and small family cars at 40ms with
100mm-height difference. The greatest
difference in deformation mode appeared at
40ms and no outstanding mode change was
seen after 40ms. Therefore, deformations at
40ms were evaluated. Figure 6 shows
original type with 100% lateral lap, and
Figure 7, extension type. Figure 8 exhibits
original type with 50% lateral lap, and
Figure 9, extension type. Figures 8 and 9
depict right side members. The results
show a conspicuous structural interaction
difference between original and extension
types. In the case of original type in Figure
6, the side member of the large saloon car
overrode that of the small family car. This
left some portion of the small family car ’s
side member undeformed. Meanwhile, in
the case of extension type in Figure 7, the
side member of the small family car was
sandwiched between the extended
sub-frame and side member of the large
saloon, preventing the small family car
from underrunning the large saloon.
Further, the frontal area of the small family
side member also deformed, proving that
there had been good interaction. Similar
results were seen in the 50% lateral lap as
shown in Figures 8 and 9. However, no
difference was seen in the vehicle
movement between low stiffness and
original types. Thus, it follows that the
extension type can prevent the opponent
vehicle from underrunning by improving
interaction even when the side member
height is different.

Large saloon car Small family car

100%

50% LAP of Small
family car

Lateral lap

Side member height of
large saloon car in

comparison with small
family car

Large saloon
car

Small family
car

Original
Extension
Low stiffness
Original
Extension
Low stiffness
Original
Extension
Low stiffness
Original
Extension
Low stiffness

50% 100mm Original

100% 100mm Original

50% 0mm Original

Crash mode Front end structure

100% 0mm Original

0mm

Large saloon car Small family car
car

100mm
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Figure 6. Deformation mode in
100%-lap - original type.

Figure 7. Deformation mode in
100%-lap - extension type.

Figure 8. Deformation mode in
50%-lap - original type.

Figure 9. Deformation mode in
50%-lap - extension type.

A comparison of side member and
sub-frame deformation was made
quantitatively, and the characteristics of
extension type were investigated. Figure 10
indicates measuring points on the front
areas of the large saloon and the small
family cars. Note that the front end of the
extended sub-frame was not measured and
therefore not illustrated for the extension
type. Connecting lines are drawn between
these points, and from a side view of the
lines were made the comparisons.
Figures 11 through 14 show deformation
modes of original and extension types of
large saloon cars and small family cars at
40ms. These figures reveal two notable
deformation features when the extension
type of large saloon car is collided with the
small family car. One is that the sub-frame
of the extension type bends downward at
the center more stably compared with the
original type. The bending points are
marked with “A” in Figures 10 through 14.
The other feature is that the extended
sub-frame holds and deforms the side
member of the small family car, preventing
the small family car from underrunning as
marked with circles in Figures 12 and 14.
The deformation of the side member of the
small family car contributes to the smaller
deformation of its compartment.
As far as low stiffness type is concerned, it
did not show any improvement in
interaction as illustrated in Figure 15.
The extension type of large saloon car has
the following features:
- It stabilizes deformation mode of its

own side member and side frame.
- It prevents the small family car from

underrunning.
- It deforms the side member of small

family car effectively.
The extended sub-frame has the potential
to reduce aggressivity by improving
structural interaction, especially when
there is geometric incompatibility between
two vehicles.

Large saloon car

Small family car

Original type
RH

LH

Large saloon car
Small family car

Extension type

RH LH

Large saloon car
Small family car

Extension type

RH RH

Small family car
Large saloon car

Original type
RH

RH
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Figure 10. Measuring points for
deformation mode comparison.

Figure 11. Deformation comparison
between original and extension types in
100%-lap and 0mm-height difference.

Figure 12. Deformation comparison
between original and extension types in
100%-lap and 100mm-height difference.

Figure 13. Deformation comparison
between original and extension types in
50%-lap and 0mm-height difference.

Figure 14. Deformation comparison
between original and extension types in
50%-lap and 100mm-height difference.

Figure 15. Deformation comparison
between original and low stiffness types
in 50%-lap and 0mm-height difference.

Original type
Low stiffness type

100mm/Grid

Small family carLarge saloon car

Original type

Extension type

100mm/Grid

Large saloon car Small family car

A

Original type

Extension type

100mm/Grid

Small family carLarge saloon car

A

Original type
Extension type

Small family carLarge saloon car

100mm/Grid

A

Original type

Extension type

Small family carLarge saloon car

100mm/Grid

A

100mm/Grid

Large saloon Small family

Measuring pointA
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Compartment Deformation

Vehicle deformation amount was compared
to evaluate compatibility performance. For
the compatibility evaluat ion, toeboard and
A-pillar intrusions were chosen to measure
the damage on compartment. The large
saloon car was defined as subjective
vehicle and the small family car as
opponent vehicle. When the intrusion
amount of the large saloon car was smaller
than that of original type of the large
saloon car, it was judged as effective for
self-protection. And if the intrusion
amount of the small family car was smaller
than that of the small family car collided
with original type, it was judged as
effective for aggressivity reduction.
Figure 16 shows the toeboard intrusion on
driver side. With regard to the extension
type, toeboard intrusions of both the large
saloon and small family cars are reduced
compared to the original type in every
crash mode. Figure 17 shows A-pillar
intrusion on the driver side. Since the
A-pillar intrusion of the large saloon was

too small, we only evaluated intrusion of
the small family car. In the case of
extension type, A-pillar intrusion of the
small family car was reduced compared to
the original type in every crash mode.
Therefore, it follows that the extension
type can reduce toe-board and A-pillar
intrusions for both vehicles.
This means that the extension type
improved self-protection and reduced
aggressivity at the same time. As
mentioned earlier, this is because the
extension type has the possibility of
improving interaction and it deforms the
front area of both vehicles eff icient ly.
For the low stiffness type, intrusion
amounts of toeboard and A-pillar are not
necessarily smaller than that of the original
type. It is theoretically considered that
reduced stiffness should increase the
deformation amount of its own vehicle.
However, because the geometry influence
is so dominant in a vehicle-to-vehicle crash,
stiffness reduction effect was not observed
as expected.

Figure 16. Comparison of toeboard intrusion.

Figure 17. Comparison of A-pillar intrusion.
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Energy Absorption

From standpoints of deformation on front
structure and compartment, compatibility
was so far investigated. The results show
that the extension type has the possibility
of improving aggressivity and
self-protection. In this section,
compatibility is discussed in terms of
energy absorption. The energy absorption
amount means a total value of energy
absorbed by every component of a vehicle
model calculated by computer simulation.
Figure 18 shows energy absorpt ion share of
large saloon car. To calculate the energy
share, the energies absorbed by the large
saloon car and by the small family car were
added. The total energy absorbed by both
vehicles was always reserved as 100%.
Compared to the original type, the
extension type of large saloon car increases
its own energy absorpt ion share and
decreases the energy absorption share of
the opponent small family car, which is
good for aggressivity reduction. This is
one of the reasons why the vehicle
deformation amount of the small family car
was decreased (See Figures 16 and 17).
Further, despite increased energy
absorption share of the large saloon,
toeboard and A-pillar intrusion amounts
did not increase. We consider that the
sub-frame and side member of the
extension type of the large saloon car
absorbed energy effectively without
passing the energy on to its compartment,
which enhances self-protection.

Figure 18. Energy absorption share of
large saloon car.

Evaluation of Average Height of Force
(AHOF)

This section explains the relation between
AHOF and compatibility improvement
effect displayed by the extension type in a
vehicle-to-vehicle collision.
Vehicle-to-r igid barrier full-lap frontal
impact test procedure to calculate AHOF is
now under discussion by IHRA. In the
present study, original type and extension
type of large saloon car were impacted
against a rigid barrier with load cell wall,
as illustrated in Figure 19, under the
following test specif ication by FEM:
- Test speed: 56km/h
- Aluminum honeycomb: without
- Load cell size: 125 x 125mm
- Load cell wall matrix: 16 x 10
- Load cell wall location: 125mm above the

ground line

Figure 19. Relation of load cell wall
and vehicle.

Figure 20 illustrates AHOF of original type
and extension type. AHOF of the extension
type within the first 25ms is lower than
that of the original type. Specif ically, at
the initial stage of crash, AHOF of the
extension type is lower approximately by
70mm compared to the original type.
As for the total load applied to the barrier
load cell in Figure 21, total load of the
extension type is higher than that of the
original type until 15ms. Load distribution
at 10ms is shown in Figure 22 for the
original type and in Figure 23 for the
extension type. Regarding load distribution
of the extension type, load was applied in a
lower and wider range of load cell walls
compared to the original type. This is
because extended sub-frame collided
against the bottom row of load cell wall,
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which made AHOF of the extension type
lower than that of the original type.
The extension type improves vehicle front
structural interaction and controls
override/underrun effects even when there
is height incompatibility. As for the
relation between AHOF and improved
interaction, it showed close relat ion during
the initial crash, namely, within the first
25ms. Accordingly, in order to evaluate
structural interaction in a
vehicle-to-vehicle crash by means of a
vehicle-to-rigid barrier test, the use of
AHOF during the init ial stage of the
collision is practical. It is important to
reduce the AHOF difference during the
first stage of crash for compatibility
improvement.

Figure 20. AHOF comparison.

Figure 21. Load cell wall total load.

Figure 22. Load distribution of original
type at 10ms.

Figure 23. Load distribution of
extension type at 10ms.

CONCLUSIONS

1. Forward-extended sub-frame structure
has a possibility to improve
compatibility for aggressivity and
self-protection because of structural
interaction enhancement and prevention
of override.

2. Forward-extended sub-frame lowers the
AHOF in a vehicle-to-r igid barrier
full-frontal impact.

This study was conducted only on limited
vehicles with and without sub-frame by
CAE. The results are not applied to all
cases and to every vehicle. Further study
needs to be done on various vehicles
because structure tends to depend on
vehicle packaging that varies by vehicle.
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ABSTRACT
Recently, the fuel cell vehicles (FCV) are actively
developed in the world. JARI has been done and
examined the basic data for FCV standardization as
the entrustment of NEDO (New Energy and Industrial
Technology Development Organization) from 2000.
We have been examined the safety evaluation
methods of fuel leakage at the normal usage condition
and the collision condition, so that FCV use the
compressed hydrogen gas as the fuel source.
We have done the crash test using the moving barrier
as simulated FCV to examine the fuel leakage
measuring method, as one of the safety evaluation
methods of FCV. We examined the fuel leakage
detection using the flow meter measurement method,
as one of the fuel leakage measurement methods.
The result is as follows.
-Sample fuel cell stack is not scattered.
-In the measurement with the flow meter, the gas
leakage was undetectable.

1. INTRODUCTION
 

With the growing concern about environmental
problems such as global warming and atmospheric
pollution, FCV have drawn considerable attention.
Their use would greatly reduce atmospheric carbon
dioxide, one cause of global warming, and they emit
almost no toxic gases. Thus, vigorous efforts are
being made to develop and produce a commercially
viable FCV.
However, FCV are currently still in the stage of
research and development, and no unified criteria,
standards, and test methods have been established for
the testing of vehicles and parts. Moreover, as actual
FCV are produced and come into greater use in
unspecified numbers in the near future, it will be
necessary to set guidelines regarding the safety and
reliability of these vehicles. FCV that use hydrogen as
fuel are seen as the ultimate clean vehicle. However,
the lack of studies on such vehicles in
automobile-related fields means that many points of
uncertainty remain with regard to their safety in
practical use. To avoid an increase in deaths from
unforeseen types of accidents accompanying the

wider use of FCV, immediate efforts are needed to
begin formulating safety guidelines.
In the light of this situation, in we began a Fuel Cell
Infrastructure Project commissioned by the New
Energy and Industrial Technology Development
Organization (NEDO). FCV are seen as a promising
means of transportation for the 21st century, and the
aim of this project is to develop various tests and
assessment methods needed to improve the
distribution infrastructure for stationary fuel cells and
these vehicles. The findings obtained from these tests
and other means are also meant to contribute to the
standardization and establishment of criteria and
standards, both at home and abroad.
In the following, we report the results from a series of
experiments conducted with the aim of developing
methods to test for fuel leakage, and to promote the
safety of fuel cell vehicles during collisions.

2. EXPERIMENTS AND METHODS

From the viewpoint of occupant protection, the
collision safety of fuel cell vehicles is not considered
to be different from that of conventional vehicles.
However, fuel cell vehicles use hydrogen gas as fuel,
so fuel leakage in collisions involving fuel cell
vehicles must be investigated using the fuel leakage
test and measurement methods adopted for gas fuels.
More to the point, this is not feasible at the current
stage of FCV development. Moreover, since the
structure and arrangement of parts in FCV are not
standardized, fuel leakage cannot be investigated
using test vehicles. Therefore, we decided to build a
simulation vehicle incorporating crashworthiness and
a high pressure container for the fuel tank (Figure 1),
for the purpose of investigating methods of measuring
leaks during collisions in the fuel supply system, from
the high pressure containers to the fuel stacks.
Considering a series of investigations based on the
FMVSS1)2)3), for which the results of fuel leakage test
methods for compressed natural gas (CNG)
automobiles are available, we adopted the type of
moving barrier used in FMVSS214 for the basic
structure of the simulation vehicle. To simulate the
front deformation characteristics of the simulation
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vehicle at a collision speed of 48 km/h, a honeycomb
barrier face was attached. Since the barrier face
characteristics were insufficient for use with only the
FMVSS214 at that speed, another honeycomb barrier
face was added to the rear section of the FMVSS214
barrier face to obtain the energy absorption
characteristics shown in Figure 2. That honeycomb
barrier face was then attached to the front of the
moving barrier. The crash test conditions were a

full-wrap frontal collision at a speed of 48 km/h
(Figure 3).
The simulation vehicle was equipped with a
simulation fuel supply system to investigate methods
for measuring fuel leakage from fuel cell stacks, and a
high-pressure gas container to investigate the
conditions for equipping vehicles with them as well.
The structure of the simulation vehicle is shown in
Figure 4, and that of the fuel cell stack in Figure 5.

Figure 1. Test vehicle

Figure 2. The energy absorption characteristics 4)

Figure 3. Test condition

 

V=48 [km/h] 
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Figure 4. The structure of the test vehicle

Figure 5. Fuel cell stack

The design strength of the attachment fixtures for the
3 high-pressure gas container carriages attached to the
simulation vehicle was set at 6.7 times, 16.7 times,
and 26.7 times the mass of the respective container
including the weight of the gas at static strength. The
design strength (safety factor) of the attachment
fixtures was set assuming impacts of 10 G, 25 G, and
40 G, respectively, with a dynamic intensity 1.5 times
that of the static strength, and iron as the fixture
material.

3. SIMULATION VEHICLE FRONTAL
COLLISION TEST RESULTS AND DISCUSSION
 

Figure 6 shows the collision progress with high-speed

video camera.
The total length of the honeycomb barrier material
attached to the front section of the vehicle was 800
mm. The front portion of this was FMVSS214, and
additional honeycomb barrier was attached at the rear
to further increase strength. The test results showed
that by 40 msec after the impact nearly the entire
FMVSS214 portion of the front section had lost its
shape, but there was little deformation of the rear
honeycomb section added for this test. Further
adjustment of strength is necessary.
Figure 7 is a line graph plotting the composite
acceleration of the 3 axes of the simulation stack
center of gravity and the center of gravity of the
simulation vehicle frame.
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�Safety factor for the cylinders from left side

: 6.7, 26.7, 16.7�
Figure 6. Collision progress with high-speed video camera

Figure 7. Deceleration – time curves of vehicle C.G

In the front impact test with the simulation vehicle,
deformation was seen only in the honeycomb barrier
material attached to the front section of the carriage.
Since there was no deformation in the other parts of
the vehicle, the vehicle center of gravity corresponded
closely to the composite acceleration of the 3 axes of
the fuel cell stack firmly secured to the vehicle.
Next, Figure 8 plots the barrier load against time
obtained in the test.

Figure 8. Barrier force – time curve

The barrier load suddenly increases starting 30 msec
after impact. The timing of this section is virtually the
same as for the FMVSS214 honeycomb barrier face
when bottoming out. The reason the load exceeded
calculations is probably that the barrier material,
which was added using calculations based on the
vehicle absorption energy distribution graph, did not
deform because its strength had been increased
according to the strain rate dependence. To continue
front impact tests of simulation vehicles focusing on
fuel leakage from the fuel cell stack, it will be
necessary to further investigate the characteristics of



Mitsuishi 5

the added barrier material.
Next, to investigate methods to measure leakage from
the fuel cell stack, the leakage rate in the fuel cell
stack outlet/inlet flow volume before, during, and
after the test is shown in Figure 9.

Figure 9. Leakage rate in the fuel cell stack
outlet/inlet flow volume

No external damage appeared in the fuel cell stack
from the impact in the crash tests. Flow measurements
of the upper flow of the fuel cell stack and excessive

flow of helium were successfully conducted. The
leakage rate indicates that the leakage from the fuel
cell stack was below the 1% level, within the error
range of the measuring instrument. Thus, from the
present experiment no phenomena were seen to
suggest an increase in fuel leakage from the fuel cell
stack at the time of impact. The fluctuations in the
leakage rate during the experiment were outside the
response range of the flow meter (responsiveness: 1
Hz), so there was not thought to be any considerable
fluctuation in the leakage rate.
Methods were investigated to measure fuel leakage
assuming the power generation status of the fuel cell
stack. However, a flow rate meter with a high impact
resistance and superior response and linearity is
needed to measure the flow rate directly. Measuring
flow fluctuations within the short time frame of an
impact test is very difficult, and we realized that direct
measurements of flow rate are not a practical method
for determining leakage.
Future investigations are needed on methods to
measure such parameters as pressure, gas recovery,
and electric current method.
Next, considering tank attachment conditions, the
photos in Fig. 10 show the time deformation starts
during collisions with tank attachment fixtures of
differing design strengths.

(a) 0msec (b) 10msec

(c) 22msec (d) 42msec
Figure 10. Deformation start timings
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The fuel tank attachment support frameworks
(beginning with upper left) had static safety rates set
at 6.7, 26.7, and 16.7, respectively. Ten msec after the
impact, deformation was seen in the fixture with a
safety rate of 6.7. Deformations of the attachment
support framework were seen 22 msec after impact
with the 16.7 fixture, and at 42 msec with the 26.7
fixture. The deceleration at the time deformation
could be determined was approximately 15 G, 40 G,
and 27 G in the respective attachment support
frameworks. No deformation was seen with each of
the support frameworks, and the tanks remained fixed
until deceleration reached 1.5 times the static safety
rate.
Figure 11 shows the deceleration wave pattern in the
longitudinal (x-axis) direction of the vehicle body at
the center of gravity of the simulation vehicle used in
the tests, and that of an actual vehicle, at the time of
the frontal collision.

Figure 11. Deceleration curves in x-axis of the
test vehicle and that of an actual vehicle

With the actual vehicle, deceleration of the vehicle
center of gravity in the x-axis direction began about
10 msec after impact and continued until about 100
msec. Deceleration in the simulation vehicle, on the
other hand, began immediately upon impact and was
close to zero by 60 msec. Thus, there was a
considerable difference between the deceleration in
the actual vehicle and simulation vehicle, particularly
about 30~50 msec after impact. This is thought to
correspond to the time when the deformation of the
FMVSS214 honeycomb barrier material is finished,
and the added honeycomb barrier material comes into
action.
The impact absorption material in the present front
impact test, in addition to the FMVSS214 honeycomb
barrier face, included additional honeycomb having
characteristics obtained from the vehicle absorption

energy distribution chart. However, the characteristics
of the added honeycomb could not perfectly simulate
the actual vehicle, so further improvements are
needed.

4. CONCLUSION

Following is a summary of results obtained from the
front impact tests using the simulation vehicle to
investigate methods of measuring fuel leakage from
the fuel cell stack at the time of impact:
• No external damage from the impact was seen to

the fuel cell stack used in the present
experiments.

• No fuel leakage was seen from measurements of
flow rate.

• However, considering the movement and
deformation of components such as the fuel
container that occur with impact, crash tests with
an actual vehicle will be needed in the end to test
fuel leakage, even when design conditions for
the fixation of components have been
established.

Because of the very high cost of FCV today, the use
of simulation vehicles is an effective way to
investigate methods of testing fuel leakage. In the
future, while improving the impact characteristics of
simulation vehicles, further investigations will be
needed on methods to measure fuel leakage in line
with the pressure methods used and other factors, as
well as the alternative fuels used in crash tests.
Furthermore, to assess the leakage of hydrogen, for
which little field-proven data are available regarding
its use as an automobile fuel, studies of ways to
conduct safety tests assuming large-scale leaks during
the test with fuel alternatives other than gas will be
crucial.
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ABSTRACT

Four levels of parking aids were tested using 32
participants in two age groups with equal numbers of
men and women. Levels of parking aid were: no aid,
ultrasonic rear park assist (URPA) with an
auditory/visual distance to an object interface, a
video view to the rear, and a combination of URPA
with video view. Using a sport-utility vehicle,
eighteen participants between 45 years and 55 years,
and 14 participants 60 years and older performed five
parking tasks: entering and exiting a parallel space,
entering and exiting a perpendicular space, and
backing to a trailer hitch. Participants reported
higher scores of parking quality and judging distance
to other objects with the video system than without.
Objective measures including time to park, final
position and angle in parking space showed
differences based on parking aid system (URPA
versus video). Age groups and replication number
also showed differences. Total eye glance times to
different areas of the vehicle showed differences
based on parking aid system.

INTRODUCTION

Devices intended to assist drivers while parking
vehicles are becoming increasingly common. URPA
systems which detect objects to the rear of a vehicle
while backing have been on the market for some
time. Rear video systems which make use of an in-
dash display to provide the driver with a view of the
area to the rear potentially permit the driver to
evaluate the type of objects and location more fully
than is possible with URPA systems. A number of
questions exist related to rear video systems. How
will drivers make use of these systems? Do the
systems impact the driver’s current backing and
search behavior? Is the user able to interpret the
wide angle view typical of the systems? Will the
user accept these systems? Will performance with
these systems be comparable or better than other
parking aids? The following study investigates these

questions through questionnaire data and driver
performance data.

METHODS

Research Site
The parking and trailer hitching tasks were conducted
on a closed section of roadway with occasional
vehicle and pedestrian traffic. Figure 1 shows the
layout of the space and the starting point for the
participant vehicle. The parallel space was located to
the right of a lane of travel. The space was 22 ft 6 in
(6.9 m) long and 8 ft 2 in (2.5 m) wide with a 6 in (15
cm) curb located on the right side of the space.
Artificial cars constructed of wood frame and
surfaced with foam board were placed with their
bumpers 3 ft 3 in (1 m) from the ends of the space.

Figure 1. Parallel space and starting point.

Figure 2 shows the layout of the perpendicular space
and the starting point for the participant vehicle. The
perpendicular space included the space boundary
lines to create an interior space dimension of 19 ft
(5.8 m) deep by 8 ft 7 in (2.6 m) wide. Artificial cars
were located 1 ft 4 in (40 cm) to the outside of the
space boundary on both sides of the space and 1 ft 6
in (46 cm) behind the back of the space.

Figure 2. Perpendicular space and starting point.

Figure 3 shows the trailer and starting orientation of
the participant vehicle. An artificial flatbed type
trailer, similar to that used for pulling personal water

startstart

startstart
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craft, was constructed of wood and foam board. The
trailer was 4 ft 10 in (1.5 m) wide, 7 ft (2.1 m) long,
and 2 ft 6in ( 76 cm) tall. The trailer location
provided essentially an unrestricted area of pavement
for maneuvering the vehicle to the hitch.

Figure 3. Trailer hitch and starting point.

Research Vehicle
The research vehicle was a 2002 Cadillac Escalade.
Vehicle instrumentation included interior camera
views of the participant’s foot and the pedals, the
participant’s face viewed from a camera adjacent to
the rear video display, and the participant’s face
viewed from a camera located on the A-pillar. These
three views were multiplexed with a view from the
rear video camera. The figure below illustrates the
multiplexed three interior views and the rear video
view.

Figure 4. Multiplexed interior views and rear
video view.

Additionally, four camera views were made of each
bumper corner of the vehicle. By using a grid
overlay method, these views were used to measure
the final location of the vehicle in the space during
post-drive analysis.

Gear position, longitudinal acceleration, speed, and
task time were also recorded at 10 Hz and
synchronized with the videos.

Experimental Design

The experimental design was a 2x4x5 mixed factor
design. The between-subject variable was Age.
Equal numbers of men and women were placed in
each age group. The within-subject variables were
Parking Aid (four levels) and Parking Tasks (five
levels). Each of these variables is described in more
detail in the following section.

Participant Vehicle Type
Participants were selected to emphasize current
drivers of SUVs or large vehicles. 72% of the
participants reported that their primary vehicle was a
SUV, truck, or van. 19% reported their secondary
vehicle was a SUV, truck, or van. The remaining 9%
did not currently drive a SUV, truck, or van.

Independent Variables

Age
Two age groups were included in the study. The
middle-aged group included individuals between 45
years and 55 years of age. The older group were
individuals 60 years or older. 18 participants were
included in the middle-aged group and 14 in the older
group.

Parking Aid
Four levels of parking aid were used by the
participants.

Traditional – No parking aid system was used so
drivers used mirrors and over the shoulder glances
for this baseline level.

Ultrasonic Rear Park Assist (URPA) - A system
using ultrasonic sensors with an interface located on
the passenger side rearmost pillar was used. This
system operates as follows: at 5 ft a chime sounds
and one amber light is lit; at 40 in both amber lights
are lit; at 20 in a continuous chime is sounded and all
three lights (amber/amber/red) are lit; and at 1 ft a
continuous chime is sounded and all three lights
flash. Figure 5 shows the URPA visual interface
with all of the lights illuminated.

startstart
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Figure 5. Passenger side rearmost pillar URPA
visual interface.

Rear Video (RV) – When the vehicle was put in
reverse, this system provided a 131 degrees wide
view of the rear bumper and area behind the vehicle.
Figure 6 shows the location of the RV display and a
view of a lane with a pylon located behind the
vehicle.

Figure 6. Parking aid experimental rear video
display system.

URPA + RV – This level of parking aid used a
combination of the URPA system and the RV system.
When placed in reverse, the participant was provided
with the video view to the rear and the lights and
auditory signals of the URPA system.

Parking Task
The participants were all required to execute five
parking tasks with each of the four levels of parking
aid. The five tasks were (1) backing into a parallel
space, (2) backing out of a parallel space, (3) backing
into a perpendicular (straight in) parking space, (4)
backing out of a perpendicular space, and (5) backing
up to a trailer hitch.

Dependant Variables

In-vehicle questionnaire
After completion of each task, the participant was
asked to respond to the following five statements
with either a strongly agree, agree, disagree, or
strongly disagree response:

1. I know the vehicle is well parked (statement
used for parking tasks) / I know the vehicle
is within 2 inches of the trailer hitch
(statement used for trailer task).

2. While driving, I knew where the vehicle was
and how far it was from other objects.

3. I was aware of the surrounding environment
while performing the task.

4. This system was helpful in addition to my
normal methods (not asked for in traditional
method condition).

5. I was comfortable using [this system] to
perform the task.

Post-drive questionnaire
A post-drive questionnaire investigated user
perceptions of the rear video system by querying
participants about areas of confusion, difficulties,
problems, and their overall preferred system for each
of the parking tasks.

Objective measures
Objective measures used were as follows:
� Vehicle position and angle in parking space
� Distance from hitch
� Time to park
� Time in reverse
� Number of gear changes
� Glance behavior

Experimental Procedure
After arriving at the facility, the participant
completed pre-drive paperwork as well as a pre-drive
questionnaire. The participant was then oriented to
the vehicle and verbally provided the procedures for
the study and the URPA and rear video systems were
explained. The participant was instructed that he or
she should be aware of his or her surroundings and
that other traffic and personnel would be on the road.
The participant then drove to the first area for four
practice trials. The practice trials involved backing
toward a row of pylons with each level of the parking
aid systems and providing a response to the five
statements discussed previously.

During the main experimental portion of the study,
the participant conducted each of the five parking
tasks with the same parking aid level before
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completing the tasks with additional parking aid
levels. Each of the tasks ended with the participant
indicating they were done. In the trailer hitching
task, the participant was allowed to exit the vehicle
twice to check his or her progress. After completing
each task, the participant responded to each of the
five in-vehicle questionnaire statements.

Order of tasks and parking aid levels were
counterbalanced between subjects. Following
completion with the final parking aid level, the
participant performed a replication of the five parking
tasks with the parking aid level he or she had
experienced first.

After the last trial, a ruse was used where while the
experimenter spoke to an individual outside the
vehicle, the vehicle was blocked from forward travel
by two objects (cone and folding chair) while a
plastic pylon was (unbeknownst to the participant)
placed behind the vehicle. The participant was then
told he or she could return to the building. At this
time, the participant would either back into the pylon
or detect it. The participant was debriefed after the
ruse. The participant then returned to the building
and completed a post-drive questionnaire, after which
he or she was paid and released.

RESULTS

In-vehicle questionnaires
Participant scale responses to the in-vehicle
statements were analyzed for differences among
parking aid levels. The following discussion
indicates where differences were found at p ≤ 0.05.

Results from the parallel parking task are shown in
Table 1. The URPA, RV, URPA+RV systems
showed advantages over the traditional condition
when considering the participants responses to the
statements related to knowing they were well parked.
RV and URPA + RV showed advantages over the
traditional condition in evaluating how far they were
from other objects.

Table 1. Questionnaire responses for parallel
parking.

Parallel

Tr
ad
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on

al
U

R
P

A
R

V

U
R

P
A

+R
V

Well parked − + + +
How far from other objects − ± + +
Awareness of surroundings o o o o
Helpful na o o o
Comfortable o o o o
-, +, ++, +++ indicates statistically different groups from

lowest scored to highest scored.
± could be either from the - or + group

o indicates no differences.
na - statement did not apply to parking aid level.

Results from the perpendicular parking task are
shown in Table 2. RV and URPA + RV seemed to
help people feel they knew how far they were from
other objects. URPA made people more comfortable
than the traditional condition.

Table 2. Questionnaire responses for
perpendicular parking.

Perpendicular

Tr
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A
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V

U
R

P
A

+R
V

Well parked o o o o
How far from other objects − ± + +
Awareness of surroundings o o o o
Helpful na o o o
Comfortable − + ± ±
-, +, ++, +++ indicates statistically different groups from

lowest scored to highest scored.
± could be either from the - or + group

o indicates no differences.
na - statement did not apply to parking aid level.

Results from the trailer hitching task are shown in
Table 3. Both the RV and URPA + RV showed clear
preferences in the trailer hitching task, receiving
higher evaluation in all of the questions than either
the traditional condition or URPA.
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Table 3. Questionnaire responses for trailer
hitching.

Trailer

Tr
ad

iti
on

al
U

R
P

A
R

V

U
R

P
A+

R
V

Well parked − − + +
How far from other objects − − + +
Awareness of surroundings − − + +
Helpful na − + +
Comfortable − + +++ ++
-, +, ++, +++ indicates statistically different groups from

lowest scored to highest scored.
± could be either from the - or + group

o indicates no differences.
na - statement did not apply to parking aid level.

Objective Measures

Time in Reverse

When parallel parking, mean time spent in reverse
was 36.5 s in the traditional condition. This time was
shorter than the corresponding times for URPA and
URPA + RV (p = 0.01), which had mean times of
46.1 s and 47.3 s, respectively.

Gear Changes

The mean number of gear changes required during
the trailer hitching task using the RV (mean=4.5
changes) and the URPA + RV (mean=4.8 changes)
were lower than the mean number of gear changes in
the traditional condition and with the URPA system
(mean=6.4 changes) (p=0.05).

Parallel Parking Position

When parallel parking, there was no difference in the
mean longitudinal position in the space across
parking aid levels. Mean final position was 6.5 in
(16.5 cm) rear of the longitudinal center. However,
there was a statistically significant difference
(p=0.04) in the lateral position in the space across
parking aid levels. When using URPA, the mean
lateral position was 1 cm right of lateral center.
When using RV alone, mean lateral position was 9
cm right of lateral center (closer to curb). There was
no difference between the traditional condition or
URPA + RV condition and any other conditions.

In the parallel parking task, there was also a main
effect of replication on final lateral position (p=0.05).
This effect is best understood by examining the
statistically significant Parking Aid x Replication
effect (p=0.03). Participants who replicated the
parallel parking task with RV or URPA + RV parked

closer to the curb during the first replication as
compared to participants who replicated the parallel
parking task with URPA alone or the traditional
condition.

There was a statistically significant difference across
parking aid levels for final angle in the space
(p=0.01). Maximum angle deviation possible is
about 9 degrees. 97% of trials were less than 5
degrees angle deviation. When using URPA only,
the mean angle was approximately 0.2 degrees left of
straight. When using a RV or URPA + RV, mean
angle was approximately 1.2 degrees left of straight.
The left of straight orientation indicates the front of
the vehicle being closer to the lane of traffic than the
rear of the vehicle.

There was an Age X Parking Aid interaction for
longitudinal final position in the parallel space
(p=0.047), which is shown in Figure 7. No
statistically significant difference in longitudinal
position was found for the older group across parking
aid levels, whereas the middle-aged group were
further rearward when using URPA, RV, or URPA +
RV than when in the traditional condition. The
middle-aged group parked further rearward than the
older group in the UPRA or URPA + RV conditions.
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Figure 7. Age by Parking Aid effects on
longitudinal position in Parallel Parking Task.

Perpendicular Parking Position

When perpendicular parking, there was no difference
in the mean lateral deviation across parking aid
levels. The mean lateral position in the space across
all parking aid levels was 4.5 in (11.5 cm) left of
center. There was a statistically significant
difference across parking aid levels for longitudinal
final position in the space (p=0.01). When using RV
or URPA + RV, mean final position was
approximately 4.7 in (12 cm) from the back of the
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space, whereas in the traditional condition, the mean
position was approximately 1 ft 2.1 in (36 cm) from
the back of the space.

Trailer Hitching Task

There was a main effect for system on the final
distance to the hitch (p=0.0001). When using RV or
URPA + RV, participants were able to place the ball
closer to the trailer hitch by almost 7.9 in (20 cm)
than when using URPA alone or when in the
traditional condition.

There was a main effect of replication on the
approach angle (p=0.02). In the first replication of
the trailer hitching task, the mean approach angle of
the participants was 18 degrees to the driver’s side.
In the second replication of the trailer hitching task,
the mean approach angle was 26 degrees to the
driver’s side.

Task Time By Replication

There was a main effect of replication on the time it
took to compete each task (p=0.007). Figure 8 shows
the mean time in seconds for each task and
replication. Differences between the mean first and
second replication times for parallel, perpendicular,
and trailer tasks were 20 s, 25 s, and 47 s
respectively.
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Figure 8. Mean time for each task by replication
(time in seconds).

Glance Analysis

A glance analysis was performed to investigate time
spent looking at different locations in and around the
vehicle while parking. The following locations were
used:

1. Front windshield
2. Rear view mirror
3. Instrument Panel (IP)
4. Rear video display
5. Right mirror
6. Left mirror

7. Right front window
8. Left front window
9. Right rear windows
10.Left rear windows
11.Back window

In the glance time charts below, the vertical axis
shows the mean total time (sec) that participants
glanced at the specific location during execution of
that task for the four levels of parking aid. Glance
time to all eleven locations was analyzed, but only
the locations showing statistical differences are
reported here. Differing letters above each bar
indicate significant post-hoc testing differences (p <
0.05) found between parking aid levels for total
glance time to that glance location.

In all tasks, participants clearly spend time looking at
the rear video system when it is available.

Parallel Parking
In the parallel parking task, Figure 9 shows that the
time spent looking out the back window was less
when using RV than in the other conditions. Time
looking in the rear view mirror was higher for the
URPA condition than the other conditions (Note: the
URPA visual display was visible in the rear view
mirror). Time looking in the driver’s side mirror was
less in the RV condition than in the other conditions.
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Figure 9. Locations showing differences in mean
total glance time when parallel parking (time in
seconds).

Perpendicular Parking
Figure 10 shows that when perpendicular parking,
participants looked at the back window less in the RV
and URPA + RV conditions than when in the URPA
or traditional conditions. Time spent looking at the
video display was less in the URPA + RV condition
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than time looking at the video display in the RV
alone condition. The rear view mirror was used more
in the URPA condition than for the other three
conditions when perpendicular parking.
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Figure 10. Locations showing differences in mean
total glance time when perpendicular parking
(time in seconds).

Exiting a Perpendicular Space

Exiting the perpendicular space provided a scenario
where a glance to the left rear window and right rear
area of the vehicle was appropriate to ensure no
crossing traffic or pedestrians were approaching. The
right rear area could be seen with either a glance to
the right rear window or back window, so these
locations were combined for analysis. An ANOVA
indicated no statistical difference in the number of
glances to the left rear, or combined right rear and
back window locations across the parking aid
conditions.

A secondary analysis was performed to determine if
participants would forego glances to the left rear or
combined right rear and back window locations when
parking aids were used as compared to the traditional
condition. A nonparametric sign test (pairing each
parking aid level) on the number of participants with
zero glances to the left rear or combined right rear
and back window locations indicated no statistical
difference between any of the parking aid conditions
versus the traditional condition. However, as shown
in Figure 11, the URPA + RV condition (10
participants) was statistically different from the
number of participants not looking to the combined
right rear and back window locations in the URPA (3
participants) and RV (3 participants) conditions. No
difference was found for the number of people not
glancing at all to the left rear window location.
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Figure 11. Number of participants who did not
glance to the left rear, or combined right rear and
back window locations while backing from a
perpendicular space.

Trailer Hitching
Figure 12 shows that in the trailer hitching task, time
spent looking at the left mirror and left front window
was lower for the RV and URPA + RV conditions
than for the URPA and traditional conditions. Time
spent looking to the right front, right rear windows,
and back window was less with RV and URPA + RV
than with URPA alone.
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Figure 12. Locations showing differences in mean
total glance time when hitching a trailer (time in
seconds).
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Post-Drive Questionnaire

After completing the driving portion of the study,
participants were administered a post-drive
questionnaire. Questionnaire data for three additional
participants who completed the protocol without
numerical data permitted use of 35 respondents for
the following analysis.

When asked if anything about RV confused them, 22
participants said no and 13 participants said yes. Of
the 13 reporting confusion, the items mentioned by
more than five participants were: difficulty relating
display to actual locations/distances (six
participants), and shadows in the display (five
participants). 23 participants did not indicate any
surprises from the system. No specific surprises were
mentioned by more than five participants. When
asked to list any difficulties which arose while using
RV, 14 participants did not indicate any difficulty.
More than five participants indicated difficulty with
shadows in the display (nine participants).

Figure 13 shows which parking aid condition
participants indicated was most preferred for each of
the tasks. The RV or URPA + RV conditions were
most preferred for the trailer hitching task. The
URPA + RV condition was the most preferred for
both of the other parking task types.
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*Includes 35 respondents

Figure 13. Participant preferences for systems.

Ruse

The ruse was set-up and executed successfully for 29
participants. The number of participants exposed to
the ruse for the traditional, URPA, RV, and URPA +
RV conditions was seven, seven, nine, and six,
respectively. 24 of the participants hit the obstacle
leaving five who avoided hitting the obstacle. Of the
five participants who did not hit the obstacle: three
saw the obstacle using the RV (two in the RV
condition, one in the URPA + RV condition), one

saw the obstacle in their mirror (in the URPA + RV
condition), and one saw the obstacle out the back
window (in the RV condition).

CONCLUSIONS

The rear video system was particularly useful to the
participants in the trailer hitching task. This was
demonstrated through their improved accuracy when
backing to the hitch, as well as their preference for
either the RV or URPA + RV when executing this
task as indicated in the in-vehicle and the post-drive
questionnaires.

When perpendicular parking, the middle-aged group
located the vehicle further to the rear, but still within,
the parking space. This could be caused by greater
ability to find the back of the space or by perceiving
the gap to the back of the space as larger than it
actually was.

All of the parking aid systems received higher in-
vehicle task evaluations than the traditional method
when parallel parking. As participants backed at an
angle into the parallel space, RV and URPA + RV
appeared to help them get closer to the curb,
especially for people unfamiliar with the vehicle, but
tended to leave them at a slight angle. As the
participant backed into the space, URPA alone may
have been used to make use of the entire length of the
space while parking, but not to get closer to the curb.

Glance behavior indicated that drivers were using
both the URPA and the RV systems when available.
The passenger side rearmost pillar URPA location
did draw the eyes to the rear view mirror or the back
window directly. In the parking tasks, glance time to
the back window tended to reduce when RV was
available, but in general, time to other areas did not
show statistically significant changes.

There was no significant difference in the number of
participants who did not glance to the back and back-
right windows during the task of exiting a
perpendicular space between the URPA + RV
condition and the traditional condition. However, a
significantly larger number of participants in the
URPA and RV alone conditions did look at least once
to this area during that maneuver. One explanation
for this is that the limited additional information over
traditional methods provided by each of these parking
aid systems alone may lead the driver to look for
more complete information. With URPA alone, a
traditional glance may be used to check for clear
area, and with RV alone, a traditional glance may be
used to confirm the distances to objects.
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The trailer hitching task was very difficult due to the
small size of the trailer. In the traditional condition,
as participants got close, the trailer disappeared from
mirrors and window views. Time spent searching
these views was reduced when the video view was
present.

It appears users will make use of these systems and
are able to interpret the wide viewing angles present
in the RV system. Some experience may be required
to achieve the same proficiency in time, but these
results suggest that users will be able to park more
easily and in some cases closer to the curb or back of
a space than with traditional methods. Glance
behavior did change to include more time to the RV
system rather than to the mirrors and back window,
but participant visual scan of other locations around
the vehicle appeared to continue similar to that
observed with no parking aid system. Participants
took more time to park with all of the parking aid
systems than with the traditional method.

In an unplanned backing task as presented in the ruse,
participants generally proceeded without fully
checking the area to the rear. 83% of the participants
hit the pylon placed close behind the vehicle during
the ruse. For those five participants who did not hit
the pylon, it is interesting to know that all had the
rear video view available, although only three of
these five avoided the pylon by viewing it in the
video display. It should also be noted that this
experimental design did not address drivers' long
term usage patterns and behavior with parking aid
systems.
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ABSTRACT

Stiffness has been used to characterize a vehicle’s crash
behavior, and how it acts with collision partners and
roadside structures. It also plays an important role in
restraint design. This paper utilized crash test data from
the 1982 to 2001 frontal U.S. New Car Assessment
Program to evaluate three methods for computing
vehicle stiffness. Test parameters, such as load cell
force, dynamic displacement and measured crush, were
used to compare stiffness trends in the passenger car
fleet. Each method predicted a steady increase in
passenger car stiffness.

Force-deflection profiles were averaged and examined
historically for each passenger car class. Results were
compared against light trucks, vans and sport utility
vehicles (LTVs) to maintain fleet perspective. The
initial stiffness method was then used to quantify
stiffness of each passenger car and LTV class. Within
some vehicle classes, there was a wide range of initial
stiffness measures for a given test weight.

INTRODUCTION

Since 1979, the U.S. National Highway Traffic Safety
Administration (NHTSA) has been providing
consumers with comparative frontal crashworthiness
information on new passenger vehicles through the
New Car Assessment Program (NCAP). This, first of
its kind, program was initiated in response to Title II of
the Motor Vehicle Information and Cost Savings Act of
1973. In frontal NCAP, vehicles are evaluated based
on the crash protection they provide in a 56 km/h full-
frontal rigid barrier test. Accelerometers are mounted
on the vehicle structure and belted 50th percentile
Hybrid III dummies are positioned in the driver and
right front passenger seats to evaluate occupant
protection. In 1982, NHTSA added load cell
instrumentation to the rigid barrier face to collect data
on the forces vehicles apply to the barrier. In addition,
supplemental post-test data collection measurements
were made to study the structural characteristics of
vehicles, including stiffness.

The need to understand front-end stiffness has been
paramount in crashworthiness research studies for a
number of reasons. First, stiffness is one of the main
parameters studied in vehicle compatibility research to
understand how vehicles behave when they interact
with a collision partner. Stiffness, as well as other
parameters, such as mass and geometry, play important
roles in efforts to manage energy and improve structural
engagement in vehicle-to-vehicle crashes. Second,
stiffness is an important parameter for designing a
vehicle’s frontal restraint system to ensure that a
vehicle provides sufficient protection to its occupants.

For many years, a number of research papers have been
written discussing the role that stiffness plays in vehicle
compatibility (Summers 2002, Nolan 2001, Hollowell
1999, Saul 1981). The significance arises in vehicle-to-
vehicle crashes where there is an incompatibility in
vehicle stiffness, the stiffer vehicle will absorb less of
the crash energy and deform less than its collision
partner. Depending on the degree of stiffness
difference between the two vehicles, the less-stiff
collision partner may be forced to absorb the bulk of the
crash energy and reduce its occupant compartment
integrity. This can result in an undesired disparity in
the injury outcome between the occupants of the two
vehicles. From a compatibility perspective, the
preferred scenario would be for both vehicles to share
the crash energy (Hollowell 1999). To do this, vehicles
must have sufficiently stiff front ends to provide self-
protection in crashes, but not have front ends so stiff
that they cause harm when involved in a collision with
a partner vehicle (Zobel 1999).

Vehicles with very stiff front-end structures require the
crash energy management to rely heavily on the
occupant restraint system (i.e., air bag, seat belts,
pretensioners, etc.). By knowing a vehicle’s stiffness
characteristics during the design phase, optimization
can be achieved through computer models (Deng 1994).
This facilitates a restraint designer’s ability to
determine when and how to deploy frontal air bags and
pretensioners.

Between vehicle compatibility, occupant restraint
design, and overall vehicle crashworthiness, there is
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significant need for a better understanding of vehicle
stiffness; however, there is not a single agreed-upon
methodology for characterizing this measure.
Traditionally, researchers have used a variety of load
cell instrumentation, post-crush deformation, and
accelerometers mounted on the vehicle under test,
individually or in combination. Therefore, this paper
attempts to explore and compare three proposed
methodologies for calculating vehicle stiffness using a
subset of NCAP frontal crash test data. The methods
explored include: initial stiffness, static stiffness, and
dynamic stiffness.

Passenger cars tested under the NCAP program were
used to evaluate the three stiffness methodologies based
on the hypothesis that passenger cars would show the
most dramatic flux in vehicle stiffness during the 1982-
2001 model year (MY) time frame. This hypothesis
was based, in part, upon past studies that examined the
NCAP crash test responses of 175 light trucks and vans
(LTVs) distributed over MY 1983-1999 (Park 1999).
The previous study found little change in LTV stiffness,
as a group. Additionally, as discussed further in the
paper, NHTSA has noticed little variation in the force-
deflection characteristics of the LTV fleet. Therefore,
MY 1982-2001 passenger cars were selected as the
target group to explore the three methodologies.

DATA COLLECTION

For the majority of frontal NCAP tests, the load cell
instrumentation attached to the fixed barrier consisted
of 36 load cells in a 4 x 9 array. An example of how
the load cells align with a vehicle is shown in Figure 1.

Figure 1: Example Load Cell Barrier (4x9 array).

The 36 force-time history data signals generated from
the load cells were collected at 8,000 – 10,000 samples
per second for the majority of the tests (depending upon
the best-practices of the time). More recent NCAP
crash tests collected the data at 10,000 samples per
second. The data was then filtered according to the

Society of Automotive Engineers Recommended
Practice J211/1 rev. Mar 95, “Instrumentation for
Impact Test – Part 1 – Electronic Instrumentation.”
The load cell data traces were then summed to calculate
the total force acting on the barrier over time. We note
that a small number of NCAP tests used a load cell
barrier with a coarser resolution (6 load cells in a 2 x 3
array). While the resolution of the force distribution
may be slightly inferior to the 4 x 9 array, it is
appropriate to use this data for the purposes of this
study since it has no effect on the total force exerted on
the barrier. Overall, NHTSA has collected load cell
data for 792 frontal NCAP tests.

For each NCAP test, vehicle acceleration data and post-
test crush measurements were also collected. Different
locations on the vehicle structure were considered for
analysis of vehicle acceleration. For the purposes of
this study, accelerometers mounted in the occupant
compartment closest to the driver were used to gather
vehicle acceleration data. Post-test crush measurements
were extracted from the NCAP final test reports by
computing the difference between pre and post-test
measurements of the vehicle length.

APPROACH

This study uses available NCAP data collected for MY
1982-2001 passenger car tests to evaluate three
methodologies for calculating vehicle stiffness. In this
study, no extrapolations were made to sales or
registration volumes, so the data is not meant to
represent fleet projections; rather it reports stiffness
trends for NCAP-tested vehicles for the model years
under study.

NCAP reporting classifies passenger cars into five
categories based on their curb weight. These include:
mini (680-907 kg), light (907-1134 kg), compact (1134-
1360 kg), medium (1360-1587 kg) and heavy (1587 kg
and over). However, for the purposes of this study, test
weight was used instead of curb weight to group the
passenger car classes, since the mass of the test vehicle
is important in stiffness calculations. Test weight
includes the weight of two Hybrid III 50th percentile
dummies and the vehicle-rated cargo weight, so it is
greater than the curb weight. Table 1 lists the
passenger car classes and the respective test weights
used in the paper. Effectively the test weight categories
represent the standard NCAP categories + 159 kg cargo
weight.

Since very few passenger cars fall into the mini class,
no attempt was made to discuss stiffness trends for this
particular vehicle class. However, the data for the mini
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class were included in the calculations made for “all
passenger cars.”

Table 1: Passenger Car Classes

Class Test Weight (kg)
Mini 839 – 1065
Light 1066 – 1292

Compact 1293 – 1519
Medium 1520 – 1746
Heavy 1746 and over

The next three sections dicuss the methodologies for
determining vehicle stiffness.

Method 1: Initial Stiffness

The first method computes, what we have termed, the
initial stiffness of a vehicle. This method attempts to
quantify a vehicle’s stiffness characteristics from the
early portion of the force-deflection profiles that result
from NCAP tests. These force-deflection profiles are
generated using force exerted on the barrier plotted
against the dynamic deformation or crush that the
vehicle experiences during the duration of the test. The
dynamic deformation (or crush) was calculated by
double-integrating the acceleration recorded by the
vehicle accelerometers. This data was truncated at time
zero and resampled in one-millimeter increments to
facilitate the averaging of the force-deflection profiles.
Figure 2 is an example force-deflection plot with an
estimated linear stiffness range.
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Figure 2: Example Force-Deflection Profile and
Linear Fit.

For this study, force-deflection profiles were generated
for 400 passenger vehicles tested in U.S. NCAP
between 1982 and 2001. Even though NHTSA has
collected load cell data for 543 passenger car NCAP
tests, only 400 were suitable for analysis. The other
143 NCAP tests were disqualified due to errors in the
load cell data collection. These were determined by

reviewing the force-deflection profiles for each NCAP
test by hand and analytically comparing the response
characteristics to those from the vehicle’s accelerometer
data. Errors in the load cell data were notably more
common in the older NCAP tests. Additionally, in
1998, NCAP did not collect load cell data, so this MY
is not represented in the results.

Once the force-deflection profiles were created for the
400 qualifying NCAP tests, it was necessary to develop
a systematic and repeatable approach to quantify the
initial stiffness (or slope of the force-deflection curve).
Several linear fit variations were evaluated. Desirable
characteristics of the methodology included:

• A good correlation of linear fit (R2 value).
• An emphasis on the initial deformation of the

vehicle.
• A reflection of the overall slope (i.e., not limited to

short regional behavior).
• An allowance for non-zero intercepts.

Further refinement of these characteristics, ultimately
led NHTSA to the proposal that good correlation with
initial stiffness would be a R2 value greater than 0.95
(Summers 2002). It was also decided that the
correlation should begin within the first 200 millimeters
of deflection to emphasize the vehicle’s initial
deformation, and in order to reflect the overall slope,
the linear stiffness had to correlate for a minimum
distance of 150 millimeters. The longest correlation
that met all of the criteria was chosen for the initial
stiffness. Additionally, to compensate for small
variations in time zero data collection, the linear fits
were not constrained to zero force at zero deflection.
For some tests, the curves did not fall through this point
either because, the instrumentation did not start
measuring the barrier force until the contact switches
were fully engaged, or minor amounts of force were
measured prior to the indicated time zero.

Out of the qualifying 400 passenger car NCAP tests
with acceptable force-deflection profiles, 11 were
further removed from the initial stiffness analysis
because they did not have a suitable linear region.
However, the remaining 389 tests predominantly met
expectations, as shown in Figure 2.

Figure 3 depicts the initial stiffness values computed for
NCAP tests of 1982 – 2001 passenger cars averaged in
four model year clusters. (The data is provided in
Table 1 of the Appendix). The graph shows a gradual
increase of initial stiffness, starting with 1044 N/mm in
the early 1980’s to 1376 N/mm in current model years.
This method estimates a 32 percent increase in vehicle
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stiffness over the past twenty years of NCAP data
collection.
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Figure 3: Average Initial Stiffness Measures for 1982-
2001 MY Passenger Cars Tested in NCAP.

Figure 4 shows the trends for each individual passenger
car class; however, vehicle classes that had less than 10
NCAP tests were omitted from the plot. Since the
individual classes each have smaller sample sizes, more
variance is evidenced in the trends. Light passenger
cars show little change in initial stiffness while the
other classes showed an increase.
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Figure 4: Average Initial Stiffness Measures for 1982-
2001 MY Passenger Car Vehicle Classes
Tested in NCAP.

Method 2: Static Stiffness

The second method computes a vehicle’s static stiffness
using only the post-crash static crush measurements. In
terms of data collection, this is a relatively simpler
approach and is often used in crash reconstruction
programs, such as CRASH3. However, static stiffness
does not account for vehicle rebound or the elastic
behavior often found in the vehicle front-end structure.

Static stiffness is calculated from the following energy
equation:

22

2

1

2

1
KXMVE == (1.)

or solving for stiffness, K

2

2

X

MV
K = (2.)

where M is the mass of the test vehicle, V is the closing
speed of the test vehicle, and X is the maximum static
crush of the vehicle. As previously discussed, the
maximum crush is determined from the difference of
pre and post-test measurements of the vehicle length.
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Figure 5: Average Static Stiffness Measures for 1982-
2001 MY Passenger Cars Tested in NCAP.

A total of 418 passenger car NCAP tests were evaluated
for static stiffness. Figure 5 shows the average static
stiffness for passenger cars tested from 1982 to 2001,
grouped in four model year clusters. Again, when
considering all passenger cars NCAP has tested, an
increasing trend in static stiffness is observed over the
reported time period. The average static stiffness rose
from 931 N/mm in the early 1980’s to 1500 N/mm for
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Figure 6: Average Static Stiffness Measures for 1982-
2001 MY Passenger Car Vehicle Classes
Tested in NCAP.
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the present day vehicles. This is approximately a 61
percent increase in stiffness over the past twenty years
of NCAP data collection.

Figure 6 shows the trends for each individual passenger
car class; however, again, vehicle classes that had less
than 10 NCAP tests were omitted from the plot. While
the plot shows some deviation for the heavy and light
vehicles in the 1990-1993 time period, overall there is
very little difference of static stiffness between different
passenger car classes. All passenger car classes show a
significant increase in static stiffness between 1997 and
2001. Post-test crush measurements were also reduced
on average from 615 mm in the early 1980’s to 532 mm
in the more recent model years. The average values are
included in Table 2 of the Appendix.

Method 3: Dynamic Stiffness

The third method to approximate vehicle stiffness is
termed dynamic stiffness. Dynamic stiffness is similar
to static stiffness in that it uses Equation 2 from above;
however, accelerometers mounted in the vehicle are
used to estimate the maximum dynamic displacement.
The dynamic displacement is calculated from the
maximum of the double integral of the vehicle
acceleration. Unlike static stiffness, vehicle rebound
off the barrier is incorporated into the calculation of
dynamic stiffness. Our experience has shown that the
typical rebound for an NCAP test is 8-10 km/h.
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Figure 7: Average Dynamic Stiffness Measures for
1982-2001 MY Passenger Cars Tested in
NCAP.

Figure 7 depicts the dynamic stiffness values computed
for 486 NCAP tests of 1982 – 2001 passenger cars
averaged in four model year clusters. The graph shows
that the average dynamic stiffness has steadily
increased, beginning at 584 N/mm in the early 1980’s
to 781 N/mm for present day vehicles. This method
estimates a 34 percent increase in vehicle stiffness over
the past twenty years of NCAP data collection.

Figure 8 shows the dynamic stiffness trends for each
individual passenger car class (omitting classes that had
less than 10 NCAP tests). Light passenger cars showed
little change in dynamic stiffness, while other car
classes show an increase in later model years. This is
consistent with the calculated dynamic crush steadily
decreasing for each vehicle class (Table 2 of
Appendix).
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Figure 8: Average Dynamic Stiffness Measures for
1982-2001 MY Passenger Car Vehicle
Classes Tested in NCAP.

ANALYSIS OF METHODS

Overall, the three methods of computing vehicle
stiffness showed similar trends. They each showed that
the average passenger car front-end stiffness steadily
increased on average over the past twenty years of
NCAP testing, with the greatest increase occurring in
the mid-to-late 1990’s. However, depending on the
methodology, the stiffness increases ranged from 21 to
61 percent of the stiffness metric under investigation.
Figure 9 is a plot comparing the three methods.
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Figure 9: Comparison of Stiffness Methods for 1982-
2001 MY Passenger Cars Vehicle Classes
Tested in NCAP.

The initial stiffness and dynamic stiffness methods both
show a relatively gradual increase in stiffness over the
range of model years tested. The initial stiffness
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method predicted a 21 percent increase, whereas the
dynamic stiffness method predicted a 34 percent
increase. Both of these methods use the dynamic
displacement calculated from the vehicle’s
accelerometers to compute stiffness.

The static stiffness method, however, shows two
relatively large jumps in vehicle stiffness. The first was
between the late 1980’s and early 1990’s and the
second was between the late 1990’s and 2001. This
method also predicted a 61 percent increase in vehicle
stiffness over the range of model years tested (two to
three times what was predicted with the initial and
dynamic stiffness methods, respectively). The
difference may largely be due to the fact that the static
stiffness method relies upon the post-test crush
measurements for displacement, rather than the
dynamic (accelerometer-based) measurements used in
the other two methods. By only considering the post-
crash crush measurements, some of the deformation
that occurred during the crash, but rebounded back at
the end of the crash (due to energy absorbing elements
or materials) was not taken into account. Thus, less
deformation used in the static stiffness calculation led
to larger stiffness calculations for this method (see
Equation 2).

Figure 10 compares the static crush measurements to
the calculated dynamic displacement using the vehicle
accelerometers. As expected, the dynamic
displacement was typically 150-200 mm greater than
the measured static crush. There is also a decrease in
crush with newer model year vehicles. Figure 10 also
shows that the average elastic crush occurring during
the crash (that rebounded post-crash) has increased for
passenger cars from 160 mm in the 1980’s to 190 mm
in the 1990’s. Therefore, the two methods that use
dynamic displacement in the stiffness calculations may
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Figure 10: Comparison of Stiffness Methods for
1982-2001 MY Passenger Cars Vehicle
Classes Tested in NCAP.

be more realistic with present vehicle designs that
include elastic composites and energy absorbing
members.

To study the real world significance of the various
stiffness methods, NHTSA and other researchers
(Joksch 2000) have conducted multi-variable regression
analyses with crash data. Specifically, Joksch
examined injury risk in vehicle-to-vehicle crashes and
the influence of static and dynamic stiffness values,
amongst others variables. While the study found no
consistent relationship between injury risk increase and
static or dynamic stiffness, the study did suggest other
variables should be considered for future vehicle
compatibility studies. One suggestion was to consider
stiffness at various levels of deformation (instead of the
overall deformation used in both the static and dynamic
methods). The initial stiffness method discussed in this
paper (Method 1) coincides with this suggestion. Initial
stiffness, by definition, examines only the initial portion
of crush. NHTSA has expanded the analysis, as
suggested by Joksch, to include initial stiffness, and
preliminary results appear to show better correlation
than either static or dynamic stiffness methods.

DISCUSSION

Each of the three stiffness methodologies suggests that
passenger cars tested in NCAP are becoming
increasingly stiffer on average. As an additional check,
the force-deflection profiles used in the initial stiffness
calculations were averaged by vehicle class for three
different time periods: 1982-1989, 1990-1995, 1996-
2001. The slopes of the initial ~200 mm of deflection
were examined as an indicator of vehicle stiffness (i.e.,
the sharper the rise of the curve, the stiffer the front-end
characteristics were likely to be). Figures 11-14 plot
the average force-deflection profiles for light, compact,
medium, and heavy passenger cars, respectively. For

Figure 11: Average Force Deflection Curves for Light
Passenger Cars Tested in NCAP (1982-
1989, 1990-1995, and 1996-2001).
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the light passenger car class, Figure 11 shows that over
the first 200 mm of deflection, the initial stiffness has
not changed substantially. The initial parts of the
curves are approximately parallel to one another (or
similar in slope).

However, for compact passenger cars, shown in Figure
12, there appears to be more of a shift in the stiffness
characteristics for this vehicle class. The compact
passenger vehicles tested between 1996-2001 exhibit a
rapid rise of the force-deflection curve, indicative of a
stiffer structure.
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Figure 12: Average Force Deflection Curves for
Compact Passenger Cars Tested in NCAP
(1982-1989, 1990-1995, and 1996-2001).

A similar trend in increasing stiffness with later model
years is evidenced in Figure 13 for medium passenger
cars and Figure 14 for heavy passenger cars. For
example, in Figure 13 the force required to crush the
average medium passenger car 200 mm was
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Figure 13: Average Force Deflection Curves for
Medium Passenger Cars Tested in NCAP
(1982-1989, 1990-1995, and 1996-2001).

approximately 190 kN for model year 1982-1989
vehicles. In later model years, this same required force
increased to approximately 250 kN, thus demonstrating
an increase in structural behavior.
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Figure 14: Average Force Deflection Curves for
Heavy Passenger Cars Tested in NCAP
(1982-1989, 1990-1995, and 1996-2001).

While the data shows an increasing trend in passenger
car stiffness with later model years, this conclusion
must be placed in perspective when considering the full
spectrum of light vehicles in the fleet. On average,
passenger cars still tend to be much less stiff than
LTVs. Figure 15 is a plot comparing the average force
deflection profiles for four passenger car classes with
three LTV classes (sport utility vehicles (SUVs), vans,
and trucks). This data represents the average of NCAP
tests from 1982-2001.
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Figure 15: Average Force Deflection Curves for Seven
Vehicle Classes in NCAP (1982-2001).

The four passenger car classes have relatively similar
force-deflection characteristics with subcompact (or
light) passenger vehicles being the less stiff and full-
size (or heavy) being the stiffest of the four. Each of
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the three LTV classes is considerably stiffer than each
of the passenger car classes. The LTVs range from
vans to trucks to SUVs in order of increasing stiffness.

However, when considering trends in LTV force-
deflection characteristics over the twenty-year NCAP
data collection, the average force deflection profile has
been relatively steady. Figures 16-18 are the average
force-deflection profiles for light trucks, SUVs and
vans, respectively, for the same three time periods.
When considering the first 200 mm of crush, light
trucks, SUVs and vans have not changed much in their
force-deflection characteristics, particularly between
1990-2001. However, the vans tested in the 1996-2001
time frame appear to have become less stiff on average.
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Figure 16: Average Force Deflection Curves for Light
Trucks Tested in NCAP (1982-1989, 1990-
1995, and 1996-2001).
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Figure 17: Average Force Deflection Curves for SUVs
Tested in NCAP (1982-1989, 1990-1995,
and 1996-2001).
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Figure 18: Average Force Deflection Curves for Vans
Tested in NCAP (1982-1989, 1990-1995,
and 1996-2001).

To better quantify LTV stiffness in comparison to
passenger cars, the initial stiffness (Method 1) was
computed for the LTV data. Figure 19 illustrates the
average initial stiffness measurements and first standard
deviation bars for seven vehicle categories of NCAP
data collected between 1982-2001. This figure shows
that initial stiffness generally increases with test weight
and substantially higher initial stiffness measurements
result from the SUV and truck categories.
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Figure 19: Average Initial Stiffness Measurements
and First Standard Deviation Bars for
Seven Vehicle Classes Tested in NCAP
(1982-2001).

It is also interesting to note how large the stiffness
ranges are for the SUV, van, and truck categories
(illustrated by the first standard deviation bars). For
instance, the average SUV initial stiffness ± one
standard deviation spans a stiffness range of
approximately 2000 N/mm. This is approximately
twice as large as those reported for the three passenger
car categories. The stiffness ranges for the three LTV
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categories also demonstrate some overlap with the
passenger car stiffness ranges in the 1200-1800 N/mm
region. This suggests that compatible vehicle designs
between passenger cars and LTVs may exist in the
fleet.
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Figure 20: Initial Stiffness Values for Seven Vehicle
Classes Tested in NCAP (1982-2001).

Finally, Figure 20 is a scatter plot of the initial stiffness
metric computed from vehicle NCAP tests from 1982 to
2002 compared to their respective test weights. The
purpose of this plot is to illustrate that within some
vehicle classes, there is a wide range of initial stiffness
values for a given test weight. For example, SUVs with
a test weight of 1800 kg can have an initial stiffness
value as low as 1000 N/mm or as high as 6000 N/mm.

CONCLUSIONS

There are multiple methods for calculating a vehicle’s
front-end stiffness. This study examined three methods
using passenger car data from NCAP tests conducted
between 1982-2001. The methods included: initial
stiffness, static stiffness, and dynamic stiffness. Two of
the methods, initial stiffness and dynamic stiffness,
showed a steady increase in passenger car stiffness over
the model years under study (21 percent and 30 percent,
respectively). The static stiffness method predicted
much greater increases in stiffness due to its reliance on
static crush data that cannot account for elastic front-
end structures rebounding back after the crash. The
findings also showed that the average elastic crush
occurring during the crash (that rebounded post-crash)
has increased for passenger cars from 160 mm in the
1980’s to 190 mm in the 1990’s.

To study the real world significance of the various
stiffness methods, NHTSA and other researchers have
conducted multi-variable regression analyses with crash
data. However, these studies found no consistent
relationship between injury risk increase and static or
dynamic stiffness methods. NHTSA has expanded the

analysis conducted by Joksch, to include initial
stiffness, and preliminary results appear to show better
correlation than either static or dynamic stiffness
methods.

Average force-deflection plots were generated for the
various passenger car classes and confirmed increasing
stiffness trends predicted by the previous two methods.
Similar plots were generated for three LTV classes.
While LTVs tended to be much stiffer than the
passenger car classes, their stiffness characteristics have
not changed as much over the same time period.

Finally, passenger car and LTV classes were compared
using the initial stiffness method. The study found that
initial stiffness generally increases with test weight and
substantially higher initial stiffness measurements result
from the SUV and truck categories. Furthermore,
within some vehicle classes, there is a wide range of
initial stiffness values for a given test weight.
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Appendix - Table 1.
Average Initial Stiffness Measures from Passenger Car NCAP Tests

Year n
Stiffness
(N/mm) n

Stiffness
(N/mm) n

Stiffness
(N/mm) n

Stiffness
(N/mm) n

Stiffness
(N/mm) n

Stiffness
(N/mm)

1982 13 997 0 2 669 8 1023 3 1146 0
1983 14 795 0 4 785 6 670 3 707 1 1853
1984 24 1159 1 1439 9 1115 7 979 5 908 2 2475
1985 21 1107 2 1416 2 1066 9 950 8 1216 0

1982-1985 72 1044 3 1423 17 979 30 920 19 1043 3 2267
1986 9 917 0 5 873 2 872 2 1073 0
1987 22 1074 2 1422 8 943 9 977 3 1486 0
1988 22 1232 2 1149 4 1265 6 1174 8 1400 2 744
1989 21 1021 2 770 3 965 8 950 3 1153 5 1190

1986-1989 74 1087 6 1113 20 993 25 1007 16 1329 7 1063
1990 22 1102 0 3 717 7 1314 7 1066 5 1087
1991 20 1070 0 6 968 7 1168 5 880 2 1509
1992 20 1014 2 967 2 791 6 930 6 1269 4 893
1993 20 1105 0 5 1119 7 999 7 1180 1 1250

1990-1993 82 1073 2 967 16 946 27 1109 25 1109 12 1106
1994 21 1142 0 1 1367 10 1130 6 1236 4 976
1995 33 1177 0 8 1036 9 1061 12 1330 4 1265
1996 18 1100 0 5 974 3 1052 3 963 7 1269
1997 16 908 0 2 965 7 870 4 789 3 1118

1994-1997 88 1104 0 16 1028 29 1038 25 1177 18 1178
1998 2 2025 0 0 0 1 531 1 3519
1999 13 1041 0 3 786 2 1149 4 1034 4 1185
2000 20 1237 1 1041 1 697 4 1127 8 1248 6 1418
2001 38 1530 0 3 1906 9 1910 13 1308 13 1402

1998-2001 73 1376 1 1041 7 1254 15 1600 26 1218 24 1458

Initial Stiffness
Medium HeavyAll Mini Light Compact
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Appendix - Table 2.
Average Static Stiffness and Static Displacement Measures from Passenger Car NCAP Tests

Year n
Stiffness
(N/mm)

Displacement
(mm) n

Stiffness
(N/mm)

Disp
(mm) n

Stiffness
(N/mm)

Disp
(mm) n

Stiffness
(N/mm)

Disp
(mm) n

Stiffness
(N/mm)

Disp
(mm) n

Stiffness
(N/mm)

Disp
(mm)

1982 35 938 599 1 1955 356 8 813 604 23 939 599 2 888 655 1 991 688
1983 21 914 640 0 5 879 590 7 789 660 7 992 658 2 1162 629
1984 31 944 612 2 806 569 10 954 557 9 1016 582 7 805 702 3 1110 699
1985 24 919 620 2 711 594 4 946 573 10 858 633 8 1033 632 0

1982-1985 111 931 615 5 998 536 27 897 579 49 915 611 24 943 662 6 1108 674
1986 23 938 615 1 1125 480 8 849 596 6 944 610 8 998 654 0
1987 23 943 598 2 1076 480 6 922 568 11 922 623 4 964 631 0
1988 27 1082 585 2 969 516 7 1037 541 5 1009 600 10 1233 583 3 883 718
1989 0 0 0 0 0 0

1986-1989 73 993 598 5 1043 494 21 932 570 22 948 614 22 1099 617 3 883 718
1990 7 1700 500 0 0 3 1053 563 2 2782 387 2 1587 519
1991 12 1022 620 0 6 1106 603 3 897 628 3 978 644 0
1992 11 1070 595 1 877 536 1 809 602 5 1283 520 2 1041 640 2 796 764
1993 22 1103 593 0 5 961 558 7 1210 540 8 1031 665 2 1370 583

1990-1993 52 1158 587 1 877 536 12 1021 584 18 1152 553 15 1255 620 6 1251 622
1994 22 1211 576 0 1 758 637 12 1286 541 6 1218 586 3 1051 674
1995 33 1279 551 0 8 988 561 9 1246 536 12 1470 537 4 1362 607
1996 19 1257 565 0 5 1065 531 3 1213 533 4 1193 593 7 1451 586
1997 18 1259 561 0 3 979 545 7 1228 547 4 1413 557 4 1366 603

1994-1997 92 1254 562 0 17 995 554 31 1254 540 26 1360 560 18 1346 609
1998 27 1427 538 0 3 1007 560 6 1639 478 15 1452 539 3 1296 629
1999 15 1389 545 0 3 1102 537 2 1619 464 6 1560 532 4 1233 611
2000 21 1677 508 1 2024 349 1 971 564 4 1593 480 8 1917 485 7 1502 566
2001 27 1496 537 0 3 1377 458 6 1417 495 7 1363 561 11 1657 565

1998-2001 90 1500 532 1 2024 349 10 1143 523 18 1552 482 36 1556 530 25 1502 580

Static Stiffness
Medium HeavyAll Mini Light Compact
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Appendix – Table 3.
Average Dynamic Stiffness and Dynamic Displacement Measures from Passenger Car NCAP Tests

Year n
Stiffness
(N/mm)

Displacement
(mm) n

Stiffness
(N/mm)

Disp
(mm) n

Stiffness
(N/mm)

Disp
(mm) n

Stiffness
(N/mm)

Disp
(mm) n

Stiffness
(N/mm)

Disp
(mm) n

Stiffness
(N/mm)

Disp
(mm)

1982 26 539 796 0 9 528 772 12 545 788 4 539 840 1 549 925
1983 21 577 805 0 5 552 745 7 494 836 7 587 838 2 890 729
1984 29 605 754 2 617 652 10 633 684 9 643 735 6 523 868 2 533 944
1985 23 617 753 2 507 692 3 615 700 10 599 758 8 668 782 0

1982-1985 99 584 775 4 562 672 27 581 726 38 573 776 25 590 828 5 679 854
1986 23 554 827 1 226 1070 8 546 762 6 528 848 8 623 845 0
1987 26 625 738 2 630 622 8 656 676 12 590 789 4 664 767 0
1988 28 704 718 2 590 650 7 665 670 6 632 753 10 800 715 3 689 815
1989 25 651 747 3 495 694 3 660 678 10 600 774 4 771 722 5 748 787

1986-1989 102 637 755 8 519 712 26 625 701 34 589 789 26 720 764 8 726 797
1990 22 705 750 0 3 627 690 7 690 705 7 722 772 5 748 819
1991 25 623 767 0 9 644 691 9 586 791 5 615 840 2 723 811
1992 22 642 771 2 506 694 2 519 743 7 633 749 7 739 758 4 620 883
1993 22 656 758 0 5 596 715 7 674 724 8 623 822 2 877 728

1990-1993 91 656 762 2 506 694 19 615 703 30 641 746 27 677 796 13 725 823
1994 22 707 753 0 1 721 653 11 654 751 6 823 715 4 676 840
1995 33 709 729 0 8 602 710 9 699 713 12 777 730 4 740 803
1996 19 660 778 0 5 604 703 3 712 698 4 653 826 7 682 837
1997 18 690 741 0 3 641 672 7 669 728 4 650 779 4 801 776

1994-1997 92 695 747 0 17 616 698 30 677 729 26 749 749 19 718 818
1998 27 737 733 0 3 623 724 6 706 703 15 761 736 3 797 789
1999 15 718 741 0 3 555 758 2 773 666 6 742 747 4 779 756
2000 21 791 719 1 725 583 1 439 839 4 768 675 8 831 707 7 819 761
2001 39 831 713 0 3 734 627 9 806 654 13 755 735 14 938 747

1998-2001 102 781 724 1 725 583 10 618 717 21 767 673 42 770 732 28 870 757

Medium HeavyMini
Dynamic Stiffness

All Light Compact
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ABSTRACT

Many road departure accidents are caused by the
drivers’ lack of attention. This is in many cases due to
distraction, drowsiness or intoxication. The Lane
Keeping Aid System (LKAS) described in the paper
intends to be used as an active safety system, thus
aiming at decreasing the amount of unwanted lane
departures. The challenge in the development of such
kinds of functions lies in the determination of
dangerous situations and the design of appropriate
warning/ intervention strategies. The system is
intended to go unnoticed with the driver and
intervenes only in instances where the driver
mismanages steering control. Unlike systems which
issue an audible sound, the type of warning is a tactile
feedback via the steering wheel. The torque is
designed in a way that it communicates to the driver
the appropriate steering wheel angle required in order
to return in lane. In this paper, both the underlying
ideas for such a lane departure warning system and
test track measurements will be presented and
discussed.

1. INTRODUCTION

Surprisingly many Single Vehicle Roadway
Departures (SVRD) accidents take place in
comparable uncritical traffic situations and good
weather conditions, see ADAC (2001). Such accidents
are often road departures due to drivers' lack of
attention.  SVRD accidents are often caused by the
driver’s distraction, drowsiness, intoxication or illness
which leads to the relinquishment of lane keeping
(LK) control.
The lane keeping assist system described here is
intended to be an active safety system, thus aiming at
decreasing the amount of unwanted lane departures
and preventing a possible subsequent accident. In this
manner, active safety functions collaborate with the
driver-vehicle system in order to increase the overall
system performance in critical driving situations. The
principal system layout is shown in figure 1. Besides
technical issues such as sensor and actuator
performance, the challenge in the development is to

find the "correct code of communication" between
human and machine. Product ergonomists call this
scenaric transparency, i.e. the understanding of an
advice is an essential prerequisite of its following.
An overall goal with the Human Machine Interface
(HMI) is besides enhancing transparency, to
increase system reliability. Here the behavioral
science definition of reliability is more important
than the engineering definition. The higher the
driver’s confidence in the system is, the more
active safety issues can the car manufacturer
associated with it. In these terms system
transparency is a contributing factor for reliability,
i.e. if the driver fully understands the systems
function his/her confidence in the system increases
thus increasing reliability.
Lane keeping assist systems have been in focus
during the last years, leading to an abundance of
different system layouts in terms of sensors,
actuation and HMI. Before entering details about
the system described here, a classification scheme
is briefly discussed. According to Pilutti it is useful
to distinguish between warning, intervention and
control functions. Warnings do not directly alter
the vehicle trajectory and require that the driver
must choose to act on the warning in order for the
warning to have any effect. Intervention and
control have the ability to directly affect the vehicle
trajectory. Intervention has limited authority and is
meant to augment driver commands – not replace
them. Control is defined here as automatic control
having full authority to steer the vehicle, which
effectively removes the driver from the loop. This
definition gives rise to the question of the
appropriate actuator for lane keeping. There are in
principle two ways to intervene with the vehicle in
terms of steering, namely to provide a torque signal
in the steering wheel, or to provide a differential
wheel angle (which could be accomplished on the
front or rear axle). The size of the angle or torque
determines whether such a system is classed as an
intervention system or a control system, i.e.
whether it is possible for the driver to override the
system.
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In terms of this definition the system presented here
falls in the category of intervention systems, since the
driver perceives a torque feeling in the steering wheel
which mediates the correct lane position but still can
be overridden by the driver. However, the type of
intervention provided is of importance as well, i.e.
how the torque is built up. In Pohl et al (2003) an
intervention system for unintended roadway departure
is discussed, where the principle of operation is a
steering wheel torque which is related to the vehicle
lateral position and speed in relation to the lane
boundaries. This approach is extended here taking
lateral vehicle dynamics into account, so that the
torque signal guides the driver back in lane.

In this paper, both the underlying theory for such a
lane keeping system as well as test track
measurements with test participants will be presented
and discussed.

2. LANE KEEPING MODULE

Figure 2 shows the principle layout of the required
hard and software modules as they have been
implemented in the test vehicle. A CCD camera is
used in order to detect the current lane position, while
an Electric Power Assisted Steering (EPAS) actuator
is used in order to generate the required offset torque
in the steering column. As the EPAS is primarily used
for power assisted steering, it provides an assist torque
which is determined by the boost curve and the
current driving conditions. The lane keeping torque is

therefore an offset torque to the base assist torque.
In contrast to the Lane Keeping Aid Systems
presented by Naab et al.(1994) and by Renault,
where an extra actuator on the steering column is
used in order to produce the additional torque
requested by the system, an Electric Power
Assisted Steering (EPAS) gear is used.
An important issue is how the steering wheel
torque relates to lane position and how this torque
is perceived by the driver. The Lane Keeping Aid
module shown in figure 1 consists of several sub
modules, namely a vehicle state observer, steering
angle calculation, torque calculation as well as an
intervention module.

The task of the vehicle state observer is to calculate
the required vehicle states as well as road geometry
data from camera and vehicle data. From these
signals the optimal steering angle is computed,
which is translated into a steering wheel offset
torque by the torque calculation module. This
torque is superposed on the basic power steering
assist characteristic. The intervention module
finally determines whether all required conditions
for a steering intervention are fulfilled, as well as
duration of this intervention. Intervention criteria
are for instance the current lane position, indicator
and brake pedal activity as well as whether the
driver has his/her hands on the steering wheel or
not. The individual modules are discussed in detail
in the following sections.

Lateral Position

Road

Lane Tracker

Lane Keeping- Module

Driver

EPAS

Figure 1. Principal System Layout for a Lane Keeping System
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2.1 Vehicle State Observer

In order to establish the vehicle state observer, where
even state variables of the road are included, several
sets of equations describing vehicle motion, road
geometry and the discrete state observer equations
itself are required.

2.1.1     Vehicle Equations of Motion. The vehicle
model used here is a so called bicycle or one-track
model, where the vehicles roll motion (rotation round
x-axis, see figure 3), pitch motion (rotation round
y-axis) and bounce (z-axis) are neglected. These
simplifications reduce the order of the model to four
degrees, namely yaw rate, sideslip angle and side
force on both front and rear axle.

δ

β

ψ b

a
αf

αr

v f

v

v r

F f

F r

Figure 3. Bicycle Model

The vehicles front and rear axle track is thus set to
zero and the front and rear tires are lumped to one
single tire respectively. Both wheels on one axle thus
share the same steering angles and each wheel
produces the same side force. These simplifications
are reasonable for driving scenarios with moderate
side accelerations (< 0.4 g on normal dry asphalt
roads, (Milliken and Milliken, 1995)) and constant
vehicle speed. However, when it comes to test cases
with higher side accelerations and/or acceleration and
braking, a more complete vehicle model that even
takes the vehicles roll and pitch characteristic into

account, should be used. Figure 3 depicts the

bicycle model with state variables yaw rate Ψ& ,
sideslip angle β and lateral force on both front Ff

and rear axle Fr.
Using the equations of motion round the vehicles
center of gravity yields:

nrrff maFF =+ )()( αα (1)

ψαα &&JbFaF rrff =⋅−⋅ )()( (2)

The lateral acceleration aL is related to yaw rate
and sideslip angle time derivative by equation (3):

( )βψ && +⋅= tL va (3)

The lateral forces Ff and Fr are functions of the
sideslip angle

fff CF α⋅= , rrr CF α⋅= (4)

In equation (3) Cf and Cr are the cornering
stiffnesses of front and rear tires respectively. The
tire sideslip angel at front and rear can be
calculated from yaw rate, vehicle sideslip angle and
wheel angle:
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Equations (1) to (5) lead finally to the two state
equations for sideslip angle and yaw rate:
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2.1.2     Lateral Vehicle Motion Relative Lane
Boundaries. In the following required relations for
lateral vehicle control are reviewed, see figure 4.

Vehicle State
Observer

Steering Angle
 Calculation

Intervenion 

Lane Keeping Module Camera

EPAS 
Steering Gear

Driver

Torque
 Calculation

Figure 2. Components and Sub-functions of the Lane Keeping System
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Figure 4. Lateral Vehicle Motion Relative Lane
Boundaries

The motion of the vehicle relative to a given path,
here prescribed by the road geometry, can be

described by the vehicle heading angle ∆Θ  and the
lateral distance to the lane markings at the vehicles
center of gravity, here denoted as y0r and y0r for the
right and left lane marking respectively.
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In order to determine the rate of the heading angle
form equation (8), the road radius must be measured.
This can be done directly by the camera system in
case the video image is processed at several preview
distances. However, this requires a camera with a
comparably long look ahead distance. If the road
radius or curvature (the inverse of the radius) cannot
directly be obtained from the camera system, it can be
calculated from the following equation, taking the
vehicle motion into account.

R
Dp

yDpy LL 2

2

0 ++⋅= ∆θ (10)

R
Dp

yDpy RR 2

2

0 ++⋅= ∆θ (11)

Equations (6)-(11) describe the required relations for
the estimation of vehicle and road state variables from
lane position and vehicle yaw rate measurements.

2.1.3    State Observer. Kalman filtering is a well
known estimation technique. When the system
dynamics vary with time then the system matrices
needs to be updated in every time step which
requires a time dependant Kalmanfilter. A discrete
state space can be described as:

)()()()1( 1 tvtGutFxtx ++=+
)()()( 2 tvtHxty += (12)

where x are the system state variables (namely
body sideslip angle, yaw rate, lateral distance to
lane boundary, heading angle and road curvature),
u the input signal and y is the output signal (here
the state vector). The matrices F and G are
obtained from the previous derived equations in a
straightforward manner. These are time dependent
due to the time dependency of the vehicle velocity.
Here T is the sampling time.
The measurement update of the states is given by
feedback of the innovation, i.e. the difference
between the estimated and the measured signal.

))1|(ˆ)()(()1|(ˆ

)|(ˆ

−−+−
=

ttxHtytLttx

ttx (13)

The measurement update of the error covariance
matrix P is given by:

)1|())1|((

)1|()1|()1|(
1

2 −+−
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HttPttPttP
T

T (14)

The calculation of the Kalman gain L takes into
account the uncertainty of the estimates and
measurement noise R2.

1
2 ))1|((

)1|(
−+−

−=

RHttHP

HttPL
T

T (15)

The time update of the P-matrix is given by:

2)|()|1( RFttPFttP T +=+ (16)

Finally, the time update of the state estimate, i.e.
the new state vector, is given by:

)()|(ˆ)|1(ˆ tGuttxFttx +=+ (17)
From the estimated state vector the optimal steering
angle and steering wheel offset torque are
calculated as explained in the following. A
thorough treatment of Kalman filter techniques and
applications can be found in Gustafsson et. al.
(2001).

2.2 Steering Angle and Torque Calculation
Modules

The steering angle module calculates the optimal
steering angle in order to guide the vehicle back
into lane using the observed states from the
observer.
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The optimal steering angle optδ  is calculated using

curvature, heading angle and vehicle lateral
displacement at the center of gravity. The curvature
can be seen as an outer disturbance thus being feed
forward, while heading angle and lateral displacement
are "feedback" signals. The gains for the latter are
linearly dependent on the vehicle speed, and the
curvature gain is obtained from the well known steady
state cornering equation.
The torque calculation module consists of a feed
forward and feedback path, with two vehicle speed
dependent coefficients:

)()()( δδδ −⋅+⋅= optoptff vKvKT (19)

2.3 Intervention Module

The task of the intervention module is to make
decision whether an intervention should occur and the
duration of the same. The basic intervention strategy
is illustrated in figure 5. Steering intervention should
occur, when a set of conditions are fulfilled. These
conditions can with advantage be arranged in different
clusters, such as driver, vehicle and road/environment
clusters.
The driver cluster contains information regarding the
driver status in terms of drowsiness and distraction, as
well as whether the driver has his/her hands on the
steering wheel or not. A method for deriving this
signal making use of the steering column torque
provided by the EPAS system is discussed in the
following section.
The vehicle cluster contains conditions about the
vehicle states, such as vehicle speed, acceleration,
braking, indicator operation, lateral acceleration and

applied LK-torque. In the road environment cluster
conditions regarding curvature, distance to lane
marking and heading angle are included. If all
conditions from the driver and vehicle cluster are
fulfilled, intervention shall occur when the vehicle
enters the intervention zone indicated in figure 4,
and end when the heading angle is below a certain
threshold. The time history of the applied torque is
shown as well. This torque will guide the driver
back in lane outside the control zone.

2.3.1     "Hands On" Detection. An integral
component of lane keeping systems where the
steering characteristics are changed due to lane
position is a device which prevents the driver from
misusing the system as an auto-pilot as stated by
Balzer. The driver must always be kept “in the
loop” and is thereby ultimately responsible for the
control of the vehicle. Such a device could be a
steering wheel which is sensitive to pressure on the
steering wheel rim, in order to detect whether the
driver has his/her hands on the steering wheel or
not. Thereby an extra sensor is added to the system,
which increases system costs.
Here the existing steering column torque sensor of
the EPAS system is used in order to estimate the
amount of torque which is applied on the steering
wheel by the driver. The correct estimation of the
driver’s torque is essential for the proper
functioning of the “Hands on” detection. If the
torque applied on the steering wheel is understood
as an outer disturbance, a Kalman filter which
includes a simple model of the column assembly
can be used. Such a Kalman filter requires a set of
observable measurements, here we use the pinion
torque (as the torque sensor of the EPAS steering
gear is used) and the steering wheel angle, see
figure 3.
In figure 5, TS represents the sensor torque, TH

represents the driver’s torque, HT̂  represents the
estimated driver’s torque, L the Kalman gain
(calculated from the covariance matrices from

Figure 5. Intervention Strategy for the Road/Environment Cluster
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process and measurement noise), BV the viscous
friction coefficient, α  the steering wheel angle and J
the steering wheel inertia. For real time applications
the filter needs to be transformed into the discrete
time domain which is straightforward using for
instance the zero-order hold transform.

Figure 5. Disturbance Observer Kalman Filter

In instances where the driver does not apply any
torque on the steering wheel, i.e. “Hands-off”, the

estimated driver torque HT̂  should be zero, if the
model perfectly represents the dynamic characteristics
of the steering column assembly. As for example
frictional effects are only modeled by simple viscous
friction and stick slip issues were neglected, the
Kalman filter “confuses” these with a torque from the
driver. The same counts for acceleration effects (as
well as gravity effects) due to non-centric center of
gravity (CG) where the lateral acceleration (or
gravity) times the steering wheel mass and CG
eccentricity acts as a torque on the wheel.
Acceleration effects are easy to implement into the
filter, but proved to have only minor influence on the
estimated steering wheel torque in contrast to non-
linear friction.
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Figure 6. Torque Signals TH and TS of the
Steering Column Assembly from Figure 5

However, thresholds can be used for deciding
whether “Hands-On” or “Hands-Off” cures the
problem in a practical manner. If the observed
driver’s torque is below a certain threshold over a
certain time, the lane keeping torque is deactivated.
This is interpreted as “Hands-off”, meaning that the
driver does not have the hands on the steering
wheel. As soon as the driver applies a torque again
the system will be activated.
In figure 6 the measured and Estimated Sensor
torque signals are shown, as well as two zones for
“Hands-On” and “Hands-Off” determination.

3. MEASUREMENT RESULTS

Figure 7 to 10 show a test case where the driver
deliberately forces the lane marking without
entirely leaving the lane. The vehicle lane position,
steering wheel angle, lane keeping torque as well as
estimated drivers torque have been recorded.

Figure 7. Measured Steering Wheel Angle
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Figure 8. Measured Lane Position, i.e. Distance to
Left and Right Lane Marking

Figure 9. Applied Lane Keeping Torque

A close inspection of the lane position in figure 8
produces the impression of an oscillatory system
behavior. However, it has to be kept in mind that the
recorded sequence covers 15 seconds at a vehicle
speed of 70km/h. The peak value of the lane keeping
torque is 1.5 Nm and the main duration about 10
seconds. It has to be added that it is hard to assess the
system performance from simulation or measurements
only. Test and tuning has to be an integral part of the
design procedure. However, the final judgement is to
be made by the vehicle driver that the system is
intended for. Concequently, human-machine aspects
in terms of system transparency are of major
importance. Tests with different drivers have been
carried out in order to investigate these issues.

4. TEST DRIVE RESULTS

A decisive question in terms of customer acceptance,
and whether a lane keeping system like the one
described here truly reduces the amount of single
vehicle accidents is if the driver intuitively
understands the systems function, without knowing
that a LKAS is active. Twelve participants have

therefore been asked to drive the vehicle on a test
track. The test participants have not been informed
about the real intend of the experiment, they have
rather been informed that their driving capability
during distraction is measured. The experiment has
been conducted on a closed track with only few
other vehicles, and without oncoming traffic. In
contrast to situation in real traffic, where severe
distraction can result in dangerous situations, the
drivers felt safe during the test, despite of larger
lane deviations.
In order to produce lane deviation the test
participants were severely distracted by several
tasks they were asked to perform. These tasks
started with changing radio channel, storing new
channels in the radios memory, answering a cell
phone and finally sending text messages from the
same. A few test participants refused to execute
certain tasks, as that might result in dangerous
driving situations. This is important to have in
mind when it comes to the evaluation of the
questionnaire filled in by the test persons after the
study. The fact that the usefulness of the system
has been judged from proving ground driving only,
influences surely the answers of the test
participants on the test protocol.
It has to be mentioned that the test leader observed
both the amount of LK torque and the test
participant during the distraction tasks. It is
interesting to note that the participants were highly
occupied with the distraction tasks, that none
commented on the steering intervention. Directly
after the individual test programs were carried out
the participants were asked if they liked the
handling properties of the vehicle. Several drivers
found the steering to behave strangely (see below),
but could not relate this behavior to the driving
situation.
After the driving test the drivers were asked to
answer the following six questions, in a
questionnaire: table 1.
1) How was your first impression of the system?
 Since the test participants were not used to such
kinds of systems, they ascribed the vehicle
behavior to a number of different reasons, as for
instance power steering malfunction or miss-
aligned front wheels.
2) Was the functionality of the system easy to
understand?
All test participants claimed that the system
operation was far from being intuitive, and
suggested an additional HMI in form of a
designated lamp in the visual field.
3) Did the force given in the steering wheel bother
you?
The majority of the test participants were not
disturbed by the additional torque, however, two
compared the function with lecturing the driver.
4) Did the system support you in your driving?
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The drivers stated that the system lulls the driver in a
sense of false security.
5) Did the system perform any incorrect maneuvers?
 The test participants found the amount o torque
applied on the steering wheel both to high and too
low, which points out the need for a personalized
setting of the LK-function.
6) Would you like to have a system like this in your
car?

The questions were answered by ranking them on a
scale from zero to ten, where ten is the perceived
highest satisfaction. The mean value of the ranking,
by question, is shown in table 1.

Table 1. Mean Values by Question

Question Mean Value
1 5.1
2 7.1
3 6.3
4 5.7
5 7.2
6 6.6

The result indicates a promising satisfaction with the
system. The majority of the test participants would
like to have such a system installed in their own
vehicle, if it is reasonably priced. However, it has to
be remembered that the small size of the test group
does not represent any statistical result.

5. CONCLUSIONS

In this paper design issues for a Lane Keeping Aid
System are discussed, covering basic system
requirements, algorithm modules and human machine
interface aspects. The presented system has been
tested on twelve drivers, who did not know the real
intend of the test. In that manner, system
transparency, i.e. whether the system function is
intuitive or not, could be investigated.
The result of this investigation is twofold:
• The haptic interface as HMI in the steering wheel

is in itself not sufficient. It is suggested that a
multi-modal HMI is integrated to increase the
driver’s awareness about system operation. The
HMI could incorporate a Head-up-Display or
simply a standard symbol in an appropriate
position together with the haptic steering wheel.

• In order to reduce the amount of nuisance
warnings, the system needs additional
information about the drivers' state in terms of
distraction and drowsiness.

The next step towards a full-fledged Lane Keeping
Aid System therefore includes detection of drivers’
state, by e.g. integrating vision based driver monitors,

which today unfortunately still lack the required
robustness in terms of varying lightning conditions
and varying drivers.

6. NOMENCLATURE

β sideslip angle [rad]
κ road curvature [1/m]
θ∆ heading error [rad]

fα ,
rα front/ rear wheel angle [rad]

δH wheel angle [rad]
βsteer gearing ratio [-]
a, b position of CG [m]
aL lateral acceleration [m/s2]
Cf, Cr cornering stiffness front, rear [N/rad]
Dp camera measurement distance [m]
F various forces [N]
F, G, H system, input, output matrix
J vehicle inertia aroiund z-axis [Nm·rad/s2]
K various gains
L observer gain
m vehicle mass [kg]
P covariance matrix
R road radius [m]
T various torques [Nm]
v vehicle speed [m/s]
v1, v2 noise vectors
x, y, u state, output, input vector
y0 lane position [m]

Ψ& yaw rate [rad/s]
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ABSTRACT

A research was carried out on the relevance and the
risk of ejection in road accidents, in three Regions
of Northern Italy, during a period of 12 month.
The results show that ejection is a significant cause
of death. In particular some fatalities occurred in
collisions with safety barriers.
To investigate this occurrence, 4 full scale tests and
a number of sled tests have been performed, on
collisions with high containment barriers (H3).
It was found that, in standard impact tests on high
containment barriers, partial ejection of the head
through the side widows occurs systematically.
This represents a high risk, when the care is sliding
along the barrier at high speed.
In the collision with an approved safety barrier a
vehicle should contain safely inside the head of
occupants. The tests show also that stratified glass
may be an effective countermeasure, even in the
most severe cases.

INTRODUCTION

A vehicle's passive safety is the protection that it
provides occupants involved in violent crashes or,
more generally, in accidents. It requires, among other
things, the vehicle involved in an accident to be able
to restrain occupants' bodies and to prevent total or
partial ejection from the vehicle.
We speak of total ejection when then entire body is
thrown outside the vehicle, and of partial ejection
when only parts of the body, such as the head and/or
limbs, protrudes out of the cell enclosing and
protecting the occupants, whereas most of the body
remains inside. Furthermore, whereas total ejection is
final, partial ejection can be temporary, in the sense
that some parts of the body may be outside the
vehicle for a short lapse of time, and then return
inside. It is also evident that total ejection is easier to
observe and record, since rescue teams find the
ejected occupants outside the vehicle; partial
ejection, on the other hand, can evade direct
observation, though it can often be deduced from the
evidence, including primarily its consequences.
Ejection is caused by the violent acceleration the
vehicle is subjected to during the collision -
acceleration that throws the occupants' bodies against
the confines of the compartment - and it is made
possible by some form of failure in the protective
cell, which opens up and allows bodies to be thrown
outside. These failures or openings, which can be

caused by collision with exterior objects, or even by
collision with the passengers' bodies from the inside,
usually involve failures in the glazing or, more
rarely, in the doors. The side window in particular,
being tempered glass, when impacted by a person's
head, is subjected to fragile breakage with
fragmentation into many small pieces. In other
words, it is unable to absorb significant fractions of
the kinetic energy of the colliding head, which then
exits the protective cell without any noticeable
reduction in speed.
Total ejection is clearly a high-risk event for the
person involved in it. Indeed, when a body is thrown
outside the vehicle at high speed, without any of the
protection provided by the passenger compartment, it
is exposed - with high probability - to violent
collisions against dangerous blunt objects.
Partial ejection, too, is a high-risk event, as shown by
the research carried out. This is because the parts of
the body that are outside the vehicle, while the
vehicle is moving out of control at high speed, can
easily collide with external objects. For instance, one
may consider the risks connected with the most
common type of partial ejection, that of the head.
To ensure that passengers are contained within the
vehicle, thereby avoiding total and partial ejection,
the windows must not yield and the doors must not
open. In regards to the windows, and in particular to
the side windows, a simple solution would seem to
be the adoption in the side windows of the laminated
glass, which is already used in the windscreen.
Laminated glass, if impacted by the mass of a human
head, yields in a ductile manner, gradually absorbing
the energy of the collision, without breaking, and
contains safely the head inside the vehicle.

It was thus decided to carry out a research to
ascertain the frequency and seriousness of ejection
through side windows, and to study the potential
benefits to be obtained from adopting laminated
glass.

Previous Research

The NHTSA carried out a study, from 1991 to 2001,
entitled Ejection Mitigation Using Advanced
Glazing, with the aim of improving the protection of
passengers in rollovers [1, 2, 3].
The study started out from the finding that every year
in the USA some 7800 people are killed and another
7100 are seriously injured due to total or partial
ejection through vehicle windows.
The study, which essentially focused on ejection
from overturned pick-ups, was carried out on
different types of laminated glass, using numerous
simplified tests with impacting devices and a small
number of tests with crash dummies on sleds. No
complete full scale testing was done.
Given the structure of the pick-up, complex,
expensive modification was needed to reinforce the
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side window frames. It was also observed that total
ejection from overturned vehicles occurred almost
exclusively with passengers who were not wearing a
safety-belt.
The conclusion was that laminated glass is able to
significantly improve passenger containment, with
very small increases in stress on the neck and head,
though still well within acceptable limits.
Notwithstanding these findings, in the end the
NHTSA decided not to push for a law making the
use of laminated glass in windows mandatory, since
this would have been protection for passengers who
do not fasten their safety-belts, with some additional
risk to the neck of those who use them.
It is worth noting that this conclusion, at first
surprising, derives primarily from the widespread use
of the pick-up in the USA and by the high
prominence of its overturning, as the type of accident
that statistically has the most serious consequences.
This cannot easily be exported to Europe, where
overturned vehicles and pick-ups do not have the
same relevance
The NHTSA, however, recommends that further
research be done, in particular on the possible
effectiveness of other means of containment, such as,
primarily, expanding air-bags.

SURVEY OF ACCIDENTS WITH EJECTION

The most important part of the research was a one-
year sample survey carried out in the Emilia
Romagna, Lombardy and Veneto regions, with the
support of the Infrastructure and Transport Ministry
and the Interior Ministry.
The survey studied accidents involving partial or
total ejection, with the aim of identifying their
significance, manner and consequences. The final
goal of the study was obviously to assess the
consequences, in terms of safety, of drastic
reductions in side ejection to be obtained from
adopting laminated glass.
To gather the data, a special form was prepared. The
task of filling up the form was given to the Highway
Police Divisions of the three Regions in which the
survey was to be carried out and to the corresponding
Regional Headquarters of the Carabinieri .
The form was used to collect information on the type
and the dynamics of the accident, the type and place
of ejection, the use of safety-belts and the
consequences for the people involved. The data,
gathered over a 12-month period, between the start of
May 2001 and the end of April 2002, refer to
accidents with ejection that occurred on extra-urban
roads in the Emilia Romagna, Lombardy and Veneto
Regions.
An important aspect to emphasize relates to the
difficulties in surveying, with sufficient accuracy,
partial ejection. This because, after a partial ejection,
the head re-enters the interior of the occupant
compartment, making it difficult to detect the event.

In other words, it is likely that there more partial
ejections took place than were actually recorded.

Accidents Involving Ejection

In the twelve months of the study, 399 forms were
filled up: that is, 399 accidents involving ejection
were recorded. (Figure 1)

Completed forms (tot. 399)

224

127

48
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Lombardy

Emilia-Romagna

Veneto

Figure 1. Completed forms.

We see that out of a total of 399 accidents involving
ejection, as recorded between May 2001 and April
2002 (Figure 2), there were 126 deaths and 105
critical or serious injuries. This works out to 1 death
for every 3.16 accidents, and serious consequences
(injuries ranging from serious to fatal) every 1.72
accidents.

150

5946

126

light serious critical fatal

Figure 2. Injuries in accidents with ejection.

During the same period, in the same three Regions,
there were 1436 deaths in 53,203 accidents, or 1
death every 37.05 accidents. This means that deaths
were 37.05/3.16 = 11.7 times more frequent in
accidents involving ejection than in accidents on the
whole in the same Regions.
A similar explanation can be given for the statistics
provided in Figure 3: accidents involving ejection are
more frequent on motorways and gradually occur
less frequently on highways, followed by provincial
roads and unclassified roads; this is the opposite
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compared to the trend for total accidents, as accidents
in general occur less frequently on motorways. It
would seem we can conclude that the frequency of
ejections is closely linked to high speed.
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Figure 3. Ejection by type of roads.
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Figure 5. Type of accident.

From Figures 4 and 5, we see that the most frequent
type of accident is a single vehicle that goes off the
road (50%), followed by a collision between two
vehicles (36%); a rollover accounts for only 12% of
all ejections.

As to the vehicles involved, the highest percentage is
automobiles, at 82%, followed by lorries (10%) and
articulated lorries (5%) (Figure 6).
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bus

other

Figure. 6 Type of vehicle involved.

In figure 7, we see that total ejection involved the
driver in 67% of the cases and passengers in 31% of
the cases. This does not demonstrate that the driver
runs greater risks than passengers, but that there is
greater probability of there being only one person in
the car.
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Figure 7. Person involved in total and partial
ejection.

In Figure 8, we see that in 44% of the cases ejection
occurred through the windscreen, in 26% through the
side windows, and in 10% through the rear window;
as well, in 18% of the cases the location could not be
identified.
If we distribute the unidentified 18% in the same
proportions, the percentage of side ejections rises to
31%, which is a very significant percentage. It must
be asked why the windscreen, made of laminated
glass, is unable to more effectively limit ejection.
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Figure 8. Place of ejection.

In effect, the windscreen's primary requisite in terms
of safety is to protect passengers from intrusions, and
in this sense it is highly effective. However, in cases
of a collision and/or a strong push from the head or
body of a person inside the vehicle, the windscreen
bends without breaking, but the rubber sealing that
fastens it to the frame allows it to detach outwards.
The windscreen, then, does not break, but rather
detaches entirely. The same thing cannot happen
inwards, given the type of seal used.
In light of these findings, it might be worthwhile to
reconsider the type of seal used on the windscreen
and rear window, and to evaluate whether, by using a
joint able to withstand even significant interior stress
loads, we could improve safety in terms of a
significant number of ejections. The same
considerations can be made for the rear window.
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Figure 9. Severity of accidents by type of ejection.

The side windows, on the other hand, being made of
tempered glass, break more easily and shatter into
numerous small pieces when impacted by the head of
the people inside the vehicle. Indeed, we see in
Figure 8 that side windows break much more
frequently than the windscreen (almost twice as
much) and even more so when compared to the rear
window.
Figure 9 reports fatal accidents and accidents with
injuries, in relation to the type of accident. We see
that total ejections are responsible for most fatal
injuries, whereas the number of partial ejections is
higher with non-fatal injuries.
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Figure 10. Part of body injured.

In figure 10 we see that the head suffers the highest
number of injuries, as expected, being a relatively
mobile and heavy part of the human body.
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Figure 11. Severity of injuries by place of
ejection.

Figure 11 highlights the link between place of
ejection and seriousness of the accident: highly
significant here is the fact that most fatal ejections,
and a significant part of the ejections with serious
and critical injuries, are side ejections.
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Figure 12. Effect of safety belts.

Figures 12 and 13 summarize the effect on ejection
of the use of safety belts and of the activation of air
bag. Both have been effective in reducing ejections;
the use of safety belts prevented any total ejection,
while it allowed a significant number of partial
ejections.
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Figure 13. Effect of air bag.

Collisions, Involving Ejection, Against Safety
Barriers

Of the 399 survey forms filled up, 36 involve
collisions against safety barriers. This deserves
special attention, not only because of the number,

which is significant, but also because safety barriers
are expensive, heavy fixtures that are installed
specifically to ensure people's safety. That there are
serious accidents involving safety devices and
fixtures is a fact that must be explained, and we must
carefully assess the size and aspects of the risk that
these collisions represent in real situations.
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Figure 14. Consequences of ejections, in collisions
with safety barriers.

In Figure 14, the consequences of these collisions are
reported; they are rather severe, with 40% fatal and
26% serious or critical.
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Figure 15. Place of ejection.

The places and types of ejections were then
examined (Figures 14): 45% of the ejections were
through the windscreen and a significant 36% were
through the side windows. As to the type of ejection,
18 were total and 18 partial.
Analysing consequences in relation to the place of
ejection, whether total or partial, we see that most
fatal accidents involved ejection through side
windows (58%, Figure 16).
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Figure 16. Place of ejection in fatal, critical and
severe injury accidents.

Likewise in accidents with serious and critical
injuries, ejection through side windows is a very
significant facto.
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Figure 17. Use of safety-belts.

Finally, in regards to safety-belts (Figure 17), in 50%
of these accidents it was found that safety-belts were
not used, and in the other 50% their use or non-use
could be ascertained.

Concluding Observations

In conclusion, the most significant results emerging
from analysis of the survey forms on accidents
involving ejection are the following:
• Accidents involving ejection are more frequent

on motorways, followed by highways, provincial
roads and unclassified roads.

• The vehicles involved are primarily automobiles.
• The typical accident causing ejection is runoff.
• Rollover is not frequent in accidents with

ejection.
• Ejection through side windows is a significant

event, particularly in relation to the seriousness
of its consequences.

• Injuries are primarily to the head.
• Of the ejections recorded, those occurring in

collisions with safety barriers deserve special
attention.

• Of the latter, total and partial ejections, through
side windows seem highly significant.

• No total ejections were recorded where safety-
belts were fastened.

• In the case of partial ejections, the effect of
using safety-belts cannot be clearly identified.

Finally, it should be noted that, as partial ejection
may not be apparent after an accident has concluded,
partial ejections occurred in the time frame and in the
Regions examined may in fact be higher than those
actually recorded.

EXPERIMENTS ON PARTIAL EJECTIONS
WITH SAFETY BARRIERS

In the survey on accidents involving ejection
described in this report, significant cases of collisions
with safety barriers were recorded and analysed.
Unfortunately, for these accidents, the real impact
conditions are not known. From these findings, then,
we cannot make direct evaluations on the possible
risks in collisions with safety barriers. To give a
hypothetical example, for instance, if we knew the
actual collision conditions, we might have found that
the accidents involving ejection and safety barriers
occurred at very high speed and angle, and that the
consequences were unavoidable. Though this is an
unrealistic example, these accidents are not few in
number and they did not have slight consequences;
the issue deserves further investigation that should be
carried out scientifically, as far as possible.
It was therefore felt appropriate to expand the
research by examining the possibility and the
consequences of ejections in collisions with safety
barriers under carefully controlled conditions. This
was done, as usual, by means of human surrogates in
full scale tests.

Full Scale Tests

Full scale collisions with safety barriers were
performed, following the European Standard
EN1317 for safety barrier certification. In particular,
it was decided to use TB11 test conditions, which
barriers of all containment classes must pass in order
to be accepted. Said conditions specify the use of a
vehicle of approximately 900 kg, including the mass
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of a dummy sitting in the driver's seat, at a speed of
100 km/h, and at an angle of 20º.
The tests were carried out by the Societa' Autostrade,
at his test site located near Anagni, under the
supervision and with the assistance of the LAST
(Transport Safety Laboratory) of Politecnico di
Milano. The vehicles used were FIAT UNOs, and the
dummy a 50th percentile Hybrid III, equipped with
three accelerometers situated at the barycentre of the
head (Figure 18). In every test, the dummy was
securely fastened by safety belt.

Figure18. FIAT UNO with the Hybrid II dummy.

Hybrid III was preferred to a more sophisticated Side
Impact Dummy because it is sturdier and because
head impact on side window is not so sensible to
neck and shoulder stiffness.
Two different safety barriers were used, both of
which approved for the Containment Class H3: a pre-
cast concrete barrier with New Jersey profile and a
double-rail metal barrier. The H3 class requires
containment of a lorry with a total mass of 16000 kg
fully loaded, at a speed of 80 km/h and at a 20º angle.
The H3 class was deemed the most significant, as it
represents the majority of the barriers installed on the
median of Italian motorways.
For each of the two barriers, a TB11 test was
performed with standard tempered glass windows,
and then another identical test was done, replacing
the window on the driver's side door with an EPG

laminated glass. A total of four tests were performed.
Each test naturally required a vehicle, given that the
damage caused to the vehicle itself during the test
prevented it from being used twice.

Figure 19. Collision with New Jersey barrier -
Tempered glass windows.
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The laminated glass was mounted without any
reinforcement to the frame; the only modification
was to reduce the seal to allow for the slightly thicker
laminate glass.
The first test was carried out with the concrete
barrier, with standard tempered glass windows. In
Figure 19, we see a sequence of pictures of the
crucial phase of the test, taken from a video
recording. The collision is violent enough, but the
vehicle's acceleration is within tolerance limits.

Figure 20. Collision with New Jersey barrier
Laminated glass windows.

In the first photo, we see an appreciable deflection in
the front left side window frame, pushed outwards by

the dummy's head, and considerable deformation in
the windscreen frame, which has already caused the
detachment of the windscreen itself.
In the second photo, we clearly see the dummy's
head heavily deforming the glass, which is already
shattered but still in place. In the subsequent photos,
the head goes out the window completely and the
window shatters in a shower of fragments that
prevent a clear view. Then, in a standard test against
a barrier that passed the acceptance tests, partial
ejection of the dummy's head took place.
In Figure 20, we see a sequence of pictures of the test
against the New Jersey barrier with laminated glass
windows. The collision is very violent, the vehicle
rises up during impact, falls heavily to the ground
with a considerable yaw and then completely
overturns.
Figure 21, from a high-speed shot taken by a movie
camera situated inside the passenger compartment,
shows the containment of the dummy's head.

Figure 21. View from inside at the moment the
head collides with the laminated glass.

Figure 22. The laminated glass window after
crash and complete overturning.
The violence of the impact knocked the windscreen
out of its housing, but the front right side window
successfully contained the dummy's head, bending
without breaking (Figure 21).
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The two subsequent tests were performed against a
double-rail metal barrier, which can be seen in Figure
23, bent out of shape after one of the two tests. It can
be seen that contact took place on both rails.

Figure 23. The barrier after the test.

Figure 24. Metal barrier with laminated glass.

In tests with the standard tempered glass windows,
the glass was shattered and the dummy's head
crashed violently against the upper railing of the
barrier. From measurements taken by the
accelerometers in the dummy's head, the HIC (Head
Injury Criterion) index was calculated at 1384 s,
noticeably higher than the tolerance limit of 1000 s
.

Figure 25. The laminated glass window after
impact with the metal barrier.

Figure 24 shows a sequence of pictures taken during
the test with the same barrier and a laminated glass
window installed in the front left door. The pictures
highlight the depth of the contact between the upper
railing and the vehicle at the height of the door
window. Despite this, the laminated glass did not
break (Figure 25) and successfully contained the
dummy's head (Figure 26 from high speed video).

Figure 26. Containment of the dummy's head
during impact.

The HIC index was calculated at 584 s, well below
tolerance limits.
The full scale tests, therefore, showed that in the
TB11 test required by European regulation EN1317,
on two completely different H3 barriers, there was
partial ejection of the dummy's head. Said ejection
occurred while the vehicle was sliding against the
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barrier at a speed just a little below the impact speed
of 100 km/h, and thus in itself constitutes a very
serious risk. Indeed, at that speed, even slight contact
between the head and any part of the barrier, which is
still, can produce critical or fatal injuries.
The laminated glass window, installed in the
vehicle's front left door, without any modifications to
the frame, did not break and contained the dummy's
head, thereby keeping safety levels within absolutely
satisfactory limits.

Sled Tests

Laboratory tests were performed using the
deceleration sled at the LAST laboratory. A vehicle
was installed on a sled, with the vehicle's axis
forming a 70º angle to the direction of the sled
motion (Figure 27), so as to obtain a resultant

Figure 27. Test at the LAST laboratory.

-4

-2

0

2

4

6

8

10

12

14

0 0.1 0.2 0.3 0.4

time [s]

d
ec

el
er

at
io

n
[g

]

Figure 28. Acceleration impulse.

Figure 29. Test with tempered glass window.

Figure 30. Test with laminated glass front
window and tempered glass back window.
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Figure 31. Test with laminated glass front
window and tempered glass back window.

acceleration inclined at 70º from the vehicle's axis.
After having reached the desired speed through a
gentle acceleration, The sled is brought to rest with a
programmed deceleration pulse. The programmed
pulse, taken from the measurements of the full-scale
tests with the New Jersey barrier, is reproduced in
Figure 28. It has a maximum reading of 13 g, which
corresponds to a 12.2 g lateral component and 4.4 g
along the vehicle longitudinal axis.
Two vehicle bodies were used. Two tests were done
with the first body: one on the right, with standard
tempered glass window, and one on the left door,
with laminated glass. In both tests, an instrumented
Hybrid III dummy was used: the first time installed
on the right and the second time on the left, in both
cases with safety-belt. Figure 29 shows a sequence
taken from inside during the test done on the right.

We see that the tempered glass shattered and there
was ejection of the entire head and part of the neck.
In the second test, on the left, the laminated glass
window contained the dummy's head, despite
significant buckling in the front left door frame
(Figure 32).
The second vehicle body was used for a double left-
side test, with laminated glass installed in the front
left door window and standard tempered glass in the
back left door window. An instrumented Hybrid III
dummy was placed in the front left seat and a Hybrid
II dummy in the back seat, both held by tightly
fastened safety-belts.
As was seen in previous tests, the laminated glass
window bent without breaking, preventing ejection,
whereas the tempered glass window shattered,
allowing ample ejection of the head.
This is clearly seen in Figure 30, taken from inside
during the test, and in the sequence in Figure 31,
from the outside.
The laboratory tests, therefore, exactly reproduced
the live test results, but allowed for more accurate
measurements and observations.

Figure 32. Test with laminated glass.

Concluding Remarks

Four full scale tests were performed, plus two sled
tests with a single dummy and one with two
dummies. ASI (Acceleration Severity Index) and
HIC (Head Injury Criterion, in seconds) calculated
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from the measurements taken in these tests are listed
in the following table:

Table 1.

The laminated glass was able to contain the
occupants' heads within the compartment by bending
and thereby softening the intensity of the crash.
Indeed, compared to tempered glass, which shattered
very easily, the laminated glass produced very small
increases in the HIC, well below acceptable limits. In
the full-scale test with the steel barrier, the laminated
glass, by preventing contact between the head and
the upper railing, reduced the HIC to within
acceptable limits. The Figure was higher than in the
other tests, because the contact with the barrier
railing reduced the bending of the window frame and
of the glass.
The testing methods are representative of full-scale
conditions, and could be used as the standard to
evaluate a vehicle's containment capacity.
In any case, the research has shown that in collisions
with high-containment safety barriers (H3 and H4),
under standard TB11 conditions, there are
systematically ample ejections of the head and part
of the neck. Said ejections occur despite the use of
tightly fastened safety-belts.
This represents, therefore, a serious risk that should
be avoided. The task of avoiding said risk cannot and
shall not be given to the safety barriers, but rather to
the vehicles, which must be able to contain
passengers within the vehicle's own safety area.

The use of laminated glass in side windows fully
meets this demand, at low cost and without the need
for other modifications. It ensures that occupant
safety in these collisions is brought to absolutely
acceptable levels.

CONCLUSIONS

To sum up, the following conclusions can be
formulated from the research that has been carried
out.

Ejections through side windows are significant
events for accident safety, in terms of both frequency
and the seriousness of the consequences.
In particular, in collisions with high-containment
safety barriers, partial ejection through side windows
is an event that occurs systematically and constitutes
a serious risk.
The task of containing passengers and preventing
ejection cannot but be given to the vehicle. Above
all, it is extremely important that passive safety
regulations for vehicles recognise that collisions with
safety barriers are not rare events, but they are
statistically significant.
In all cases analysed, the use of laminated glass in
windows is enough to contain passengers' heads
within the passenger compartment, softening the
violence of the impact through ductile bending, and
ensuring adequate safety.
For these reasons, the adoption of laminate window
glazing in vehicles' side windows is a highly
recommended measure which would significantly
improve the vehicles passive safety. Such a measure
could probably also be used to retrofit vehicles
currently in circulation and, in particular, would
significantly increase the safety level of several
thousand kilometres of barriers installed recently on
our roads.
Given the significance of collisions with safety
barriers, vehicle passenger compartment ability to
contain passengers within the vehicle during typical
collisions with safety barriers, should be ascertained
through standard acceptance tests on the vehicles
themselves.

FUTURE RESEARCH

Further research is on going to investigate more
aspects of the collisions with high containment
barriers, in different impact conditions.

Figure 33. FE model of Hybrid III inside a small
car.

FULL SCALE TESTS

BARRIER Concrete Steel

SLED
TESTS

GLASS ASI HIC ASI HIC ASI HIC

Tempered 1,4 122 1,1 1384 1,3 160

Stratified 1,4 162 1,1 584 1,3 202
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Alternative and complementary measures are also
examined to contain safely the head in heavy barrier
impacts. Other full-scale tests will be performed as
soon as funding will allow.

Figure 34. FE model of Hybrid III inside a small
car.

Currently the main research tool is Computational
Mechanics. A FE model for Hybrid III has been
calibrated and validated. It is currently used, with
LSDyna, to study the dynamics of head impact from
inside on the window (Figure 33 and 34).
Numerical analysis will be a very effective tool for
this research, provided it will be sided by sound and
extensive full-scale and sled testing.
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ABSTRACT

Automatic control of vehicle motion systems has a
great influence on enhanced safety. The purpose of
presented analysis is to present the possibility of
improving vehicle performances by using automatic
devices fitted to a vehicle. This paper presents the
results of investigations of intelligent control of
braking, steering, suspension and power
transmission systems of a vehicle, which is
equipped with an antilocking braking device (ABS)
and traction control one (TCS), active suspension
(AS) and four wheel steering (4WS). The dynamics
of vehicle was analysed in different road
conditions. The solution of equations describing
mathematical models was achieved numerically. Its
correctness was checked by the comparison of the
results of calculation with these ones obtained from
the road tests.
The algorithms of the control of all devices are
proposed and realised by means of the fuzzy logic
method. It outlines the process used to create fuzzy
sets and the rules that define the fuzzy controller.
The results of the simulation outline enhancement
of vehicle performances while using electronic
control systems.

Key words: motor vehicle, fuzzy control, four
wheel steering, antilocking device, active
suspension, traction control

NOTATION

a - distance from c.g. to front axle
b - distance from c.g. to rear axle
C - stiffness of wheel suspension
dz - velocity of vertical displacement of a

given mass
FA, O - outside forces: aerodynamic (A) and

centrifugal (O)
FZ,X,Y - vertical (z), longitudinal (x) and

lateral (y) forces acting on a wheel
h - height of c.g.
K - dampness of wheel suspension
Kδ - steering angle coefficient
L - wheel base
M - mass of vehicle body

mk - mass of wheel
R - radius of wheel
t - time
x - longitudinal displacement of c.g.
y - lateral displacement of c.g.
z - vertical displacement of c.g.
zki - vertical displacement of particular

wheel (i=1,2,3,4)
V – linear vehicle velocity
Φ - pitch angle
Ψ - yaw angle
Θ - roll angle
Ω - wheel rotational speed
δP - steer angle of front wheels
δT - steer angle of rear wheels
β - side-slip angle of c.g., wheels
µ - surface adhesion coefficient

1. INTRODUCTION

To improve a road safety is typical for the
contemporary needs. This is a reason for applying
to a vehicle different devices which help the driver
to control a vehicle motion, and sometimes even
replace his action. Before equipping a vehicle with
these devices it is necessary to define an influence
of their properties on dynamic performances of a
vehicle .
The paper presents some results of the
investigations carried out in Vehicle Research
Institute which refers to dynamics of the motor
vehicles equipped with control devices, which
influence upon a vehicle motion. Among them can
be mentioned ABS - antilocking device, TCS -
traction control, AS - active suspension or 4WS -
four wheel steering.
The principal aim of the investigations is to
estimate an effect of the operation of all automatic
devices, even in the case when all of them work at
the same time. The results of the investigations
gave the information according to the integration of
ABS, TCS, AS and 4WS into one, common control
system of vehicle dynamics.
The control algorithms of mentioned devices are
realised using a fuzzy logic theory [9]. It allows to
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formulate the relationship between the input and the
output signals of the controller and taking into
account the human knowledge about controlled
processes. Advances in microelectronics and
actuators make much it easier.
Recently, fuzzy logic theory has been incorporated
into many market products and to automotive
technologies as well [3], [4], [8]. Using fuzzy logic
simplify detailed models of particular subsystems.
It happens so, because using fuzzy controllers needs
to define rather the relationship between input and
output signals, than the parameters that describe the
dynamics of the system.

2. VEHICLE MODEL

For the dynamic description of the analysed system,
the physical model of a vehicle was assumed as a
spatial discreet system of elastically joined lumped
masses. It was assumed that the masses of wheels
do not displace longitudinally with respect to the
chassis and they move forward together with the
mass of a body. The displacement of them, in
accordance to a chassis, is allowed in vertical
direction, in compliance with stiffness of a tyre and
a suspension system.
The external forces acting on a vehicle are as
shown in Fig.1:
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Fig.1 Physical model of a vehicle

Vehicle motion is defined with reference to a right-
hand co-ordinate system OXPYPZP with originates
at its centre of gravity. It allows to describe car
longitudinal. lateral and vertical motion, as well as
roll about XP axis, pitch about YP axis and yaw
about ZP axis. Vehicle trajectory is defined with
respect to a right-hand orthogonal axis system
OXYZ fixed on the earth. All wheels - front and
rear can be steered in both directions.
It is assumed that the motion takes place on a flat,
smooth surface, along the curvilinear path. Two
principles of curvature are taken into consideration:
changing the lane and steady state cornering.
The relations describing the non-linear
characteristics of the tyres are based on Dugoff’s

hypothesis, adapted to the parameters of considered
vehicle.
The model of driver is limited to begin the process
of changing the direction of motion only and not
interrupting its performance. The driver is treated as
an ‘ideal regulator’, which does not correct his
action.

3. AUTOMATIC DEVICES – GENERAL
CONCEPT

3.1. ANTILOCKING - ABS

The solution of ABS used in the analysis is a three-
stage device. When it is fitted to a vehicle it can
work in SL,SH and IC modes. Its parameters
describe a real solution, designed and developed in
the Vehicle Research Institute. It was designated for
pneumatic braking systems and used in buses,
trucks and trailers. The construction is an add-on
solution, which does not change the principal
braking system and allows to brake a vehicle
conventionally in the case when the ABS is
switched off.
The general concept of functioning is to follow the
angular velocity of each wheel and to compare it
with ‘programmed velocity’, which represents the
velocity of vehicle. When the electronic control unit
states the tendency of a particular wheel to be
locked, the braking pressure is decreased in such
wheel, what protects the wheel against locking.

3.2. TRACTION CONTROL – TCS

The discussed solution of TCS allows to follow the
power transmitted to the wheels and to reduce it in
a case of appearing the surplus of longitudinal
forces in comparison to the adhesion. The
realisation of this purpose is done by means of
applying the braking torque in any of driven wheels
and/or the power transmitted from an engine. The
electronic control unit compares the angular speed
of each driven wheel with the velocity of vehicle.
When the slip during acceleration increases, the
braking actuator is activated and the injection fuel
pump is cut off.

3.3. SUSPENSION CONTROL - AS

The comfort and the safety of the ride depend
strongly on the variations of the positions of the
vehicle body, which are determined by outside
disturbances. These disturbances can take the form
of irregularities of the surface, as well as be called
the inertia forces, which appear during braking,
accelerating or a curvilinear drive.
When there is a danger of loss of the vehicle
stability it is necessary to fit suspension elements
with changeable characteristics. These features are
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typical for active suspensions, which generally are
used to minimise the vibrations of sprung masses as
well to assure the permanent contact between the
tyre and the road. In effect it makes it easier to
control the vehicle [1].
The described activity is possible due to the change
of energy dissipation, by means of the changes of
stiffness of the spring elements C and the dampness
of the shock absorbers K. This can be done by the
regulation of the flow area of the absorber, the
activity of additional spring elements or the change
of force in an added actuator. The actuator can be
added parallel to the suspension elements or replace
them totally.

3.4. 4WS CONTROL DEVICE

All wheels - front and rear can be steered in both
directions, with following limitations caused by
steering system: −δZ ≤δ1,3≤δW −δW≤δ2,4≤δZ

where δZ,W are the maximum steering values of
inner and outer wheel.
The obtained effects depend on the direction of
steer angle of a wheel [2]. The trajectory of motion
is the result of the relation between the turn of front
and rear wheels. This ratio is designed by a non-
linear coefficient depending on speed Kδ�= δT / δP. It
is assumed that Kδ is positive, when all wheels are
steered in the same direction, the negative - when in
opposite direction.

4. FUZZY LOGIC CONTROL OF THE
DEVICES

The philosophy of the control of the devices is to
register the input signals from the sensors and
generate the output signals. The sensors follow the
signals of angular velocities of wheels, vehicle
speed, the displacement of the suspension, steering
angle etc. The output signals can force the
operation of braking modulators, fuel pump, shock
absorbers etc. The technical realisation of the
control unit is prepared by means of fuzzy logic
theory. It operates using the fuzzy sets describing
input and output physical signals. Any particular
variable can be represented by unique fuzzy set. In
the presented principle the angular velocity of the
wheel (WV) and vehicle velocity represented by
‘programmed” one (VV), suspension deflection
(DS), its velocity (VS), tyre deflection (DW), the
steering angle of front wheels (LKP), vehicle
velocity (LPR), coefficient K� (LKD). They are
assumed in a form:
LWV = {ZE,PS,PE,PM,PB,PU,PV}
LVV= {NB,NM,NE,ZE,PS,PE,PM,PB}
LDS = {PB,PM,PS,ZE,NS,NM,NB}
LVS = {PB,PM,PS,ZE,NS,NM,NB}
LDW = {PS,ZE,NS}
LPR = {ZE,PS,PM,PB,PU,PLB,PUB,PEB}
LKP={NE,NLB.NU,NB,NM,NS,ZEN,ZEP,PS,PM,

PB,PU,PL,PE}
LKD = {ZE,PS,PM,PB,PU,PLB,PUB,PEB}
The triangle Λ ��, gamma Γ �and L shapes of fuzzy
subsets are here involved. The continuous area of
particular functions is quantified into determined
quantity of segments relative to the assumed signals
levels.
It is assumed the following fuzzy subsets describing
above variables as follows: zero (ZE), positive
small (PS), positive medium (PM), positive big
(PB), negative big (NB), negative medium (NM)
etc.
The output signals are the values of control of
particular wheel brake modulator (MH), power
torque (MN), actuator force (U) of particular active
suspension, the steering angle of rear wheels (KT) .
They are represented by following fuzzy sets:
LMH= {PO,ZE,NE}
LMN = {PO,ZE,NE)
LU = {PB,PM,PS,ZE,NS,NM,NB}
LKT={NL,NU,NB,NM,NS,ZE,PS,PM,PB,PU,PL }
The graphical presentation of principle fuzzy sets
are shown in Fig. 2.

-100 -50 0 50 100

1.0

µ
DF1

Ω [1/s]

Fig 2. Fuzzy sets of LVV, LWV, LWS and LMH

The control algorithms realise the relationship
between inputs and outputs. It can be created by the
use of descriptive phases rules. These rules
determine the fuzzy controller.
For ABS 35 logic rules have been prepared, using
the fuzzy controller. Some principles of them:
if (VV) is (ZE) and (WV) is (NB) then (MH) is
(NE);
if (VV) is (PE) and (WV) is (NS) then (MH) is
(PO);
if (VV) is (PB) and (WV) is (PS) then (MH) is
(ZE);
etc.

For TCS 98 logic rules have been prepared, using
the fuzzy controller. Some principles of them:
if (SX1) is (ZE) and (DF2) is (NB) and (VB) is
(PO) then (MS) is (NE);
if (SX1) is (ZE) and (DF2) is (NB) and (VB) is
(PO) then (MH) is (NE);
if (SX1) is (PE) and (DF2) is (NS) and (VB) is
(PO) then (MS) is (NE);
if (SX1) is (PE) and (DF2) is (NS) and (VB) is
(PO) then (MH) is (PO);
etc.
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For 4WS 49 logic rules have been prepared. Some
principles of them are:
if (DS) is (ZE) and (VS) is (ZE) then (U) is (ZE);
if (DS) is (ZE) and (VS) is (NS) then (U) is (PS);
if (DS) is (NS) and (VS) is (PS) then (U) is (NS);
if (DS) is (NS) and (VS) is (NS) then (U) is (PS);
if (DS) is (NB) and (VS) is (PB) then (U) is (PB);
if (DS) is (NB) and (VS) is (PS) then (U) is (PM);
etc.

For 4WS 196 rules where prepared for control
algorithm. Some exemplary of them:
if (KP) is (ZE) and (KD) is (PEB) then (KT) is
(ZE);
if (KP) is (PB) and (KD) is (PUB) then (KT) is
(PB);
if (KP) is (PLB) and (KD) is (PU) then (KT) is
(PLB);
if (KP) is (NB) and (KD) is (PB) then (KT) is
(NM);
if (KP) is (NUB) and (KD) is (PM) then (KT) is
(NEB);
etc.

The output of each rule is aggregated into simple
fuzzy set for the overall output. The defuzzyfying
process allows to calculate a real output signal. It
changes the output subsets and associated levels for
all rules into real signal.

5. THE RESULTS OF INVESTIGATIONS

The correctness of assumed model was checked by
means of simulation researches. The principle of
driving on a straight lane on different kinds of
surface was taken into consideration as a
presentation of obtained results, although some
other tests were also carried out.
The parameters of vehicle described heavy vehicle
domain characteristics. Its weight was approx.
M=10000 kg, wheel base L=6.1 m, a distance from
c.g. to front axle a=3.9 m, rear one b=2.2 m. The
height of gravity centre h=1.5 m and wheel radius
R=0.488 m.
The tests were performed for homogeneous
conditions -high value of adhesion coefficient, low
value of adhesion coefficient as well as for µ-split
conditions (the adhesion coefficient was different
for left and right wheels of vehicle). For such
circumstances numerical calculation allowed to
obtain the results which could be compared with
road experiments. Fig. 3 shows the results of
calculation of braking process. The velocity of a
vehicle (V), velocities of its front wheels (V1) as
well as the longitudinal FX forces are presented in
the diagram.

Fig.3 Braking on the straight path

Automatic control systems discussed so far were
the systems which operate usually independently of
each other. It seemed to be profitable to connect
them into one, collective system. To know the
possibilities of such integration it iwa necessary to
describe a mutual influence of particular systems in
various vehicle dynamic states.
Simultaneous operation of investigated automatic
systems were also tested [5], [6], [7].
Fig.4 shows the results of braking with ABS and
AS operation (on the left side of the diagram) and
braking with ABS and 4WS (on the right side). The
diagram presents calculated longitudinal FX and
lateral FY forces appearing on the wheels. The
outside circle represents the maximum theoretical
values of these forces, which could be obtained in
accepted road conditions. The inside curve (dotted
area) covers a typical region of available forces
during conventional braking of a vehicle without
ABS. The outer lines (thick) shows temporary
values of the shear forces which can be available
during braking with antilocking device.
Fig.5 shows the obtained results of accelerating
with ASR and 4WS.

-20000-10000

-20000

-10000

0

10000

20000

F
Y

[N]

F
X

[N]

ABS + AS

-20000-100000

-20000

-10000

0

10000

20000

F
Y

[N]

F
X

[N]

ABS + AS + 4WS

Fig.4 Braking of a vehicle with ABS, AS and 4WS
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Fig.5 Accelerating of a vehicle with ASR and 4WS

These are the examples of simultaneous operation
of control systems of braking, accelerating, steering
the wheels or changing the suspension
characteristics.
The presented results are very interesting however
they describe only a part of sophisticated road
conditions during braking, accelerating or steering.
As a reason of that, there are the situations when
more than two devices work at the same time, e.g.
ABS, AS and 4WS or ASR, AS and 4WS. The
simultaneous operation of ABS and ASR is
impossible.

6. CONCLUSIONS

Presented models allows to estimate the
dynamic performances of vehicle during motion.
Results of the simulation were compared with the
results of experiments. It can give an opinion about
the compliance of assumed model with real
physical object and to confirm the correctness of
computation procedure. it also can be treated as one
of the method which allows to define the dynamic
properties of a vehicle in different road conditions.

Basing on identified model of vehicle a
method of simulation studies allows to estimate the
concepts of control of different devices influences
upon vehicle motion, veryfing the structure of
regulators or selection of their parameters.

The analysis of the simulation shows that
the simultaneous action of ABS, AS and 4WS, as
well ASR, AS and 4WS improves the performance
of a vehicle. A driver is supported in dangerous
situations, such as rapid braking, acceleration or
vehicle skid.
Operation of particular systems does not disturb
each other.

We know that describing all aspects of assumed
models is not possible in this paper. It is the reason
that they are presented only in a very short form.
The aim of our researches was to show that
integrated automatic control is possible and it has a
great influence on enhanced safety. Maybe not all
mentioned devices must be incorporated into a
vehicle (e.g. 4WS) but their appearance ensures the
intelligence features of vehicle.
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ABSTRACT

VSC (Vehicle Stability Control) is one of the
representative systems developed to help prevent
skidding and unstable behavior before they lead to an
accident. We have studied the effectiveness of VSC in
reducing accidents in Japan.

From analysis of the statistics of traffic accidents, it is
estimated that the accident rate (accidents per vehicles
in use per year) of vehicles with VSC showed
approximately a 35% reduction for single car accidents
and a 30% reduction for head-on collisions with other
automobiles. For more severe accidents, this result
would improve to approximately 50% and 40%
reductions. The casualty rate (casualties per vehicles
in use per year) of vehicles with VSC showed
approximately a 35% reduction for both types of
accidents. Analysis showed that VSC may reduce
more accidents in higher speed ranges where vehicle
dynamics plays a greater part.

However, It is important to say that VSC cannot prevent
all accidents or compensate for all driver errors. VSC
is not a substitute for safe driving practices, common
sense, and the exercise of good judgment by drivers.

INTRODUCTION

Characteristics of Serious Accidents

In Japan, the number of fatalities per year began to
decline from its second peak in the early 90s, and has
now reached an almost fixed level of around
nine-thousand (see Figure 1).

Still, the number of accidents is rising rapidly, and it is
considered that it will rise further in the future, as the
overall number of motor vehicles in use increases
because larger numbers of middle-aged people are
keeping their driver's license as they become older,
while there are not so many drivers in the older age
group at present.

Figure 2 shows an example of results of traffic accident
surveys related to vehicle dynamics performance
conducted before TOYOTA's first VSC development.
When the circumstances of serious accidents are
examined, it can be seen that approximately 20% of
such accidents are caused by loss-of-control. It is
revealed that there is a relatively large number of cases
where the vehicle skidded and the driver lost control,
resulting in a serious accident. In most cases the driver
made an inadequate steering maneuver or miss-judged
the changes in road surface conditions incorrectly.
Therefore, VSC was developed to be able to help
compensate these kinds of miss-operation or miss-
judgement.
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Concept and the Function of VSC

To explain the concept of VSC, an analogy will be used
referring to Figure 3. In the figure, the ball represents
the vehicle's dynamic state and the bowl represents the
vehicle's capacity. Loss-of-control can be thought of
as when the ball goes over the rim of the bowl.

During ordinary driving, the bowl is sufficiently large
and deep for the motion of the ball. When the motion
of the ball becomes excessive, however, such as when
the steering wheel of a vehicle is suddenly turned, or the
bowl becomes smaller such as when driving on icy or
snowy roads, there is the possibility of the ball going
over the rim of the bowl. This is where the vehicle
becomes hard to handle.

ABS and TRAC (Traction Control) systems aim to
improve control and stability by working to guard the
rim of the bowl in terms of braking and accelerating.
These systems, however, do not guard the rim of the
bowl in terms of turning. This is where VSC comes
into play. VSC aims to control vehicle behavior under
these types of conditions by assisting the driver. In
other words, VSC aims to work together with ABS and
TRAC to improve control and stability by guarding the
entire area of the longitudinal and lateral motions of the
vehicle, as shown on the left side of the bowl in Figure
3.

With VSC control, a deceleration force and an
appropriate amount of inward moment are added to help
prevent front-wheel-skid and improve course-tracking
performance, and outward moment is added to help
prevent rear-wheel-skid and improve vehicle posture
(see Figure 4).

Toyota is one of the manufacturers introducing this
technology to the market [1,2]. Systems that possess
the same function have been developed by many
companies under different names such as ESP or VDC
[3,4,5], and have been installed in production vehicles.

The next 3 graphs show the characteristics of each type
of accidents caused by cars. The accident data used in
all graphs in this paper was compiled by The Institute
for Traffic Accident Research and Data Analysis
(ITARDA; Japan) for the study. ITARDA was
founded in 1992 and has been working to analyze the
causes of traffic accidents by utilizing the data of all
traffic accidents reported by the police that involve
casualties, as well as the data gathered through its own
in-depth investigations. About 1,000,000 items of the
former data, and about 300 items of the latter data have
been accumulated per year.

Figure 5 indicates that most of all accidents consisted of
rear-end collisions and crossing collisions, but many
accidents where severe vehicle damage is caused
involve single car accidents and head-on collisions.
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Concept of VSC (Ball in Bowl)
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Figure 6 also indicates most casualties were caused by
rear-end collisions and crossing collisions, but single car
accidents, head-on collisions and car-to-pedestrian
accidents yield many fatalities.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As long as cars are driven by humans, drivers must
make appropriate recognition, judgment, and operation
to maintain traffic safety. However, when serious
errors occur in procedure, traffic accidents result.
Figure 7 shows the breakdown of driver error by type of
car accident. Generally speaking, miss-recognition is
the largest contributing factor in all types of accident,
miss-operation and miss-judgement are more significant
in single car accidents and head-on collisions. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Most single car accidents and head-on collisions begin
when one car leaves its lane. VSC helps the driver
maintain the intended path of the vehicle (see Figure 4).
VSC, therefore, is considered to be one of the effective
devices in reducing serious accidents.

Previous Research

There has been much research to try to confirm the
effectiveness of VSC or ESP.

We confirmed the effectiveness of VSC by comparing
the behavior of vehicles with and without VSC, driven
by 40 ordinary drivers in certain conditions [6]. The
results showed that no vehicles with VSC span off the
course, while 45% of the vehicles without VSC ran off
the tracking during a slippery curve test.

Langwieder examined approximately 1600 car-to-car
and single car accidents involving serious passenger
injury and approximately 950 car accidents involving
young drivers in Germany [7]. He showed that about
25% of all the accidents accompanied skidding and
pointed out that there was a critical path which ranged
between 40 and 70 meters in approximately two-thirds
of all cases. He consequently reached a conclusion
that a dynamic electronic brake system such as ESP
would provide valuable assistance for the driver in
stabilizing the vehicle and would clearly reduce the
number of accidents involving skidding.

Zobel made use of the Hanover Medical University
(MHH) database and showed by simulation that ESP
may assist the driver to avoid leaving the road, using an
accident example as a case study [8]. He analytically
examined the database and pointed out a large number
of persons were injured in skidding-related accidents on
dry roads. He suggested that with regard to all
critically injured persons (MAIS 5+), the proportion of
skidding-related accidents is much higher, so ESP can
be expected to be highly effective if the driver accepts
the assistance offered by ESP with due caution.

Sferco made use of The European Accident Causation
Survey (EACS) data and found that there were 389
vehicles in loss of control fatal accidents out of 1093
fatal accidents, 460 vehicles in loss of control injury
accidents out of 1851 injury accidents [9]. He reached
the conclusion that EACS data suggests ESP would
have a probable or definite influence in about 67% of
fatal accidents involving loss of vehicle control and
42% of the corresponding injury accidents.
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DaimlerChrysler (DC) announced in a press release in
November 2002 that, by analyzing 1.5 million pieces of
sampled accident data from 1998 to 2001, accumulated
by the Federal Statistical Office in Germany, they found
that comparing 2000/2001 DC-cars with ESP and
1999/2000 cars without ESP, the accident rate for cars
with ESP was 15% lower. The result showed 4%
fewer DC cars with ESP involved in single car accidents,
dropping from around 14.4 and 15% to 10.6 or 10.7%.

While, these results show the expected real-world effect
of VSC or ESP, they are actual results only for DC. In
the following section, the effectiveness in the real-world
of installing VSC in vehicles will be shown.

Analysis Methodology

Accident rates for vehicles vary depending on whether
they are driven by young or elderly drivers. So to
make an accurate comparison, one must compare
conditions where the characteristics of the vehicles and
the ages of the drivers do not vary a great deal. 3
TOYOTA passenger cars popular in Japan were
selected in which VSC had been installed between
model changes.

In comparing the accident rates, we set the registered
period and the investigation period as shown in Figure 8.
The investigation period of accidents was limited to the
first 5 calendar years of the vehicle's life including the
registered year, so as to cancel out the influence of
vehicles' age as much as possible. That is, the
investigation period was set from 1994 to 1998 for the
vehicles registered in 1994, from 1995 to 1999 for the
vehicles registered in 1995, and so on.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As the investigation periods do not fully coincide, we
must consider whether trends of traffic accidents
changed or not. Figure 9 indicates that rear-end
collisions and crossing collisions have increased in the
last several years, while single car accidents and
head-on collisions have changed little.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition, the number of vehicles that left the market
should be considered. Figure 10 shows the rate of cars
still in use, estimated from the statistics of cars in use in
Japan, reported by the Automobile Inspection &
Registration Association (AIRA). The reason why
stair-looking points exist in the 3rd and the 5th years is
that owners are obliged to carry out vehicle inspections
in these years, and some owners choose to change their
cars at these points. We took the estimated rate of the
cars still in use into consideration in calculating each
accident rate. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Registered Period of Vehicles

'94 '95 '96 '97 '98 '99 '00 '01

Passenger car B

Passenger car C

Investigation Period
Registered Period

Passenger car A

ex.

with and without VSC, of the Same Model

VSC not available Standard spec.

Figure 10. Cars still in Use

1 2 3 4 5 6 70
(years)

(%)
100

90

(a) Passenger car A

1 2 3 4 5 6 70
(years)

(%)
100

90

(b) Passenger car B,C

from the First Registration

Figure 9. Trend of Accident rate caused by Cars

0

10

20

30

40

1995 2000

/10,000 vehicles/year)

Single car accidents

Crossing collisions

collisions

Head-on collisions

Collisions during

Car-to-pedestrian

Rear-end collisions

Other car-to-car

accidents

right turns

(accidents



Aga, Page � of 7�

RESULTS

We counted approximately 980,000 vehicle-years
without VSC and approximately 390,000 vehicle-years
with VSC. These figures were used to calculate
accident rates and casualty rates.

Accident rates examined by extent of vehicle damage
are shown in Figure 11. It can be seen that the rates for
single car accidents and head-on collisions decreased
while they did not decrease in Figure 9. It is thus
thought that VSC may decrease the number of single car
accidents and head-on collisions, just as we expected.
These 2 types of accidents were further studied.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the results are examined by the extent of vehicle
damage, as illustrated in Figure 12, the reduction of the
accident rate is approximately 35% for single car
accidents and 30% for head-on collisions with other
automobiles, and are approximately 50% and 40%
reductions for accidents where severe or moderate
damage occurred. These results indicate that the more
severe the crash, the more effective VSC may be. In
these results, cyclists, including motor cyclists, and
agricultural vehicles are excluded from the data of the
head-on collisions because these vehicles are
disproportional to other vehicles when discussing the
extent of vehicle damage. They are also excluded in
the next Figure 13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the results are examined by the extent of injury as
illustrated in Figure 13, the reduction in the casualty rate
is approximately 35% in both single car accidents and
head-on collisions with other automobiles. We had so
few fatalities and severe injuries that the reduction ratio
could not be estimated for them.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Reduction of Accident rate
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Next, the distribution of the speed at which collision
danger is recognized by the driver of passenger cars A,
B and C is examined, as illustrated in Figure 14. It can
be seen that for vehicles with VSC, the number of
accidents that occurred in the higher speed range was
reduced. VSC may be more effective in this range. It
may therefore be considered that this is one of the
reasons why more severe crashes were reduced by VSC.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistics offer little explanation why the accident rate
looks reduced, but Figure 15 presents some suggestions.
It indicates that VSC helps little to reduce accidents
resulting from miss-recognition, but helps to some
extent to reduce accidents resulting from miss-operation
or miss-judgement in these types of accidents.
 

It however should be noticed that VSC cannot
compensate for driver errors every time, because it
works only when the driver makes the correct maneuver
before the crash. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the other hand, for other types of accidents, such as
crossing collisions or rear-end collisions, there seems to
be no effect on the difference in accident rates between
vehicles with VSC and those without (see Figure 11).
This is thought to be due to the fact that in these types of
accidents, there are few cases that exceed the limit of
vehicle dynamics performance, which is where VSC
comes into play.
 

CONCLUSION 

 

From analysis of the statistics of traffic accidents in
Japan with and without VSC using 3 TOYOTA
passenger cars, it can be concluded that,
1.(1)

 

 

 

 

 

 

 

  (2) 

 

 

 

2. 

 

It is estimated that the accident rate of the vehicles
with VSC showed approximately a 35%
reduction for single car accidents, a 30%
reduction for head-on collisions with other
automobiles, and approximately 50% and 40%
reductions for accidents where severe or moderate
damage occurred, compared to that of the vehicles
without VSC.
It is estimated that the casualty rate of vehicles
with VSC showed approximately a 35%
reduction for both single car accidents and head-
on collisions with other automobiles. 

VSC may be considered to help reduce accidents
resulting from a driver's miss-operation and
miss-judgement in these 2 types of accident to some
extent. But it is needless to say that VSC isn't an
all-powerful device to compensate for all driver

Figure 15. Reduction of Accident rate by Driver Error

(a) Single car Accidents
(b) Head-on Collisions

0

1

2

3

Without VSC With VSC Without VSC With VSC
(243) (62) (222) (71)

0

1

2

3

Miss-recognition
Miss-judgement
Miss-operation
Unknown or other reason

with Other Vehicles

10,000 vehicles/year)
(accidents

10,000 vehicles/year)
(accidents

Figure 14. Reduction of Accident rate by Speed

(a) Single car Accidents

(km/h)
Vehicle Speed at which Collision Danger Recognized

0 20 40 60 80 100 120 140 160
0.0

0.1

0.2

0.3

0.4

0.5

0.6
Without VSC
With VSC

(b) Head-on Collisions with Other Vehicles

(km/h)
Vehicle Speed at which Collision Danger Recognized

0 20 40 60 80 100 120 140 160
0.0

0.1

0.2

0.3

0.4

0.5

0.6
Without VSC
With VSC

Without VSC
With VSC

10,000 vehicles/year)
(accidents

10,000 vehicles/year)
(accidents



Aga, Page � of 7�

3.

FUTURE ANALYSIS FOR ACTIVE SAFETY

Our research revealed that VSC is effective in reducing
single car accidents and head-on collisions to some
extent. However, it is still uncertain what maneuvers it
is able to control in actual traffic. It is necessary in the
future to examine all types of safety equipment, not just
VSC, in order to understand how they have worked or
not worked, to improve the ability of the devices.
For this purpose, it is necessary that all accident data
contains more detailed information regarding the
devices the vehicles are equipped with, and their
maneuvers before crashes. At the same time, this kind
of research should be performed in other countries to
promote consumers' understanding of the value of safety
devices and to promote their greater use.
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ABSTRACT

First, for evaluating vehicles' emergency handling
performance in real world, we set several course patterns
of closed-loop test (task performance test) similar to
occurring patterns of real accidents, and measure the
vehicles’ maximum entering velocity of each course.

Second, we normalize the velocity by each vehicle’s
basic dimensions (mass, height of center of gravity,
tread etc.), which enable us to compare the tire and
suspension performance.

Last, we produce an estimation method of the results of
the closed-loop tests, using a vehicle's design parameters,
which include basic dimensions, suspension and tire. We
consider that this estimation method can reduce the time
for developing cars.

INTRODUCTION

A vehicle's handling near the grip limit of the tires and
the operating limit of the driver (i.e., its emergency
handling) is an important element of the vehicle's basic
performance. In order to evaluate emergency handling,
the authors established course pattern models based on
the patterns that occur in actual accidents and measured
the maximum entering velocity at which vehicles can
traverse each course.

In the study reported here, the authors devised a
method of comparing the suspension specifications and
the tire characteristics on the basis of the measured
maximum entering velocity while excluding the
influence of the basic vehicle specifications (those that
physically determine the vehicle's basic handling and
that can not be largely changed after the planning stage).

Also, to shorten the development period, the authors
developed a technique for estimating the maximum
entering velocity for the courses on the basis of the basic
vehicle specifications, the suspension specifications, and

the tire characteristics. This made it possible to
propose specifications that would achieve the target
velocity at the design stage.

TESTING METHOD

Test Course

The left side of Figure 1 shows the classes of major
accidents that actually occur when the driver becomes
unable to control the vehicle. The course patterns on
the right side of Figure 1 were determined by modeling
the patterns of these accidents. In total, nine patterns
were established taking dry and wet road surfaces into
account.

The maximum entering velocity at which a vehicle can
traverse a course without going outside the bounds of
the course is thought to be one indicator of how high the
emergency handling limit is. The driver is allowed to
make the maximum effort at corrective steering at this
time. Also, a maximum entering velocity was used at
which the stopping distance would be 50 meters for
either straight line braking or braking while cornering.

Method of excluding basic specifications

To compare the emergency handling of a vehicle with
different basic specifications, a method was devised that
excludes the effects of the basic specifications and
compares only the tires, suspension, and braking
performance.

Figure 2 is based on the assumed maximum entering
velocities of multiple vehicles on a given course. The
horizontal axis is set to either m/(Ax0)

2 (for straight line
braking) or m/(Ay0)

2 (for courses other than straight line
braking). Here, m is the vehicle mass, Ax0 is half the
wheel base divided by the height of the center of gravity,
and Ay0 is half the tread width divided by the height of
the center of gravity. The horizontal axis thus
expresses the basic specifications of the vehicle.
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In this case, the maximum acceleration in the
longitudinal and lateral directions is the dominant
vehicle characteristic affecting emergency handling, and
in dynamic calculation, m/(Ax0)

2 and m/(Ay0)
2 become

linear functions (with negative slope). (Refer to
equation (2) in section Method of estimating 

cornering limit) Therefore, the performance when
the tire and suspension characteristics are average, as
calculated by equation (2), is shown in Figure 2 as a
bold line sloping down to the right. The difference
�V from the bold line is thought to be the maximum
entering velocity excluding the effects of the basic
specifications, which are difficult to change after the
planning stage, and to express only the tires, suspension,
and braking performance.
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Figure 2. The elimination of the basic dimensions

PERFORMANCE ESTIMATION

A technique was devised for estimating the maximum
entering velocity for each course on the basis of the
basic specifications, tire specifications, and suspension
specifications. Figure 3 shows the relationship among

the course layouts (on the left), the vehicle dynamics of
interest (in the middle), and the parameters that are
incorporated into the estimation calculations (in the
right).

For example, for straight line braking, the focus is on
the maximum acceleration in the longitudinal direction,
which is calculated from the basic specifications and the
tire characteristics. This section describes the
estimation calculation techniques using the cornering
limit, braking while cornering, double lane changing,
and hydroplaning while cornering as examples.
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Figure 3. The relationship of test task
and calculation model

 

Method of estimating cornering limit 

 

The maximum entering velocity in the cornering limit
test (umax) is determined by the maximum lateral
acceleration that can be generated by the vehicle. If the
respective estimated maximum lateral accelerations
generated by the front and rear wheels are expressed in
the form Ayi (where i is 1 for the front wheels and 2 for
the rear wheels), the maximum lateral acceleration used
to determine the maximum entering velocity in the
cornering limit test is equal to the smaller Ay of those
two values. This is expressed by the following
equation:

umax= A
�

R��� A
�

=min[A
�1, A

�2]) (1)

In this equation, R is the cornering radius. That is to
say, if Ayi can be calculated, then umax can be estimated
using equation (2).
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Figure 4. Tire and Vehicle calculation model

The relationship between the lateral friction coefficient
�and vertical load of the tires is shown on the left side
of Figure 4 by a model that approximates a linear
function. The vehicle is shown on the right side of
Figure 4 by an integrated sprung/unsprung rigid body
model (front/rear half model). If these two models are
transformed into equation form so that the sum of the
side forces of the left and right wheels derived as a
function of Ayi is equal to the operating centrifugal force,
then Ayi can be formulated approximately by the
following equation:

�yi �
Dwi
Dri m

gAyi
Ay0

= ��
�

�

2

2 g (2)�yi

 

i=1 : Fr� i=2 : Rr�
�yi: Lateral tire� at initial load
�: Load dependency of Tire lateral

Dwi: Weight distribution(Fr,Rr)
Dri: Stiffness distribution of roll (Fr,Rr)

m: Vehicle mass
g: Gravity
t i: Tread
h: C.G. height

Ay0: (= t i /2/ h)  

Ayi can be calculated by substituting the specification
values into equation (2), and umax can be estimated using
equation (1).

Method of estimating braking while cornering

The braking while cornering maneuver measures the
entering velocity for which the stopping distance is 50
meters when full braking is used (with ABS operating)
as the vehicle follows a circular path with a radius of
100 meters.

The maximum lateral acceleration Axmax is also
calculated in the same way using the technique
described in section Method of estimating 

cornering limit. And as shown in Figure 5, the oval
of friction described by Axmax and Aymax that results from
the effect of ABS is utilized to the maximum during
braking while cornering. That is to say, the lateral

acceleration at the perimeter of the oval of friction is
postulated as the lateral acceleration generated by the
front and rear wheels respectively.
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Figure 5. The calculation of braking in the cornering
�

Braking starts at the point on the perimeter of the oval
that corresponds to angle θ0 in Figure 5. Also, if the
lateral acceleration at the instant the vehicle stops is
posited to be zero, braking can be thought to end at the
apex of the oval of friction. Friction during braking is
expressed by equation (3).

u
�

ρg� � ���
cosθ �3�

�

If both sides of this equation are differentiated by time t,
the result is equation (4).

�4���

ρg� � ���
sinθ

� cosθ

ud
dt

θ
dt
d

�

On the other hand, because equation (5) also holds true,
equations (4) and (5) can be reconciled into equation (6).

��

ρg� � ���

� cosθ
d t θd

� � ���

�6�
g

� � � ��� sinθ
ud

�5�d t

�

Using equations (3) and (6), the stopping distance L
can be written by the following equation:

L�
�

�
�

udt
�

θ
�

π
�ρgΑ ymax

2Α xmax

dθ 
ρgΑ ymax

2Α xmax

π
2
�

θ 0� �7�

  

On the other hand, because equation (8) also holds true.

u0 ρg� �� ������θ 0 �8�
�

The entering velocity that determines the stopping
distance L can be expressed by equation (9).
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Method of estimating double lane change

(1)Course trajectory

A trajectory was posited that consists of two single lane
changes in sequence (an avoidance change and a return
change), as shown in Figure 6. It is generally known
that the trajectory of a single lane change is expressed as
a ramp wave plus a sine wave.(1) Therefore, with the
four points marked by stars, as shown in Figure 6,
posited as restraining points (on the assumption that the
vehicle passes through shaving the course), the
trajectories of the ramp wave and the sine wave were
derived according to the width of each vehicle. The
lengths of the avoidance lane change and the return lane
change, derived in this way, were almost equal.

ramp sin wave

��

assumption: Composed 2 single lane change.
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d d
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Figure 6. The trajectory for passing
in double lane change

�

(2)Dynamic maximum lateral acceleration
� � of front and rear wheels

 A double lane change provides dynamic steering 

inputs.  For that reason, the dynamic maximum 

lateral acceleration Ayi
* is different from the static 

steering input Ayi derived in section Method of 

estimating cornering limit and becomes a function of 

the steering frequency.(2)  The upper half of Figure 7 

is an example of a linear model of a vehicle (with 3 

degrees of freedom: yaw, body slip angle, and roll 

angle)(3) in which the value of Ayi
* is calculated with 

cyclic steering as a given.  The dynamic maximum 

lateral acceleration that a vehicle actually generates is 

the smaller of the two Ayi
* values. 

Because the lengths of the avoidance lane change and
the return lane change are almost equal, if it is assumed
that the vehicle is driven at a fixed steering frequency,
the steering frequency is determined by the length of
each lane change and the vehicle velocity, so the
horizontal axis can be converted from steering frequency
to vehicle velocity, as shown in the lower half of
Figure7.
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Figure 7. The calculation of Max. lateral acc.
and Max. velocity

(3)Estimation of vehicle velocity

The lower half of Figure 7 also shows the estimated
maximum lateral acceleration Aymax that can be
generated when the vehicle follows the trajectory that
was derived in section Method of estimating double lane
change, (1).

The x coordinates at the intersections of Ayi and Aymax

were defined as uimax, with the smaller of the two uimax

values defined as the maximum entering velocity umax.
When umax is u1max, the graph shows the lateral slip of the
front wheels (plowing), and when umax is u2max, the graph
shows the lateral slip of the rear wheels (spin). (Figure
7 is the graph for spin.)

Method of estimating hydroplaning while cornering

This maneuver is used to evaluate the vehicle's stability
versus external disturbances (in this case, the changes in
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the road surface coefficient of friction µ. when the
vehicle enters a puddle) during cornering. The actual
movements are complex, so the vehicle is expressed as
mass points, as shown in Figure 8, and attention was
focused only on the deflection of the travel trajectory
resulting from the changes in the road surface µ.

During the maneuver, velocity u0 is assumed to be
fixed. While the vehicle is passing through the puddle,
the lateral G force that can be generated decreases,
causing the cornering radius �1 to become larger.
After the vehicle leaves the puddle, it is assumed that it
corners with the maximum lateral G force. If the
velocity is increased, the vehicle makes contact with the
outer side of the course at point A in Figure 8, and the
velocity at which it does so is calculated as the
maximum entering velocity.

On the other hand, the results of measurements made
using quite a lot of tires made it clear that the lateral G
force while the vehicle is in the puddle is a function of
the velocity that contains two parameters and that can be
expressed by equation (10). This equation indicates the
manner in which the ratio R of the lateral G force during
cornering at a radius of 100R to the lateral G force when
the vehicle enters the puddle changes according to the
velocity u. (Refer to Figure 9.)
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Figure 8. The calculation of Hydroplaning
in cornering
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Figure 9. The tire characteristics in the puddle
 

 Techniques were devised for using dynamic models to 

estimate the maximum entering velocity for the other 

courses as well.

Verification of the accuracy
of the estimation methods

Figures 10 and 11 show examples of the verification of
the accuracy of the estimation methods described in
sections of estimating method (with the horizontal axis
representing the estimated values and the vertical axis
representing the actual values). In each case, the
accuracy is 3%-4%. The same level of accuracy was
seen for the other courses as well, so the estimation
methods are believed to be sufficiently accurate. The
use of these techniques makes it possible to propose
specifications at the design stage that will be satisfied
with the target vehicle velocity, and it is believed that
this would be useful for shortening the development
period.
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Figure 10. The verification of calculation (1)
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Influence of specifications

The influence of each specification of a given vehicle
was calculated using the techniques described above,
and the results are shown in Figure 12. From the
graphs, it can be seen that in the case of a double lane
change, the influence of the tires is smaller and the
influence of the suspension specifications is greater than
on other courses.

Limit cornering
Tire

Suspension

49%49%

29% 22%22%

The specification of suspension is more influential in the
performance of double lane change than the tire .

Calculation Vehicle�Luxury passenger-car

Package
dimension

Tire

30%30%

27%
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Package
dimension

Suspension

Double lane change

 

Figure 12. The influence of specification

CONCLUSION

A method for estimating emergency handling was
developed by excluding the influence of the basic
specifications and comparing the suspension
specifications and tire characteristics.

A method of estimating the maximum entering velocity
for each course was also developed based on the basic
specifications, the tire characteristics, and the suspension
specifications. This made it possible to propose

specifications at the design stage that will be satisfied
with the established target vehicle velocity. It is
thought that this would be useful for shortening the
development period.

From now on, the issue will become how to create
methods of evaluation and estimation for vehicle
behaviors such as the ease of vehicle control at limits
that can not be evaluated only by estimated vehicle
control limit due to vehicle velocity (e.g., a sense of
fishtailing during lane changes).
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ABSTRACT 
 
We have developed a Night View system to assist a 
driver’s vision during night driving. This system can 
capture an image beyond the range of low beam 
headlights with near-infrared camera and display a 
monochrome virtual image onto the windshield in 
front of the driver. To avoid startling the driver of an 
oncoming vehicle, this system projects a 
near-infrared ray, which is hardly visible to the 
human eye.  
Because a virtual image is displayed on to the 
windshield, we have optimized the position, size and 
brightness of the head-up display (HUD) to enhance a 
driver’s view during night driving.  A switch is 
provided to turn the system on and off and to control 
the HUD’s brightness. This system can be effective 
without impairing typical night driving. 
 
1.  INTRODUCTION 
 
In Japan, traffic accidents occurring at nighttime 
account for 53% of all traffic accidents (number of 
fatal accidents in 2001, National Police Agency).  
The driver can make decisions during the daytime 
driving according to information gained from a wide 
angle of views.  When using high-beam headlights 
at night, illuminating more than 100 meters in front 
of a vehicle, the driver can accurately make 
judgments to avoid obstacles seen within the area 
illuminated by the headlights and then control the 
vehicle accordingly. When using low-beam 
headlights, the driver controls the vehicle assessing 
the conditions ahead from limited information gained 
within about a 40-meter illumination range of the 
headlights, by the light from streetlights, etc.  Under 
these conditions the driver may sometimes fail to 
avoid obstacles depending on vehicle speed. 
It is very important to develop measures against this 

hazard when there are not many lanes present as well 
as when there are many oncoming vehicles since a 
vehicle in such an area is driven principally with the 
headlights on low beam.  The driver will be better 
able to predict hazardous conditions earlier and have 
more time to take suitable actions if it is possible to 
provide information on road conditions (the presence 
of objects, road features, road gradient, etc.) ahead of 
the range of the low beam headlights. 
We selected a near-infrared camera to obtain 
information on the conditions ahead of the low beam 
illumination range while avoiding disturbance to 
drivers of oncoming vehicles. 

 
2.  SYSTEM CONSTRUCTION 
 
Figure 1 shows an outline of the newly developed 
system. Figure 2 shows the system construction.  
The system consists of two near-infrared floodlights, 
a near-infrared camera capable of visualizing 
near-infrared beams, a head-up display (HUD) 
providing the driver with images, and a control unit 
and switch for controlling each of the components. 
 
 
 
 
 
 
 
 
 
 
 

2. Detect the Reflection     
by Near Infrared Camera 

1. Project the Near Infrared Light 
  beyond the Low Beam 

 
 

 
 

Figure１. System Outline
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2.1 Near-Infrared Floodlight 
 
The near-infrared floodlights project near-infrared 
beams at a distance comparable to that possible by 
high-beam headlights, when turning on low-beam 
headlights while driving.  A filter is added to a 
halogen lamp to cut out rays in the visible light 
spectrum so that only near-infrared light is cast 
forward. 
This filter realizes light distribution equivalent to that 
of high-beam headlights and ensures the projection of 
only near-infrared beams without startling drivers in 
oncoming vehicles.  The energy of the near-infrared 
light is equal to that of high beam headlights.  The 
filter is designed so that only infrared light is 
distributed and rays do not leak to prevent the 
floodlight from being mistaken as a red light. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
2.2 Near-Infrared Camera 
 t 

Head-up 
display 

The near-infrared camera has been newly designed, 
incorporating a one-third-inch general-purpose 
charge-coupled device (CCD).  We have made 
improvements to the camera by cutting out rays of 
the visible light spectrum and controlling reflection 
inside the camera to achieve a larger dynamic range. 
 
(1) Mounting of a filter with the same visible light 
cutting characteristics as the near-infrared floodlight. 
(2) Anti-reflection coating on lens surfaces for 
avoidance of ghost images 
(3) CCD front mask for avoidance of ghost images 
(4) Construction for avoidance of indirect light 
caused by reflection inside the lens barrel 
 

 
 
 
 

 
Figure 4. Cross-sectional View of the 
Near-Infrared Camera 
 
2.3 Head-Up Display (HUD) 
 
Images taken by the near-infrared camera are 
presented to the driver by means of the HUD.  The 
driver sees images as if they are displayed at the front, 
outside the vehicle, and at the bottom of the 
windshield, as shown in Figure 5.  The brightness of 
the image is adjusted with a switch.  A shutter is 
provided for the HUD unit to improve its appearance 
during daytime driving and to protect it from 
sunlight. 
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 Figure 5. HUD is projected in front of the Driver.   
2.4 Control Circuits The newly developed system follows these guidelines, 

with the HUD presenting images taken by the 
near-infrared camera at a position approximately 800 
mm ahead of the driver’s eye position with a size of 
130 mm in width and 42 mm in height. 

 
The control circuits control the near-infrared 
floodlight, near-infrared camera, HUD, and other 
components in response to switch operation, vehicle 
speed, and illuminance data inputs.  The control 
circuit logic is designed to operate only at nighttime 
for the protection of the camera and HUD. 

 
3.2 Anti-halation Measures against Headlights of 
Oncoming Vehicles 
The newly developed system uses a CCD camera 
sensitive in the near-infrared range and displays an 
image of objects ahead of the vehicle at nighttime.  
The operating principle of the CCD produces halation 
(spreading of light beyond its proper boundaries) of 
external light such as headlights of oncoming 
vehicles due to dynamic range restrictions.  Halation 
is likely to occur in images if an object is very bright 
when directly seen by the human eye at nighttime.  
The major problem with a near-infrared system is this 
image degradation. 

 
3. ENHANCING THE DRIVER’S VISION WITH 
THE HUD IN USE 
 
3.1 HUD Display Position 
 
The HUD permits the driver to see near-infrared 
images without moving the direction of his/her gaze 
very much from the typical vision used during night 
driving.  However, the driver’ s direct vision could 
be disturbed if the HUD is installed inappropriately 
or if the displayed images are not appropriate.  In 
Japan, the Ministry of Land, Infrastructure and 
Transport has established technical guidelines on 
devices for vehicles that provide information on 
conditions ahead during night driving. These 
guidelines are designed to help ensure that the device 
does not disturb the driver.  Representative terms in 
the guidelines are shown below. 

 

 
 
 
 
 
 
       
 Before 
 
 
 
 
 
 

  

  After 
   Figure 6: Effect of Anti-halation Improvement 

- Operating conditions: The device operates only 
when the low-beam headlights, high-beam headlights, 
or front fog lamps are turned on. 
- Control: The control unit of the device must be 
operated with ease by the driver in the driver’ s seat 
and be provided with a switch to allow the driver to 
start or stop the device at will. 
- Image display position: The image, if displayed 
within the windshield area, must be below the plane 
passing the V2 point (defined by seating reference 
point and seat-back angle of the driver seat) and 
making a downward angle of one degree with respect 
to the horizontal plane.  The image must not be 
displayed within the range defined by connecting the 
eye point and rear view mirrors. 

In order to minimize image degradation caused by 
halation, we tuned the gamma characteristics of the 
near-infrared camera and the HUD, in addition to the 
above-mentioned improvements to the camera itself.  
The equipment we tuned so that high contrast is 
produced between the surroundings and obstacles.  

- Image illuminance: It must be possible to adjust the 
illuminance to 30 cd/m2 or less to avoid startling the 
drivers.  The maximum brightness must be 100 
cd/m2 or less to help ensure that the driver’ s vision is 
clear.  Red color must not be used. 
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 Figure 6 shows is a system capable of 1) reducing the 
brightness of intense light such as headlights of 
oncoming vehicles, and 2) displaying human figures 
near oncoming vehicles with higher contrast. 

 
 
 
 
 
 
 
   
    Driver’s View with Low-Beam 
 
 
 
 
   
 

  
   
    Driver’s View with High-Beam 
 
 
   
 
 
    
 
 
           Near Infrared Image 
      
 
FIGURE 7. Comparison of Recognizing Pedestrian 
at 100m ahead of the Vehicle. Left Side Dressed in 
Black, while Right Side Dressed in White. 

 
 
3.3 Control-Related Features 
 
The newly developed system includes a rotary switch 
for brightness control to prevent the system from 
interfering with the driver’s vision.  When driving 
from the suburbs to a city, for example, HUD images 
may become unnecessary due to bright illumination 
in the urban area.  A pushbutton switch is, therefore, 
essential for turning images on and off at will. The 
system is turned off whenever the engine is shut off.  
The newly developed system is a support system for 
the driver, therefore, it is designed to confirm the 
driver’s intent (to switch on) when it is started.  The 
system operates only when the surrounding 
illuminance is low to avoid unnecessarily turning on 
the HUD during the day. 
The driver should have little trouble driving with the 
vision available using low-beam headlights when the 
vehicle is stationary.  On other hand, because the 
infrared light is invisible, there is a opportunity for 
the pedestrian to gaze the infrared flood light when 
the vehicle is stationary. Therefore, we adopted 
particular control logic to turn off the Near Infrared 
floodlight when the vehicle is not moving.  
 
 
4. RECOGNITION PERFORMANCE 
 
4.1 Evaluation of Recognition Performance on 

Proving Ground 
Table 1 shows sensory recognition results obtained at 
various distances without halation.  The circle 
means target can be seen. The triangle means target 
can be seen partially. The cross means target cannot 
be seen. The system allows the driver to find human 
figures 150 meters ahead with low-beam headlights.  
Information on the surroundings can be provided 
from even 250 meters ahead if using high-beam 
headlights together with the night view system. 

 
We compared visions gained by low- beam and 
high-beam headlights with images presented by the 
night view system, with persons dressed in black and 
in white standing at the center of a lane 100 meters 
ahead of the vehicle.  Figure. 7 shows that it is 
possible to recognize human figures using this system 
although they cannot be seen using low-beam 
headlights.  Even though the person dressed in black 
is difficult to see with high-beam headlights, this 
system still displays a clear image of it. 
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4.2 Performance on the Road  

Low 
Beam 

 

Hi 
Beam 

 

Night 
View  
(Low 

Beam) 

 

Night 
View (Hi 
Beam) 
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We tested the performance of the newly developed 
system on an actual road.  Pedestrians crossing the 
road are clearly seen in the image with the night view 
system.  Object positions are correlated with ease 
between the displayed image and direct vision since 
the surroundings are also captured in the image. 

W: White-clothed pedestrian    B: Black-clothed pedestrian 

Table1: Evaluation Table about Recognizing 
Pedestrian 

 
         Drive’s View with Low-Beam 

 
 

We measured the human figure recognition rate in 
various conditions. The results of the sensory 
evaluation indicate that it is possible to recognize 
human figures if their illuminance is 55% or higher.  
The above-mentioned improvements made to the 
camera and HUD have improved illuminace of 
human figures higher even with oncoming vehicles. 
According to the evaluation test, recognition 
performance for human figures approximately 130 
meters ahead with oncoming vehicles and 
approximately 170 meters ahead without oncoming 
vehicles, while the vision available with low-beam 
headlights is approximately 40 meters ahead (Figure 
8). 

      
          Near-Infrared Image 
 
Figure 9. Effect to Recognize the Pedestrian across 
the Road 

  
 White It is also possible to display the features of the road 

ahead as part of the surroundings.  The driver 
develops a feeling of safety since the system reveals 
whether the road curves or not. 
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In the suburbs, animals often cross the roads.  
Although the newly developed system is incapable of 
highlighting animals, it does allow the driver to 
recognize objects that are difficult to see using direct 
vision. 
 

Figure 8. The illuminance of human figure vs. 
distance. 
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5. CONCLUSION 
 
Near-infrared beams are emitted by various light 
sources, including the headlights of oncoming 
vehicles.  Consequently, a problem of existing 
systems with a limited dynamic range is the startling 
halation to the driver.  This newly developed system 
incorporates improvements in the HUD’s display 
method and anti-halation measures to supplement the 
limited dynamic range of the camera, making it 
possible to reduce headlight brightness of oncoming 
vehicles and, at the same time, to display human 
figures in dark surroundings.  The newly developed 
system has proved that night view support systems 
using near-infrared beams are feasible for actual 
driving. 

       Driver’s View with Low-Beam 

 
Further possibilities exist for providing better images 
by improving the development of a photoreceptor 
with a wide dynamic range and improving the image 
processing software used.  We anticipate that as 
more vehicles install the newly developed system, 
traffic accidents caused by driver’s reduced vision 
during night driving will decrease. 

            Near Infrared Image 
 Figure 10. Effect to Recognize the Road Features 
 
 
4.3 HUD Glance Time 

  
REFERENCES Even though the night view system shows lots of 

information on HUD, we measured the HUD glance 
time using eye mark recorder. Figure 11 shows the 
HUD glance time during driving.  The length of 
each glance time is around 1 second, which is almost 
the same as the rear view mirror and the navigation 
system’s glance time. From the viewpoint of glance 
time, we think the night view system does not cause  
excessive glance times. 
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System, SAE Technical Paper Series 
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Figure 11. The Glance Time in the Real Driving, 
HUD vs. Rear View Mirror 
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ABSTRACT

A large number of means for active safety
and passive safety have been studied for road traffic
safety, and various safety systems have been
commercialized. It has now become important to
link active safety with passive safety to enhance
overall safety. Therefore, a pre-crash safety system
has been developed that helps to reduce crash injuries
by determining the likelihood of a crash in advance,
and activating active safety systems and passive
safety systems at an earlier stage.

This paper describes the configuration,
functions, and effects of this pre-crash safety system.
The newly developed system consists of a pre-crash
sensor, a pre-crash seat belt, and pre-crash brake
assist. The pre-crash sensor is composed of a
millimeter-wave radar that detects forward obstacles
and a pre-crash safety computer that helps to
determine in advance whether a crash is unavoidable,
based on location, speed and course of an obstacle.
The pre-crash seat belt, which employs a mechanism
to retract the seat belt by a motor, helps to reduce
crash injuries through earlier restraint of front
occupants. The pre-crash brake assist helps to
reduce the crash speed by quickly generating a large
brake force in response to the driver’s brake pedal
operation even when sudden braking is not being
performed.

1. INTRODUCTION

In recent years, vehicle safety technologies
have advanced. Development has been actively
conducted regarding passive safety technologies, for
example, body structure optimization, occupant
protection systems such as front dual-stage airbags
and side curtain shield airbags, vehicle compatibility,
and pedestrian protection, as well as regarding active
safety technologies like brake assist, vehicle
dynamics control such as VSC(*Vehicle Stability
Control), and visibility support such as night view
and AFS(*Adaptive Front-light System).

Analysis results of traffic accidents in
Japan show that approximately 70% of fatal and
serious injury accidents are caused by delayed driver
awareness, such as the driver paying insufficient
attention to the road ahead, and inadequate safety
precautions. Insufficient attention to the road ahead
and inadequate safety precautions account for as
much as 54% of frontal crashes. (Figure1) [1]

Figure1; Cause analysis of fatal and serious injury
accident in Japan

Furthermore, traffic accident analysis results
also indicate cases where no accident-avoiding
maneuvers, such as braking and steering, are
performed at the time of accident account for
approximately 40% of frontal crashes. (Figure2)[1]

Figure2; Analysis of accident avoiding maneuvers
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Therefore, a driver assist system which
applies monitoring technologies such as radar may
help in reducing the number of traffic accidents and
crash injuries. A pre-crash safety system has been
developed which functions when an object is
detected by radar and a crash is determined to be
unavoidable, as well as when an emergency
maneuvers is performed by the driver. The
development of this pre-crash safety system has
enabled active safety and passive safety to be
combined. (Figure3)

Figure3; Conbination of active safety and passive
safety

This paper introduces the configuration,
functions, and effects of the developed pre-crash
safety system, and also explores the possible future
developments of the system.

2. SYSTEM CONFIGURATION

The configuration of the developed
vehicle system is illustrated in Figure4. The system
mainly consists of the following: a pre-crash sensor
that consists of a millimeter-wave radar and a
pre-crash safety computer (hereinafter called the
“PCS computer”), pre-crash seat belts and a
pre-crash brake assist that consists of a brake control
computer and a brake actuator.

Figure4; Configuration of the developed
“Pre-crash safety system”

The pre-crash sensor recognizes an
obstacle ahead of the vehicle and helps to determine
in advance whether a crash is unavoidable, based on
location, speed, and course. After an unavoidable
crash is determined, the pre-crash seat belt is
retracted before the crash occurs using a seat belt
motor, so as to restrain front occupants at an earlier
stage, thereby enhancing occupant protection
performance. The pre-crash brake assist operates
after an unavoidable crash is determined, applying
additional hydraulic pressure in response to the brake
pedal depression force, so as to achieve enhanced
braking performance. The operating trigger of each
system is shown in Figure5.

Figure5; System operation trigger of the
developed vehicle system

3. MAJOR COMPONENT

3.1 PRE-CRASH SENSOR

The pre-crash sensor comprises the
millimeter-wave radar for detecting obstacles ahead,
the PCS computer for predicting crashes on the basis
of the information from the millimeter-wave radar,
and various sensors, including a vehicle speed sensor.
(Figure6)

Figure6; Various sensors that consists the
pre-crash sensor

An electronic scanning system was
adopted for the millimeter-wave radar for detecting
obstacles, so as to obtain more accurate sensing over
a broad range.

The millimeter-wave radar primarily
consists of an antenna for transmitting and receiving
electric waves, a millimeter-wave module, and a
CPU board that processes obstacle information.
The millimeter-wave radar detects the distance,
relative speed, and direction with respect to an
obstacle within the detection area.

Overviews of the millimeter-wave radar
and its internal structure are shown in Figures.7 and 8,
respectively.
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Figure7; Millimeter wave radar in the car

Figure8; Internal structure of the millimeter wave
radar

Table 1 shows the basic specifications of the
millimeter-wave radar.

Table1; Specification of the millimeter wave radar

The PCS computer, which consists of a
housing, a CPU board and other elements, predicts a
course of an object based on information such as the
distance to the object, the relative speed and direction
of the object as detected by the millimeter-wave radar,
and combines the predicted results with information
such as host-vehicle speed and course to determine
whether a crash is unavoidable. An outline of the
logic is described in Figure9.

Figure9; Outline of the crash prediction logic

3.2 PRE-CRASH SEAT BELT

A pre-crash seat belt mechanism (electric
motor, reduction gear, clutch mechanism, etc.) for
retracting the seat belt has been added to a
conventional seat belt retractor (pretensioner + force
limiter mechanism). Since the seat belt retractor is
disconnected from the reduction gear and the electric
motor by the clutch mechanism, there are no effects
on pulling out or retracting the seat belt under typical
use.

In addition, because the pre-crash seat belt
is operated by an electric motor, it can be used
repeatedly. Figure10 is a photograph showing an
overview of the pre-crash seat belt, and Figure11 is a
schematic drawing of the pre-crash seat belt
mechanism.

Figure10; Pre-crash seat belt

Figure11; Schematic drawing of the pre-crash seat
belt mechanism
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Figure11 shows that the seat belt is
retracted by rotation of the shaft in the direction
indicated by the arrow. However, the seat belt
retractor is normally disconnected from the motor by
the clutch mechanism. When an unavoidable crash
is determined, a current is supplied to the motor,
which rotates in the direction indicated by the arrow,
activating the clutch mechanism and retracting the
seat belt.

To release the seat belt retraction, the
motor is rotated in reverse to disengage the clutch
mechanism. Once the clutch mechanism is
disengaged, the shaft becomes free, returning the seat
belt to its original state.

The pre-crash seat belt is activated in two
situations: when an unavoidable crash is determined
by the pre-crash sensor; and when an emergency
brake operation is executed by the driver. The seat
belt automatically returns to its original state once the
crash is avoided. (Figure12)

Figure12; Activation of the pre-crash seat belt

3.3 PRE-CRASH BRAKE ASSIST

Systems already exist that enhance
braking force by using a brake booster and pump
pressurization when a driver’s brake pedal operation
is detected and a large braking force is judged to be
required. This type of system is called brake assist
and is installed in some vehicles on the market.

The pre-crash brake assist differs from
these systems in that activation judgement is based
on the crash prediction by the pre-crash sensor.
Since the pre-crash brake assist is expected to operate
promptly upon encountering an obstacle ahead, it
will help to bee effective in reducing injuries caused
by crash accidents with these obstacles.

The brake actuator used in the pre-crash
brake assist has various functions related to brake
control, such as VSC, ABS, and the traction control
function, and is integrally constructed with a brake
control computer, thereby allowing installation in
vehicles. Figure13 shows the brake actuator.

Figure13; Brake actuator

A trochoid gear pump is used as a built-in
pump, enabling lower hydraulic pulsation, and quiet
and smooth pressurization. The hydraulic pressure
generated by the pump is regulated by a linear
differential-pressure valve, which is capable of
changing the relief pressure based on a electric
current value, and is able to enhance the hydraulic
pressure generated by the driver’s brake pedal
operation. In addition, a hydraulic pressure sensor
is incorporated so as to detect the hydraulic pressure
generated by the driver’s brake pedal operation.

Upon receiving an unavoidable crash
decision signal from the PCS computer, the pump
motor is started immediately and the hydraulic
pressure generated by the driver’s brake pedal
operation is detected. A current in response to the
detected hydraulic pressure is then supplied to the
linear differential-pressure valve so as to carry out
pressurization assist.

The hydraulic pressure introduced into the
wheel cylinders through this pressurization is about
twice that under normal conditions. Thus, even if
the driver changes the force of brake pedal
depression after the operation of the pre-crash brake
assist, the hydraulic pressure is adjusted
proportionally. The purpose of such hydraulic
pressure regulation is to prevent unconditional
generation of high pressure, and to generate
sufficient braking force while allowing control by the
driver. Therefore, the pressurization control is not
executed without the driver’s operation of the brake
pedal.

4. PREDICTION OF SYSTEM EFFECTS

4.1 PRE-CRASH SEAT BELT

The pre-crash seat belt helps to reduce the
forward movement of front passengers by retracting
the seat belt prior to a crash in order to enhance the
initial restraint of occupants when the crash occurs.
A test that corresponded to 55km/h head on fixed
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barrier impact was conducted on the assumption that
occupants wore seat belt in condition of typical use.
The chest displacement of occupant was measured
and compared with a case in which the pre-crash seat
belt was not added. A difference of chest
displacement thus obtained is shown in Figure14.

Figure14; Chest displacement reduction effect by
the pre-crash seat belt (Correspond to 55km/h head
on fixed barrier impact)

The test results indicate that a displacement reduction
effect of approximately 40mm can be achieved.

4.2 PRE-CRASH BRAKE ASSIST

A test was conducted on the assumption
that the driver recognized an obstacle ahead while
driving at 50 km/h and applied the brake 0.8 seconds
prior to the crash. In consideration of individual
differences, three conditions from 50 to 150 N were
used as the driver’s braking force, and three
conditions from high speed to low speed were used
for the brake operation speed. The vehicle speed at
the time of the crash was measured and compared
with a case in which the system was not operated.
A vehicle speed difference thus obtained is shown in
Figure15 as the speed reduction effect.

Figure15; Speed reduction effect by the pre-crash
brake assist (Driving at 50km/h and applied the
brake 0.8 seconds prior to the crash)

The vehicle speed reduction effect is
typically greater when the brake operation speed is
approximately between the high and medium levels.
The test results indicate that a speed reduction effect
of 10 km/h or higher can be achieved particularly
when the braking force is 100 N.

5. PROSPECT FOR THE FUTURE

In the future, monitoring technology,
which is a key technology to the pre-crash safety
system will combine radar information with image
information and the like, and it is thought that it will
enable identification of obstacles and more
discerning accident prediction.

Furthermore, a vehicle safety system
which applies monitoring technology could perhaps
be expanded one day to an autonomous driving
support, as represented by the forward obstacle
collision prevention support system, and further to
network-based driving support that includes
infrastructure coordination and vehicle-to-vehicle
communication.

6. CONCLUSION

A pre-crash safety system where the radar
for monitoring technology is applied has been
described. In the future, this technology may be
applied to side impacts, rear impacts, and other types
of accidents in addition to frontal impacts. Thus,
greater expectations will be placed on the pre-crash
safety system as a technology to help reduce traffic
accidents and crash injuries. It is also desired that
the development of many technologies are promoted
to provide contributions to society.

In closing, we would like to express our
sincere gratitude to Denso Corporation, Advics
Co.,LTD. and Tokai Rika Co.,LTD. for their
cooperation in developing the pre-crash sensor, the
pre-crash seat belt and the pre-crash brake assist,
respectively.
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ABSTRACT

Improvement of vehicle safety performance is one
of the targets of ITS development. A pre-crash
safety system has been developed that utilizes ITS
technologies. The Pre-crash Safety system reduces
collision injury by estimating TTC(time-to- collision)
to preemptively activate safety devices, which consist
of “Pre-crash Seatbelt” system and “Pre-crash
Brake Assist” system.

The key technology of these systems is � a
“Pre-crash Sensor” to detect obstacles and estimate
TTC. In this paper, the Pre-crash Sensor is presented.
The Pre-crash Sensor uses millimeter-wave radar to
detect preceding vehicles, oncoming vehicles,
roadside objects, etc. on the road ahead.
Furthermore, by using a phased array system as a
vehicle radar for the first time, a compact
electronically scanned millimeter-wave radar with
high recognition performance has been achieved.

With respect to the obstacle determination
algorithm, a crash determination algorithm has been
newly developed, taking into account estimation of
the direction of advance of the vehicle, in addition to
the distance, relative speed and direction of the
object.

1. INTRODUCTION

Many researches and developments have been
conducted to meet society’s needs for safer vehicles.
Particularly, occupant protection systems such as
airbags, developed and introduced in order to reduce
occupant injuries in crashes, are currently installed in
most vehicles, making significant contributions to
safety.

Meanwhile, many studies have been made into the
development of active safety technologies that help
to avoid crash accidents. Unfortunately, however,
the current situation is that active safety technologies
are not sufficiently spread. Adaptive cruise control
(ACC) has been commercialized since 1995, but its
primary use has been convenience, not active safety.

Some audible warning systems and other systems are
also being offered, but have not yet reached
widespread use.

Toyota Motor Corporation has explored the
possibility of producing an active safety system
employing Intelligent Transport Systems (ITS)
technologies, through participation in the Advanced
Safety Vehicle (ASV) Project, started in 1991 and led
by the Ministry of Land, Infrastructure and Transport
(Ministry of Transport at that time). [1]-[5]

Critical basic ITS technologies for application to
ASV include a surround monitoring sensor and an
obstacle determination algorithm, which combines
information from the surround monitoring sensor
with other information to identify obstacles with
which the vehicle is likely to actually crash.

The sensor and crash determination algorithm for
an active safety system should be capable of reliably
determining unavoidable crashes, that is, reliably
predicting a crash before it actually occurs, as well as
reliably determining that a crash will not occur in a
non-crash situation. Advanced technologies are
required to make these predictions and judgements
correctly while also taking into account the driver’s
operation and behavior, and this has hampered
widespread of active safety systems.

Pre-crash safety (PCS) system has been developed,
which operates only when it is judged that a crash
cannot be avoided by most drivers under normal
driving conditions. Determining unavoidable crashes
is restricted to a short time period immediately before
the crash, so as to improve the reliability of the
judgement. In addition, the pre-crash safety system
is made with a mechanism and system that will not
place the driver and the running vehicle in an unsafe
condition, even if the system is operated
unnecessarily (i.e., when the system operates even
though a crash may not actually happen). As a
result, the world’s first commercial system has been
achieved.

This paper describes a pre-crash sensor for
determining unavoidable crashes, which is a key
technology in establishing the systems described
above.

2. PRE-CRASH SAFETY SYSTEM

The system configuration of the pre-crash safety
system is shown in Figures 1 and 2. The developed
system consists of a pre-crash sensor, a pre-crash seat
belt (PSB), and a pre-crash brake assist (PBA).
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Figure1. Pre-crash safety (&ACC) system

Figure 2. Block diagram of PCS (& ACC) system

The pre-crash sensor, which is primarily composed
of a millimeter wave radar and a computer for
determining unavoidable crashes, recognizes an
obstacle in the course ahead and determines in
advance whether a crash is unavoidable, based on
location, speed, and course. The pre-crash seat belt,
which employs a mechanism to retract the seat belt
by a motor, reduces crash injuries through earlier
restraint of an occupant. The pre-crash brake assist
reduces the crash speed by quickly generating a large
braking force in response to the driver’s brake pedal
application, even when sudden braking is not being
performed.

3. CONCEPT OF PRE-CRASH SENSOR

Figure 3 illustrates the configuration of the
pre-crash sensor system.

Figure3. Configuration of the pre-crash sensor
system

Distances to multiple obstacles such as preceding
vehicles, on-coming vehicles, and roadside objects,
as well as relative speeds and directions of the

obstacles are detected by the millimeter-wave radar,
while the movement of the host-vehicle is estimated
by vehicle speed, steering angle, and yaw rate.

The millimeter-wave radar, steering angle sensor,
and yaw rate sensor are also used for adaptive cruise
control (ACC) and vehicle stability control (VSC), to
reduce sensor system costs.

A PCS electronic control unit (ECU) receives
information from each sensor and makes judgement
regarding obstacles. The judgement result is sent to
a PSB ECU and a PBA ECU (also used as a VSC
ECU), and the final control of each device such as
the pre-crash seat belt is executed by the relevant
control ECU, such as the PSB ECU.

4. MILLIMETER-WAVE RADAR

The millimeter-wave radar is robust in poor
weather or dirty conditions. On the other hand, the
millimeter-wave radar becomes large-sized and
complicated if an attempt is made to improve its
object identification performance. This project
succeeded in developing the world’s first
electronically scanned millimeter-wave radar that
uses a phased array antenna for automotive
application, and it was possible to produce a compact
millimeter-wave radar with excellent object
identification performance.

The newly developed millimeter-wave radar
consists of an antenna, a millimeter-wave circuit
(T/R module), and a signal processing unit. A block
diagram of the millimeter-wave radar is shown in
Figure 4.

Figure4. Block diagram of millimeter-wave radar

The millimeter-wave radar systems used in this
development are as follows.
1) Detection of the distance and relative speed:

FM-CW system
2) Detection of direction: Beam scanning by digital

beam forming (DBF) (See Figure5)
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Figure5. Electronically scanned beams using

DBF(Digital Beam Forming) technology

The characteristics of the millimeter-wave radar
are as described below.
a) Antenna:

A triplate type phased array antenna was
adopted from the standpoints of reducing sensor
size and securing gain on transmission and
reception of signals. One transmission channel
and nine receiving channels were integrally
constituted as one unit. However, as will be
explained later in this paper, since reduction of
wrap-around noise from the transmission side to
the receiving side is important, an optimized
design was adopted so as to minimize the
wrap-around noise particularly from the
transmission antenna to the receiving antenna.

b) Millimeter-wave circuit (T/R module):
In a phased array antenna for DBF, it is in

principle necessary to sample received signals (9
channels) almost simultaneously, in order to
secure phase difference synchronicity between
channels. Nevertheless, a system that carries out
signal sampling while carrying out nine reception
channel switching was employed in order to
simplify the circuit. Possible adverse effects
involved by the use of such sampling system are
SNR(Signal Noise Ratio) deterioration due to
switching, and large influence from wrap-around
noise between the transmission side and the
receiving side. To deal with these issues,
low-loss millimeter-wave switches (SP3T x 4), a
high power amplifier, and a harmonic mixer that
has less wrap-around noise from the transmission
circuit to the receiving circuit were developed.

c) Signal processing unit:
Since DBF requires an enormous quantity of

signal processing operations, a system that
predicts in advance a point at which an object is
likely to exist and forms beams around that point
using DBF was developed. This system enables
the processing of at least 50 objects with a 0.5°
lateral beam scan interval resolution in a ±10° 150
m range within 100 milliseconds, by a single RISC
microcomputer.

The specifications of the
millimeter-wave radar with the
aforementioned characteristics are
shown in Table 1, and the structure of
millimeter-wave radar is shown in
Figure 6. Furthermore, photographs of
the sensor assembly are shown in
Figures 7 and 8, and a photograph of the
T/R module is shown in Figure 8.

Table 1.
Specification of electronically scanned

millimeter-wave radar

Figure6. Structure of millimeter-wave radar

Figure7. Millimeter-wave radar installed in a
vehicle
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Figure8. Skeleton model of millimeter-wave radar

Figure9. T/R module

5. OBSTACLE DETECTION

The algorithm for obstacle detection is mainly
composed of the three blocks shown below.

Figure10. Pre-crash sensing area

1) Determining whether an object exists either in
the same lane or ahead of the host-vehicle. (See
Figure10)

Since the developed millimeter-wave radar is also
used for ACC, the ACC algorithms for lane width
and the probability that the preceding vehicle is in
the same lane as the host-vehicle were applied.
However, the algorithms and constants for ACC,
whose use is designed for use on highways and
freeways, are not completely suitable for use with
PCS, and therefore some algorithms have been added
and adapted for PCS. For example, in a case where
a vehicle passes by an obstacle immediately before a
crash (such as an on-coming vehicle at the entrance
of a curve), simply making a judgement based only
on information of the host-vehicle’s lane will result
in an unavoidable crash being determined.
Therefore, to prevent such erroneous judgement, the
side position of the obstacle at the point when the
crash is predicted to occur, obtained from the path of
the obstacle, is added to the crash prediction
algorithm, as shown in Figure 11. Furthermore, as
with the case of ACC, a curve R, estimated by the
steering angle sensor and yaw rate sensor, is used on
estimation of the direction of advance of the vehicle.
However, because the required response and the like
differ from ACC, a correction method based on a
curve R different from that of ACC has been added.

Figure11. Path estimation of the obstacle
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2) Determining whether the obstacle can be avoided
by driver operation (braking and steering wheel
operation) (See Figure12)

Figure12. TTC (time to collision) in which most
drivers would not be able to avoid a crash even
with a sudden avoiding operation

To determine whether a crash is unavoidable, the
future crash-avoiding operations by the driver must
also be anticipated. In this development, however,
unavoidable crashes are determined based on a “time
to collision (TTC)” in which most drivers would not
be able to avoid a crash even with a sudden avoiding
operation. When several potential obstacles exist,
the obstacle with shortest TTC is judged as the
top-priority obstacle for crash avoidance.

3) Other: object existence probability and system
operation conditions

Since the reflection power of the millimeter-wave
radar generally fluctuates significantly (particularly
in the case of vehicle movement in longitudinal,
lateral, and oblique directions), the normal procedure
is to gradually decrease the object existence
probability in a time-series manner while continuing
to estimate the physical quantity of the object for a
period of time, instead of erasing the existence of the
object immediately after temporarily losing sight of it.
This is particularly the case in ACC, where the
tendency is to maintain the existence probability of
the object for a period of time even if the system has
temporarily lost sight of it, because importance is
attached to the function of tracking the vehicle ahead.
In PCS, however, this has a negative effect whereby
the system continues to track the object even after the
vehicle has avoided it as an obstacle. Therefore, the
existence probability is calculated in a different
manner to ACC, thereby reducing unnecessary
obstacle detection.

In order to minimize unnecessary detection of an
obstacle, a restriction has been placed on judgements
of obstacles based on relative speed or in a
host-vehicle speed area where the effectiveness of
the system is reduced.

The millimeter-wave radar described in Section 4

above and the obstacle determination algorithms
were developed and evaluated based on the results of
driving tests conducted with a total driving distance
of more than 100,000 km in Japan, the United States,
and Europe. As a result, optimal adaptation of the
system was achieved.

6. CONCLUSIONS

Developments aimed at reducing traffic accident
injuries through application of active safety
technologies in addition to passive safety
technologies such as airbags have long been
attempted, and such development was also a dream
for engineers in this field. Nevertheless, until now,
sensor system performance (including size and cost,
as well as recognition performance) has not reached a
sufficient level, which has prevented
commercialization of a system that detects actual
obstacles in advance and activates devices for
occupant protection prior to the crash.

In this development, in addition to the
highly-functional, compact millimeter-wave radar
that can be applied to the safety systems, crash
determination algorithms that can determine an
unavoidable crash more reliably has been developed.
As a result, the production of a system that activates
safety devices prior to an actual crash has been
accomplished. Not many systems have these
technologies yet, and this technological development
may be just one small step, but it is probable that this
is a step forward in the field of active safety.

In the future, the crash injury reduction effect is
expected to be further enhanced by constructing
more advanced sensor systems through further
research and work on millimeter-wave radar
performance and combined usage with an image
sensor, as well as by increasing and upgrading
application systems
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ABSTRACT

This paper describes numerical techniques for
minimizing both average and nominal variation of
HIC(d) calculated by FMVSS201 FE analysis, while
a traditional deterministic FE analysis with nominal
input data can minimize only the nominal HIC(d).

Importance of controlling the nominal variation
of HIC(d) for achieving design target by impact
simulations was discussed in this paper.

INTRODUCTION

Impact simulation by FE analysis has become a
popular vehicle developing method. Deterministic FE
analysis with the nominal input data has been used
for exploring design directions for frontal crash, side
impact, FMVS201 analysis and so on for more than
fifteen years. However, actual test vehicle has
nominal variations in shape, thickness and material
properties of sheet metal and plastic interior trim
so-called re-productability. Also, actual test results
have nominal variations of test conditions such as
impact velocities, angles, and positions so called
repeatability.

Authors think that the re-productablity and
repeatability should be taken account for in the
impact simulations by FE analysis for achieving the
design target in actual tests. Authors newly
introduced reliability coefficient to minimize the
average and nominal variation of HIC(d)
simultaneously. A relationship between the average
of HIC(d) and the nominal variation of HIC(d) was
investigated by using the reliability coefficient.

FE MODEL DESCRIPTION

FE models� includes a dummy model of the
occupant’s head known as the Free Motion
Head(here after FMH) , interior trim materials,
plastic ribs, and body model are developed for the
FMVSS201 simulation(Fig.1). Moreover, material
models are developed taking into consideration
plastic ribs substantial dependence on strain rate and
substantial reduction of in the Young’s modulus due
to fracture of internal structure in greater strain range.
Detail of the FE model is described in the reference
[1] and [2].

Fig. 1 FE model

Validation of the FMVSS201 Analysis Model

We developed a model shown in Fig.1 and made
a validation of the FE model against test results. FE
analysis results show fairly good correlations with
testing with regard to acceleration (Fig. 2). FE
analysis results shows larger acceleration than the test,
because the FE model does not take an account of
flexibility of body in white.

Fig. 2 Comparison of acceleration
(Red line indicates FE analysis and blue line
indicates test result.)

Deterministic FE analysis with the nominal
input data indicates that HIC(d) of original FE model
is 0.842 in the normalized form. Hereafter, HIC(d)
will be indicated in the normalized form.

ESTIMATION OF AVERAGE AND NOMINAL
VARIATION OF HIC(d)

The reproductablity and repeatability in the
actual tests are modeled as a statistic distribution of
design variables and boundary conditions in
estimating average and nominal variation of HIC(d).
The estimation process consists of three steps. The
first step is generating perturbed FE models including
variations of design variables and boundary
conditions, the second step is doing impact FE
analyses for each perturbed FE models, and the last
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step is analyzing frequency distribution of HIC(d)
(Fig.3).

The perturbed FE models have five design
variables and five boundary conditions (Table2, Fig.
4). The perturbed FE models are generated by Latin
Hypercube method with statistic distribution of
design variables and boundary conditions. 82 cases
are sampled.

Fig. 3 Estimation process of Average and
normal variation

Table 1 Types of distribution for boundary
conditions and design variables

Fig. 4 Design variables

The 82 perturbed FE models are calculated by
PAM-CRASH finite element code. The 82 analysis
results are summarized and frequency distribution of
HIC(d) was obtained (Fig. 5). Nominal, average
and nominal variation of HIC(d) by original FE
model are 0.842, 0.868 and 0.039 respectively.

Fig. 5 Frequency distribution of HIC(d)

OPTIMIZATION OF NOMINAL HIC(d)

A purpose of establishing the impact simulation
is to minimize nominal HIC(d). Response surface
method is one of numerical optimization method
applicable to nonlinear problems. Authors applied the
response surface method to minimize nominal HIC(d).
The 82 cases of finite element results described in the
previous chapter were curve fitted to a response
surface (Equation 1).

(1)

The response surface indicates a close correlation
with 82 cases of finite element results (Fig. 6).
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Fig. 6 Correlation of response surface

HIC(d) is minimized on the response surface by
selecting four design variables constraining mass of
the ribs are constant. The design variables are
thickness of a vertical rib and three horizontal ribs
(Fig. 7,8,9).

Fig. 7 Response surface (#1)

Fig. 8 Response surface (#2)

Fig. 9 Response surface (#3)

Deterministic FE analysis HIC(d) with the
nominal input data after optimization is reduced to
0.713. Average and nominal variations of FE model
after optimization are 0.868 and 0.039 evaluated
again by the system shown in Fig.3.

Minimizing nominal HIC(d) by selecting
thickness of four ribs reduced average of HIC(d) ,but
increased nominal variation of HIC(d) from 0.039 to
0.041 (Table 2).

Table 2 Nominal minimum result

.

If the nominal variation of HIC(d) were
increased , repeatability in the actual tests would be
less. Minimizing the nominal HIC(d) does not always
maximize the possibility of achieving design target.
Average and nominal variation of HIC(d) should be
simultaneously minimized in order to sustain the
repeatability of HIC(d) in the actual tests

OPTIMIZATION OF AVERAGE AND
NOMINAL VARIATION OF HIC(d)

Optimizing two parameters such as average and
nominal variation simultaneously is not so simple
that the authors assumed that optimizing average and
nominal variation are equivalent to maximizing
following reliability coefficient Zc(Equation 2, Fig.
10).
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Horizontal Vertical rib Vertical rib Vertical rib Nominal Average Nominal
rib thickness #1 thickness #2 thickness #3 thickness HIC(d) HIC(d) Variation

(mm) (mm) (mm) (mm) of HID(d)
Initial 1.2 1.2 1.2 1.2 0.842 0.868 0.039
Nomial Minimum 1.6 1 1.6 1 0.713 0.733 0.041
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(2)

Fig. 10 Schematic chart of Zc

A PALATE curve of average and nominal
variation of HIC(d) is necessary to confirm maximum
value of the reliability coefficient Zc. Deriving a
precise palate curve will need so numerous sampling
calculations of impact FE analysis that the authors
derived it by approximation method as follows.

At first, more than a thousand of perturbed
combinations of design variables are sampled. Also
more than a thousand of perturbed combinations of
the boundary conditions are sampled for each
sampled combinations of design variables. The
sampled combinations of design variables and the
boundary conditions are substituted into the response
surface in Equation 2 and numerous combinations of
HIC(d)s are calculated approximately by this
equation. These results are summarized and average,
nominal variation of HIC(d), and reliability
coefficient Zc are evaluated approximately for each
sampled combination of design variables.

Next, approximately evaluated values of Zc are
sorted by average of HIC(d) (Table 3). The
approximately evaluated values of Zc are plotted as a
function of average ( Fig.11). Boundary of
feasible zone in Fig. 11 is a palate curve of average
and nominal variation of HIC(d).

Table 3 Average and Nominal variation relation

Fig. 11 Relation of nominal variation and average
of HIC(d)

Judging from the palate curve in Fig. 11, the
maximum Zc is 1.761, while vertical rib thickness
is 1.9 mm, vertical rib #1 thickness is 1.2 mm,
vertical rib #2 thickness is 1.6 mm, and vertical rib #3
thickness is 1.0 mm. The FE model was modified to
the thickness maximizing reliability coefficient Zc.
Average and nominal variation of HIC(d) are
evaluated by the process shown in Fig. 3 . Nominal
HIC(d) is 0.722, average of HIC(d) is 0.738, and
nominal variation of HIC(d) is 0.035 (Table 4).

Table 4 Zc maximum result

DISCUSSION

Nominal minimum FE model indicates the least
average of HIC(d) among the three cases. Zc
maximum FE model indicates the least nominal
variation of HIC(d) among the three cases (Table 4).

Theoretical three sigma distribution range of
HIC(d) of nominal minimum FE model is from 0.610
to 0.856. Theoretical three sigma distribution range
of HIC(d) of Zc maximum FE model is from 0.633 to
0.843. In case that the design target is 0.850,
nominal minimum FE model indicate HIC(d) may
exceed the design target and Zc maximum FE model
indicate HIC(d) may not exceed the design target,
although nominal minimum FE model indicate lower
average HIC(d) than Zc maximum FE model.
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Horizontal Vertical rib Vertical rib Vertical rib Average Nominal Zc
rib thickness #1 thickness #2 thickness #3 thickness Variation

(mm) (mm) (mm) (mm)
1 2 1.5 2 2 0.721 0.445 1.761
2 2 1.5 2 2 0.721 0.445 1.761
3 2 1.5 2 2 0.722 0.442 1.759
4 2 1.49 2 2 0.722 0.442 1.76
5 2 1.52 2 1.95 0.724 0.443 1.75
6 2 1.5 2 1.9 0.726 0.422 1.748
7 2 1.45 2 1.86 0.727 0.416 1.749
8 2 1.45 2 1.85 0.727 0.413 1.748
9 2 1.43 2 1.79 0.73 0.4 1.746

continued continued continued continued continued continued continued

Horizontal Vertical rib Vertical rib Vertical rib Nominal Average Nominal
rib thickness #1 thickness #2 thickness #3 thickness HIC(d) HIC(d) Variation

(mm) (mm) (mm) (mm) of HID(d)
Initial 1.2 1.2 1.2 1.2 0.842 0.868 0.039
Nomial Minimum 1.6 1 1.6 1 0.713 0.733 0.041
Zc maximum 1.9 1.2 1.6 1 0.722 0.738 0.035
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As described here, probability of achieving
design target depends not only average of HIC(d) but
also nominal variation of HIC(d). Optimizing average
of HIC(d) and nominal variation of HIC(d)
simultaneously is important for increasing probability
of achieving design target.

CONCLUSIONS

A method for optimizing average and nominal
variation of HIC(d) simultaneously was developed by
newly introduced reliability coefficient.

Optimizing average and nominal variation of
HIC(d) by this method indicates bigger probability of
achieving design target than optimizing by traditional
nominal minimum method.
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ABSTRACT

Many rollover accidents involving sport utility
vehicles (SUVs) have been reported in the United
States. More than half of the occupants killed in
rollover accidents are totally or partially ejected from
the vehicle. This finding has lead us to develop a
rollover curtain shield airbag system. This system
is made up of curtain shield airbags to help reduce
the possibility of ejection of occupants wearing seat
belts within the compartment at the time of rollover
and a rollover sensor. This article is an outline of
the curtain shield airbags and the rollover sensor.

BACKGROUND

Rollover accidents of SUVs have been
drawing attention in the United States recently. The
Fatal Analysis Reporting System (FARS) for 1998
reports that the number of occupants killed in
passenger cars, SUVs, and light trucks and vans
(LTVs) is 31,789, out of which 21,116 occupants are
in passenger cars and 10,666 are in SUVs/LTVs.
The breakdown by collision type indicates that for
passenger cars the collision that occurs most is
head-on collision (43%), followed by side collision
(29%) and rollover (22%). On the other hand, in
SUVs/LTVs, rollover is the leading collision type
and accounts for 48%, which is followed by head-on
collision (36%) and side collision (11%). (Figure 1)

Figure 1. The fatality rate in passenger car and
SUVs/LTVs (FARS1998)

The number of occupants, 5,068, killed by
rollover in SUVs/LTVs is larger than the number of

occupants, 4,671, killed by rollover in passenger cars.
As is clearly apparent, rollover causes about half of
the occupant fatalities in SUVs/LTVs.

Next, an investigation was conducted
concerning whether the occupant was ejected or not
from the vehicle in the case of SUVs/LTVs. 3,335
occupants, which corresponds to 65% of the fatalities
in rollover were totally or partially ejected. This
fact suggests that reducing the possibility of ejection
from the vehicle may reduce the number of deaths
associated with rollover.

When seat belt use rates are compared for each
type of ejection, 3% of the totally ejected occupants,
19% of the partially ejected occupants, and 47% of
the "non-ejected" occupants are using seat belts.
This indicates that use of a seat belt has an effect on
preventing the occupant from being ejected from the
vehicle.

Next, ejection paths were analyzed for 905
occupants whose ejection paths had been identified
out of the 3,335 occupants who are totally or partially
ejected. The most common ejection path is the side
window (54%), and the side door opening (17%) and
the windshield (10%) follow. This fact indicates the
importance of designing countermeasures to attempt
to reduce the possibility of ejection through the side
window portion.

Against this backdrop, our company has
developed an SRS rollover curtain shield airbag
system that covers part of the side window during a
rollover. The development of this system is
intended to reduce the possibility of ejection and as
an addition to our continued efforts toward
promoting safety through using seat belts.

SYSTEM CONFIGURATION

The rollover curtain shield airbag system is
constituted by curtain shield airbags and a rollover
sensor. (Figure 2)

The curtain shield airbag has been developed
based on a module that was developed to protect the
head portion by being deployed during a side
collision. The module was adapted for use against
rollovers by modifying the internal pressure and
volume of the bags appropriately.

The rollover sensor is structured by a roll rate

Rear

4%

Side

29%

Rollover

22%

O ther

2%

Head-on

43%
Rollover

48%

Other

3%
Head-on

36%

Rear

2%

Side

11%

Passenger car SUVs/LTVs

 



 Takahashi. 2

sensor and a lateral G sensor that are installed at the
center tunnel portion of the vehicle body. This
sensor senses rollover based on three physical
quantities; a roll rate and a lateral G obtained from
the above two sensors, and a roll angle obtained by
integrating the roll rates.

When the rollover sensor senses rollover, it
deploys right and left curtain shield airbags and
activates seat belt pretensioners of the driver and
passenger seats.

These operations aim to reduce the number of
occupants wearing seat belts who possibly could be
ejected from the vehicle.

Figure 2. System configuration

DEVELOPMENT OF CURTAIN SHIELD
AIRBAGS

Study on internal airbag pressure holding time

A rollover occurs taking a longer period of time than
a side collision. In order to prevent the occupants
from ejecting from the vehicle during this rollover
period, the internal airbag pressure needs to be
maintained at a certain pressure or higher. The
result of various rollover tests conducted at our
laboratory showed that if the internal pressure is
maintained for 6 seconds or more, it is possible to
reduce the chance of partial ejection.

Study on bag specifications

In various rollover tests conducted at our laboratory,
the heads of test dummies (HBIII AM50%) wearing a
seat belt were partially ejected from the vehicle at
speeds of 0.5 to 5.6 m/s. At this time, the head
ejection position was within ±50 mm with respect to
the height of the head gravitational center. (Figure3)
Under these conditions, bag specifications were
designated such that the head of the dummy
remained within the compartment up until AF05%,
for which the head position is low.

Figure 3. Head ejection position vs. velocity in
various rollover tests�
�

Bag structure
�

In the case of the vehicle we studied for this
research, in order to satisfy the above requirements,
the volume of the bag needed to be larger than that of
the bag for protecting the head during side collisions.
Meanwhile, since the curtain shield airbags are also
used during side collisions, the timing at which bag
deployment is completed needs to be the same for
both types of collision.

In order to achieve this, an inner tube was
inserted into the upper portion of the airbag so that
gas generated by the inflator flows into the inner tube
first, and subsequently, is blown out into the bag
through multiple vents. (Figure4)
Accordingly, the bag is designed such that the entire
bag, from the front to the rear portions, is deployed
almost simultaneously, and the timing at which bag
deployment is completed is the same as for side
collisions.�

Figure 4. Bag structure and gas flow�

Study on OOP performance

The OOP performance was evaluated with the
bag as described above. The evaluation results for
each posture are as shown in Figure 5 ~ 7.

It was confirmed that all values indicating
injury of the dummies in the various postures were
lower than the Injury Assessment Reference Values
(IARV).
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Figure 5. OOP test postures

Figure 6. Dummy injury index in OOP test
(HIC, Nij)

Figure 7. Dummy injury index in OOP test
(Neck ;Fz)

DEVELOPMENT OF ROLLOVER SENSOR

Investigation on required time to fire for each
rollover test

Roll over tests included a trip-over test, a flip-over
test, and a fall-over test. In each of the tests, the
required time to fire (RTTF) for a vehicle that is
going to rollover was investigated. Rollover, as
defined here, refers to a case where dynamic
maximum roll angle is 90° or more, and RTTF refers
to the timing at which the inflators are fired allowing
the dummy's head to be held within the cabin by the
curtain shield airbags.

Trip-over

Trip-over tests included a curb trip-over test and a
sand pit trip-over test. Test conditions were as
shown in Figure 8 and 9.

It was found that RTTF for rollover is at a time
point when the roll angle is small. That is, the
sensor needs to sense possible rollover at a time point
considerably before the vehicle reaches the rollover
point. This is because the lateral G generated
during the early stage of the rollover causes the
dummy's head to move toward the side window
relatively early.

Figure 8. Curb trip-over test condition

Figure 9. Sand pit trip-over test condition

Flip-over

The test conditions of the flip-over test are
below shown. (Figure 10)
RTTF for rollover was after the roll angle became
relatively large. This means that there is a degree of
leeway before the time at which the sensor needs to
sense rollover. This is because the dummy's head
moves in the direction opposite to the side window
during the early stage of rollover.

Figure 10. Flip-over test condition
�

Fall-over�
�

The test conditions of the fall-over test are
shown in Figure 11.

As in the case of the flip-over test, RTTF for
rollover was after the roll angle became relatively
large.
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The dummy's head moved in a manner that
was almost the same as the flip-over test.

Figure 11. Fall-over test condition
�

Study on algorithm�

�

In the flip-over test and the fall-over test, the
sensor was able to sense rollover before RTTF based
on a roll angle - roll rate map determination.

On the other hand, in the curb trip-over test
and the sand pit trip-over test, the sensor could not
sense rollover before RTTF based on the roll angle -
roll rate map determination. Thus, attention was
paid to the large lateral G that is generated during the
early stage of the trip-over test, and an attempt was
made to sense rollover based on a lateral G - roll rate
map determination.
This arrangement enabled sensing of rollover before
RTTF in the various rollover tests that were
conducted this time. (Figure 12)

Figure 12. Characteristics of various rollover tests
and rollover sensing algorithm�

CONFIRMATION OF EFFECT �

�

Confirmation tests included the
aforementioned curb trip-over test, sand pit trip-over
test, flip-over test, and fall-over test. (Figure13~16)

Figure 13. Curb trip-over test result

Figure 14. Sand pit trip-over test result

Figure 15. Flip-over test result

Figure 16. Fall-over test result
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In the tests, the sensor was able to sense
rollover before RTTF, and subsequently, the right and
left curtain shield airbags were deployed and the seat
belt pretentioners of the driver and passenger seats
were activated.

SUMMARY

A rollover curtain shield airbag system has
been developed which is constituted by curtain shield
airbags that reduce the possibility of ejection of
occupants wearing seat belts in the compartment
during rollover, and a rollover sensor. This system,
however, has been designed based on the prerequisite
that occupants wear seat belts, and that this is still
fundamentally essential. It should also be noted
that use of a seat belt is still the primary and most
effective measure for reducing the likelihood of an
occupant being ejected from a vehicle during
rollover.

Moreover, this system revealed some cases in
which deployment of the bags occurs when the
occupant's head has moved almost all the way toward
or already is against the door glass. This will be
studied in the future.

This system has been installed on the
TOYOTA Land Cruiser 100 and the LEXUS LX470
manufactured from around the summer of 2002.
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AUSTRALIA

Keith Seyer
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ABSTRACT

This paper reviews the Australian Department of
Transport and Regional Services’ involvement in reducing
road trauma both in the domestic and international arena
since the 17th ESV in Amsterdam, The Netherlands. The
paper the will focus on the following points:

• The road toll

• National Road Safety Strategy

• International Harmonised Research Activities
(IHRA) Working Groups

• Intelligent Transport Systems

• International Harmonisation

THE AUSTRALIAN ROAD TOLL

After significant improvements in the early 1990s and a
further substantial improvement in 1997 that achieved the
lowest annual Australian road toll since 1950, the toll has
thereafter remained fairly static. There were 1,726
fatalities in 2002, an improvement of only 2.3% on the
result in 1997.

As a result, Australia has fallen behind schedule in
meeting the aim set out in the National Road Safety
Strategy 2001-2010 of reducing the number of road
fatalities per 100,000 population by 40%, from 9.3 in
1999 to no more than 5.6 in 2010. For Australia to have
been on track to achieve that target, road fatalities should
have been no more than about 1,635 in 2002.

Of specific concern is the uneven pattern of improvement.
Whereas fatalities amongst pedestrians and bicycle riders
in 2002 were respectively 24% lower and 33% lower than
in 1997, fatalities amongst vehicle occupants and motor
cycle riders were respectively 0.7% higher and 26%
higher than in 1997.

The substantial reduction seen in pedestrian fatalities
suggests that the national focus given in recent years to
speed reduction in urban areas is paying dividends. The
speed reduction efforts have centred on increased
intensity and sophistication of compliance enforcement
and on the widespread lowering of speed limits (from 60

km/hr to 50 km/hr) on urban residential
streets throughout Australia.

Since 1997, vehicle occupant fatalities have
increased significantly amongst male drivers
and passengers (up 9.1% and 6.6%
respectively). In contrast, this period saw
substantial reductions in fatalities amongst
female drivers and passengers (down 15.0%
and 12.8% respectively).

It is not known to what extent the failure to
reduce vehicle occupant fatalities reflects an
increased mismatch of vehicle masses and
profiles in the Australian passenger vehicle
fleet stemming from the recent popularity of
Four-Wheel Drives (4WDs). This popularity
is evident in data on new vehicle sales to the
Australian market: some 116,236 new
4WDs were sold in 2001 compared with
44,643 in 1993.

NATIONAL ROAD SAFETY
STRATEGY

The National Road Safety Strategy 2001-
2010 was approved in November 2000 by
Transport Ministers, meeting as the
Australian Transport Council. This ten-year
Strategy and associated two-year Action
Plans provide a framework for coordinating
the road safety initiatives of
Commonwealth, State, Territory and local
governments, as well as other organisations
capable of influencing road safety outcomes.

The aim of the National Strategy is to
reduce Australia’s road fatality rate per
100,000 population by 40%, from 9.3 in
1999 to no more than 5.6 in 2010.
However, little progress towards this target
has been made to date. The annual number
of road deaths has, in fact, been fairly
constant since 1997.
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During 2002, a Task Force of officials from all
jurisdictions was appointed to develop a new Action Plan,
drawing on specialist advice from leading road safety
researchers. The resulting National Road Safety Action
Plan for 2003 and 2004 was endorsed by Transport
Ministers and came into effect from January 2003.

The Action Plan is designed to provide a clear focus on
areas where there is potential to achieve a significant
impact on road trauma within the next few years, and
others that will lay the groundwork for longer term gains.
These priority areas include:

• speed management

• measures to improve the safety of roads (including
both black spot programmes and targeted “mass
application” of cost-effective measures)

• driver impairment (alcohol, other drugs and fatigue)

• vehicle measures

• licensing and driver management.

The experts consulted in the preparation of the Plan
strongly concluded that the 2010 fatality target is still
achievable, providing there is adequate attention given to
these key areas. In particular, the rate of progress will
depend critically on action taken in the areas of speed
management and the road environment.

While the Plan represents a national agreement on road
safety priorities for the next two years, it is recognised
that the specific mix of measures adopted by individual
State and Territory jurisdictions will need to reflect local
circumstances.

The Action Plan will be subject to review by the
Australian Transport Council at the end of 2003.

INTERNATIONAL HARMONISED RESEARCH
ACTIVITIES

The International Harmonised Research Activities
(IHRA) steering committee was formed at the 1996
Enhanced Safety of Vehicles (ESV) Conference in
Melbourne. IHRA comprises of government vehicle
safety regulators from around the world and is tasked to
work towards an agreed research agenda to avoid
duplication of vehicle safety research.

The 17th ESV in Amsterdam marked the completion of
IHRA’s first 5-year term. At that time, the IHRA
Steering Committee decided to combine the frontal and
compatibility working groups. The 5 current IHRA
working groups are:

• Side Impact

• Advanced offset frontal and Vehicle compatibility

• Biomechanics

• Pedestrian safety

• Intelligent Transport Systems

SIDE IMPACT CRASH PROTECTION

At the 16th ESV in Windsor, the IHRA
steering committee agreed to the addition of
the IHRA Side Impact Working Group
(SIWG) under the chairmanship of
Australia. The SIWG held it’s first meeting
in September 1998.

The detailed report on the status of work of
the IHRA Side Impact Working Group
(SIWG) will be given in the Side Impact
Technical session during this 18th ESV
conference.

To determine the side impact trauma
problem, the group began by examining real
world crashes in the 3 major geographical
regions - North America, Europe and Asia-
Pacific, to identify:

• types of side impact crashes occurring

• injuries being sustained by body region

• causes of these injuries, where possible

• characteristics of the drivers and
passengers most at risk (gender, size,
seating position, etc)

Members were asked to report on any
research that examined the effects on injury
risk of mass, stiffness and geometry of
striking vehicles together with any other
parameters that were considered important
for side impact protection.

There has been close cooperation between
the SIWG and IHRA working groups on
advanced frontal, vehicle compatibility and
biomechanics, and with the WorldSID Task
Group who have been developing the
requirements for a harmonised side impact
test dummy.

After reviewing the available research data,
members proposed a four-part test
procedure that includes:

1. Two mobile deformable barrier test.

2. Vehicle to pole test.

3. Out-of-position side airbag evaluation
tests.

4. Interior headform test.
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Mobile Deformable Barrier Test

Defining the parameters of the MDB test was the most
challenging task for the group. While the group was
hopeful of recommending only one MDB test, it became
clear that this would be difficult because of the fleet
differences between regions around the world.

In North America, light trucks and vans (LTVs) currently
account for approximately 50% of all new light vehicle
sales (cars, light trucks and vans). This category includes
the so-called Sport Utility Vehicles (SUVs) and 4WDs.
In other regions there has been an increase in the
popularity of “soft-roaders”/small 4WDs, although not to
the same extent as North America. While smaller and
lighter than traditional 4WDs, their high geometry front
structures present similar problems to vehicles they strike.

Therefore, the group is recommending that two MDB test
procedures be taken into the validation phase which may
result in further refinements:

1. An MDB test using a barrier based on a passenger
car/small 4WD type bullet vehicle. This will initially
be the Advanced European (AE)-MDB test procedure
currently being developed by the EEVC.

2. An MDB test using a barrier based on a LTV type
vehicle. This will initially be the Insurance Institute
for Highway Safety (IIHS) MDB test procedure
currently being used by the IIHS.

The group noted that:

• A single “worst case” test would be the ideal for
harmonisation. However, this could only be achieved
if the more severe of the proposed tests could be
guaranteed to provide at least the same degree of
protection for all significant body regions as
generated by the less severe test. Even then, it would
be difficult for countries without a large fleet of
LTVs to justify a worst case test at the stringency of
the proposed IIHS test.

• By taking at least 2 draft test procedures (ie the new
draft AE-MDB and the IIHS MDB) into the
validation phase, there would be some latitude to
develop and select appropriate tests for the different
fleet mixes and to examine whether the worse case
test option is feasible.

A summary of these two draft test procedures follows.

IIHS Deformable Barrier The IIHS
barrier has been developed to represent the
front end profile of about 68% of new SUV
sales in the USA.

NHTSA is evaluating the IIHS barrier and
while it does have some concerns about its
design, the concept of representing an SUV
and being able to generate a head impact is
not far removed from current NHTSA
thinking for a new MDB. The Europeans are
not interested in such a high, homogeneous
deformable barrier because they believe the
SUV problem is unique to North America.
The Japanese also share this view but have
conducted SUV-to-car and IIHS MDB-to-
car tests to examine how representative the
IIHS barrier is of an SUV-to-car test. IIHS
testing indicated that the trolley mass did
not make much difference to the injury
outcome in side impact, therefore the trolley
mass has been set at 1500 kg.

While Australia does not have the same
population of SUVs as North America, sales
of small SUVs or “soft-roaders” has
increased significantly in Australia recently.
Since Australia believes that it is the
geometry rather than mass and stiffness of
the striking vehicle which has the greatest
effect on injury outcome, Australia is willing
to consider an MDB test that simulates a
high vehicle provided it can be shown to
guarantee protection against passenger car
bullet vehicles.

AE MDB The EEVC has been working
on a new deformable barrier design. The
intent is not to reproduce a particular
accident scenario, but rather generate a set
of conditions that encourage remedial
measures in the struck vehicle that will work
in a range of crashes. The EEVC advised
that the stiffness distribution was chosen to
match the “dimple” effect on the struck car
seen in real world crashes in Europe.

The AE-MDB face has been designed, wider
than current faces, with the intention of
loading both the front and rear dummies.
The stiffnesses of the blocks for the MDB
were based on rigid load cell wall impacts,
mainly undertaken in Japan by JARI. After
careful consideration, it was decided that
rigid impacts would give a more
representative value for the front stiffnesses
of cars as seen by the struck car in side
impacts.
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The AE-MDB face design uses aluminium honeycomb of
increasing stiffness with crush. The trolley mass is the
same as the IIHS MDB at 1500 kg.

Pole Impact Test

The real world crash data clearly indicated that vehicle
impacts into narrow objects was an area that needed to be
addressed. There was considerably more consensus on
the requirements of a vehicle to pole test procedure than
for the MDB test. The following has been proposed:

• Moving vehicle to pole test.

• Oblique impact @ 75 degrees to the longitudinal
plane of the test vehicle

• Speed of 32 km/h.

• Pole impact to evaluate at least head and thorax
protection.

• Mid-sized adult male test device.

• Rigid pole diameter of 254 mm.

• Pole to span at least below sill height to above roof
height.

This test procedure is intended to simulate real world side
crashes with narrow objects such as trees and poles. The
goal is to utilise an oblique pole side impact test
procedure to evaluate countermeasures for head and chest
protection in higher severity side crashes.

The main area of discussion has been the diameter of the
pole and how this relates to the wish to load the head and
thorax simultaneously. These two body regions were
identified as being the main causes of trauma in impacts
into narrow objects. A larger diameter pole was expected
to better achieve head and thoracic loading at the same
time as well as resulting in a more repeatable test. All
regions except the USA initially supported a 350 mm
diameter pole. The current FMVSS 201 dynamic pole
test utilises a 254 mm diameter pole as does the consumer
crash testing procedures used in various countries.

In narrow object side crashes, half of the seriously injured
occupants are in crashes of delta-Vs 32 km/h or higher.
Only 16% are in crashes with a principal direction of
force around 90º while 63% are in frontal oblique narrow
object crashes. A recent test program by the USA has
shown that an oblique impact using a 254 mm diameter
pole was able to simultaneously load the chest and head.
Therefore the test procedure proposed by NHTSA will be
taken into the validation phase.

The optional FMVSS No. 201 rigid pole side impact test
is at 90º and an impact speed of 18 mph (29 km/h) while
the oblique pole test is at 75º and 20 mph (32 km/h).

Interior Headform Test

The real world crash data indicated that
head injuries were a significant part of side
impact trauma even though the results of
current regulatory MDB tests do not show a
head injury risk. Consequently it is proposed
that the IHRA harmonised side impact test
procedures include a supplementary interior
headform test to ensure that the potential
contact points for head impact are evaluated.

The test is based on a development by
EEVC of FMVSS 201 using the Free
Motion Headform (FMH) in free flight. The
test procedure uses the same headform as
FMVSS201 and identifies the same interior
surface targets except that they are restricted
to those liable to be contacted by an
occupant’s head in side impact accidents.

The proposed Performance Criterion is HIC,
calculated from accelerometers within the
FMH and transformed into the equivalent
HIC for the dummy to be used in the full
scale barrier test and/or pole test. For the
SID-H3 and the EuroSID, this transform
function is:

HICdummy = 0.75446 HICFMH + 166.4

However, this may differ according to the
selected dummy to be used in the IHRA test
procedure.

In view of the anticipated benefits from
crash-deployed head protection systems in
preventing contact both with internal
structures and external objects, it is
important not to discourage the provision of
these systems. Therefore it is proposed to
adopt the same exceptions from the full
headform test for those areas which cover
the stored deploying systems that is
provided for in FMVSS201. Those
locations would be tested at a reduced
impact speed (5.3 m/s), subject to the
demonstration that the deployable device is
effective in the proposed IHRA oblique pole
test.

The EEVC work confines impact zones to
those that are contactable by restrained
occupants in side impacts. With front
seatbelt wearing rates approaching 80% in
the USA, NHTSA has agreed to look at the
EEVC’s “restrained-only zones” in the
validation phase.
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Out-of-Position (OOP) and Side Airbag Interaction

Initially, it was agreed that NHTSA and Transport Canada
would draft the evaluation procedure based on ISO TR
14933 and the NHTSA/Transport Canada research. Later
it was agreed that the recent work under the chairmanship
of the Insurance Institute for Highway Safety (IIHS)
would also be taken into consideration.

In August 2000, the Side Airbag Out-of-Position Injury
Technical Working Group (TWG) chaired by the IIHS
released the “Recommended Procedures for Evaluating
Occupant Injury Risk from Deploying Side Airbags”. The
procedures were developed in response to a request by the
National Highway Traffic Safety Administration
(NHTSA) that industry develops public standards which
their member companies would adhere to in the design of
future side airbags. The TWG procedures recommends
Anthropomorphic Test Devices (ATDs), instrumentation,
test procedures, and performance guidelines that should
be used for assessing the injury risk of interactions
between a deploying side airbag and a vehicle occupant.

The TWG recommendations are intended to minimise the
risk of out-of-position injury for that segment of the
population believed to be at greatest risk, namely small
women, adolescents and children. As such the ATDs
deemed most appropriate by the TWG for the evaluation
of risk include the SID-IIs, the Hybrid III 5th percentile
female and the Hybrid III 6 and 3-year old child ATDs. A
series of test procedures has been developed for each of
the following inflatable system types: seat mounted
airbags, door or quarter panel mounted airbags and roof-
rail mounted inflatable systems. Each test is intended to
quantify the level of risk to a designated body region and
or to evaluate the risk of a specific injury mechanism.

The IHRA SIWG has agreed to take these test procedures
into the validation phase which may result in further
refinements.

Non-Struck Side Impacts

The Australian DOTARS is involved in a cooperative
project with General Motors-Holden’s, Monash
University and Wayne State University to investigate non-
struck side injuries in side impacts. The study includes an
in-depth crash vehicle analysis to examine injury patterns
and tests to evaluate the kinematics of current dummies
against Post Mortem Human Surrogates (PMHS) in the
same test configuration. A recent test using WorldSID
showed promise as its decoupled spine provided similar
kinematics to the PMHS test. The SIWG will be
examining this issue in more detail in the next two years.

VEHICLE COMPATIBILITY AND ADVANCED
OFFSET FRONTAL CRASH PROTECTION

At the 17th ESV Conference in Amsterdam,
the IHRA Steering Committee decided to
amalgamate the Advanced Offset Frontal
and Vehicle Compatibility Working Groups.

The main thrust of the IHRA Advanced
Offset Frontal working group was to
promote harmonisation of frontal crash
regulations worldwide as a first stage. At
the previous ESV Conference Australia
announced its strong support for the USA
and Europe to introduce both an offset
frontal and rigid full frontal test procedure
into their respective legislative frameworks
in the near future. Australia has had both
regulations in place since 2000. These
regulations look at the self protection of
vehicles of differing sizes and mass.

However, Australia supports the move from
self-protection (minimising the injury of
individual vehicles) to a holistic approach to
minimise injury outcome for the whole
vehicle fleet. Therefore the focus must
change to vehicle compatibility which looks
at equalising crash outcome between
unequal crash partners.

Australia has begun a vehicle compatibility
program to examine likely candidates for a
vehicle compatibility test procedure in
cooperation with NHTSA, Ford, Subaru and
Renault.

No firm conclusions have been drawn from
this work yet and this issue remains one of
the most challenging for government,
industry and consumer groups worldwide in
the new millennium. A detailed summary of
the working group’s deliberations will be
given in the vehicle compatibility technical
session.

Australia has done work in developing an
energy absorbing truck rear under-run
barrier that tries to address the mass and
geometric mismatch in truck/car crashes. It
is noted that the EEVC has formed a new
technical working group to examine this
issue.

BIOMECHANICS

The work of the IHRA Biomechanics
Working Group (BWG) has focused on
defining the biomechanical requirements for
a new harmonised side impact test device. In
1999, Australia coordinated a review of
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worldwide anthropometric data as part of the BWG’s
work to define the anthropometry of the WorldSID side
impact dummy.

In December 2000, Australia hosted a workshop to launch
the prototype WorldSID. It is hoped that this dummy will
become the harmonised test device to be used for the new
side impact test procedure being developed by the IHRA
SIWG.

Unfortunately, the BWG has not yet completed its task to
define the biofidelity rating requirements and injury
tolerance values for side impact test devices. However,
IHRA members are still hopeful that the new WorldSID
test device will be able to meet the final set of
requirements set out by the BWG.

Following completion of its work in support of developing
WorldSID, the IHRA Biomechanics WG’s next task will
be coordinating the development of an advanced frontal
test device. In 1998, Australia participated in the
worldwide evaluation of the new advanced frontal
dummy, THOR being developed by NHTSA, with
encouraging results. At the 17th ESV, Australia reiterated
its support for early considerations to make THOR the
globally harmonised frontal test dummy for regulatory
purposes.

In other areas of biomechanics, research institutes in
Australia are continuing to work on establishing the
mechanisms of neck (whiplash) and head injuries.

PEDESTRIAN SAFETY

Pedestrians account for just fewer than 20% of fatalities
on Australian roads annually.

DOTARS funded the Road Accident Research Unit
(RARU) at Adelaide University to build a test rig capable
of testing vehicles to the requirements of the draft EEVC
pedestrian safety test procedure. DOTARS has been
involved in a cooperative project with the Australian New
Car Assessment Program (ANCAP) to evaluate the
pedestrian-friendliness of popular vehicles available in
Australia.

This testing is part of a project to evaluate whether the
draft EEVC test procedure is relevant in the Australian
situation. This project used the following methodology:

• Investigation of real world crashes

• Reconstructing these crashes

• Generating computer simulations of these crashes

• Testing the vehicles at the relevant impact points to
see if the EEVC test procedure can predict the real
world injury outcome.

The project indicated that:

• The EEVC head impact test correlated
well with the real world accidents
analysed

• There was poor correlation with the
upper and lower legform tests.

This outcome supports the approach being
taken by Japan of regulating for a head
impact test as a first stage to improve
pedestrian safety. Australia will review the
Japanese proposal to see if it is relevant in
the Australian situation. However, Australia
supports the development of a globally
harmonised standard to improve the
pedestrian friendliness of vehicle front
structures.

RARU has been investigating pedestrian
crashes for many years and is continuing its
work on head injury mechanisms. This
research is being provided to both the IHRA
and ISO pedestrian working groups for
consideration.

INTELLIGENT TRANSPORT
SYSTEMS

House of Representatives Standing
Committee on Transport and Regional
Services Inquiry into Intelligent
Transport Systems

The House of Representatives Standing
Committee on Transport and Regional
Services initiated an inquiry in late 2002 into
aspects of intelligent transport systems (ITS)
in Australia. The Committee’s report,
Moving on ITS, was released on 9 December
2002.

The report found that whilst Australia leads
the world in certain aspects of ITS research,
technology and implementation, it trailed in
other areas, such as the adoption of ITS by
the freight logistics industry, and continuing
problems with interoperability of electronic
toll systems.

Whilst the Committee was impressed by
current ITS applications in Australia,
particularly in New South Wales,
Queensland and Victoria, it was aware that
Australia lacked specific ITS
administrations overseeing the
implementation of ITS such as those in the
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United States, the European Union and Japan.

Recognising the vital role that ITS will play in the future
of transport, the Committee made eleven
recommendations, including a greater involvement and
commitment by the Federal Government in this area. The
Government is currently considering the report and the
recommendations contained within it, and is preparing a
formal response.

Review of e-Transport, the National Strategy for ITS

ITS Australia has engaged a consultant to conduct a
review of e-Transport, the National Strategy for ITS,
which was launched by the Minister for Transport and
Regional Services in December 1999. The Strategy was a
cooperative effort by Commonwealth, State and Territory
Transport Ministers, in consultation with users and
industry, to harness the enormous potential of advanced
technologies to improve Australia’s transport systems,
both public and private.
ITS Australia is also in the process of developing a new
Business Plan, designed to be the basis for the successor
to e-Transport.
AusLink

In November 2002 the Government launched a green
paper on fundamental land transport infrastructure
reform, AusLink: Towards the National Land Transport
Plan. AusLink recognises that better use of existing and
new infrastructure assets can result from innovative
technological solutions to maximise their efficiency. It
also acknowledges that the strategic use of ITS has
already improved the efficiency of Australian
infrastructure by reducing congestion and travel times.

AusLink accepts that ITS applications for the transport
and logistics sector also have the potential to improve
efficiency and that efficiencies are enhanced even further
where ITS and e-commerce applications are integrated
across links in the logistics chain, such as intermodal
hubs, customs and quarantine processing points.

As a result, AusLink will expand the range of solutions
that are eligible for Federal Government funding,
including new technologies and approaches that will
increase the efficiency of existing infrastructure. By
widening the range of solutions eligible for
Commonwealth funding, AusLink has, for the first time,
signalled that ITS technologies are a serious and viable
consideration in the future development of the national
land transport network.

Following extensive consultations, a formal policy
statement, or white paper, will be released later this year.
AusLink is due to commence from July 2004.

INTERNATIONAL HARMONISATION

Australia has been committed to
international standards harmonisation for
many years and led to Australia becoming a
signatory to the UN ECE 1958 Agreement in
2000.

As part of preparations to becoming a
signatory, a comprehensive review of the
Australian Design Rules was commenced
and is due for completion by the end of
2003. The purpose of the review is to align
the ADRs with UN ECE Regulations
wherever possible, provided safety is not
degraded. This will occur through
progressive adoption of the appropriate UN
ECE Regulations as identified by the review.

As we move into the 21st century, Australia
continues to support the IHRA initiative for
coordinated research in major areas to
improve road safety. However, we must be
mindful that the outcomes of the IHRA
Working Groups must make their way into
globally harmonised regulations.

Only by achieving this final outcome can we
be assured of reducing the road toll
worldwide.
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CANADIAN ROAD SAFETY SITUATION
In Canada, road safety is a responsibility that is
shared among the federal and provincial/territorial
governments. The federal government is primarily
responsible for the safety of new vehicles and inter-
provincial commercial carriers, while the
provincial/territorial governments have jurisdiction
over the operation and maintenance of motor
vehicles, road infrastructure and the development and
implementation of road safety programs.

Like many other developed countries, Canada’s road
safety record improved greatly during the past quarter
century. During this period, fatalities resulting from
motor vehicle traffic collisions decreased by almost
50%, while its population not only grew by
approximately 35% but also became more mobile, as
motor vehicle registrations grew by more than 50%.

Canada’s Road Safety Vision 2010
Canada’s national road safety plan has been in place
since 1996. This initiative was launched in 1996 to
address Canada’s major road safety problems, with
the view that a more focused approach to the
development and implementation of safety initiatives
would be the most successful strategy to make road
travel in Canada safer. Called Road Safety Vision
2001 when it was first introduced, this national plan
is supported by all levels of government as well as
national public and private sector stakeholders with a
strong interest in road safety. The goal of the vision
is that Canada would have the safest roads in the

world. The strategic objectives of this ambitious
initiative are to raise awareness of road safety issues
among the general public, to improve
communication, cooperation and collaboration
among road safety among road safety agencies, to
enhance enforcement initiatives and to improve
national data quality and collection practices.

The introduction of a broad range of initiatives
during the 1996-2001 period, to support this national
plan, has proven successful. Since 1996, traffic
fatalities have decreased by 10%, serious injuries by
16% and the fatality rate as measured on deaths per
registered vehicle basis by 15%.

In 2002, Road Safety Vision 2010 superseded
Canada’s inaugural national road safety plan. The
successor plan retained the vision and strategic
objectives of Road Safety Vision 2001, and also
incorporated a national target for fatality and serious
injury reductions (-30%) as well as several sub-
targets aimed at curtailing the most serious collision-
causing behaviors. In order to achieve the
quantitative targets of the renewed vision, initiatives
have been introduced that focus on increasing seat
belt and proper child restraint use, and on reducing
serious casualties involving drinking drivers; high-
risk road users, young drivers, vulnerable road users,
commercial vehicles, speed and intersections as well
as rural roadways.

Canada currently ranks 5th among Organisation for
Economic Cooperation and Development member
countries when comparisons are made on a deaths per
vehicle kilometre travelled basis (2001 figures).

COLLISION DATA

A programme of in-depth collision investigations is
carried out by seven contracted research teams, based
in universities across Canada, and by Transport
Canada staff located in the National Capital Region.
The work supports the Directorate’s research and
regulatory development programmes, actively
monitors high-profile traffic safety incidents across
Canada, and provides a mechanism for rapid
response to such incidents.

Current activities comprise directed studies focused
on several safety issues, and a programme of special
collision investigations which captures incidents of
interest which fall outside of the criteria for particular
directed studies. On-going directed studies are
investigations of air bag deployment crashes,
moderately severe side impacts, and children in
crashes. Special collision investigation topics include
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school bus and motor coach crashes, advanced air
bag systems, side air bag deployments, air bag or seat
belt induced fatal and serious injuries, collisions
involving event data recorders, heavy truck
underrides, and collisions testing the crashworthiness
of child restraints.

One example of the benefits derived from the
collision investigation programme is the change in
the design and consequent collision performance of
air bag systems in North America that have been seen
over the past few years. Results from our detailed
field data on air bag deployment collisions, in
combination with information developed from an
extensive in-house crash testing programme, have
provided the impetus for depowering of air bag
systems in North America to better optimize these
supplemental restraint systems for belted occupants.
These data have also supported the development of
new crash testing procedures for incorporation into
frontal occupant crash protection regulations, have
assisted in the development of a national air bag
deactivation programme, and have provided input
into safety brochures and videotape presentations to
enhance efforts to inform the public on means to
minimize the risk of injury in air bag deployment
crashes.

Transport Canada and four Canadian university-
based collision investigation teams undertook a Pre-
Crash Factors Pilot Study that spanned 18 months.
The study involved the in-depth collision
investigation, the collection of information on various
vehicle systems, and comprehensive driver
interviews. The objective of the Pilot Study is to
develop and evaluate methods to investigate human,
environmental and vehicle pre-crash factors in
collisions and to assess whether various crash
avoidance systems can prevent or reduce the severity
of collisions. A total of 68 collisions were
investigated and the analysis of the data collected is
on-going. The department plans to publish the results
of this pilot study as they become available.

Electronic Traffic Related Data Collection

In partnership with selected provincial governments
and police agencies, Transport Canada is conducting
a demonstration project of a computer and
communications-based system called the Traffic and
Criminal Software System (TRaCs). This software is
designed for multi-jurisdictional use and was built in
modules allowing for great flexibility. It has many
potential uses including the automated on-site
collection of all traffic collision data, ticketing and

commercial vehicle inspection. The demonstration is
designed to verify the flexibility of the software and
its application within several police operated record
management systems and computer assisted dispatch
systems. The demonstration is intended to project
provide a national focus for the development of
uniform automated data collection performance
standards. A successful demonstration project would
result in improved efficiency, quality and timeliness
of traffic collision data collection and would facilitate
data interchange to develop national road safety
programs.

RESEARCH ACTIVITIES IN ITS

Several recent activities in this program are
noteworthy. Transport Canada completed a study
investigating the impact of cognitive distraction on
driver behaviour. Drivers drove on a city road while
they carried out tasks (arithmetic problems) of
varying cognitive complexity. A hands-free cell
phone was used so that the drivers did not have to
look away from the road or manually operate the
phone. Visual scanning patterns were recorded using
eye-tracking equipment and measures of vehicle
control (braking) were recorded using
instrumentation installed in the research vehicle.
Significant changes in drivers’ visual behaviour were
observed as a result of cognitive distraction. Analyses
revealed that while performing the demanding tasks
drivers spent more of their time looking straight
ahead. Less time was spent looking at the periphery
and checking instruments and mirrors. Some drivers
did not look at these areas at all when performing the
demanding cognitive tasks. The data also indicated
an increase in the incidence of hard braking
associated with the demanding tasks, suggesting
diminished safety margins. The results of this study
indicate that even when in-vehicle devices are hands-
free, significant changes in driver visual behaviour
and vehicle control may result due to the cognitive
distraction associated with their use. This study
contributes to a better understanding of the ways in
which drivers interact with new technologies in
vehicles and the safety implications of those
interactions.

Another study was conducted on our test-track to
assess the impact of Adaptive Cruise Control (ACC)
on driver behaviour. ACC is an enhanced version of
conventional cruise control that allows drivers to
follow a lead vehicle at a set distance. Results from
this study suggest ACC can induce behavioural
adaptation in potentially safety critical ways.
Significant delays in response to a hazard detection
task were observed when driving with the ACC
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system engaged, yet driver performance on an in-
vehicle display search task improved.

Fig. 1 Lead vehicle with polyurethane mock-up trailer used
in research where driver must follow a lead vehicle.

Drivers can access many types of information (e.g.,
email, traffic information) from a variety of sources
(e.g., cell phone, PDAs) while they drive. Speech-
based interfaces are being developed for in-vehicle
systems in response to concerns about the distraction
that results from the use of visual/manual interfaces.
In a joint research project with the National Highway
Traffic Safety Administration (NHTSA), Transport
Canada investigated the impact of interface type on
driver visual behaviour and driving performance.
Use of the manual interface was associated with long
glance durations, on average, away from the road to
the interior of the vehicle. Drivers using the speech-
based system performed better on event detection,
consistent with more heads-up time. There were,
however, dangerously long off-road glances
associated with both types of interface and driving
performance deteriorated when any sort of in-vehicle
task was carried out. The conclusions of the study
indicated that although there may be some benefits
associated with speech-based interfaces, there were
safety concerns associated with both types of
interface.

Telematics devices are becoming increasingly
popular in vehicles and their functionality is
expanding. While these technologies have great
potential to assist drivers, lack of consideration of the
human factors in design can lead to impaired driving
performance and increased risk of collision.
Transport Canada is concerned with the potential
adverse consequences of in-vehicle telematics and is
exploring intervention strategies for limiting the
potential risk of crashes associated with their use.
Transport Canada will be consulting with industry on
their own efforts to deal with this problem and invite
the industry and public to comment on these issues

and provide feedback on alternative approaches for
reducing driver distraction.

CRASHWORTHINESS RESEARCH

Frontal Crash protection

Transport Canada continues to monitor the crash
performance of advanced airbag systems for mid-
sized male and small female occupants in full frontal
rigid barrier (FFRB) tests as well as for small females
in offset deformable (OFDB) tests. In the spring of
2001, multi-point sensing in the thorax of the small
female was introduced. Four IRTRACC sensors
positioned in the upper and lower left and right
quadrants of the chest now supplement the standard
rotary potentiometer at the sternum to provide a more
complete measure of chest deflection. These data
together with the belt load measures allow for a better
characterization of the loading mechanism that occur
during combined loading from the seatbelt and the
airbag. Multi-point sensing for the Hybrid III male
ATD will begin in the spring of 2003.

The frontal crash protection research programme has
been expanded to include rear seat occupants in
FFRB tests conducted at 48 km/h and 56 km/h. The
effectiveness of three-point belts installed in the
centre rear seating position of late model vehicles are
being evaluated with the Hybrid III male and THOR
the new advanced frontal male dummy developed by
the NHTSA. In January 2003, Transport Canada, in
cooperation with the NHTSA, initiated a research
programme to evaluate forward facing child restraints
and booster seats in FFRB crash tests. The
programme will examine the influence of child seat
harness configurations; LATCH and tether
anchorages; booster seat tether anchorages and the
effect of seating position in the vehicle on ATD
injury responses. The Hybrid III 3-year old, 6-year-
old and the new Hybrid III 10-year-old child
dummies are included in the programme.

Side Impact Crash Protection

The side impact crash protection programme has
continued to evolve and contribute to a continuously
increasing database of barrier-to-car and car-to-car
tests. Since June 1999, Transport Canada has
conducted approximately 23 barrier-to-car tests with
the new IIHS side impact barrier, developed by the
Insurance Institute for Highway Safety; 25 SUV-to-
car crash tests; and 9 car-to-car collisions, in addition
to a number of tests conducted with the existing
FMVSS/CMVSS 214 barrier, EEVC barrier or
modifications thereof. The SIDIIs, has been the
dummy of choice for the driver and rear occupant
positions. Accident data from Canada, the US,
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Europe and other regions have shown that females
tend to be over represented in intersection crashes
involving serious injury. The SIDIIS is a side impact
ATD, representative of a small female or teenager
and has proven to be sensitive enough to discriminate
between armrest configurations while demonstrating
good durability in severe test conditions. SIDIIs
responses were instrumental in identifying limitations
in first generation roof mounted airbag technologies,
which as recent tests show, are now being addressed
by manufacturers.

Satisfied that the IIHS barrier is an acceptable
representation of striking vehicles that cause serious
injuries in field, Transport Canada has expanded the
side impact programme to begin exploring safety
interventions. For example, the effects of lowering
the IIHS barrier to engage the bullet vehicle sill and
structural reinforcement of the B-pillar in the target
vehicle are being investigated.

The monitoring of new side airbag technologies has
continued to be an important element of the side
impact protection programme. The test experience
gained by Transport Canada has contributed to the
evaluation and revision of the recommended TWG
OOP Procedures, released in August 2000. The new
revisions, recently published by the IIHS, are
expected to simplify test set up and improve test
repeatability.

Dummy Development

Transport Canada, in co-operation with the Occupant
Safety Research Partnership (OSRP) and the
WorldSID Task Group has been actively
participating in dummy evaluation programmes.
Biofidelity tests including body drop and pendulum
impacts have been completed for the ES-2 and
WorldSID prototype and pre-production side impact
dummies. Two full-scale barrier-to-car tests were
completed to compare in-vehicle performance of the
WorldSID and ES-2 dummies.

Improvements in Test Capabilities

In the spring of 2003 Transport Canada plans to
acquire a load-sensing barrier. This acquisition will
assist Transport Canada in gaining a better
understanding of structural changes in emerging
vehicle fleets and contribute to IHRA frontal
compatibility research efforts.

Achieving or surpassing the targets of Road Safety
Vision 2010 would reduce Canada’s annual traffic
toll to fewer than 2,100 by 2010 and would save
more than 5,000 lives during the timeframe of this
initiative.

Coach And School Bus Seat Program

A regulatory development and research program is
being conducted to determine the effectiveness of
different bus occupant protection systems. This
activity may lead to the development of standards to
increase the safety of those vehicles. Coach and
school buses will be studied. Testing will involve 3-
point belt equipped coach seats from Europe and
Australia and newly developed school bus seats
incorporating passive protection and 3-point belts.
Large coach windows tend to break during a rollover
exposing the passengers to possible ejections. The
program will also look at occupant retention through
window design and glazing.

The current crash protection for school bus occupants
is a passive safety based on closely spaced high
backed seats that are designed to absorb energy
during a collision. Canada has in place regulations
that require rigorous testing of school bus seats for
this passive protection. The challenge facing Canada
is developing a test that will combine the
performance benefits of passive safety with the
increased load strength requirements of seatbelt
anchorages.

The 3-point belt equipped coach and school bus seats
are going to be tested on an acceleration sled and by
using static pulls. The sled test will involve various
seating configurations with restrained and
unrestrained dummies. The static pull testing will be
simulating the forces determined during the sled
tests.

CRASH AVOIDANCE RESEARCH
Vehicle Systems Database
A vehicle systems database is being assembled for
model years 2002 and 2003; this database will
contain information on the fitment or availability of
equipment (such as night vision or advanced air bag)
or systems (such as adaptive cruise control, traction
control or yaw stability control) for all passenger
cars, multipurpose passenger vehicles and pickup
trucks manufactured or imported for sale in Canada.
We plan to update this database yearly as new
vehicles become available. These data will be
combined with collision data to analyze the
effectiveness of various technologies in reducing the
number or severity of injuries.

Taxonomy and Target Groups
A taxonomy (classification scheme) to characterize
and quantify subsets of crashes (or target groups) is
now available for calendar years 1993 to 2001. The
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project is intended to provide objective first-order
estimates for target groups that can then be combined
with data on estimated effectiveness, performance,
and costs to produce cost-benefit estimates of
individual safety measures. Work is currently
underway to estimate the size of target groups for
various technical countermeasures (such as Night
Vision and ACC) as well as identify the type of
additional data needed to firm up these estimates.

Speeding by Heavy Freight Vehicle (GVW higher
than 8850 kg)
A study based on existing literature and speed data
for various highways across Canada was completed
to determine the number of heavy commercial
vehicles that exceed the speed limit, the number of
crashes where their speed was a contributing factor
and the quantity of CO2 attributable to speeding.
Also, the study reviewed some of the
countermeasures available to control vehicle speed.

The speed data show that, although 50% of heavy
freight vehicles exceed the speed limit when
travelling on rural roads, only 10 to 20% of them
exceed the speed limit by more than 10 km/h. In the
case of passenger vehicles, the data show that over
60% of them exceed the speed limit, 16 to 50% of
them by more than 20 km/h. Speeding by
commercial vehicle drivers is a contributing factor in
15 to 35 fatal collisions per year and in 315 to 455
injury-producing collisions per year.

The study estimates that reducing vehicle speed to
the posted speed limit would save some 1.2 billion
litres of fuel annually (all vehicle types), this being
split almost equally between passenger vehicles and
heavy freight vehicles. This would reduce the
production of greenhouse gases by an estimated 3.1
megatonnes annually.

Rollover (Light-Duty Vehicles)
A study to estimate the number of collisions where a
light-duty vehicle (GVW lower than 4536 kg) rolled
over was completed; the study showed that there are
approximately 25,000 such collisions per year and
that these result in the death of approximately 500
persons and in bodily injury to another 15,000 to
17,000 persons per year. The data also show that
light trucks and vans (a vehicle category which
includes pickup trucks, passenger and cargo vans,
and sport-utility vehicles) roll over more frequently
than automobiles. About 80% of these collisions are
single-vehicle collisions.

An analysis of the contributing factors was performed
for fatal, single-vehicle, rollover collisions. This

analysis showed that alcohol consumption, speeding
and slippery roads are more often reported as
contributing factors in rollover collisions than in
collisions not involving a rollover. The analysis also
showed that, in the case of light truck and vans, road
defect and/or construction was a contributing factor
more often in collisions involving rollover than in
collisions without rollover.

The department plans to review more recent collision
data that are now available to determine trends and to
attempt to segregate the light truck and vans category
into its individual components. At the same time, a
project is being undertaken to test vehicles with
advanced yaw control systems to gather information
on the effectiveness of these systems in preventing
vehicle loss of control, which can lead to rollovers.

Rollover (Heavy Freight Vehicles)
A study was initiated to gather data on the rollover
propensity of heavy vehicles; tanker and flatbed
trailers are of particular interest. A tilt-table is used
to measure the angle at which the vehicle would have
rolled over

The purpose of the study is to gather some basic data
on vehicle characteristics as it pertains to rollover;
this data could form the basis for regulatory actions
in the future.

Light-Duty Vehicle ABS
Testing of the ABS on various vehicle models
continues; a total of 14 vehicles have now been
tested. Vehicles range in size from a compact
passenger vehicle to pickup truck and includes
models available in the North American market as
well as some European and Japanese models
currently not available in North America.

Testing in the winter showed that, on loose snow, the
braking distance is increased by 30% with summer
tires and 61% with winter tires when ABS is present
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compared to the braking distance when ABS is not
present. On packed snow, ABS increased the braking
distance by 44% with summer tires and 47% with
winter tires. On gravel roads and on paved roads
covered with sand, ABS increased the braking
distance by 35%.

Transport Canada plans to continue testing new
vehicle models as they become available. These data
will help determine whether the performance of ABS
should be subject of a regulation.

New Technology Evaluation
Studies were performed on an OEM Adaptive Cruise
Control (ACC) system using a laser radar under
various weather conditions. Although the system
appeared to function well most of the time, we noted
that the shape of the preceding vehicle tended to
affect the performance of the ACC. The ACC had
difficulty detecting dirty vehicles, the dirt apparently
weakening the reflected laser radar signal. Inclement
weather, such as rain or snow, also affected the
performance of the ACC.

The evaluation of low-speed, obstacle detection
system (such as parking assistance systems)
continued. OEM and after-market products were
evaluated in laboratory-like conditions and in actual
use. False positives continue to be an issue, the
systems sometimes detecting snow on the road as a
potential obstacle.

We plan to continue the evaluation of these systems
as they become available, both in laboratory and in
actual use conditions, under various weather
conditions and traffic patterns.

School Bus Crash Avoidance Study Initiatives

In an effort to minimize the threat to the safety of
children when vehicles illegally pass stopped school
buses, various pre-stop warning light systems have
been evaluated. The school bus driver activates the
pre-stop warning lights about 100 metres before
stopping to load or disembark passengers. The study
showed that the 8-light system (one red and one
yellow light mounted at each corner of the roof of the
bus, both in the front and the rear) performed better
than the 4 red lights in providing this warning. The
results of the study will be presented to the Canadian
National School Bus committee with a
recommendation that 8-light system be made
standard across Canada.
A survey of Canadian local school authorities, bus
fleet operators and US state directors of pupil
transportation was completed to document the in-

service experience with pedestrian protection systems
on school buses. This survey is now complete and a
report will be released shortly. The survey found the
crossing control arm to be the most popular system
and is installed on approximately half of the North
American school bus fleet. The survey also found
that electronic and intelligent devices such as sensors
or cameras are not widely used.

Finally, an advanced pedestrian detection system
evaluation project has been defined and will be
carried-out over the next 18 months. A group of
experts will validate an evaluation grid previously
developed. Using the grid, the two most promising
detection systems will be subjected to laboratory-type
tests and, if successful, be deployed in the field for
further testing.

REGULATORY INITIATIVES
CMVSS 208

While most air bag deployments protect occupants
from serious injury in frontal impacts, some cause
major, even fatal, injuries. Particularly at risk are
short-statured drivers who sit near the steering wheel
and front seat passengers who are close to the air bag
module at the time of deployment. In Canada, there
have been 10 confirmed air bag-induced fatalities
involving 6 adults and 4 children.

Transport Canada published a Notice of Intent in the
Canada Gazette Part I on June 30, 2001, to amend
Canada’s requirements governing occupant
protection in frontal impact. The Notice proposed
adopting most of the new requirements that the U.S.
introduced in May 2000, but with three key
differences.

Where the U.S. mandates five crash tests, two of
which must be conducted with unbelted dummies and
three of which must be done with belted dummies,
Canada proposed to mandate only the three belted
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tests. The reason was that Canada’s rate of seat belt
use is significantly greater than that of the U.S. (90%
compared to about 70%) and the emphasis is on the
protection of the belted occupants.

In view of Canada’s high rate of seat belt use, the
Notice proposed adopting more stringent chest
protection criteria than the U.S. in order to reduce the
risk of chest injury by the shoulder strap of the seat
belt and the airbag in a frontal collision.

Finally, the Notice proposed a different testing
protocol for one of the U.S. out-of-position tests
because Transport Canada’s research indicated that
this protocol more closely replicates the worst-case
scenario.

Transport Canada recently issued a comprehensive
discussion paper on the rationale and benefit/cost
regarding possible amendments to CMVSS 208 and
held a workshop with the motor vehicle
manufacturers and importers to discuss the paper.

If Canada decides to amend section 208 of the Motor
Vehicle Safety Regulations, a formal proposal will be
published in the Canada Gazette Part I this summer,
with publication of the final amendment in the
Canada Gazette Part II to follow.

Rear Impact Guard – MVSR 223

A proposed regulation governing the installation of
rear impact guards on trailers was published in Part 1
of the Canada Gazette on October 5, 2002. While the
dimensional requirements remain consistent with the
existing U.S. regulations (FMVSS 223/224), the
strength and energy absorption requirements for the
proposed guard are significantly higher. Research
has shown that these criteria will have the effect of
reducing the amount of vehicle underride and
passenger compartment intrusion in the event of a
rear impact, and is expected to save more than two
lives every year.

The proposed regulation is undergoing a final review
based on comments received from interested
stakeholders. The main concerns include the
competitive disadvantage that result from a
regulation that is not harmonized with the United
States, and the new energy absorption criteria that is
unique to the Canadian proposal. Despite these
comments, there appears to be a general consensus
with respect to the benefits of a stronger guard.

The Department has strived to balance the safety of
the occupants of small vehicles and industry concerns

while maintaining close harmony with the existing
requirements for U.S. trailers. In this effort, the
Department is continuing to work closely with
industry to design a generic guard that would assure
compliance to the proposed regulation, thereby
eliminating compliance testing for trailers so-
equipped and reducing manufacturers’ costs.

It is expected that the final regulation be published
before the end of summer of 2003.

Universal Anchorages for Children’s Restraint
System – CMVSS 210.2 and the Restraint Systems
Safety Regulations

The effectiveness of properly used children’s
restraint systems is well recognized. Unfortunately
users may encounter difficulties in installing the
restraint system into the vehicle or the child into the
restraint correctly. To minimize improper installation
of restraint systems in vehicles, Transport Canada
finalized a new requirement for the installation of
universal lower anchorages in vehicles and of
compatible connectors on infant and child restraints.
The final regulations were published in the Canada
Gazette Part II on June 19 2002 and came into force
on September 1 2002. It is estimated that
approximately 12 fatalities and 294 injuries to
children from birth to 5 years of age will be
prevented each year by this countermeasure.

The universal anchorages and compatible connectors
requirements complement the top tether anchorage
regulation. Canada first introduced the tether
anchorage requirements in 1989. More recently, , the
Department upgraded the original requirements to
include user-ready tether anchorages for passenger
cars built after September 1, 1999 and light trucks
and multi-purpose passenger vehicles since
September 1 2000 user-ready tether anchorages.

Coach And School Bus Occupant Protection
Review

The current crash protection for school bus occupants
in Canada is a passive safety approach based on
closely spaced high backed seats that are designed to
absorb energy during a collision. Canada has in
place regulations that require rigorous testing of
school bus seats for this passive protection.

A regulatory development and research program is
being conducted to determine the effectiveness of
different occupant protection systems for both
coaches and school buses. This activity may lead to
the development of standards to increase the safety of
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those vehicles. The first phase of this program, a
survey of the international situation with respect to
occupant protection in buses, has been completed.
The study report, entitled “Evaluation of Occupant
Protection in Buses TP 14006” dated June 2002 is
available in Both French and English on the
Department’s website at
www.tc.gc.ca/roadsafety/tp/tp14006.

The second phase of the program, which is currently
underway, involves testing of 3-point belt equipped
coach seats from Europe and Australia and newly
developed school bus seats incorporating passive
protection with 3-point belts. The 3-point belt
equipped coach and school bus seats will be tested on
an acceleration sled and by using static pulls. The
sled tests will involve various seating configurations
with restrained and unrestrained anthropometric test
devices. The static pull tests will be completed
applying the same forces measured during the sled
tests.

The third phase of the program, planned for
completion by late 2004, will focus on glazing
designs, including glazing retention as a result of
occupant loading and issues surrounding the use of
windows as emergency exit requirements.

Three-Wheeled Vehicles and Enclosed
Motorcycles

The Department proposed an amendment in 2002 to
introduce two new vehicle classes to address the
unique characteristics of vehicles designed to travel
on three wheels and for enclosed motorcycles. Two
new regulations were proposed specific to these new
vehicle classes to address the minimum stability
requirements for three-wheeled vehicles and the fuel
system integrity requirements.

Currently, most three-wheeled vehicles and enclosed
motorcycles would have to be classified and
regulated as a passenger car. This classification has
essentially eliminated these vehicles from the
Canadian market. There has been a renewed interest
in developing three wheeled passenger vehicles that
will provide a safer alternative to motorcycle
transportation while providing environmental
benefits. These new vehicle classes and regulations
were developed following a review of current world
safety regulations including those in Australia,
Europe and the United States. For example, the
proposed motorcycle fuel system integrity
requirement provides the manufacture the alternative
of meeting either the European Directive 97/24/EC,

“Fuel Tanks for Two and Three-Wheel Motor
Vehicles” or the Society of Automotive Engineers
SAE J1242, “Fuel and Lubricant Tanks for
Motorcycles”.

It is expected that these new vehicle classes will
allow the industry to provide Canadians an
innovative, safe and efficient means of transportation.

Current Status – Side Impact Memorandum of
Understanding

While side air bags have the potential to reduce
injuries to properly restrained occupants - both adults
and children - in side impact collisions, the
Department was concerned that Out-Of-Position
(OOP) occupants could be at increased risk should a
collision occur. Thus, in February of 2001, the
Department and the automotive manufacturers signed
a Memorandum of Understanding (MOU) which set
out the general terms and conditions with regard to
side-impact protection applicable to passenger cars,
multipurpose passenger vehicles, trucks and buses
with a gross vehicle weight rating of 2,722 kg (6,000
lbs) or less.

The MOU was based on the extensive research,
testing and collision investigation of side impacts and
side air bags that the Department had completed. The
MOU includes four requirements:

• That vehicles built during or after the 2002
model year, meet the requirements of either
the U.S. Federal Motor Vehicle Safety
Standard 214, "Side Impact Protection," or
United Nations ECE Regulation No. 95,
"Uniform Provisions Concerning Approval
of Vehicles With Regard to the Protection of
the Occupants in the Event of a Lateral
Collision"; and

• Vehicles meeting the requirements of United
Nations ECE Regulation No. 95 will
maintain or, where possible, improve rear
seat occupant side-impact protection; and

• That vehicles which incorporate side air bag
systems be designed according to the
"Recommended Procedures for Evaluating
Occupant Injury Risk from Deploying Side
Airbags" dated August 8, 2000; and,

• Upon request the manufacturer will identify
to the Department each new model vehicle
equipped with side air bag systems designed
according to the recommended procedures
and upon request provide data
demonstrating that future side air bag
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systems have been designed according to the
recommended procedures.

This is the first occasion in which Transport Canada
has used an MOU to introduce new requirements.
This non-regulatory program was achieved through
the collaborative efforts of industry and government.
As part of the MOU the manufacturers agreed to
introduce these requirements as soon as was feasible
for each manufacturer, but at the very latest, future
systems designed according to these procedures were
to be integrated into vehicle programs with design
commitment or "design freeze" dates occurring
approximately 18 months after the date of execution
of this MOU.
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Introduction

Mr. Chairman, I would like to thank you for inviting
me to present the report on the activities of the
European Commission in the field of automotive
safety. Since the last ESV conference in Amsterdam
two years ago, a number of important developments
have occurred in the European Union.

Road Safety Policy

Like some other parts of the world the European
Union has witnessed a substantial improvement in
road safety with a reduction of the number of
fatalities. Over the last ten years the number has been
reduced with almost 30 % even though the vehicle
fleet and mobility have increased. Many factors have
contributed to this positive development, one very
important set of factors being improved motor vehicle
construction and passive safety measures.

Still the fatality rate, currently about 41 000 per year,
is unacceptably high. In addition road traffic causes
about 1.7 million injuries, a number that has not
decreased if you compare with the situation ten years
ago.

The European Commission’s current road safety
priorities stress the role that motor vehicle safety can
play in reducing the risk of fatality and injury from an
accident. A target has been suggested to reduce the
fatalities with 50 % by 2010. Out from this target the
Commission is now developing a new Road Safety
Action Plan which will include a series of actions to
improve road safety.

During 2001 and 2002 the Commission's work with
new measures concerning motor vehicle and road
safety has focussed on better indirect vision, speed
limitation devices, seat belts, pedestrian protection and
the introduction of information and communication
technologies in vehicle construction.

Indirect vision

A proposed legislation concerning indirect vision aims
at improving road user safety by upgrading the
performance of rear view mirrors and accelerating the
introduction of new technologies that increase the field
of indirect vision for drivers of passenger cars, buses
and trucks. Many severe road accidents at crossings,
junctions and roundabouts are caused by vehicle
drivers who are unaware of that other road users -

usually bikers, motorcyclists and pedestrians – are
very close to or already beside their vehicles when
they turn.

When larger vehicles such as trucks or buses are
involved, these “blind spot” accidents frequently
lead to serious injuries or even fatalities. The
legislation would add specific blind spot reduction
requirements to the existing rules. Concerning rear-
view mirrors the key changes would entail:

- Mounting additional mirrors on certain
vehicles (front mirrors on trucks, exterior rear view
mirrors on the passenger’s side of cars, aspherical
mirrors on passenger cars and small commercial
vehicles);
- Upgrading technical characteristics of mirrors
in line with technical progress;
- Replacing certain mirrors with other indirect
vision systems, such as camera and monitor
systems.

The proposed legislation introduces for the first
time mandatory harmonised requirements for the
type-approval of mirrors and systems for indirect
vision for larger motor vehicles within the EU.

Speed limitation devices

Since several years there are rules in the European
Union concerning speed limitation devices for
medium weight trucks as well as for buses and
coaches with a maximum mass exceeding 10 tonnes
and for heavy-duty trucks. The maximum speed is
set at 90 km per hour for trucks and 100 km per
hour for buses. Based on the positive experience
and to further promote road safety and
environmental protection additional rules
concerning the use of speed limitation devices have
recently been adopted by European Parliament and
the Council. This decision extends the scope of the
rules and introduces speed limitation devices and a
speed limit for all vehicles with more than eight
seats in addition to the driver’s seat used for the
carriage of passengers (100 km) and for all vehicles
used for the carriage of goods and exceeding 3.5
tonnes maximum mass (90 km).

Seat belts in buses

Annually, an average of two hundred passengers
travelling in coaches and minibuses are killed in the
European Union. The vast majority of these
fatalities occur because the passengers are violently
thrown around within the confines of the vehicle or,
even more seriously, ejected from the vehicle
through broken windows in a rollover accident.
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Many well-documented studies have shown that a lot
of fatally injured passengers would otherwise have
survived such accidents if they had been provided with
and were wearing safety belts. It is reasonable to
expect that the findings of such studies devoted to
buses and coaches can be extrapolated to trucks.

In the mid-1990th, the Community adopted a
legislation which contains all relevant technical
provisions to make possible the installation of safety
belts in commercial vehicles. However, not all
Member States have implemented mandatory rules
with respect to buses and coaches. A proposal has
now been prepared to make installation of seat belts
compulsory in all kinds of buses and coaches with the
exception of “city buses”. At the same time rules will
be proposed concerning the wearing of seat belts.

Pedestrian protection

Based on scientific studies, the principal requirements
to lower the risk of injury or death to pedestrians and
bicyclists who are in collisions with cars have been
developed for quite some time. It is estimated that
‘pedestrian-friendly’ car designs could avoid up to
2,000 of the annual 8,000 pedestrian and cyclist deaths
that occur in the European Union. In addition,
collisions with cars account for injuries to about
300,000 pedestrians each year. Other measures, such
as enforcement of speed limits, improved separation
between motor vehicle traffic and pedestrians, etc,
could also lead to substantial reductions in these
figures.

The possibility of a Community legislation aiming to
ensure that car fronts are as “pedestrian friendly” as is
practically possible has been actively discussed on the
basis of a proposal developed by the European
Enhanced Vehicle-Safety Committee (EEVC).

However, the European car industry association
(ACEA) approached the Commission to explore the
possibility of a voluntary agreement on pedestrian-
friendly cars based on a commitment by industry to
guarantee that new vehicles meet certain technical
criteria to ensure pedestrian protection.

During 2001 the Commission successfully concluded
negotiations with ACEA and also with the association
of Japanese automobile manufacturers (JAMA) and
the association of Korean automobile manufacturers
(KAMA).

Following the results of a consultation with the
European Parliament and the Council the Commission
decided in June 2002 that a framework legislation
should be proposed, which establishes the major aims

And the fundamental technical provisions to be
fulfilled.
Consequently, a proposal has been adopted by the
Commission which lays down the basic
requirements to be fulfilled in the design of the
frontal structures of motor vehicles with regard to
pedestrian protection. They will apply to all new
cars and light vans derived form car platforms,
placed on the market within the Community
The proposal gives a formal framework to the
relevant parts of the commitment undertaken by the
industry, thereby ensuring legal certainty
concerning the implementation of measures to
increase the protection of pedestrians in case of
accidents with cars. Furthermore, the proposed
legislation will also mean that the requirements will
be part of the EC type-approval system, hence
involving Member States authorities in the
application of the legal provisions. The proposed
basic requirements will be tested according to
detailed prescriptions which will be set out in a
Commission decision. With this approach, the
Directive will not have to be encumbered with
elaborated technical details.
Passenger cars and light vans derived from cars will
have to pass a number of tests and comply with the
proposed limit values. In a first phase, starting in
2005, new types of vehicles must comply with two
tests concerning protection against head injuries and
leg injuries. In a second phase, starting in 2010, four
tests of increased severity will be required for new
types of vehicles, two tests concerning head injuries
and two concerning leg injuries. Within five years
from that date all new vehicles will have to comply
with these test requirements.

Few, if any, current vehicle designs are capable of
meeting all of the proposed technical provisions.
Therefore, it is thought that an appropriate lead-
time should be allowed before the proposed
measures should be applied to new vehicle types
and, later, to all new vehicles.

Clearly the maximum benefit from making vehicles
pedestrian friendly would occur if all types of
vehicles comply with these technical provisions but
it is recognised that their application to heavier
vehicles (trucks and buses) would be of limited
value and may not be technically appropriate in
their present form. For this reason the scope of
application has been limited to passenger cars and
car-derived vans up to 2.5 tonnes. Since these
vehicle categories represent the vast majority of
vehicles currently in use, the proposed measures
will have the widest practicable effect in reducing
pedestrian injuries.
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Considering the speed of technological development
in this area, the proposal foresees that alternative
measures to the requirements laid down in the
proposal might be developed. A feasibility assessment
will therefore be carried out by 1 July 2004 concerning
the proposed technical test provisions and in particular
other measures which potentially may have at least
equal protective effects to those proposed. Should the
feasibility assessment show that these alternative
measures have at least equal protective effects the
Commission shall consider relevant proposals to
amend this Directive.

In addition to the introduction of measures to improve
the design of car fronts, the motor vehicle
manufacturer associations have also undertaken in
their commitments to introduce the following
additional active and passive safety measures
conducive to improved protection of pedestrian and
other road users:
- to equip all new car and light vans derived from

car platforms with anti-lock braking systems
(ABS) from 1st July 2004;

- to gradually introduce information and
communication technology (ICT) elements to
improve active safety;

- to equip all new motor vehicles with Daytime
Running Lights (DRL) as from 1 October 2003;

- not to install rigid bull-bars as original
equipment on new motor vehicles, nor to sell
them as spare parts.

Concerning the introduction of DRL, as a result of the
consultation of the Council and the European
Parliament, and in view of the differing national laws
on the use of DRL at present, the Commission has
decided not to oblige the industry to adhere to this part
until a harmonised approach is reached at Community
level with regard to its use.

Concerning rigid bull bars, following the views
expressed by the Council and the European
Parliament, suggesting that a legislative approach
would cover not only the original equipment
manufacturers but also the independent after-market,
the Commission intends to propose a legislation
containing a test procedure for all bull-bars and similar
devices placed on the market and which are airmed at
vehicles up to 3.5 tonnes.

e-Safety

New systems which use advanced information and
communication technologies (ICT) in new solutions
for improved road safety can reduce the number of
fatalities and injuries on the roads, in particular
when the accident can still be avoided or at least its
severity significantly reduced. Almost 95% of all
accidents are partly due to the human factor. In
almost three-quarters of all the cases human errors
are the only cause. Potentially ICT solutions could
asisst the driver and reduce the number of errors
made in complex road traffic situations.

The development of appropriate sensors, actuators
and processors, has already permitted wide spread
implementation of ABS and stability systems,
which help the driver to maintain control of the
vehicle even when it has exceeded its « normal »
limits of handling.

A new generation of active safety systems and
Advanced Driver-Assistance Systems can now be
foreseen. These systems will take into account not
just the driver and the vehicle, but also the
environment around the vehicle. Co-operative
systems will enable essential safety information to
be exchanged between the vehicle and other
vehicles, and the infrastructure.

By receiving information from outside of the
vehicle, the systems will be able to assess the risk of
an accident happening. They can then warn the
driver so that he can take appropriate action, or they
can even initiate appropriate action. If an accident
becomes unavoidable, the systems could use the
same information to optimise the passive safety
systems. Other safety systems can also
automatically summon assistance following an
accident.

In the transport sector, the Community has played a
leading role in research in Road Transport
Telematics and Intelligent Transport Systems (ITS)
since 1988. Under the EC Fourth Framework
Programme for Research, Technological
Development and Demonstration (1994-1998), the
Telematics Applications Programme has realised
leading-edge systems and applications.

The current Information Society Technologies (IST)
programme builds on the results of the Telematics
programme, continuing research in technologies and
applications systems aiming at safer, cleaner and
more efficient transport, with research focused on
intelligent safety.
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The Sixth Framework Programme for research,
technological development and demonstration
activities 2002-2006 will offer new funding
opportunities for research and development in
Intelligent Integrated Safety including Advanced
Driver Assistance Systems and support technologies.

The potential contribution of the introduction of
intelligent road safety systems for enhancing road
safety and security has partly already been
demonstrated by the industry in a number of research
and development projects. However, to realise the
potential benefits, the new systems have to be widely
deployed in the marketplace.

To promote development and deployment the
Commission set up an eSafety Working Group with
representatives of the automotive sector, service
providers and other stakeholders. The group presented
in autumn 2002 a report with 28 recommendations on
how to improve road safety through the use of
information and communications technologies.

The recommendations cover a wide range of issues
such as prioritising future research and development
efforts, developing a test methodology and validation
framework, developing assessment and test
methodology for complex Human-Machine Interfaces,
promoting in-vehicle emergency calls (e-Call) and
reviewing vehicle legislation.

The next steps of the eSafety initiative include the
establishment of the eSafety Forum which will be an
ad hoc forum to bring together a wider range of
stakeholders to promote and facilitate the introduction
of more ICT elements into motor vehicles on a broad
scale.

In summary

On the legislative side the Commission has during the
last two years brought forward proposals to strengthen
certain safety requirements like indirect vision via
mirrors, the installation of seat belt in buses and speed
limiters for certain commercial vehicles. In addition
work has continued with prescriptions concerning
"pedestrian friendly" vehicles, which is a completely
new field for motor vehicle construction.

Furthermore major steps have been taken to facilitate
the introduction and wide spread deployment of
information and communication technologies to
improve vehicle safety and in particular to support the
driver. It is expected that the introduction of such
devices in many areas does not have to be
accompanied with legal requirements.
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STATUS REPORT OF FRANCE

Dominique Cesari
INRETS
France

ABSTRACT

This paper summarizes the new orientations of the
French Government for road safety improvement in
relation to vehicle safety. It briefly describes the
vehicle safety aspects in the French programs of
Research and Development in Transport (PREDIT)
and confirms the support of France to pre-regulatory
research for vehicle safety improvement at the
European level (EEVC) and through IHRA.
Considering the needs to continue international
cooperations, the paper concludes with proposals to
go further in the area of vehicle safety.

INTRODUCTION

Road safety issues are taking an increasing
importance in the decisions taken by the French
Government since the last ESV Conference.
From 1999 to 2002, the number of fatally injured
road users dropped from 8 029 to 7 230,
corresponding to a change from 167 572 to 137 500
persons injured in road traffic accidents. The
diminutions over this period were 10 % for fatalities
and 18 % for casualties. If we consider the most
recent figures, in 2002 compared to 2001, the number
of fatalities and casualties decreased respectively by
6.3 % and 10.7 %. This trend is confirmed by the
most recent figures.
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Figure 1. Evolution of road traffic fatalities in
France over the past 30 years.

FRENCH PUBLIC POLICY FOR ROAD
SAFETY

As indicated during the 17th ESV Conference, France
has set up the National Council for Road Safety
(CNSR, Conseil National de Sécurité Routière). This
independent body includes representatives of all

parties having activities linked with road safety, and
is aimed at advising the government on the
orientations for road safety improvement. The first
proposals were mainly related to changing the
behavior of drivers through enlarging the information
on risks, and developing control campaigns for
overspeeding, drink and driving and other offences
against safe driving rules. This group also considers
that applied scientific research is important to go
further in improving road safety, especially in the
areas of accident studies, driver behavior and new
technologies for safety improvement.
Improving road safety has been selected by the
French Government as a first priority and taking that
into account, during its 18 December 2002 meeting,
the CISR (Interministry Committee for Road Safety)
took several important decisions.
Given that the road is the first cause of violent deaths
in France, the government has launched a program of
actions with three main objectives: moving towards
an active road safety, a better control of vulnerable
drivers, and developing road risk prevention.
Among a large number of measures to be put in place
within a short period, several are concerning vehicle
safety and injuries to victims.
In 31.2 % of fatal accidents in 2001, one driver at
least was intoxicated with a BAC over the legal limit
(0.5 g/l). It has been proven that alcohol associated
with medical drugs and/or illicit drugs is
incompatible with a safe driving behavior. These
facts lead to consider road safety as a public health
problem. It is then proposed to provide a better
information to users and to detect alcohol and drugs
in people injured in accidents.
The program aimed at developing research for
accident prevention will run until 2008 and will
include research on increasing the knowledge in
accident scenarios, in injury mechanisms and
epidemiology of injuries. It will also boost the
development of new technologies aimed at detecting
and preventing accident risks.
A special attention will be given to head trauma.
In order to promote the use of new devices intended
to improve safety, all cars belonging to French
administrations will be equipped with crash event
recorders, adaptative speed control systems and seat
belt reminders. In parallel, France will support, at the
European level, the introduction of adaptative speed
limiters (ASLD) on all vehicles, complying with ECE
R89 amended in November 2001.
In the same area, France supports the research
program "LAVIA" which investigates the feasability
of interactive speed control systems using new
technologies.
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This speed limiter adapts to the authorized speed
limit and can work in three modes: the informative
mode in which the driver is informed on the actual
speed limit, but keeps the control of the car speed; the
active mode in which the car cannot go faster than the
actual speed limit, and the kick down mode in which
the driver can go over the speed limit, with a specific
action on the accelerator pedal.

THE FRENCH TRANSPORT R&D PROGRAMS

Since 1983, France has issued several transport
research and development programs, each covering
several years. The third one, called PREDIT 2, has
been recently completed, whereas the following one,
called PREDI 3, is in progress.

The PREDIT 2 R&D Transport Program

This program covered the period running from 1996
to 2000; because of the time needed to complete
projects, few of them are still in progress.
That program was divided in four domains, and the
domain "Sciences and Technologies" comprises a
thematic group on safety ergonomics and comfort.
One hundred and seven projects were selected in this
area, for a total financial support amounting to about
35 M ; a great number of those projects dealt with
safety, and more especially passive safety.

The PREDIT 3 R& D Transport Program

The third research and development program was
launched at the end of 2001 and will cover the period
2002-2006. Two operating groups are dealing with
safety:

Operating Group 3: New knowledge for safety
This group is aimed at producing knowledge on the
current stakes prevailing in the ground transport area
in terms of safety, and on the effectiveness of public
policy in this area.
Taking into account the bad situation of road safety
in France, this group is supporting research related to
the socio-political dimension of this issue; it also
proposes to pay attention to methods for analyzing
public policy measures and their feed back. Two
additional axes are selected: individual behavior in
relation to risk taking, and public health approach in
relation to illness, medical and illicit drugs,
vulnerable adult users (two-wheelers and pedestrians)
and the most severe accident conditions (side impact).

Operating Group 4: deals with "Technologies for
National Safety"

The aim of this group is to create a cultural exchange
through the development and the use of new
technologies for a quieter driving, and to balance
requirements between efficient traffic and road safety.
This group supports new research works dealing with
environment perception by the driver in relation to
the use of driving aids, detection of the drop of
alertness, and how to share the responsibilities
between the driver, the system provider, the service
operator and the public authority.
Early in 2003, this group launched a call for
proposals for researches on vulnerable users,
including pedestrians, motorcyclists, children and
elderly people, for a total support of 2 M .

Figure 2. Compatibility assessment with a
progressive deformable barrier.

IMPLICATION IN EUROPEAN RESEARCH
PROJECTS

France, through research institutes (especially
INRETS), universities, crash test laboratories and car
industry (manufacturers and part suppliers) has
increased its participation in research projects within
the 5th framework program. Particularly, it actively
participates in the European Vehicle Passive Safety
Network, having the responsibility for the
Biomechanics task within this network.
Considering that the development of new knowledge
and tools are necessary to go further in car safety
assessment, INRETS, French National Institute for
Research in Transport and Safety, has taken the
coordination of the E.U. project HUMOS II, aimed at
developing an advanced numerical human model for
use in virtual testing. French researchers are also
active in several other European projects in the area
of vehicle safety, such as V.C. Compat, SIBER, FID
or PENDANT.
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We strongly believe that these European projects are
of the utmost importance to prepare the scientific
contents of future regulations.
Taking that statement into account, several proposals
to the first call within the 6th framework will involve
the participation of many French researchers and
teams in the areas of active and passive safety,
through Integrated Projects (IP) as well as Networks
of Excellence (NoE), with a key role in some of them.

SUPPORTING PRE-REGULATORY
ACTIVITIES

Considering that new regulations, or improvement of
existing regulations, need to be based on a larger
scientific knowledge, France strongly belives in the
role of the EEVC in the pre-regulatory research field.
In that matter, we play an active role in the EEVC
steering committee, chaired by a French delegate, and
will continue to work to an enlargement of the
recognition of the EEVC as reference body in pre-
regulatory research in Europe. Recent European
decisions in this area have confirmed the importance
of the EEVC contribution. France is also actively
participating in all EEVC working groups as
described in the Status Report of EEVC.
France has joined EuroNCAP and then will
contribute to the evolution of this program to cover
more aspects of car safety, such as active safety and
compatibility, but in such a way that only
scientifically developed and validated procedures are
considered.
We believe that priorities for passive safety will be
affected by new developments in active safety, and
for this reason, we support the enlargement of the
EEVC scope to this area as well as the IHRA
working group on ITS.
In the global organization of pre-regulatory research,
we consider that IHRA is playing an important role
for future international harmonization. With IHRA,
we can expect more ambitious harmonized proposals,
since the work done within IHRA is allowing to
develop a common scientific approach for new
knowledge in the area of car safety assessment.
The research results collected and analyzed within
EEVC through national contributions, and transferred
to IHRA working groups, allow to develop common
views and proposals in the main area of vehicle safety
improvement.
These proposals are mainly used by the groups in
charge of developing new worldwide regulations,
especially GRSP/WP29 in ECE/UNO. In that aspect,
France is supporting these international regulatory
activities at different levels, including the GRSP ad
hoc group, such as the group aimed at developing a
GTR on pedestrian safety.

FUTURE

Knowing that research on vehicle safety has been
very active over the last years, and that it becomes
more and more difficult to go further, research
programs have to be more internationally co-
ordinated to avoid duplication.
Because of this evolution, it is important that accident
data can provide the necessary knowledge to help to
prioritize and to define the background of research
works to be performed.
Accident research is also necessary to scientifcally
evaluate the consequences of new measures taken or
proposed.
We support the need to link accident research teams
at the European level, based on national programs in
this area.
Up to now, the assessment of car safety focuses, for
the main accident condition (frontal, side, pedestrian,
etc.), on a single accident condition, whereas each
accident is unique; it is then proposed to consider
variations in accident situations as well as in users
characteristics. The possibility of using numerical
simulation to enlarge the assessment conditions, in
addition to crash tests, has to be explored.
The development of basic knowledge necessary to
progress in the improvement of car safety, especially
for rule making activities, implies that these
researches are organized at the European level with
national support and with contributions from the car
industry.
The evaluation of the real effectiveness of measures
recently enforced is an area which needs more efforts
at the international level, and from which we could
learn many things helping to develop a strategy in car
safety improvement.
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We have been active participants in the ESV-
programme since June 1974 – nearly 30 years – and
we welcome this opportunity again to present the
EEVC Status report and to report on recent
developments of the European Enhanced Vehicle-
safety Committee.

Mr. Cesari has been elected at the last EEVC
Steering Committee meeting in February 2003 in
Rome as the new chairman of EEVC.

Advanced Anthropometric Adult Crash
Dummies

The research work for the development of
EuroSID-2 (ES-2) has been completed. The ES-2 is
an improved EUROSID-1 dummy with increased
injury assessment and measurement capabilities
that addresses the main concerns expressed with the
EUROSID-1. EEVC has proposed to EC and ECE
to replace the EUROSID-1 by the ES-2 anticipating
a substantial improvement in side impact
protection.

The new chairman for this work is Mr. van
Ratingen (TNO). Within the ECE-GRSP group
EEVC is discussing the use of ES-2 with OICA.
The evaluation of the ES-2 by NHTSA in the USA
is almost completed and the results are positive in
general. A pending issue is still the backplate
loading. Several solutions have been proposed and
are under review by NHTSA.

An EEVC ad hoc group has finalised a report on
whiplash injuries dealing with accident data and
insurance statistics, biomechanics and dummy
development, car and seat design, test procedures
and research programs with regard to the protection
of injuries in low speed rear impacts. Based on this
overview EEVC has created a new working group:
Protection in rear impacts. The aim of this group is
the development of a test procedure including the
use of appropriate dummies to assess neck injuries
in rear end collisions within two years. Mr.
Svensson (Chalmers University) has been
appointed as the chairman of this group.

EEVC is collaborating with NHTSA on the next
generation frontal impact dummy. The work
focuses on defining the biofidelity response
requirements for relevant body regions injured in
frontal impacts. The potential of the THOR dummy
has been assessed in various test conditions.

Contributions have been made to the IHRA
Biomechanics working group, dealing with
anthropometry, biofidelity and injury criteria for
side impact and the development of a biofidelity

rating system. Recently, IHRA has been co-
ordinating the work related to frontal impact
dummy biomechanics and evaluation of THOR in
the different regions.

A paper about “Biofidelity impact response
requirements for an advanced mid-size male crash
dummy” will be published at this conference.

Side Impact

The EEVC activities to improve side impact
protection are on-going under the chairmanship of
Mr. Lowne (UK).

Phase III of the detailed programme, leading to the
proposal for the EEVC interior headform test
procedure, is now complete. A draft proposal for
the EEVC Interior Head Impact Test Procedure has
been produced and the definition of the impact
points is being evaluated by WG members.

Phase IV comprises the validation of the proposed
test procedure and this research programme is
currently being undertaken. TRL has completed a
test programme evaluating three vehicles using the
current proposal and the draft proposal takes into
account some observations made in these tests.
Other test institutes, including BASt and TNO, are
now undertaking test within Phase IV.

A new aspect of this task is that EEVC has been
asked to draft the interior headform test for the
harmonised IHRA side impact test procedure.
Therefore this work will have wider implications
than previously considered. Accident data collected
for IHRA have shown that injuries to non-struck
side occupants constitute a significant proportion of
the “Harm” in side impacts accidents. EEVC has
been asked to consider how this would change the
interior headform test procedure.

The EEVC Report on the recommendations for a
revised specification for the current EEVC mobile
deformable barrier face was presented to GRSP in
December (2001) in an Informal Document and
then discussed in more detail in the May 2002
meeting on the basis of a Formal Working
Document. The EEVC report was well supported at
the meeting by the delegates of EEVC countries.
GRSP approved the EEVC proposal and forwarded
it to ECE-WP29 where, in November 2002, it was
approved for use in ECE Regulation 95.

The activities, related specifically to IHRA, have
concentrated on the work to understand the
potential for a harmonised MDB test (one of the
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four components of the proposed IHRA Side
Impact Test Procedure). A new prototype MDB has
been built to represent modern European vehicle
more closely than the existing EEVC MDB. This is
now known as the ‘Advanced European MDB’ or
‘AE-MDB’. Full scale tests have been performed at
TRL with this first prototype MDB and the US
Insurance Institute for Highway Safety (IIHS)
MDB. All of these tests so far have been performed
by TRL with funding from the UK DfT. Other
EEVC laboratories are expected to undertake
additional tests in 2003. From the results of these
tests, it was concluded that the IIHS MDB is far too
severe a test for European conditions. The advice
from the industry advisors is that, if this were to be
the only possibility of a fully harmonised test
procedure, the disbenefits would outweigh the
possible benefits of a harmonised test procedure.
The EEVC current view is that there will need to be
two MDB designs for the next generation of side
impact test procedures. Following this, the IHRA
SIWG chairman has proposed that there should be
two MDB designs, one corresponding to car and
small SUV impacts and the other corresponding to
larger SUV and light truck impacts. Regulators
could adopt one or both as appropriate for their
vehicle fleet. This proposal has been agreed by the
IHRA Steering Committee.

The next level of possible harmonisation would be
for the more onerous test to be so designed that
compliance with this test would guarantee
compliance with the less onerous “European” (and
probably Australian/Asian) test. This approach was
also proposed at the IHRA Steering Committee
meeting.

- The IHRA SIWG will propose a draft
international harmonised side impact test
procedure at this conference. EEVC will
participate in the validation of this
proposed test procedure during 2003 -
2005.

At this conference two reports of EEVC concerning
protection in side impacts will be presented
(Advanced European MDB and headform test
procedure).

Truck underrun

Based on the earlier work of WG14 the EC 5th
Research framework project VC-COMPAT has
started in 2003 and will go on for 3 years. Most
former members of WG14 and additionally some
truck manufacturers are members of the VC-
COMPAT consortium. The main project outputs for
the car to truck part of the project are:

- Test procedures and associated
performance criteria to assess and control
truck frontal structures for frontal impact
compatibility with cars

- Suggestions for improving front and rear
underrun safety

- Indication of the benefits and cost of
improved compatibility

WG14 has established a close cooperation with
VC-COMPAT and will work in parallel
concentrating on establishing practical test
procedures that may be used in type approvals for
underrun devices on trucks. If possible these
procedures and performance criteria should be the
same - except for impact speed - for frontal and rear
protection devices on trucks.

The work will be chaired by Mr. Turbell (Sweden)

Crash compatibility

Following the introduction of the European Frontal
and Side Impact Directives in October 1998,
compatibility offers the next greatest potential
benefit for improving car occupant safety and
reducing road casualties. There are currently four
candidate test procedures discussed in EEVC WG
15, which are expected to form the basis of future
legislation and / or consumer testing to improve
compatibility. These are a full width deformable
barrier test to assess structural interaction, an ODB
test to control stiffness, a high speed ODB test to
control the compartment strength and a Progressive
Deformable Barrier (PDB) test to assess both
structural interaction and control stiffness.

In 2001 and 2002 an interim study to improve the
crash compatibility between cars in frontal impact
was carried out by TRL, BASt, UTAC and FIAT.
The objectives of this study, sponsored by the
European Commission, were
• To further develop the crash test procedures

detailed above.
• To perform an analysis to estimate the benefits

of implementing compatibility measures for
frontal impact.

• To perform accident analysis to further aid the
understanding of compatibility and to support
the cost benefit analysis.

The work was divided in three packages: Accident
Analysis, benefit analysis and crash testing. In the
accident analysis it was confirmed for United
Kingdom and Germany that the compatibility
problems for car to car frontal impacts are
structural interaction, stiffness matching and
compartment strength. In the benefit analysis the
first approach, to determine the problem scope,
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indicated that a significant proportion of current
road accident casualties would benefit from
improved compatibility. In GB, for car frontal crash
victims, it was predicted that approximately half
(45 to 61%) of the fatalities and 2/3 (66-85%) of
serious injuries would experience some reduction in
injury risk as a result of improved compatibility. In
Germany about half (33-67%) of current frontal
crash victims would experience a reduction in
injury risk.

Full scale crash testing including car to car tests
was performed to further develop the candidates for
a test procedure.

A report will be given during this conference by
Mr. Faerber (Germany) about this study. EEVC has
developed a list of parameters for assessing
compatibility in a test procedure using different
barriers such as a full width deformable barrier test
to assess structural interaction, an ODB test to
control stiffness, a high speed ODB test to control
the compartment strength and a Progressive
Deformable Barrier (PDB) test to assess both
structural interaction and control stiffness.

These parameters are in particular structural
interaction, frontal unit force, compartment strength
and other items like simplicity, repeatability and
reproducibility of the test procedure. EEVC is in
favour for further development of the existing
offset deformable barrier test used in Directive
96/79 EC to assess compatibility.

The activities with regard to advanced frontal
protection are merged with the compatibility
activities since the end of 2002. This was
considered logical since the majority of questions
dealt with contain aspects of both self-protection
and partner protection. This arrangement is also in
line with the organisation of the IHRA work.

The advanced frontal protection group has finalised
its two outstanding tasks, a footwell intrusion
measurement method and a report on seat belt
reminders. The EEVC footwell intrusion
measurement method uses the normal position of
the foot as reference for measurements. This is
considered more relevant than references to the
undeformed foot well. The report was sent to the
European Commission in December 2002.

The working group has also worked with seat belt
reminders. A large proportion of the people injured
in severe crashes are unbelted. The most important
safety system in the cars still has a large protection
potential if everyone used the seat belt. EEVC has
developed a series of recommendations around seat
belt reminder systems. The seat belt reminder
system should target the “part time users”, should

use progressive multiple step audible and visual
signals but not affect the driveability of the car.
EuroNCAP has used a large proportion of the
recommendations in their work to promote seat belt
reminders. In 2002 a substantial number of car
models have been introduced on the European
market equipped with seat belt reminders following
the EEVC recommendations.

Pedestrian Protection

In December 1998, the EEVC issued the report
"Improved test methods to evaluate pedestrian
protection afforded by passenger cars", which is the
first complete test method proposed for pedestrian
protection evaluation. Taking into account the
experience of using this methodology,
modifications to this report, especially the part
concerning the certification of the impactors were
finalised. New certification response values for
head forms and leg impactors were defined.
Variations in verification test results required to
take wider response corridors than expected. The
terms of the reference of our EEVC activities for
further improvement of pedestrian protections
concentrate on:
1. Development of test methods, tools and

requirements for (adult) pedestrian head to
windscreen, windscreen frame and A-pillar
impacts, based on accident statistics and
biomechanics, as well as on technical
feasibility.

2. Integration of new technologies, methods
and tools in the field of physical and
virtual testing into EEVC pedestrian
protection test methods.

3. Prepare the EEVC contribution to the
IHRA working group on pedestrian safety.

4. Cooperation with the UN/ECE informal
group on pedestrian safety
(ECE/WP29/GRSP).

The ECE/GRSP has created an informal group on
pedestrian safety. The informal group will have the
responsibility of preparing and bringing forward a
proposal for a global technical regulation (gtr),
based upon the research and development work
done so far by different institutions and the industry
and take account of any additional work that is
being undertaken.
The preparation of the proposal shall consist of two
phases:
An analysis of the feasibility and desirability for a
gtr on pedestrian safety and the development of
complete and detailed recommendations. EEVC
was invited to join this group.
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The EEVC contributes to IHRA Pedestrian Safety
working group with two representatives.
The IHRA-Pedestrian Safety working group started
its work by collecting available accident data. The
analysis of these data allowed to draw a priority list
of body area/vehicle contact tests to be developed:

1. Adult/child head tests (head versus
bonnet/windscreen).

2. Adult leg test (leg versus bumper/car
front).

3. Adult chest / abdomen / pelvis and femur
test, and child chest / abdomen and pelvis
test.

The group has decided to use the sub-system
approach. It has already developed the test
procedure for child and adult head protection and it
is working now on adult leg test.

The work of EEVC with regard to pedestrian
protection is now chaired by Mr. Cesari (France).

Child Safety

The activities of EEVC with regard to child safety
are concentrated on

- Review accident statistics with respect
to car child occupants and injuries in
all types of car accidents.

- review research with respect to car
child occupant safety.

- Describe the state-of-the-art taking
into account all existing regulations.

- Identify gaps in knowledge, methods
and tools

- Safety of children in buses.

The working group of EEVC is chaired by Mr. Le
Coz (France).

The working mode war organised around two axes:
- personal work, then collective analysis

of the members of the group
according to subjects distributed
during the plenary sessions

- collective hearing of the experts or the
representatives of organisations
having an enlightened opinion on the
protection of the children during road
travel.

At this stage of the work, a synthesis report was
prepared with 7 appendices presented below:

- Accidentology in cars.
- Accidentology in coaches and buses.

- Background and development of
dummies.

- Sizing a C.R.S.: centimetric
- Legislation review.
- Hearing and research programs

summary.
- Questions for ECE Regulation 44.

Outlook

A new activity of EEVC will start on the interaction
between active and passive safety.
The aim is to describe within one year the State of
the art with regard

- overview of existing and future
techniques

- effect of these techniques on priorities
for injury prevention

- effect of these techniques on existing
regulations

This work will be chaired by Mr. Aparicio (Spain).
The international cooperation in Europe as well as
with the IHRA activities will continue.

EEVC has a new member: the government of
Poland; we are very happy to welcome our new
colleagues.

We are also pleased to provide you with a new
EEVC brochure which will be available during this
conference.

Based on our long lasting input to this important
conference we are convinced that we are able to
make genuine progress on all relevant issues to
enhance safety of vehicle in the future based on the
success in occupant protection.
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STATUS REPORT FOR THE FEDERAL REPUBLIC OF GERMANY
18th ESV Conference
Nagoya, 19th – 22nd May 2003

It is a particular honour for me to present the
German Government’s Status Report to you this
year.

Mobility – The Challenge For The Future

Transport integrates economic and living areas. In
this age of globalisation, both citizens and our
economy, which is based on the division of labour,
are dependent on highly efficient mobility. The
accessibility of the regions largely depends on there
being high-quality infrastructures and an efficient
transport industry and economy. For Germany,
located in the centre of Europe, this is both a
challenge and an opportunity.

We are currently already the no. 1 transit country in
Europe. According to current predictions, there will
be a large increase in distances travelled by 2015;
this will be caused by a number of factors,
including European integration and the eastward
expansion of the European Union. These
predictions estimate an increase of approx. 20% in
passenger transport and of more than 60% in goods
traffic. The key to coping with these enormous
challenges is to have an integrated transport system
which combines all modes of transport and utilises
their specific advantages.

With 82.4 million inhabitants, Germany has the
largest population in Europe. On 01.01.2002 there
were 44,383,323 private cars in the Federal
Republic of Germany. Compared with the previous
year this constituted an increase of 1.4%. Further
increases in the car population are expected in
coming years. The average traffic volume for 2001
on the approximately 11,000 km of federal
autobahns amounted to 48,400 vehicles per 24
hours. The total distance travelled by all motorised
vehicles in 2001 was calculated as being 620.3
billion vehicle km; of these, 207.4 billion vehicle
km were travelled on the federal autobahns and
108.2 billion vehicle km on federal roads outside
built-up areas.

The most important prerequisite for coping with the
traffic volumes is for our transport infrastructure to
be modernised and expanded. Approximately 90
billion are to be invested in this area by the end of
the decade as part of the Programme on the Future
of Mobility. This will have a considerable effect on
employment as approximately 24,000 jobs are
secured during the building phase for every billion

that are invested.

In addition to the considerable financial challenge
which is faced, there is also an increase in the

justified requirements that transport should be
environmentally sound. It is not least for this reason
that the Federal Government is aiming by 2015 to
double the distance that goods travel on rail. This
would correspond to an increase from
approximately 20% of the total distance travelled in
1997 to over 24% in 2015. In order to achieve this
aim, it will be necessary to improve the efficiency
of rail transport and to have fair and comparable
conditions of competition for the different modes of
transport.

For this reason, investments in rail were brought
into line with the high level of investment in roads,
each now receiving approximately 4.6 billion per
year.

The introduction of a distance-related fee for the
use of autobahns by domestic and foreign lorries,
which it is planned for August 2003, will also mean
that there will be a fairer charge for transport
infrastructure costs. Most of the revenue from the
lorry toll will be earmarked for reinvestment in the
transport infrastructure. First of all the revenue will
be used for the Programme to Combat Traffic
Congestion . Approximately 3.8 billion are to be
invested in this programme between 2003 and 2007
to eliminate bottlenecks in rail, road and waterway
transport.

We have also created the prerequisites for genuine
competition in rail travel by ensuring that there is
non-discriminatory access to the network for all
operators. This will also provide impetus for
attractive rail offers. In addition to this we also
need cross-border, pan-European competition. This
presupposes that the other EU Member States open
up their rail transport markets and that technical
harmonisation continues to be pushed ahead
throughout the entire European rail transport
system.

Innovative logistics concepts, in particular
Combined Transport, which combines road, rail
and inland waterway transport, will also play an
extremely important role in reducing the strain on
roads caused by goods traffic. Since 1998, the
Federal Government has made a fivefold increase
in funds for building new transhipment systems for
Combined Transport and for improving existing
systems; these funds now total 76 million per
year. Funds totalling approximately 253 million
have been provided for 39 systems so far.

State-of-the-art telecommunication and information
technologies (telematics) such as traffic influencing
systems on autobahns play an important role in
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preventing traffic congestion, protecting the
environment and improving traffic safety.
Approximately 200 million are to be spent in the
2002-2007 Programme on Influencing Traffic on
Federal Autobahns so that by the end of 2007
approximately 1200 km of autobahns will be
equipped with influencing systems. Experiences so
far have shown that the number of accidents was
reduced by approximately 30%.

The project dealing with the development of a
European satellite navigation system (Galileo) is of
particular importance in this respect with regard to
transport and industrial technology. It will open up
many innovative possibilities for applying
communication technology, particularly in the
transport sector.

In order to ensure that we are in the long term able
to maintain our high level of mobility, it will in
future be increasingly important to balance the
economic and ecological effects of transport.

Strategies For Road Safety

a) In the Federal Republic of Germany
In recent years, road safety work in the Federal
Republic of Germany has been guided by two
programmes on improving road safety:

- the programme “Better Safe - Definitely
Better - 10 Points for More Safety in Road
Traffic“ from 1999 and following this;

- the “Programme for More Safety in Road
Traffic“ from 2001.

-
Both programmes show targeted means and ways
of protecting people’s lives by preventing
accidents, reducing the severity of accident
consequences and bringing about sustainable
reductions in socio-economic loss resulting from
road traffic accidents, which at present amounts to a
figure in the order of 35 billion .

The aim of the Programme for More Safety in Road
Traffic is to improve and guarantee safety as
mobility increases. Road safety work is one of the
most important transport policy tasks in this regard.
Increasing mobility is only accepted in our society
if there is an increase in road safety and a tangible
improvement in the general “climate” on the roads.

The traffic volume in the German transport system
is expected to increase considerably in the future.
For this reason the Programme for More Safety in
Road Traffic provides for research into strategies
for methods and technologies to improve the safety
and flow of traffic operation and to guide and
influence traffic. The aim of these measures is to
better utilise existing infrastructure capacity and
consequently improve sustainable mobility in
private life as well as in the economic sector. The

sustainability of mobility is an important factor for
social development.

Decisions regarding road safety policies are made
at many levels in Germany. The responsibility for
safety in road traffic rests on many people’s
shoulders. The Road Safety Programme therefore
calls upon all social forces to participate in
improving road safety. The intention is also that the
collaboration between the various private and state
institutions should at the same time be improved in
order to then together find goal-orientated
solutions.

Five priorities were laid down to achieve the aims
of the programme:

• improve the traffic “climate” in Germany
in order to increase road users’ composure
and the consideration they show others;

• protect weaker road users, as children,
older people and vulnerable road users in
the broadest sense of the term, such as
pedestrians, bicyclists and drivers of
motorised two-wheelers, are at a
comparatively greater risk in road traffic;

• reduce young drivers’ level of accident
risk, as the rate at which novice drivers
between 18 and 24 years of age are
involved in accidents is high;

• reduce the potential for danger presented
by heavy goods vehicles, as traffic
accidents involving heavy goods vehicles
often have disastrous consequences due to
the size and weight of the vehicles;

• increase road safety on rural roads, as
these accidents usually have particularly
serious consequences.

The Programme for More Safety in Road Traffic
also encompasses more than 100 individual
measures which are currently being implemented.
Examples of these include:

• continuing to expand general traffic
education;

• simplifying and expanding complicated
rules and regulations;

• reinforcing the safety element in training;
• equipping all new vehicles with ABS;
• safety standards for roads;
• safety analysis of road networks;
• locating accidents more quickly.

b) International Measures Relating to
Automotive Engineering

In the field of vehicle construction and performance
standards, the incorporation of international
regulations into national law makes an important
contribution to traffic safety and environmental
protection. The work as a member of the UN
Economic Commission for Europe (ECE) and as a
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Member State of the European Union (EU) are
examples in this regard.

The following were concentrated on particularly in
the last two years: the introduction throughout
Europe of binding safety regulations for buses; the
revision of regulations for indirect vision out of
vehicles to avoid the so-called blind spot; and
preparatory work on the binding introduction of
standardised ISOFIX child restraint systems.

Accident Statistics

The number of road traffic accidents in Germany
has decreased by approximately 1.7% compared
with 1999, with approximately 2.37 million
accidents occurring in 2001. The number of
personal injury accidents decreased at the faster rate
of 5,1 %, sinking to approximately 375,000
accidents. At the same time there was a reduction in
distance travelled of 3.0 % to approximately 620
billion vehicle kilometres.

The number of traffic fatalities has decreased from
7,772 in 1999 and 7,503 (2000) to 6.977 in 2001
which is the lowest figure since 1953. In 1999 there
were 4,640 fatally injured passenger car occupants,
in 2000 this figure sank to 4,396, in 2001 there
were 4,023 fatally injured car occupants. This
corresponds to approximately 58 % of all persons
killed in road traffic being car occupants.

Most of the personal injury accidents in 2001,
approximately 64%, occurred inside built-up areas;
the percentage of fatalities was significantly lower
at approximately 25 %. In contrast to this, far fewer
personal injury accidents occur on rural roads, the
figure amounting to approximately 29%; the
percentage of fatalities, however, is very high, at
approximately 64 %. Approximately 6.9% of all
personal injury accidents occur on autobahns; 11 %
of all traffic fatalities occur in these accidents.

Accident Research

The Federal Ministry of Education and Research
(BMBF) has been funding research and
development projects to do with the improvement
of safety in road traffic for many years.

The development and testing of modern sensor and
control systems, of data-recording systems and of
systems for communication, guidance and
information technologies make it possible to
provide road users and the traffic management
system with up-to-date and complete information
which was previously lacking. As a result, critical
situations in traffic will in future be able to be
recognised and avoided as they occur by means of
advance warning and/or active support of the
driver. This enables the risk of there being an
accident to be considerably reduced.

The BMBF has funded the PROMETHEUS,
BEVEI and MoTiV projects for this purpose,
providing funds totalling approximately 200 million
DM. Building on the results of its forerunners,
MoTiV developed fundamental systems of this kind
and tested them in demonstration vehicles with
promising results; these vehicles provide drivers
with effective support in such situations with regard
to the selection of vehicle-to-vehicle distances and
the choice of speed (Adaptive Cruise Control -
ACC); they also warn drivers of potential conflicts
with other road users during lane-changing
manoeuvres and turning situations (turning and
lane-changing assistance. Language-recognition
methods which work reliably in the special
conditions which exist in cars were also developed;
these methods are equipped for future applications
such as navigation, telematics and the Internet
(man-machine-interface - MMI).

The project network entitled “The Safe Road“,
which was brought to a close in 2002 with a
concluding workshop, supplemented and expanded
the work on improving active safety which was
described above. This network concentrated on
research activities aimed at better recognition and
improved protection of vulnerable road users. An
investigation was also made in this regard into the
extent to which these vulnerable road users could
themselves, at as little cost as possible, make a
contribution to their own safety (VESUV). Another
project investigated what form assistance systems
should take to provide optimal support for the
driver and how in particular it was possible to avoid
excessive or insufficient demands being made of
the driver (SANTOS, EMPHASIS).

The WARN project investigated a method for
improving protection against rear-end accidents, in
particular in conditions of poor visibility (fog, at
bends, at crests in the road, etc.); this method
consisted in using a vehicle-vehicle radio warning
system over medium distances of 1 – 2 km in order
to give a sufficiently early warning to the affected
traffic coming from behind and if necessary to
oncoming traffic as well. The system can be
activated both manually (e.g. hazard warning
lights) and automatically (e.g. through the release
of the airbag).

The “Inter-Vehicle Hazard Warning“ (IVHW)
project has built on the results of the above-
mentioned WARN project; it comprises nine
partners including the Federal Highway Research
Institute (BASt) and is currently being brought to a
successful conclusion. The project is part of
DEUFRAKO (German-French Cooperation). The
aim of the project was to jointly co-ordinate and
evaluate the concept of a radio warning system
based on vehicle-vehicle communication.
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A research initiative which is currently being
funded is the INVENT (Intelligent Traffic and
User-friendly Technology) research initiative; one
of the main areas it is concentrating on is the
combined project entitled “Driver Assistance,
Active Safety“ (INVENT FAS), which deals with
the development of driver-assistance systems and
has a total project volume of approximately 35
million for four years divided between five sub-
projects. The cross-sectional projects "Recording
the Driving Environment and Interpretation",
"Driver Behaviour, MMI" and "Effect of Traffic,
Law and Acceptance" support the two application
projects: "Traffic Congestion Assistance" and
"Predictive Active Safety" .

The sub-project "Traffic Congestion Assistance" is
intended to build on the current ACC systems and
develop a support system for congested situations
which assists with both longitudinal and lateral
guidance. Possibilities for improving traffic flow
and operation by means of vehicle-vehicle
communication are also to be investigated.

The sub-project "Predictive Active Safety" has four
different target areas. The intersection assistance
system is intended to implement right-of-way
support functions when the vehicle approaches an
intersection, provide protection against ignoring the
right-of-way and against driving through red traffic
lights and also implement assistance systems for
turning onto and off roads. The aim of the lateral
guidance assistance system is to enable protection
to be given against coming off the roadway and
against side collisions and to make avoidance and
lane-changing manoeuvres safe. The integration of
environment-sensor systems and novel passive and
active safety systems is intended to increase the
protection of bicyclists and pedestrians in the case
of unavoidable collisions. In the area of predictive
driving dynamics control systems, the aim is to use
a combination of new environment-sensor systems
and electronic stability programmes to improve the
driver’s ability to keep to his lane when the vehicle
stabilisation system has been activated, i.e. in
situations in which the driver is no longer securely
in control of the vehicle. The combined project
“FAS” began in the summer of 2001 and will
demonstrate initial results as part of a milestone
presentation in the summer of 2003.

As well as the activities presented here which have
already been running for a long time there is also a
new combined project which aims to further
improve safety in traffic tunnels in cases of
accidents resulting in fires. Fortunately, accident-
related fires in tunnels are a rare occurrence; recent
events (e.g. the accidents in the Montblanc and
Gotthard tunnels) do however show that there is
definitely a need for action in this area on account
of the tragic consequences of such accidents and
the relatively high number of victims involved. In

view of the fact that the number and average
lengths of tunnels are increasing, the BMBF would
like to support the development and testing of two
new approaches to fighting fires in this area. These
approaches aim to use suitable water-mist spray
systems as well as the actual fire-fighting measures
to bind smoke and harmful substances and
consequently facilitate orientation and reduce toxic
substances so that accident victims are able to be
rescued or rescue themselves as safely as possible.

The Federal Minister of Transport, Building and
Housing (BMVBW) has continued his many
research efforts since the last ESV Conference in
Amsterdam in June 2001; the BASt has played an
important role in this research. Below are
descriptions of the main activities in the areas of
vehicle safety and the environment:

Passive Vehicle Safety

The surveys at scenes of accidents were continued.
Some of the evaluations which were carried out in
the last two years using these data were as follows:
the potential for headlights that shine around the
corner; improvement of vehicle safety using the
front airbag as an example; details of pedestrian
accidents; lorry accidents with cargo loss; accidents
involving lorries turning right; effects of driver-
assistance systems on accident occurrence; analysis
of the impact points of car occupants’ heads in
head-on collisions; injuries to the cervical spine;
long-term consequences of injuries to the cervical
spine; an analysis of critical points to optimise the
emergency exit system in coaches; accidents with
trams; accidents with pedestrians; and pelvic
injuries.

As already reported at the 17th ESV Conference, a
second team funded by the German automobile
industry has been recording accident data since the
middle of 1999 in the Dresden survey area. At
present almost 1,000 accidents are recorded per
year using the same methodology as in the Hanover
survey area. The accident data of both survey areas
are brought together in the joint GIDAS (German-
In-Depth-Accident-Study) database. By the end of
December 2001 this database contained a total of
5,000 accidents involving 8,700 vehicles and 7,000
injured persons.

Under commission to the Federal Minister of
Transport, Building and Housing, the BASt is
concentrating on its involvement in the currently
active EEVC working groups. A detailed report on
the state of the work will be given at another stage
of this conference.

EEVC WG 12 is discussing the improvement of the
existing dummy generation. The BASt has
investigated the interaction of impact forces on the
legs with forces measured in the pelvic area in
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order to further develop the EuroSID side dummy.
The EU Commission is funding further work on
new side dummies in the SIBER project. The
investigation results will also be incorporated into
the IHRA’s work and the development of
WORLDSID. The FID project, which is funded by
the EC Commission, in which the BASt is also
involved, is pushing ahead the development and
testing of a new front dummy to be used throughout
the world.

By conducting several series of tests, the BASt has
provided comprehensive support for the efforts of
EEVC WG 13, which is revising the specifications
for the deformation element to be used in side-
impact crash tests. Additional certification test
procedures were developed with extended
specifications; these led to improved deformation
elements, as comprehensive evaluation tests have
shown. The proposals for improved and expanded
certification test procedures have been presented to
ECE Working Party 29.

EEVC WG 15 is carrying out investigations in the
field of compatibility between cars in accidents.
This study, in which all members of EEVC WG 15
will be involved, is intended to result in a proposal
for a test procedure to evaluate the compatibility of
cars in accidents. A preparatory study developed
methodological approaches for the evaluation of
accident data from in-depth accident surveys and
for the evaluation of the potential benefit of good
vehicle-vehicle compatibility. The first draft crash
test procedures were investigated in crash tests.

As part of the work of EEVC WG 18, which aims
to improve child restraint systems, the BASt is
involved in the development of a new child dummy
generation which can be used in head-on and side
impact tests. Parallel to this the BASt is also
involved in the CHILD (improvement of child
restraint systems) research group which is funded
by the European Commission.

In a research project the Technical University of
Berlin developed an extended version of regulation
ECE-R 44 which incorporated a side test procedure.
This test procedure concentrates especially on
simulating the intrusion of side structures. Another
project is investigating whether side airbags
represent a risk to children in child restraint
systems. The findings are intended to be used to
improve the existing regulations.

Mathematic simulation (virtual testing) is an aid for
developing new vehicles quickly and cost-
effectively which the vehicle and supply industry
could no longer imagine doing without. The
potential for “virtual testing“ to be applied in
legislation is shown by the fact that the EU
Commission is funding the VITES project in which
the BASt is also involved. The aim of the project is

to investigate a possible extended application of
mathematical simulation in legal regulations.

Serious injuries from airbags in accidents, which
were reported recently in the USA, have not been
observed in Europe. The high seat-belt wearing
rates in Europe mean that the airbag is geared
towards being used as an additional restraint system
to prevent an occupant’s head from colliding with
parts of the vehicle interior. Its smaller volume can
be inflated slowly and consequently less
aggressively. The risk of injury is therefore low,
even in ‘out-of-position’ cases. There have been a
few reports of slighter injuries in less severe
accidents and of faults in the release of the airbag.
The ADAC Automobile Club and the General
Association of German Insurance Companies
(GDV) investigated these reports in a research
project commissioned by the BASt.

The BASt is involved in EuroNCAP under
commission to the German Government. Vehicle
models are regularly tested in accordance with the
Euro NCAP test protocols. The collaboration in all
Euro NCAP management and technical bodies is
intended to continuously improve the evaluation
procedures, in particular by taking into account
accident occurrence. In June 2002, at the launch of
the test results of the tenth phase on the BASt’s test
site, about 40 crashed vehicles were presented to an
international public.

Fires in coaches are a rare occurrence. The risk
potential resulting from such occurrences is far
greater than that for a car, as it can be assumed that
a far larger number of persons will be affected. The
construction of buses and coaches means that
conditions for evacuating these vehicles can be
expected to be far more difficult, in particular when
vision is impaired due to smoke and there are panic
reactions among the passengers.

This project presents existing national and
European regulations and standards as well as
showing possibilities for improvement with regard
to the above-mentioned fire protection problems.
Requirements in the railway sector are presented;
these are tested to see whether they can be
transferred to the coach and bus sector; also
corresponding proposals made for determining
judgement criteria, the derivation of limit values
and the further development of test procedures are
presented. The work has not yet been completed.

The GDV’s Institute for Vehicle Safety
concentrates mainly on the following fields:

1. Car safety – development of a new
database, in particular on the subjects of
driver-assistance systems, ESP, measures
to reduce injuries to the cervical spine and
child restraint systems.

2. Analysis of lorry/bus and van accidents.
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3. Investigations into motorcycle and vehicle
accidents was another main area.

4. Finally, the first phase of a project by
European Insurers entitled “Quality
Criteria for the Safety Evaluation of Cars
on the Basis of Real Accidents”, which
was co-ordinated by the GDV, has been
concluded and the second phase started.

As part of the “Vehicle Safety 2000+” project, the
Institute for Vehicle Safety is drawing up a
comprehensive and continuous accident database
which already contains details of over 3000 recent
accidents from the last three years.

A complete evaluation of the approximately 1,000
lorry accidents with severe personal injuries which
occurred in Bavaria in 1997 was completed in
2001. The evaluation included an analysis of the
car/lorry-front/head-on collisions; these are
regarded as particularly dangerous, half of all
fatally injured car occupants resulting from such
accidents. It was seen that energy-absorbing front-
end underride protection on lorries has the potential
to reduce the number of seriously injured car
occupants by at least 40 % and the number of
fatally injured occupants by at least 11 %.

An estimation of the benefit provided by ESP
(Electronic Stability Programme) was carried out in
2001. This analysis showed that up to 9 % of severe
lorry accidents could be positively influenced or
even prevented from occurring; with regard to cars,
there would be an expected potential effect of 25%.

The international group “IIWPG“ (International
Insurance Whiplash Prevention Group) has been set
up; the Institute for Vehicle Safety participates in
this group which is intended to implement at global
level the demands expressed by insurers for greater
protection of vehicle occupants against cervical
spine injuries.

A new observation and survey study on the
securing of children in cars was completed in 2001
and produced a series of new findings
supplementing the study’s forerunner from 1995.

Although two thirds of the observed children in
child restraint systems (KSS) were not correctly
secured (installation errors and/or errors in securing
the child in the KSS), the percentage of serious
faults in the use of the systems had been almost
halved since 1995.

The GDV supports ISOFIX, a fixed plug-and-
socket connection between car and KSS, with
which errors during installation can be largely
prevented.

With regard to the subject of “pedestrian
protection“, GDV accident research compiled

representative accident material from 1200 cases,
which showed that the head-on collision is the main
area of pedestrian accident occurrence.

According to investigations so far, the most severe
injuries are located in the head area if the pedestrian
collides with the windscreen, its frame or the A
pillar.

The “SARAC“ project (Safety Rating Advisory
Committee), which is funded by the European
Commission, was completed in 2001 under the co-
ordination of the Institute for Vehicle Safety and
under commission to the European Insurers (CEA).
This project provided a detailed description of
existing methods for analysing real accidents as
regards the safety evaluation of cars and
investigated the statistical calculation processes
used in these methods. In a further step, an analysis
was made of correlations between results from
NCAP crash tests and results from real accidents
arrived at by SARAC. Finally, approaches were
drawn up on how aspects of vehicle compatibility
and vehicle aggressiveness could be incorporated
into future rating procedures so that partner
protection was also taken into account.

A follow-up project entitled SARAC II will also
deal with the subjects of active safety and
pedestrian protection.

Active Vehicle Safety

Car braking signals have hitherto only shown a car
driver that the person driving in front of him is
applying his brakes. The signals do not, however,
provide any information on how sharply the person
is braking. One of the causes of rear-end accidents
could therefore be that the danger posed by sharp
braking is not recognised early enough.

A research project by the BASt investigated how
rear car signals could be optimised, in particular to
show dangerous braking separately.

It was seen that, depending on the respective
situation, two measures were basically suitable for
attaining benefits, i.e. reducing a driver’s reaction
time or increasing the rate at which adequate
deceleration is achieved when the drivers is
reacting to a dangerous braking manoeuvre:

• an increase in the area and luminance of
the stop lamps is intuitively recognised by
the following drivers as meaning that they
are drawing closer to the vehicle ahead;

• flashing lights are particularly suited for
attracting the attention of the following
driver to the braking vehicle, even when
he is distracted.

• 
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Building on these results the BASt proposed the
following further development of the rear signal:
when a braking assistant or ABS is applied or when
a car decelerates at over 7 m/s², the dangerous
braking manoeuvre is indicated by the high
mounted stop lamp flashing at 3 – 5 Hz. There
should also be the option that the areas and
luminance of the two lower stop lamps increase.
This proposal is currently being discussed
internationally. The introduction of such a signal
system for dangerous braking would require
amendments to ECE regulations no. 7 and no. 48
and to the Vienna Convention.

The European Commission Recommendation of
21st December 1999 to the Member States and
industry on safe and efficient on-board information
and communication systems (European statement
of principles) urges competent agencies and the
vehicle and supply industries to observe the
principles regarding the design of the man-machine
interface.

The Member States were called upon by the EU
Commission to report on the measures taken by
themselves and by industry to ensure that the
principles were observed and to report on the
results of an evaluation assessing the extent to
which the Recommendation was being observed.

The Federal Highway Research Institute drew up a
report for this purpose; it comments on the extent to
which the Recommendation is being observed
voluntarily and states whether further – in particular
legislative measures – are necessary.

The results were as follows; these also constitute
the main foundation for the Statement by the
BMVBW to the EU Commission:

• random investigations discovered no
evidence that the vehicle manufacturers
and suppliers of vehicle parts and
equipment for the original fittings in the
Federal Republic of Germany were not
voluntarily observing the principles stated
in the Recommendation;

• the procedures which were applied to
evaluate the man-machine interface
correspond to state-of-the-art research;

• there still remains considerable need for
research concerning the available methods
for the ergonomic evaluation of the man-
machine interface and their scientific
basis;

• there is need for research and action
regarding the potential for misusing
information and communication systems;

• service-providers throughout the EU
should be incorporated into the EU
Recommendation as a target group. The
award of RDS (radio data system) licences

should be linked to the commitment to
observe standard EN 50067 and the EU
Recommendation; provision must be made
for suitable conventional penalties;

• there is clear need for making the
Statement of Principles more precise
concerning the combination of several
systems in the course of retrofitting;

• the principles should continue to have the
status of a Recommendation;

• apart from this there is at present not
thought to be any general need to take
further measures, in particular legislative
measures, with the exception of a
regulation regarding the installation of
retrofitting devices;

• the market must be observed in the future
– nationally and throughout the EU – in
order to be able to identify cases which
impair safety and if necessary to be able to
react to these.

In contrast to vehicles with parallel sets of wheels,
the locking of any wheel on a motorcycle creates
unstable driving conditions which are directly
linked to a danger of overturning and falling. The
use of either an automatic lock-preventing device or
a specified distribution of braking power represent
a clear improvement compared with standard
brakes. Using both systems together leads to
additional gains in safety.

The “Better braking“ motorcycle safety campaign
was launched in 2001 under the auspices of the
Federal Minister of Transport, Building and
Housing; over 100,000 persons were contacted via
this campaign. The brakes which are on the market
today mean that the motorcycle rider is subjected to
excessive technical and mental demands in surprise
and emergency situations. For this reason the GDV
calls for motorcycles to be fitted with an anti-
locking system as standard.

It has, however, not yet been possible to develop an
anti-locking system for motorcycles which is suited
for bends. A braking system such as this, which
also guaranteed driving stability in bends, could
eliminate riders’ fear of sharp braking manoeuvres
and bring about far better levels of deceleration. An
ABS system for motorcycles which was suited for
bends would have to work continuously, without
the pulses known from car systems, as the rider has
to support himself almost exclusively with his
arms. Consideration must also be given to the
torque forcing the motorcycle upright and the
steering torque which influence the motorcycle as it
leans into a curve and the brakes are applied.
The BASt is currently having an investigation
carried out in a project into how the risk of critical
braking situations can be reduced in the case of
motorised two-wheelers.
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The “light vehicle” category was newly introduced
in Germany in accordance with Directive 92/61/EC.
The four-wheel vehicles have an unladen weight of
less than 350 kg, not including the mass of any
batteries which may be required, with a maximum
speed determined by their construction type of 45
km/h. Light vehicles do not have to be licensed and
consequently are also not subject to any technical
monitoring. The BASt is examining in a research
project whether technical monitoring should be
obligatory for light vehicles for traffic safety
reasons.

In future, an increasing number of vehicles will be
equipped by the manufacturer with tyres with
emergency running properties (run flat tyres), in
order to be able to do without a spare wheel. In
addition to reducing vehicle weight and saving on
the spare wheel there is also the advantage that the
vehicle can continue to be driven even after
pressure in a tyre has been lost, which as a result
means that the risk of the driver changing a tyre in
moving traffic is eliminated. The aim of one of the
BASt’s projects is therefore to carry out handling
tests to investigate the dynamics of a vehicle
equipped with run flat tyres, both with and without
vehicle dynamics control systems. The
investigation is also intended to produce findings
on the fatigue strength of the tyres.

The “Speed Alert“ Working Group was launched
on the initiative of ERTICO in August 2001; its
objective is to co-ordinate and prepare a European
strategy for the implementation of speed
information and speed warning systems in vehicles
(in-vehicle speed alert systems). The BASt is
involved in these projects.

In view of the continuing spread of in-vehicle
driver-assistance and driver-information systems,
the question of information management, i.e. co-
ordinating the functions of several systems in the
vehicle, is becoming increasingly important. The
main aims of the EU project COMMUNICAR, in
which the BASt is involved as a partner, consist in
the determination of drivers’ information
requirements and the definition of support functions
geared towards these requirements; these functions
take into account driver strain resulting from the
traffic conditions when providing in-vehicle
information.

The aim of the EU project entitled “ADVISORS”
was to support the development, testing and
implementation of driver-assistance systems and
consequently to contribute to an increase in road
safety and driving comfort and a reduction in
environmental pollution. The BASt was involved in
this project which was completed in November
2002. The findings gained in the evaluation studies
formed one of the foundations for the development

of implementation scenarios and strategies for
selected driver-assistance systems which were
discussed with international experts. The clear
favourite was an integrated driver-assistance
system, which contains functions to support speed
control, the distance from the vehicle in front, and
navigation.

e-Safety is a joint initiative of the EU Commission
and the automobile industry; it aims to increase
road safety through the use of intelligent
information and communication technologies. The
background to this is the EU Commission’s “White
Paper“ on European transport policy (September
2001) and the aim formulated in it of reducing the
number of accident fatalities by 50% by the year
2010. The EU Commission and industry have great
expectations of the e-Safety initiative from an
economic point of view as well.

The national opinion-forming process in Germany
is being co-ordinated by the BMVBW with support
by the BASt. Further expert discussions are
planned; it is intended that concrete positions
should be drawn up in these discussions regarding
the recommendations of the e-Safety Working
Group.

The BMVBW supports all innovations which have
a clearly positive effect on road safety (e.g. 24 GHz
radar panorama view; systems to provide direct
driving support such as keeping to one’s lane and
maintaining vehicle-vehicle distance).

Electronic assistance systems must not prevent the
driver from being able to act responsibly (e.g. no
forced external control of the vehicle).

Suitable technical precautions must be taken to
combat the misuse of electronic systems (e.g. visual
use of the Internet while driving).

Environmental Protection Through Vehicle
Engineering

2001 saw the launch of a combined project by the
Federal Ministry of Education and Research and the
Federal Ministry of Transport, Building and
Housing; the project consisted in 15 different
companies from various branches and institutions
working on a joint project aim, namely the
reduction of tyre/roadway noises.

The combined project is part of a project entitled
“Quiet Traffic”, the aim of which is to reduce noise
pollution for the population which is caused by rail,
air and road traffic. For the first time
representatives of the road construction industry,
the vehicle industry, the tyre industry, research
institutions and universities are all working together
on this joint research objective. The project is being
co-ordinated by the BASt and includes work on
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optimising roadway surfaces and the methods of
laying them, optimising tyres and vehicles and new
test procedures as well as implementing the
mathematical simulation of the tyre-roadway
contact. The results will be presented at the end of
2003.

In 2002, the results of COST Action 334 “Effects
of Wide Base Single Tyres and Dual Tyres“ were
presented to the public on the occasion of a
workshop in Delft which was part of the 7th
International Conference of Heavy Goods Vehicles
Weights and Dimensions. With the support of the
EU, researchers from various European countries
have been working for four years on the question of
the influence which different tyres on heavy goods
vehicles have on rut formation, driving safety,
environmental pollution and operational costs and
how the costs/benefits are to be evaluated.
Particular attention was paid to the effects of a new
development by the tyre industry: wide base super
single tyres on the driving axle of heavy goods
vehicles.

A report on the results will be given during this
conference in the “Safety of Heavy Trucks, Buses
and Truck Tyres“ session.

It is intended that European Union Directive
2001/43 EC (the Tyre Noise Directive) should be
extended by laying down procedures and limit
values for the rolling resistance of tyres and the
non-skid properties of tyres in the wet (from 2003).
Under commission to the Netherlands, Great
Britain and Germany, the TÜV Automotive GmbH
(TÜV Süddeutschland) proposed a procedure in
which a tyre collective is put forward as a reference
to evaluate the non-skid behaviour of a test tyre in
the wet.

Some current motorised two-wheelers are among
the vehicles with the highest emissions of harmful
substances, relative to the distances they travel. In
contrast to cars, for which a periodic exhaust
emissions test is required by law, motorised two-
wheelers are not subject to any binding exhaust
emissions tests once they have been licensed for
traffic. This also applies with regard to the noise
emissions.

In view of this, preparations are at present
underway for introducing an environmental test for
motorcycles.

In the UN-ECE Expert Group on Pollution and
Energy (GRPE), discussions are currently being
held in the “WMTC“ (World-wide Motorcycle Test
Cycle) Working Group on a new, globally
harmonised test cycle for measuring emissions of
harmful substances from motorcycles as part of the
type approval test. The new exhaust emissions
certification cycle for motorcycles is intended to

represent the operating conditions which occur in
real traffic better than the ECE cycle which is
currently applicable.

The GRPE has set up a sub-working group on
hybrid vehicles. Germany has declared itself
willing to participate in this ad hoc working group.
The aim is to adapt already existing ECE
regulations for motorised vehicles with combustion
engines to take sufficient account of the particular
technical properties of (electro-) hybrid vehicles –
i.e. of vehicles which have two different
transducers and two different energy storage
systems for the purpose of propelling the vehicle. It
is a priority in this regard that Regulation ECE-
R 83 (Provisions for Determining Emissions of
Harmful Substances) and Regulation ECE-R 101
(Provisions for Determining Carbon Dioxide
Emissions and Fuel Consumption) are revised.

Accident Rescue

In the past there have been numerous novel
developments in the construction of buses. These
advancements will be investigated to find out how
compatible they are with the aim of "suitability for
emergency rescue". An analysis of critical points
was carried out to optimise emergency exit
systems; its objective was to investigate the bus
constructions and the newly developed
requirements concerning the structural strength of
coaches and to derive criteria for an optimised
emergency exit system (performance specification).
The findings are intended to be used for the further
development of the current regulations (e.g. ECE).

The emergency rescue services in the Federal
Republic of Germany are a public-law health care
system organised by the Federal States on a
statutory basis. They comprise land-based rescue
facilities and a nationwide network of over 50
rescue helicopters. The services are available
around the clock throughout the entire federal
territory.

In 2000/2001 the rescue services were used 10.3
million times, 57% of which were for the
transportation of sick persons and 43% of which
were for emergencies (with and without an
emergency doctor). This corresponds to an average
rate of every 9th inhabitant using the emergency
rescue services once a year. The number of cases
where the rescue services are accompanied by an
emergency doctor is increasing. In 1985, 32% of all
emergencies involved an emergency doctor; in
2001 this figure was 47%. The arrival time – this is
the time from the emergency being reported to the
arrival of the rescue services at the scene of the
emergency – was 6.9 minutes during the day for
traffic accidents within built-up areas and 7.1
minutes during the night. Every 16th emergency
response was for a traffic accident. Twenty years
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ago, 27.1% of all the times the emergency services
were used were for traffic accidents; in 2001 this
figure sank to 6.1%.

The papers by the German automobile industry are
to be found in the various technical seminars.

We will continue to support the development of this
important vehicle safety conference and provide
corresponding contributions to it.
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ABSTRACT

This paper will provide an overview of the main
progress of the Italian government in these last two
years in the field of road safety. It focus on the follow
up of the “National plan on road safety”, adopted two
years ago.
For the first time Italy waged a plan to encompass all
the aspects related to the road safety. All the actors in
these field have been involved in a common strategy:
Central Administration, Local Administrations, Road
Management Authority etc. had the common task
regarding priorities, effectiveness and transparency
directives. In the following statement it will be shown
the ways of its application. Even though the plan has
been designed to focus on the reduction of road
casualties, the plan has demonstrated its capacity also
as a living structure devoted to time lasting, due to his
annual revision of the goals, performed on the basis
of critical analysis of obtained results.

1. INTRODUCTION

1.1 Car accident trend in Italy and
comparison with other European
countries.

The assessment of the car accident tendency in Italy,
from 1993 to 2000 gives a different progress to death
and casualties trends respectively. While the death
toll has been reduced about 12%, from 7,163 to 6410,
the casualties are increased of 46%, from 206,689 to
301559, and car accident of 37%, from 153,400 to
211,000.
Such differences show a reduction of the accident
severity that could be represented by the rate of
mortality, namely the rate between death toll and
accidents. Such aftermath is due by the better vehicle
passive safety, more effective in the event of a
collision, to the safety devices such as safety belts
and air-bags and to better medical emergency
technologies.

It is meaningful to analyze the tendency Italy/UE
with respect to the goals assigned by the EU that are
planning a reduction of 40% of accidents by 2010.

Accidents, deaths and casualties: comparison Italy-EU

Particularly, while the death trend whether for Italy or
EU is matching the planned goal (- 40% by 2010), the
number of accidents and casualties are increasing for
Italy while for EU are unchanged.

Within the 15 European countries in the bracket
period 1980-1996 a whole reduction of 9.1 % of car
accident has been recorded. Such encouraging result
is due anyhow from dishomogeneous variation from
each countries. Such profound differences among
European countries have to be put in relation with a
different commitment that these countries have
endorsed to cope the road safety issue. Some of those
have undertaken significant program of coordinate
interventions to reduce road accidents.

The road accidents aftermath remain unacceptable in
the Italian case. These consequences have not only an
unacceptable effect in terms of human lives. The high
rate of casualties, with respect to the European
average, produce from a strictly economic point of
view of professional resources a heavy burden in term
of social costs. As a matter of fact they cause
temporary inability, that means loss of working hours
and absorb huge resources from the national public
health. As a consequence they impose to the victims’
families terrific expenses. Even firms are affected by
this tragic tribute. Actually, one third of victims is



caused by road accidents during working hours or on
the way home from job places.
These burdens, all together, determine a social cost of
21 billion Euro per annum, according to 1997 data.
This cost mates thoroughly that backed up by France;
a European country matching Italy in mobility levels
and safety road conditions.

1.2 Conclusions

The “National plan on road safety” has been devised
to tackle the scarce figures reported in the preceding
paragraph: an unacceptable high social-economical
cost that has imposed a drastic change to the entire
country.
Accordingly a definition of an effective and strict
road safety politics, shored up by more stringent laws,
has been waged in order to cope with the main road
accident risk factors and match a common European
standard of road safety.

2. STATE OF THE PLAN RESULTS

2.1 Determination of risk factors.

The reference objective undertaken by the plan has
been based on the indications contained in the second
program on road safety devised by the European
Commission: reduction of 40% of wounded-death toll
by 2010.
Particularly the plan has been designed as a functional
tool to the creation of cultural conditions, within the
regulation framework, resources, technical
instruments and infrastructure interventions and
organizational assets.

One of these instruments, useful to define the proper
action to cope the issue, has been the definition of
risk actors and areas by all the subjects involved (e.g.:
the Italian Statistical Institute, road police statements
etc.)

The causes of road accidents can be generally defined
as a whole of miscellaneous factors that contribute to
the accident occurrence, that is an infrequent event
caused by different conditions.
Indirect factors are those caused by the risk exposure,
request of vehicle use and transport. Direct risks are
typically shared in the road environment:
infrastructures and their characteristics, external
environment (visibility and weather conditions),
driver (dangerous behaviors) and vehicles (active and
passive safety devices).

ISTAT figures (Italian Statistical Institute) focus on
lack of right of way giving (23%), careless driving

(15%) and speed excess (14%) as those main causes
of accidents and mortality.

Such statements have been carried out on the base of
criteria that assign the cause of accident to a main
event that ostensibly is responsible of the accident
occurrence. A keener and more specific analysis
should drive to the disclosure of more causes.

Having defined synthetically the different elements
that converge to the accident event, three different
levels to examine closely have been determined.
These correspond to the three moments of the
accident process. As an example to each level one or
more aspects are dedicated. On each of those an
action could be undertaken:

- The first level regards the conditions responsible
and enhancing the risk of accident, such as:
♦ Driving behavioral factors.
♦ Infrastructures conditions: state of use,

geometry, traffic signs, safety standards,
etc.

♦ Environmental conditions: weather and
visibility (night/day).

♦ Traffic: intensity and composition.
- To the second level there are conditions that

cause the accident event:
♦ Active safety systems: timeliness and

effective information on the state of the risk
factors, effectiveness of active safety
devices etc.

♦ Psychological characteristics of drivers and
its time of reaction.

- To the third level conditions that influence the
impact effects are listed:
♦ Condition of infrastructures related to the

equipment provided to cope safety (barriers,
absorptive attenuators, etc.).

♦ Use and adoption of passive safety systems
on vehicles: such as air-bags, improved
safety belts able to prevent or reduce
injuries.

2.1.1 The institutional intervention.

The nature of the plan implies that in the same field
of intervention will operate simultaneously
Administrations of different sectors and different
levels, without exclusion of any private subject.
Accordingly it implies the need to coordinate and
organize the miscellaneous contributions in the
“fields of intervention” and in the “lines of activity”
to avoid dispersions and repetitions, which would
have negative repercussions on the effectiveness
levels of the Plan itself.



The fields of interventions have been defined and
inspired by the analysis of factor risks and in relation
to the main problems of the road accidents, as
reported in the above paragraph.
At this aim the safety plan take its roots on the
Institutional Regulation that is inspired to two
principles: Agreement and Subsidizing, where it is
clear that the Parliament is constituted not only by a
system of intervention defined and realized by the
govern. As a matter of fact such a system of actions
and incentives is referred especially to Regions, local
Administrations and to the boards of service and
transport network management.
Furthermore, the regulation prescribe the compulsory
assessment of coherence and effectiveness of
interventions and sets that the results of such
assessment have to be widely delivered through the
“Report of Parliament on the State of the Road
Safety”. Under this profile the “National plan of
Road Safety” is aligned, as a reference point, on the
contents and organizational modules adopted by the
countries that have got the highest level of road
safety.

The fruitful coordination of all the institutional
partners involved is producing his effect on traffic
safety through new decrees and more stringent
controls concerning driving behaviors, driving license
deliveries, a more severe sanctions politics related to
breakers and incentives .

2.1.2 Legislative actions.

The consequences of these coordinated actions,
ignited by “National plan of Road Safety, have been
the revision by the Parliament of the national laws
concerning road traffic. These mainly regard the
adoption of some amendments (or the proposal to
introduce modifications) to the Road Code
concerning the following items

a) Scored driving license. The validity of all the
driving licenses shall be linked to a score
range of 0-20. At the time of the release of
the driving license it will be attributed a max
score of 20. The score loss is linked to the
violations of the most important behavior
rules. At the time of getting the lowest score
of 0, it will be required the participation to
updating training courses in order to gain the
lost scores.

b) Introduction of a certificate of eligibility for
mopeds driving to minors having at least
fourteen years old.

c) Note of the General Register Office of
drivers caught while driving tampered

mopeds with the consequently suspension of
the license at the second check.

d) Withdrawal of the driving license to whom is
not complying to the revision of the driving
license. For the time being it is provided the
withdrawal of the driving license only in the
case the driver, who must comply the
revision, is caught while driving..

e) Severe sanctions for violations concerning
the speed limits, the safety distance, the use
of safety belts and helmets.

f) Introduction of pocket instruments for
indirect test of blood alcoholic level. The
future introduction of such instruments will
allow a precautionary control of drivers and
not only in the cases of suspected drunk
driving.

g) Reduction of the legal limit from 0.80 to
0.50 grams of alcohol per liter of blood.

h) Differentiation for new licensed drivers (for
the first spell of three years of driving) of the
provided limit for alcohol blood content
(e.g.: 0.20 g/l).

i) Compulsory use of vehicle lights, even in
day time, on motorways, speedways and by-
pass ways and possible extension to all
roads

j) Wearing of retro-reflective vest to be used
in the case of emergency (e.g. car failure
during night time).

k) Compulsory fitting of retro-reflective
markings on heavy duty vehicles in order to
improve their visibility.

-------------------------------
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Status Report of Japan

Takashi Kadomatsu

Automobile Division, Manufacturing Industries Bureau,

Ministry of Economy, Trade, and Industry

1. Traffic Accidents

The number of fatalities in traffic accidents in

Japan marked record high in 1970 with 16, 765 deaths.

Since then from 1971, the death toll has been dropping

rapidly, halving to 8,466 deaths in 1979. However, the

toll made an upturn again in 1981, numbering 11, 451

deaths in 1992. 1993 again saw a downward tendency,

with the number halving again in 2002 to 8,326 deaths

(see Figure 1).

The first drop in the death toll from accidents in

1971 can be attributed mainly to the enhancement and

establishment of road management facilities, and

boosting of awareness by educating drivers and through

education at schools. The drop from 1993 on the other

hand is thought to have been the successful outcome of

efforts such as the promotion of various measures, for

instance; enhancement of automobile safety

technologies as represented by crash worthiness

measures, establishment of rescue systems in the event

of accidents, various traffic safety educational programs,

and campaigns to enlighten drivers to the importance of

fastening their seat belts.

Characteristics of fatal traffic accidents lately

include: (1)the death toll of elderly persons above age

65 is shifting at a high rate, making up about one-third

of all fatalities, (2)though the percentage of drivers

wearing seat belts on general roads is still low at about

80%, the fatality rate in accidents involving failure to

fasten seat belts is higher than that when seat belts are

fastened, (3)the number of fatal accidents in the

nighttime is shifting at a high rate.

The number of traffic accidents and injuries

which had been increasing since 1977 started to drop in

2002. Until then, though the death toll had been

decreasing little by little from 1977 to 2001, the number

of traffic accidents continued to increase. Last year, we

succeeded in putting an end to the increase, and as our

next task, we hope to commit to devising various safety

policies to reduce traffic related death toll as well as

further reduce traffic accidents.

Looking at the number of traffic accidents in
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Japan by type of accident, the most common type of

accident is rear-end collisions, followed by crossing

collisions, and collisions while turning left or right. The

number of single-vehicle accidents and head-on

collisions is relatively low. Looking at the number of

deaths by type, the most common is death while driving,

followed by pedestrian death. These two categories

alone make up more than 70% of all deaths.

2. Accident Surveys

We are currently conducting an accident analysis

centering around the Institute for Traffic Accident

Research and Data Analysis which was set up in 1992.

Traffic accident analysis plays an important role in

clarifying the causes of accidents, clarifying the

mechanism of accidents, establishing efficient safety

measures, and prior and post evaluation of the results of

such measures. In particular, data analysis for collecting

data for accurately identifying the phenomena of actual

traffic accidents that take place, sorting complicated

factors, and clarifying the causes is crucial in the prior

and post evaluation of the effects of measures.

In this perspective, a nationwide large-scale

macro survey (nationwide accident survey by the Police

Agency), and micro survey by specialists aiming at

detailed analysis are currently being implemented (see

Figure2).

To give one example, we are planning to extract

the approximately 3,200 accident prone spots in the

country, analyze the causes of accidents (macro survey),

and based on the results of analysis, implement

measures. In 1993, we set up in-depth survey spot in

the Tsukuba area, and gathered information covering

several thousand items in total for more detailed

analysis (micro survey).

3. Enhancement of Automobile Safety

In 1999, the Council for Transport Technology

(currently Council for Transport Policy) recommended

guidelines on automobile safety measures under the advise

of the Minister of Land, Infrastructure, and Transport. As

the course of future automobile safety measures, the

guidelines give the mid-term goal of first reducing the

death toll, and proposes a series of consistent efforts based

on the actual situation of accidents that occur ranging from

extracting important tasks that should be undertaken to
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reviewing measures for each stage from basic research to

diffusion of the measures.

Specifically, based on the goal of reducing the

death toll (30 day death toll) by 1,500 deaths by 2010

through automobile safety measures, we are promoting

general measures through the enhancement of standards

related to automobile safety, providing automobile

assessment information, enhancement of automobile

tests and inspections, enhancement of recall systems,

development of advanced safety vehicle, and spread of

such vehicles, etc. Major activities related to these

endeavors are described below.

First, with regard to the enhancement of

standards related to automobile safety, key measures

taking into account common accidents with fatal and

injury accidents are devised based on the results of

accident analysis, and items that need to be

standardized are reviewed while taking into account the

development and spread of automobile safety

technologies. Recent plans include adopting laws

requiring the installation of speed limiter devices in

large vehicles, as well as introducing regulations to

prevent dead zone accidents of RVs and regulations to

prevent head injuries of pedestrians.

With regard to the provision of automobile

assessment information (see Figure 3), this involves a

project, which provides comparative information on

automobile safety to automobile users promoted mainly

by the National Organization for Automotive Safety &

Victims’ Aid. Since the year before the last, we have

been providing comparative information on the safety

of child seats by model. As reference information on

maintenance and management, we also provide

information on inspection results of passenger cars by

model on a regular basis (strong and weak points).

With regard to the enhancement of automobile

tests and inspections, by promoting the establishment of

testing systems in line with the enhancement and

reinforcement of automobile safety standards, proper

implementation of automobile inspections and thorough

implementation of maintenance and management by

automobile users are promoted to enhance automobile

inspection facilities.

Efforts are made to enhance recall systems by

promoting appropriate use of recall systems,

implemented through guidance and supervision of

automobile manufacturers on ensuring automobile

safety. The government is also committed to reinforcing
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the accumulation and analysis of information on

automobile problems from users through 24-hour

systems, toll free services, and Internet sites to identify

vehicles that need to be recalled as early as possible.

4. Advanced Safety Technology

The Ministry of Land, Infrastructure, and

Transport implemented the Phase 1 ASV Project from

1991 to 1995, during which a total of 19 test cars

equipped with state-of-the-art technology were built. In

this Phase 1 ASV Project, a total of 20 technologies

were proposed, and the next generation safety car was

outlined. In the Phase 2 ASV which was implemented

from 1996 to 2000, research and development for

practical application centering around safety and

technologies to prevent accidents were carried out with

the participation of manufacturers of not only passenger

cars, but trucks, buses, and two-wheeled vehicles as

manufacturers well. In the Phase 2, a total of 35 ASV

cars were manufactured, and an open demonstration

was held in Tsukuba in November 2000

(see Figure 4).

Now, the Phase 3 ASV is currently being carried

out as a five-year project. It focuses on the development

of new communication technologies and efforts to

spread these technologies. Some of the advanced

technologies reviewed have already been put to

practical application. Examples include systems already

mounted to cars available on the market such as Curve

Warning System, Adaptive Cruise Control with Brake

Control, Lane-keeping Assistance System, Shift

Control Cooperating with Car Navigation System,

Drowsiness Warning System and Headway Distance

Warning System.

The basic philosophy of ASV technology is

based on three principles; firstly it is a technology

which aids and supports automobile driving, and human

beings are still responsible for the driving (driver

assistance), secondly, through optimum design of the

human-machine interface, the technology shall be made

easily accessible by the driver (driver acceptance), and

thirdly, the technology shall be broadly received by the

community by estimating the advantages it contributes

to safety (social acceptance). Currently, we are

conducting research and development giving

consideration to these points. Should all ASV

technologies be realized and spread widely, it is

expected to reduce the current death toll by traffic

accidents by 40%.

As we all know, ITS technology is anticipated to
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contribute in many areas; environment, safety, and

easing traffic, and Japan has very strong interests in

promoting its spread. Based on the ITS general plan

devised by related ministries in July 1996 (see Figure

5), currently navigation systems are being advanced,

electric toll collection system and systems to assist

convenient and safe driving are being put to practical

application and spread extensively. Placing high hopes

on the progress of ITS technology in these areas, the

Ministry of Economy, Trade, and Industry is actively

implementing various policies to promote the spread of

this technology.

5. International Harmonization

Recognizing the importance of promoting

international harmonization of automobile standards

and standardization with the increase in international

distribution of automobiles, Japan is currently

promoting the following measures.

(1)International Harmonized Research Activities

(IHRA)

To promote international harmonization of

standards in various countries after they are introduced,

complicated adjustments are required between the

nations, and these take up tremendous efforts and time.

This project was thus launched under the umbrella of

the ESV conference to promote harmonization in the

research stage. In this project, Japan strives to

contribute actively by serving as the chairman of the

Pedestrian Protection Expert Assembly and link the

results to the activities of the UN/ECE/WP29.

(2)Activities in WP29

Japan is committed to contributing actively to the

activities in WP29 centering around the following four

points:

(i)Promote the stage-by-stage adoption of

ECE regulations, and actively propose the

revisions of regulations required for this.

(ii)Japan plays a leading role in the

establishment of pedestrian protection and

on-board diagnosis system (OBD) as well as

GTR proposals on common issues such as

vehicle categorization, etc. It plans to

continue contributing actively to the

establishment of GTR.

(iii)ITS is approaching the level of

Figure 5 Research Fields of ITS in Japan, established in 1996
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commercialization, and an early introduction

of the technology to the market smoothly is

considered essential upon ensuring the safety

of automobiles. Japan will contribute

actively to related discussions.

(iv)More and more countries in Asia are

participating in WP29 or considering

membership lately. Japan will contribute to

invigorate such moves.

(3)ISO activities

Along with the above activities related to

establishing standards, we are also actively involved in

standardization efforts recognizing the importance of

ISO activities (see Figure 6). As a recent example, the

international standardization of the Transport

information and control systems - forward vehicle

collision warning systems - Performance requirements

and test procedures proposed by Japan as an

international standard related to advanced technologies

was realized as ISO15623. We will continue our

enthusiastic commitment to various activities aiming at

international harmonization through appropriate

standardization.

Figure 6 Contribution of ESV/IHRA to International Harmonization
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GOVERNEMENT STATUS REPORT - POLAND

Wojciech Przybylski
Instytut Transportu Samochodowego

INTRODUCTION
The following report contains information on

the progress achieved in Poland with regard to
chosen aspects of road traffic safety since the time of
17th ESV Conference (Amsterdam, 2001). This
period is generally characterised as the continuation
of an intensive work towards effective
implementation of EU legal instruments in all aspects
of our life. Traffic safety is also involved in that
effort at all its main system fields taking into account
priorities drawn from accident statistics.

THE PROGRESS IN THE FIELD OF VECHICLE
RELATED FACTOR

In fulfilling of the European Treaty schedule
the consecutive corrections and additions had been
endorsed in Polish law. The new 12 ECE 1958
Geneva Regulations were added last year (Dec 2002)
to our type approval system, which since November
1999 is unified with the latest versions of three main
framework EU Directives (70/156 motor vehicles,
74/151 – agricultural tractors and 92/61 –
motorcycles and mopeds). The legal procedure of
accession to next 6 Regulations is now in progress
and we hope this will result of total 91 ECE
Regulations applied in Poland by the end of 2003. It
does not mean however that at the above date we will
complete the unification to EU in the field.
According to the internal activity schedule agreed
with European Commission the full harmonisation of
Polish technical vehicle requirements is to be
reached by the date of accession whatever it would
be. It is to be stressed that the waste majority of
important safety and environmental items regarding
motor vehicles are already in force. Moreover there
is also a lot of action in the research and testing
domestic third party laboratories harmonising their
quality systems to European Standards. Poland had
almost completed internal procedures regarding our
accession to 1998 Global Agreement recognising that
as an effective way to harmonise world-wide the
important vehicle technical requirements. In
consequence we continue our participation in IHRA
initiative and have started membership of EEVC
from the beginning of 2003. For the beginning we
intend to join two Working Groups of EEVC i.e. WG
18: Car Child Occupant Safety and WG 19: Active-
Passive Safety Interaction. It is also to be mentioned

the beginning of international cooperation of Polish
biomechanical laboratories in the frame of EVPSN.

With regard to the system of periodic technical
inspection of in-use vehicles we are also in the
process of permanent improvements to its quality
and objectivity of checks. The PTI checking
equipment is currently under obligatory certification
and we started with the continuous training of PTI
inspectors. In the result of more stringent
requirements regarding the personnel qualification
and equipment quality the number of PTI stations
had dropped down of some 25% since 1995, while
the rate of traffic accidents due to bad technical state
of vehicle gone down about 50%. Moreover, there
are already around 600 stations of highest technical
level having the care agreement with Motor
Transport Institute on the base of which they receive
latest available data and information regarding
professional items. The decision on the accession of
Poland to the UN 1997 Agreement on the
international PTI had been taken and is to be
finalised in 2003.

THE PROGRESS IN THE FIELD OF HUMAN
RELATED FACTOR

From the accident statistics it still appears that
in the majority of cases the human behaviour is the
reason of road accident. Two main road users –
drivers and pedestrians are sharing this fatal record
in the rate 3.5 to 1 being involved as casual factor in
more than 95% of accidents. Our National Road
Safety Council pays the greatest attention to the
problem but had, by now, succeeded in limited
number of fields. The most important result was
achieved in reducing the rate of accidents caused by
drunken road users of around 18% during last 4
years. This is however far not satisfactory and caused
new, more stringent legislation which went in force
since December 2001. First months of this law
showed, according to police random check
information some 10% drop of number of drunken
drivers on our roads (not necessarily involved in
accidents). It is really easy to be understood as the
new legal penalty starts from half a year of
imprisoning and two years of driving license
withdrawal.

The other activity on the field of human factor
realised in last 5 years was direction on road
education of children, promotion of safety of non



protected road users (III UN Road Safety Week),
improvements of driver training and scientific co-
operation in SARTRE 3, IRTAD and BEST-BOB
programmes. Our latest traffic code enlarged also by
1 month the season of mandatory use of lights in
daytime and precise in a better way, more close to
the one commonly used in EU, the “right side
priority” rules.

THE PROGRESS IN THE FIELD OF ROAD
RELATED FACTOR

At this field we noticed some progress but
rather far from our expectation. We have by now 300
km of classified motorways only, which is estimated
as less than 10% of average in EU countries.
Fortunately there are signs of spring in the form of
finalisation of agreements between authority and two
main road private investors. During last five year
period the road maintenance service managed to
improve some 22% of Polish existing road network
classified as „national” (46 000 km in total). Taking

into account more or less stabile growths of number
of vehicles on the roads it seems far not enough. This
item is however strongly related to private investors
and local authorities (traffic control solutions) and
still needs more careful attention of economy rulers.

CONCLUSION
The overall road traffic safety in Poland seems

to be improved during last 2-year period on the base
of statistic data given below. But improved does not
mean good in comparison to our society need. We
hope that Polish participation in ESV, IHRA, UN
ECE and EEVC Working Groups as well as
expecting support of EU Commission in the
Framework 6 goals will result in optimal use of our
limited resources.

I would like to wish all of you a good co-
operation and fruitful exchange of knowledge in this
very important part of everyday life – road traffic
safety and vehicle safety.

Table 1. Accident Data1 in Comparison with the Vehicle Stock and Population in Poland
in the Period 1993-20022

Year No. of
accidents

No. of
fatalities

No. of
injured

No. of
vehicles

(thousands)

No. of
passenger cars

(thousands)

Population
(thousands)

Fatality factor
(No. of fatalitie/1

mln of
inhabitants

Accident severity
factor (No. of

fatalities/100 of
accidents)

No. Of
passenger
cars/1000
inhabitants

1993 48 901 6 341 58 812 10 438 6 771 38 505 16 13 176

1994 53 647 6 744 64 573 10 858 7 153 38 581 17 13 185

1995 56 904 6 900 70 226 11 186 7 517 38 609 18 12 195

1996 57 911 6 359 71 419 11 766 8 054 38 639 16 11 208

1997 66 586 7 310 83 169 12 284 8 533 38 650 19 11 221

1998 61 855 7 080 77 560 12 709 8 891 38 661 18 11 230

1999 55 106 6 730 68 449 13 169 9 283 38 654 17 12 240

2000 57 331 6 294 71 638 14 106 9 991 38 644 16 11 259

2001 53 799 5 534 68 194 14 724 10 503 38 632 14 10 272

2002 53 518 5 825 67 446 15313* 11028* 38644* 15* 11 285*

*Estimate

1 Source: Accident Records filled by the Traffic Police
2 Prepared by Road Traffic Safety Centre
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GOVERNMENTAL STATUS REPORT, SWEDEN
Anders Lie / Claes Tingvall
Swedish National Road Administration
Governmental Status Report

FATALITIES
The Swedish overall long-term safety objective
within the road transport system was settled in 1997,
when the Swedish parliament voted for the “Vision
Zero”. This vision states that ultimately no one should
be killed or seriously injured by the road transport
system.
Sweden has a long tradition in setting quantitative
traffic safety targets. After a period of positive
development in the early 1990ties a target was set at
400 fatalities in 1994. This target was confirmed by
the parliament in 1997 and a new 10-year target was
set at a 50% reduction for 2007. The target to have a
maximum of 270 fatalities in 2007 is a major
challenge and will put high demands on all sectors in
society influencing the traffic safety level.

Table 1.
Number of fatalities on Swedish roads

Accident Year Fatalities

1989 904

1990 772

1991 745

1992 759

1993 632

1994 589

1995 572

1996 537

1997 541

1998 531

1999 580

2000 591

2001 583

2002 535

With around 600 fatalities per year Sweden is still
one of the safest countries when it comes to road
traffic, with a level of 6,0 fatalities per 100.000
inhabitants. This is around half of the European
Union risk average (10,5 fatalities per
100 000inhabitants).

ROAD SAFETY ORGANISATION
The Ministry of Industry, Employment and
Communications is responsible for the traffic safety
in Sweden. The ministry is limited in size and the
Swedish National Road Administration (SNRA)
handles most of the practical work. The main other
bodies active in road traffic safety efforts are the
police and the local authorities. Other important
parties are the National Society for Road Safety
(NTF), with its member organisations, and transport
industry organisations. The Group for National Road
Safety Co-operation (GNS) is a central body that co-
ordinates co-operation between the SNRA, the local
authorities and the police. The NTF is an additional
member of this group.

POLITICAL DECISIONS

The Vision Zero
In 1995 political activities started to develop a new
traffic safety policy. It was decided by the parliament
in 1997 as the “Vision Zero”. The parliament decided
that the long-term target for the road transport system
should be that no one should be killed or receive
long-term disability by the system. The Vision Zero is
an attempt to change the traditional philosophy to
reduce the number of fatalities and injuries by
primarily changing the behaviour of the road user.
This has been done by legislation, information and
education in order to force the road user to adapt to
the general principles of the system. In the new
strategy the system designers are identified as
important bodies and they should have responsibility
to develop a safe road transport system that is tolerant
to human failures. In a broader sense, the safety of the
system has been traded off to mobility, where the
mobility has been allowed to be higher than the
system can tolerate. In the Vision Zero decision it
was clearly stated that the mobility should be a
function of the safety level of the system.
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11-point Programme for Improving Road Traffic
Safety
Early in the year of 1999, the SNRA developed a
special road traffic safety plan at the request of the
Government. Later the same year, the Government
decided on an 11-point programme to increase traffic
safety. The last years, the SNRA has primarily
worked with six of these points. The remaining five
concern: winter tyre requirements, the responsibilities
of designers of the road transport system, how society
deals with traffic crime, the role of voluntary
organisations, and alternative methods for financing
new roads.

Focusing on the most dangerous roads
The measures are to be cost-effective and concentrate
on those sections of the state road network where
there are most accidents resulting in death or injury.
The SNRA has therefore made a list, revised in April
2000, that defines 3 600 km of road where a large
number of people have been killed or seriously
injured. Targeted road traffic safety measures
increased from just over SEK 1 billion in 2000 to
almost SEK recent years. This investment, mainly
traffic flow separation with central safety barriers,
roadside measures, measures at intersections and
measures for pedestrians and cyclists, is expected to
reduce the number people killed in road traffic
significantly. The main road traffic safety investment
during the past year has been made in traffic flow
separation with central safety barriers to create roads
where vehicles cannot meet head-on. This type of
road was introduced in 1998 on the E 4 north of
Gävle and has since been built on almost 500 km
(250 km in 2001) of road. Since the central safety
barrier was installed, there have been few accidents
resulting in serious injury, far less than previously on
these stretches.
The SNRA has been instrumental in developing the
technical protocol for the European co-operation
programme (EuroRAP) in 2001. This programme
provides safety ratings for roads outside of built-up
areas based on the risk of being killed or seriously
injured. The Swedish motoring organisation
Motormännens riksförbund is the Swedish member of
the programme.

Safer traffic in the municipalities
The development of a safe road traffic environment in
built-up areas is being implemented through both
short and long-term measures. Short-term measures
include redeveloping intersections, introducing speed
reduction measures at pedestrian crossings,
reductions in speed limits etc. In the long term, the

street network is to be classified and streets will then
be redeveloped or adapted in other ways to meet
safety requirements. The SNRA has contributed to
the short-term measures by informing and inspiring
the municipalities in meetings with experts, seminars
etc. To stimulate the long-term development, the
SNRA has provided financial support to
municipalities for the classification of the street
network and helped municipalities to offer good
examples through demonstration projects. A database
containing good examples has been set up in co-
operation with the Swedish Association of Local
Authorities. The database is called The Traffic Bank
and is designed to promote knowledge and experience
exchange in designing road traffic environments in
built-up areas.

Stressing the responsibility of the road user
Improved observance of traffic regulations can be
achieved primarily through a combination of
enforcement and information. Regulations for speed
restrictions, seat belt usage, drink-driving offences
and driving under the influence of narcotics are
particularly important. Since 2001, the police,
supported by the SNRA, has conducted research
activities using automatic speed surveillance and
enforcement. Surveillance uses cameras and was
carried out on 25 stretches of road where speeding
offences have been a particular problem. The total
length of road covered was some 400 km.

Safe bicycle traffic
Separating bicycle and car traffic is important for safe
cycling. More cycle paths are under construction and
the proportion of cycle traffic that uses cycle paths
has increased to around 65%. The SNRA has overall
responsibility for increasing cycle helmet use.

Quality assurance of transport with a view to road
safety and environmental impact
Currently almost all county councils, half of the
country’s local authorities, some ninety companies
and a number of other organisations, have begun
work to quality-assure their transports. These parties
have initiated this process by drawing up transport
investigations, developing policy documents and
action plans, implementing measures for their own
transport and making demands on procured transport.
These demands are followed-up to ensure that the
transport is carried out using a safe and permissible
speed, that seat belts and other protective equipment
are used, that the driver is not under the influence of
alcohol or drugs and that the vehicle has the highest
possible safety standard. Demands are also made to
reduce carbon dioxide emissions and other noxious
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emissions. These demands are to permeate the
management, organisation and control systems of
both the contractor and the supplier. In specific terms
these measures could be the installation of alcohol
ignition interlocks and seat belt reminders, increasing
the efficiency of distribution and transport, making
demands on safer vehicles etc. The SNRA's own
transport procurement now includes road safety and
environmental requirements.

New technology used better
New technology can be used to reduce risks at
intersections and pedestrian crossings, reduce driving
speeds, reminding drivers of inappropriate behaviour,
or slippery road conditions. Technology that is under
development includes systems to prevent driving
under the influence of alcohol, effective seat belt
reminders and support for speed adaptation. A series
of projects have taken place in this field.
• As part of a demonstration project some 300 taxis,
buses and lorries have been equipped with alcohol
ignition interlocks. The trial has been a great success
and the SNRA has encouraged the introduction of
alcohol ignition interlocks at a number of locations in
Sweden. Several transport companies have taken their
own initiatives. Alcohol ignition interlocks are now
installed in over 1500 vehicles, excluding vehicles in
trial activities with conditional driving licence
revocation. The two major truck suppliers, Volvo
Trucks and Scania, offer alcohol ignition interlocks as
standard equipment on the Swedish market since
2002.
• The ISA project (Intelligent Support for speed
Adaptation) is a large-scale field trial using a speed
adaptation system. This three-year has taken place in
four municipalities: Umeå, Borlänge, Lidköping and
Lund. The final report was presented autumn 2002.
The project has clearly shown the potential to
increase the safety in built up areas by the technique.
The drivers have accepted the systems and an injury
reduction around 20 to 30 percent is estimated.
• Sweden has been very active in promoting the
introduction of effective seat belt reminders. In 2002
as a direct result of this the European consumer crash
test program Euro NCAP started to give credit to
vehicles with seat belt reminders. To achieve the
credit the reminder must use relatively strong sound
and visual signal if the seat belt is not in use. In 2002
a total of nine cars have meet the demands from Euro
NCAP and scored addition points.

New methods for consumer information
The consumers can influence the safety levels of
modern cars. Crash test programs aiming at consumer
information can significantly change the cars and the

safety equipment of the fleet. Euro NCAP is an
example of a program that has made a major impact
on the safety level over the last few years. The
concept is based on a selected number of safety
critical criteria evaluated in relevant crash tests.
The approach used so far has, however, some
problem when new safety technologies are
introduced. The organisation having the responsibility
for testing has no detailed knowledge about the new
system and therefore has no strategy how to evaluate
and give credit to the new system. Under periods of
rapid development there will be a time slack between
the new technologies and the moment when the test
program can evaluate the system. There is there for a
major need for development of new evaluation
methods to be able to give correct credit to the new
systems.
One way ahead could be to shift the responsibility for
proving the effectiveness. As it is today the consumer
rating organisation picks the safety critical areas
based on existing knowledge. In the future a
possibility is that the manufacturer puts a case in front
of the rating organisation, and the organisation
decides on the presented facts to what degree and
how to credit the system.
Such a new rating concept could supplement today’s
systems. However, the approach will put a heavy
burden on the potential new system to have real and
substantial positive effects. High scientific demands
must be put on the evidence that a manufacturer put
on the table. Generally there will also be a need to
monitor the real life effect of the system as it comes
out in traffic. The approach has much in common
with how new medical treatments are handled by
society.
It is clear that in an automotive society with a lot of
expectations put on new technology new methods for
evaluation and consumer information will be needed.
The new methods should reliably distinguish between
systems giving substantial positive benefits in real
traffic and systems that have small or even negative
effect when put out in real traffic.

THE CRASHWORTHY SYSTEM
The Vision Zero concept is requiring a new more
holistic perspective on the road transport system. The
road users, the vehicles and the roads cannot be
considered separately. Instead a system analysis
approach is important. Even if this has been discussed
before, little progress has been seen. In the new
Vision Zero approach the aim is to build a road
transport system designed for the capabilities of the
human. Among other things this will put focus on
injury prevention more than accident prevention.
Avoiding accidents is only one strategy if fatalities
and severe injuries are to be eliminated. By making



Lie 4

the follow-up on the injury outcome instead of on the
accident the problem will have another profile and
new countermeasures can be developed.

System designers – a key group in the Vision Zero
Many different actors design and influence the road
transport system – they can be called system
designers.
The SNRA is a system player, as are the
municipalities and other road managers. All vehicle
manufacturers are system designers. Also included
are the police who are responsible for traffic control
and the rescue service that take care of the victims.
Transport companies are crucial system designers
who can, through their routines, influence which
routes are chosen and driving speeds. Travel and
transportation purchasers are also system designers.
The demands they place on suppliers are significant
to how safely transportation is effected.
Politicians and officials working with social planning
are other system designers.
The list goes on. It shows that many businesses,
government agencies and other organisations can
contribute to a safer road transport system. The
system designers have an important role to further
develop the road transport system.

In-depth studies
One method for identifying effective and long-term
sustainable measures for preventing future accidents
is through in-depth studies of fatal accidents. These
studies are used by key system designers, both at a
local level to analyse individual fatal accidents, and at
a centralised level to analyse accident and injury
types. The Swedish National Road Administration
(SNRA) conducts thorough in-depth studies of all
fatal accidents. These investigations have been
standard practice since 1997. The in-depth studies
clarify which aspect of the road transport system
failed, thereby causing the collapse in the system that
a fatal accident constitutes. Another important aim of
the in-depth studies is to increase awareness and
commitment among all players in the road transport
system, and thereby further improve road traffic
safety.

Reasons for fatal injuries
Once the details of the accident have been compiled
and analysed, an assessment is made of the factors
that caused fatal injuries. The factors are categorised
in three groups:
• Excessive force – when the road-users have done
their best to follow traffic regulations and have used
safety equipment. They have however made an error
that resulted in fatal collision forces, due to the design
of the road environment in combination with the
prevailing speed limit.
• Excessive risk – when road-users are injured due to
insufficient personal protection. The most common
scenario is not wearing a safety belt. Another
example is cyclists not using cycle helmets.
• Beyond system restrictions – when the road-users
have consciously and seriously violated regulations
that have a great bearing on the severity of the
collision. The most common scenario is greatly
exceeding the speed limit.

7%

Severe deliberate violence of rules
leading to fatal crash forces
(n=111 )

62%

Mistake leading to fatal crash forces
related to road design and speed limit
(n=637 )

4%

15%10% Lack of personal safety
equipment has resulted in fatal
crash forces
(n=218 )

2%

Figure 2. Classification of fatal crashes 1998 and
1999.
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Systematic collaboration for road traffic safety
Once a fatal crash every effort must be made to
ensure that a similar accident never happens again.
It is vital that all instrumental parties in the road
transport system work to prevent traffic accidents
resulting in serious injuries and death. Therefore, the
Swedish National Road Administration (SNRA) is
working together with other controlling players that
are influential in the road transport.

One kind of co-operation is based on analyses of fatal
crashes. The aim is that all partners have a joint
understanding of:
1. What happened?
2. Why did it happen?
3. What measures can be taken to ensure that it does
not happen again?

The last part is especially important. In a joint
discussion each system player should identify the
measures can be taken to prevent a similar chain of
events in the future. For example: Should roadside
obstacles be cleared away? Should the transport
company review its routines concerning delivery
times? Is the legal speed limit on the road higher than
the safety standard of the road environment allows?
Are there too few ambulances in the area?
The discussions should focus on looking forward and
finding possibilities for improvement. They are not
meant to place blame. Deciding who is responsible is
a matter for the judicial system.
Finally the SNRA and other system designers are to
specify planned improvements based on the
discussions and analyses. These statements of intent
are to include action points, a time schedule for
implementation, scope and reason for improvements.
It is also feasible that a system player decides against
any alterations. In such a case, the decision is a
conscientious decision.
The reports and conclusions from these activities will
be sent to the road safety inspectorate.

The road traffic safety inspectorate
A committee work on responsibilities of road
transport system designers was initiated in 1999 since
one of the main ideas in the Vision Zero concept is to
add responsibilities to all bodies in society that
influence the safety level in the road transport system.
The committee proposed the initiation of a new

authority, a Road Traffic Inspectorate. The
government approved the proposal in 2002 and the
inspectorate started its activities first of January 2003.
The inspectorate is organised as an independent part
of the Swedish National Road Administration.
The inspectorate has four main tasks:
- Make holistic analyses of relevant factor

influencing the local, regional and national traffic
safety action plans and targets. The analyses
should focus factor having a significant influence
on the design and function of the road transport
system.

- Ensure that the system designers have a
systematic approach in their work to diminish
fatalities and impairing injuries in the road
transport system. This work should be done in
dialogue with the system designers.

- To co-operate with system designers to enhance
road traffic safety. This work should be
performed in the spirit of the Vision Zero.

- To initiate a certain degree of research and
development relevant to the activities of the
inspectorate.

One important activity will be to analyse and make
follow-ups of the activities the SNRA and other
system designers initiate after investigations of fatal
crashes. All reports from these joint studies will be
sent to the inspectorate.
The inspectorate has no new legislation at hand to
enforce systems designers to take action. The main
tool is co-operation and dialogue. The inspectorate
will try encouraging development by identifying
weak points in the systematic work towards better
safety. It will be a both pro-active part and reactive
part using a public forum for a continuous
improvement of the safety work.

CONCLUSIONS
- The road fatality risk in Sweden is one of the

lowest in the world
- The Vision Zero concept is a new strategy to

achieve safe road traffic in Sweden
- New very demanding targets (50% reduction in

ten years) has been decided
- New responsibilities for system designers can

improve the safety level
- A new Traffic safety inspectorate is establishes

since 2003
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1. THE DUTCH ROAD SAFETY SITUATION

After several years working now with the concept
of Sustainable Safety the Netherlands have since
ESV 2001 now succeeded for the first time in
reducing the number of traffic fatalities under 1000
on an annual basis. This is the same level of traffic
fatalities as in 1950: long before the mass-
motorisation in the Netherlands took place.

In the Netherlands the ambition regarding safety is
to achieve continuous improvement. The strategy
developed to accomplish this is called Sustainable
Safety. The most essential of Sustainable Safety is
that it tries to design the traffic system in such a
way that human error is avoided. Accident
research clearly indicates that up to 90% of all
accidents is caused by human errors. If the
components of the traffic system (infrastructure,
vehicles) can be designed in such a way that safe
behaviour is the natural choice for people in traffic,
many accidents may be avoided. For this reason
great investments ave been made to improve the
safety of local and regional roads into 30 and 60
km/h zones and other types of self-explaining
roads.

After the general elections earlier this year
preparations are now ongoing to set new safety
targets for 2010 and 2015. To maintain the level of
progress new initiatives are required. Within the
concept of Sustainable Safety the system approach
will in the future also focus more on the
capabilities of vehicles to contribute to road safety.
A first step in this direction was made by the
publication of a policy paper with the Dutch
perspective on Automated Vehicle Guidance in
2002.

2. PARTICIPATION IN INTERNATIONAL
RESEARCH

The Netherlands are participating in the following
European projects:

• EEVC working groups – 12, 13, 14, 15,
16, 17, 18, 19 and 20.

• EU projects – ADASE, HASTE,
PROSPER, RESPONSE 2, ROSETTA.

• Ertico activities – Speed Alert, Electronic
Car Identification

3. IMPROVING THE SAFETY OF VEHICLES

3.1. Maintaining the quality of the existing
fleet

An instrument to control the quality of the existing
fleet is periodical inspection. Since the introduction
of periodical technical inspections in the 1980’s
several improvements have been introduced. An
evaluation study on periodical inspections has just
been started. The report will be presented to
Parliament in the beginning of 2004.

The registration of vehicles is important in order to
enforce compliance with existing legislative
requirements. At this moment such a registration
does not yet exist for all vehicle categories in the
Netherlands. In 2002 it has been introduced for
trailers. In 2003 –2004 license plates will be
introduced for mopeds and agricultural tractors.
Concerning licensing, the use of new technologies
is also stimulated. The Netherlands will participate
in a European Union project that aims at the
introduction of an electronic car identification
(ECI). The introduction of ECI will prevent fraud
with license plates and create new opportunities for
storage and dissemination of car related
information.
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3.2. Improving the quality of vehicles

In the passed years, annually large numbers of
pedestrians and cyclists were killed by trucks taking
a corner. An important explanation for this was that
truck drivers were still having a blind spot in spite
of the mandatory rear view mirrors. In the passed
two years a subsidy was given to transport
companies to equip their vehicles with systems to
overcome this problem . Starting 2003, these
systems have become mandatory for trucks with a
Dutch registration. The European Union is working
on a directive to make it mandatory for all member
states.

4. THE PERSPECTIVE ON ADVANCED
VEHICLE TECHNOLOGIES

4.1. The national policy paper of 2002

Important driving force for putting effort in
Automated Vehicle Guidance is the expected
contribution of these intelligent systems in the
improvement of traffic safety, but also for
reducing congestion and to a lesser extent reducing
environmental problems of road traffic.

In the paper some opportunities for the deployment
of fully automated vehicles are identified in well
controlled situations, such as containerterminals
and on dedicated lanes for public transport. A
roadmap for Fully Automated Vehicles is under
development and will be finished in the beginning
of next year. The major focus however is on
Advanced Driver Assistance Systems where the
objective is to keep the driver in the loop.

Development of Advanced Driver Assistance
Systems is lead by the automotive industry, it is
within the industry that the necessary technological
capabilities are available. The aim for the Dutch
government is trying to be complementary to this.
In this respect the following roles are identified:
development of a vision concerning Advanced
Driver Assistance Systems, stimulator, legislator
and road authority.

Creating a vision concerning the deployment of
Advanced Driver Assistance Systems together with
industry can help to set a common goal. Also it will
give insight on the areas where industry can expect
active support from the authorities. A major point
of reference for the Dutch situation has been the
developments as elaborated in the Advanced Driver
Assistance Systems-roadmap. In the Netherlands
the focus in the national vision is in particular on
speed and lateral support. From the technologies
that contribute to driver performance in those

area’s, the highest benefits for safety and
throughput are expected. For instance: the Dutch
Institute for Road Safety Research SWOV has
indicated that if 90% of all drivers would drive in
compliance with current speed limits on roads
outside built-up areas alone, already 200 fatalities
could be prevented. Certainly for the 10-15 years to
come available systems will be driver support
systems, so the driver will stay in the loop.

Too often the focus with intelligent systems in cars
is on the distant future. Automated Vehicle
Guidance is often seen as a kind of Jules Verne
story: it may become reality some time but
probably for future generations. For the average
consumer but also often for politicians this is not
very appealing: their perspective is more short
term. In order to make society benefit from
Advanced Driver Assistance Systems technologies
as soon as possible, but also to maintain attention
from consumers and politicians, the Dutch policy
regarding Automated Vehicle Guidance is
focussing on those elements of Advanced Driver
Assistance Systems that are now already for sale at
car dealers or that will be on the marketplace at
latest approximately five years from now.

Stimulating the deployment of technology that is
now on the market is done by giving fiscal
incentives to in-car systems that contribute in
particular to safety or the environment. These
systems need to be Original Equipment
Manufacturer-equipment on new cars and fit as
building blocks in the national strategy for
Advanced Driver Assistance Systems. Every year a
list of car accessories is published that will receive
the tax benefit: an exemption of the 40% tax on
new cars. The list for 2002 contains amongst
others navigation systems and cruise control.
The role as a stimulator is also fulfilled by
identifying near to market technologies that may be
the subject of Field Operational Tests. The
objective is to see which technologies provided by
industry can help to solve which transport problems
and what are their benefits for society. In addition
to that the Field Operational Tests can help to
create awareness and support for functionalities
developed by industry. In the end the co-operation
of authorities and industry in Field Operational
Tests may result in finding launching customers for
new automotive products. The current executed
LDWA-Field Operational Test in the Netherlands is
an example for this approach.

The role as legislator is focussing on the
establishment of a legal framework that at least
allows the deployment of Advanced Driver
Assistance Systems, but where possible actively
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supports the application of those systems. Major
issues under consideration are of course liability
and human-machine-interface. The Netherlands are
participating in European activities for finding
solutions to these questions. Issues at the national
level are the creation of legal instruments that
facilitate experimental activities like Field
Operational Tests. Also under consideration are the
possible implications of the introduction of
intelligent in-car systems for the driver education
and perhaps even the driver licensing requirements.

The Dutch Ministry of Transport also is acting as
the road authority for the motorway network in the
Netherlands. In this respect the participation in
Field Operational Tests is important in order to be
able to anticipate on the possible requirements for
infrastructure that may be necessary for the
introduction of Advanced Driver Assistance
Systems. The reverse is also the case, tests together
with industry can for instance give information
concerning the feasibility to raise the capacity of
motorways by temporary increasing the number of
lanes during rush hour.

In the Automated Vehicle Guidance policy paper
several Field Operational Tests are announced,
these are focussing on lane keeping and on speed.
In the next paragraphs the ongoing and proposed
activities will be explained.

4.2. Lane Departure Warning Assistant

The Lane Departure Warning Assistant (LDWA)
system warns the driver if he is in danger of leaving
his lane unintentionally. Target groups are long-
distance coaches, freight trucks and delivery vans.
The focus is generally on professional drivers
clocking long distances.
The system is available on the market in various
forms. Opinions on the effectiveness of the system
are various. LDWA may contribute to increasing
traffic safety and reducing traffic jams resulting
from major accidents (caused by heavy road users).
The primary goal of the LDWA pilot is to obtain
insight into the benefits and risks of the system to
be able to develop effective policy related to
deployment of LDWA. Research questions are:
what are the effects, how is the user acceptance and
how is the system perceived, what may be the
consequences for infrastructure operators, and how
LDWA can fit into a long term strategy (i.e.
compact driving). A fleet of 50 vehicles (trucks and
buses) has been equipped. In the course of 2003 a
decision will be taken how to proceed with the
possible deployment of this functionality in the
Dutch market.

4.3. Autonomous Speed Assistant (ASA)
Pilot Field Operational Test

The Autonomous Speed Assistant system aids the
driver in selecting a safe speed at the right place
and moment by providing information: auditory,
visual or through an electronically operated
"active" (haptic) gas pedal or brake pedal, or via a
link with the Adaptive Cruise Control (ACC). A
variety of user-interfaces should be tested and
evaluated. The idea is that ASA contributes to
increasing traffic safety by preventing dangerous
speeds and situations and reducing congestion
resulting from accidents.
Safe speed is determined on the basis of road
typology, fixed speed limits and vehicle dynamics
(including rollover warning systems) and the
distance to other vehicles. The primary goal of the
ASA pilot is to obtain insight into the effectiveness,
user acceptance, and infrastructure consequences
that the independent systems may lead to. Strength
& weakness analyses could lead to effective policy
making.
The pilot study is focused on the professional user
in various target groups and the pilot proposal
involves at least 10 trucks, 5 light commercial
vehicles and 10 passenger cars.

The ASA system is primarily intended to increase
safety on the main and secondary road networks.
ASA may contribute to reducing accidents related
to the following situations (these account for
approximately 50% of all fatal and serious injury
accidents and 75% of all serious injuries outside
urban areas in the Netherlands).

• excessive speed;
• insufficient following distance (prevented

by the ACC, keeping a safe distance);
• loss of vehicle stability (vehicle dynamics,

rollover stability);
• dangerous curves (including under poor

visibility);
• dangerous intersections (including right-

leading right-of-way).

According to the plan, the pilot will be performed
in 2004-2005, and should be completed by the
beginning of 2005. Currently a pre-ASA study is
being done. This study is intended to further
specify the design for Field Operational Tests.

4.4. External Speed Assistant pilot (ESA)

The External Speed Assistant system is a dynamic
speed management system. The system receive its
speed data through sensors communicating with the
infrastructure. The dynamic recommended speeds
are transmitted to the driver through several
variants that have to be investigated:
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visual/auditory, a haptic throttle and brake pedal,
through a link with the speed setting of the
Adaptive Cruise Control (Extended ACC). ESA is
expected to contribute to increasing traffic safety of
the primary road network. Furthermore it offers the
ability to affect traffic flows actively at the
individual level. Thus, expected travel time may
become more reliable. Besides this, ESA may
contribute to reducing traffic jams by reducing the
number of accidents. Internationally, various
committees are actively involved with ESA variants
and various demonstration projects are planned.
The primary goal of the ESA pilot is to gain
experience with this technology and the
consequences of its implementation, such as the
necessary organization of road authorities.
The pilot proposal is focused on commuter traffic
and will involve at least 5 passenger vehicles with
on-screen information, 5 passenger vehicles with
active gas pedals and 5 passenger vehicles linked to
ACC. According to the plan, the test site will be
operational from 2005 to 2007. A potential
bottleneck could be liability-related.

A start has been made with the execution of a pre-
ESA activity. The outcome of this study will be a
specification of the design for the ESA-trial. A final
go/no-go decision moment will be scheduled in the
course of 2003.

Important driving force for putting effort in
Automated Vehicle Guidance is the expected
contribution of these intelligent systems in the
improvement of traffic safety, for reducing
congestion and to a lesser extent reducing
environmental problems of road traffic.

4.5. Fully automated vehicles

In the paper some opportunities for the deployment
of fully automated vehicles are identified in well-
controlled situations, such as container terminals
and on dedicated lanes for public transport. Within
this framework a semi-automated bus (Phileas) has
entered in operational service in the city of
Eindhoven. This bus is equipped with precision-
docking technologies. Due to legal provisions, a
driver still is present.
In addition to the already existing ADASE-
roadmap, a roadmap for Fully Automated Vehicles
is under development and will be finished in 2003.
Further a project has been started to elaborate a set
of criteria and rules that can be used for the
approval of fully automated vehicles to (public)
roads. These activities should facilitate the
deployment of a new generation of people movers
as scheduled for the next years.

4.6. Other activities

There is an increasing amount of information
coming available for the driver. The objectives of
the information may differ: from improving the
operational driving task to providing leisure for the
driver. For the year 2004-2005 a pilot is scheduled
that aims to present, to the driver in the vehicle, the
relevant information that nowadays is presented by
signs etc. along the road. The benefit may be to
give the driver relevant, tailor-made information
during travels.
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UNITED KINGDOM - STATUS REPORT

Peter O’Reilly and Ian Knowles
Department for Transport.

INTRODUCTION

I am delighted to be here in Nagoya today to present
the United Kingdom’s Status Report at this ESV
Conference.

For this presentation I intend mainly to concentrate
on some of the key areas of UK work, rather than go
into the detail of the full range of UK activities in the
vehicle safety field. In addition I would like to touch
on some themes and issues which relate to our work.
These aspects range from our overall road safety
strategy to sections covering research, consumer
information, public awareness, large vehicles,
secondary safety, and some aspects of advanced
technologies. I would also like to take a brief look at
some of the challenges that lie ahead.

Great Britain Road Safety Targets

In March 2000 the Government’s road safety strategy
was set out in “Tomorrow’s Roads: Safer for
Everyone”. This set new targets for casualty
reduction by 2010 compared with the Great Britain
(that is England, Scotland and Wales together)
average of casualties for 1994 to 1998.
• 40% for all road deaths and serious injuries
• 50% for child (0-15 years) road deaths and

serious injuries
• 10% for the rate (by vehicle kilometres) of slight

injuries

These are challenging but achievable targets. They,
and the strategy, will be reviewed every three years to
ensure that sufficient progress is being made. The
first of these reviews will be carried out in 2003/4.

Research

The UK devotes significant resources to its national
transport research portfolio every year and the
vehicle safety programme is the largest of these. This
programme currently covers about 50 separate
projects into which we invest several million pounds
each year.

It is worth emphasising the importance we place on
high quality accident research. About 30% of our
vehicle safety research budget this year is being fed
into accident research projects such as the well-
established Co-operative Crash Injury study, and our

more recent On the Spot accident investigation
project which uses rapid response teams to
investigate accidents as soon as possible after they
occur, before much of the vital information is lost.
These projects help build up a valuable long-term
picture of accident and injury patterns, and provide a
firm evidence base to identify areas for further
improvements in car design and safety overall. There
is a perception that most of the low-hanging fruits of
vehicle safety, such as front and side impact
protection and improved restraint systems, have
already been picked, (although these fruits may have
seemed quite high to us at the time we picked them).
We believe that there are still sizeable benefits that
can be achieved, although we may need to work
harder to justify to governments, manufacturers and
consumers, that the extra efforts involved in reaching
for the higher fruits are worthwhile. Sound research-
based evidence is essential to make our case for
further improvements, and building up a database
based on accident research has a vital role to play.

We have long recognised the value of collaborative
international research. We are committed to
channelling our research contributions to the longer
term work of EEVC and IHRA activities, as well as
supporting the often more immediate issues that arise
in setting motor vehicle standards in the European
Union and Economic Commission for Europe (ECE).
We also welcome co-operation with manufacturers.
Our Co-operative Crash Injury Study; for example,
benefits from a wide support base. In the latest phase
of this project, the number of participating vehicle,
system and component manufacturers has increased
to seven, including two Japanese companies. This
demonstrates the value which manufacturers place on
obtaining high-quality real-world accident
information in the development of their products. We
also have informal links with manufacturers across
the whole range of our research programme, and I
will be mentioning a few more examples later in this
presentation.

Consumer Information

Giving consumers objective information on how cars
perform in crash tests, and potentially in other areas,
is an important mechanism which supplements the
bedrock of legislative standards.

Euro NCAP: Euro NCAP has had a significant
effect over the last six years. There has been wide
media coverage and, in turn, a greater awareness of
car safety among the general public. I am pleased to
say that manufacturers have responded extremely
well in terms of occupant protection, and since the



O’Reilly 2

last ESV we have started to see cars with 5 star
ratings. Sadly we have still to break the 4 star barrier
for pedestrian protection. But we are getting much
closer to the introduction of pedestrian proposals in
Europe, and I am hopeful that this will prompt
improvement in both the typical and the best Euro
NCAP pedestrian scores, even before 2005 when the
European Commission proposals are intended to
begin coming into effect.

Primary NCAP: While Euro NCAP assesses the
secondary safety aspects of vehicles, the UK is
investigating the feasibility of an NCAP that assesses
primary safety – PNCAP.

UK research covers five areas – braking/stability,
lighting, visibility, handling, and ergonomics. The
full research programme will take until 2004 and
include testing a range of vehicles, many supplied by
manufacturers.

Work is well advanced in Braking/Stability, and
Visibility. Early advantage will be taken of this. In
2003, the UK research programme intends to begin
testing one class of car for these two measures of
primary safety. This will produce information both
for dissemination and to prove the suitability of the
proposed methodology.

The final report will contain recommendations on
how to assess, how to present the results, and how the
work should relate to EuroNCAP. Japan already
publishes data on stopping distance and USA has an
active interest in this area so our researchers have
been asked to try to maximise contact with these
programmes.

The Euro NCAP organisation is also discussing the
suitability of expanding into the primary safety areas,
and the UK research is proving very helpful in
contributing to this discussion

Child safety is another area where we hope to fund
research with other partners. A child restraint is one
of the most important investments for a parent and
we feel it is important that consumers have access to
information on the best products available to help
them to make an informed decision when purchasing
a child restraint.

Public Awareness and Attitudes

The UK public is not only interested in consumer
information; they also take a close and often acute
interest in more general safety issues. There is
always debate regarding the extent to which

government should intervene in matters of personal
safety and a demand that once we do intervene, we
get it right! Issues of individual freedom and
accusations of excessive state interference often
surface. There are many areas where history has
shown that legislative intervention has been hugely
justified. Primary examples of this are compulsory
seat belt wearing and compulsory motorcycle helmet
wearing, which have now been in force in the UK for
20 and 30 years respectively, and are almost
universally accepted by the British public. There are
other cases, however, where the arguments for
increased safety versus those for retaining individual
freedom are more finely balanced. An example
concerns specialist cars built in low volume; not just
the high-priced exotic cars but also more modest cars
made by small manufacturers or individuals. Of
course these have to meet basic safety standards, but
can the imposition of the whole range of ever more
complex safety regulations be justified? Are we sure
that legislation is being applied in a proportionate
way, so that consumer choice is not unnecessarily
restricted?

Other examples of individual choice could include
the ability of a pedal cyclist to choose whether or not
to wear a helmet, or a motorist's ability to have an
airbag disconnected if they had a genuine belief that
the presence of an airbag could increase the risk for
certain seating positions. Often standard setting is
rightly an international affair, but this can be remote
to the pressures that apply at national level where the
interface between the public and the regulator is more
direct. We need to be responsive to the concerns of
the individual, and very confident of the level of
benefit and the timing to enforce a measure.

Large Vehicles

Our current research on large vehicles largely
concentrates on their effect on other road users.
Existing requirements on sideguards and spray
suppression date back to the 1980s. UK research will
look at existing and new types of spray suppression
and consider the benefits of fitting better sideguards
with a smooth surface. It is anticipated that a vehicle
fitted with more aerodynamic and effective
sideguards will not only produce a fuel saving benefit
from reduced drag, but should also achieve
reductions in road casualties. Research will also look
at front and rear underrun so that an holistic approach
can be taken. Finally, but no less importantly, we are
also investigating how accidents caused by poor
visibility from large vehicles can be avoided.
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Car Secondary Safety

We are now starting to reap the casualty savings from
the secondary safety initiatives that have been
introduced recent years. Evidence of this will, I
believe, be amply demonstrated by at least one of the
papers to be included in the technical presentations.
However, there is still much that can be done to make
further improvements, and perhaps it is worth
spending a little time to examine some of these.

Structural integrity. The UK continues to support
research in the areas of front and side impact and
compatibility. In side impact, work has been done to
support a design - based specification for the mobile
deformable barrier (MDB) which has recently been
adopted for use in Europe. Research on the next
generation of MDBs to reflect the current fleet is
already well advanced with a new EEVC/IHRA
barrier face about to enter the final stages of
development, prior to validation. The UK has also
contributed to the evaluation of the new side impact
dummy ES2 and is involved in a similar exercise
with WorldSID.

In addition, the UK’s significant research effort on
vehicle compatibility has been ongoing for several
years. This is an important issue and one where
progress is very dependent on research. The
emphasis has been on frontal impact protection.
Compatibility issues can arise in all types of impact
so the development of measures should yield
valuable and wider benefits. We have been looking
closely at these nationally and through our work with
the EEVC. Recently an assessment measure known
as the Homogeneity Criterion has been developed to
interpret objectively the output data from a high-
resolution load cell wall used in a full width test with
a deformable element. The criterion shows promise
and an initial trial found it ranked vehicles in terms of
their expected structural interaction.

Pedestrian Protection: This has been one of the
most hotly debated vehicle safety issues over the last
few years, both nationally and in Europe. The UK
has been actively involved in research on this topic
for a quarter of a century. There is every possibility
that by the time we next meet for ESV, all new car
designs in Europe will be meeting the first phase of
new pedestrian protection requirements. We estimate
that full implementation of the first phase will reduce
killed and serious injuries by about 12% (about 1100
people a year in the UK alone) Implementation of
the second phase should increase this percentage to
almost 20% (about 1900 people each year in the UK).
Meeting this second phase will present manufacturers

with further technical challenges which can be met
either through careful body engineering, or by
introducing features such as pedestrian airbags or
deployable bonnets, activated by advanced pedestrian
sensors or other technologies. In the UK we have
been working with manufacturers and research
organisations to examine the feasibility of some
potential systems, and I am sure that industry, with its
record of innovation, will be able to come up with
many others.

Child Restraints: ISOFix is one of the few technical
areas to be specifically mentioned in our Road Safety
Strategy. This reflects the importance we place in
achieving our 50% casualty reduction for children.

The UK has been a keen supporter of the
development of the ISOFix concept, both through
research and in pushing for agreement on important
changes to the ECE Regulations in Geneva. We are
confident that these amendments, agreed in the
December Working Group on Passive Safety
(GRSP), will result in a valuable improvement in
child safety when travelling by car, through improved
protection and reduced potential for incorrect use.

Advanced Restraint Systems: To complete the
theme of secondary safety, there is an increasing
recognition of the fact that we are not all the same.
Approval testing has traditionally been geared
towards the 50th percentile male. Not many of us fall
into this category. Yet there is some evidence that
the further you are away from the average height, the
greater the risk of injury in an accident. Some
manufacturers are now producing vehicles with
adaptive restraint systems which can cater for taller
and shorter people. At the last ESV there was a report
on UK collaborative research which examined the
benefits of such systems, as part of a wider review of
advanced adaptive systems. To follow up this work,
we are pleased to be to be involved with the EU
PRISM project. This brings together a number of
European manufacturers and research organisations
to take a closer look at the benefits obtainable from
such systems.

Advancing Vehicle Technology

I am sure that this conference will highlight a number
of areas where manufacturers are pushing the
boundaries of technology. What is the role of
Government in this process? There is a limit to the
extent to which Governments can invest directly in
long term technological research, but we can identify
the areas where technology can provide the greatest
benefits and encourage investment and research in
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these areas. In particular, the UK Foresight Vehicle
Programme is a major initiative by Government to
bring together UK resources and expertise to create
components and systems for the vehicles of the
future. Over 250 separate organisations are actively
involved, including vehicle and component
manufacturers, universities, industrial research
organisations along with national and local
government.

The main aim of this programme is to develop,
demonstrate and promote technology for vehicles that
will be available to the mass market by 2020. This
new technology will work towards targets that
include:

• Increasing safety;
• Reducing congestion, and
• Improving air quality.

Our involvement in Foresight Vehicle helps balance
the policy driven aspects of the vehicle engineering
research programme with opportunities to invest in
innovative blue-sky type research leading to
advanced technologies for the 21st century. In
pursing this balanced approach, we have committed
over £4.5M in the last 5 years.

Examples of research areas in the current Foresight
programme include:

• The use of a new composite, impact energy
absorbing materials that can adapt their stiffness,
to cope with different types of impact,

• The application of short-range sensors to detect
and distinguish pedestrians, anticipate vehicle
impacts and pre-arm occupant and pedestrian
protection systems (such as airbags) to reduce
injury.

• The investigation of ways of in-car scanning of
occupants' bone density. This data can be used to
optimise air bag deployment and safety belt pre-
tensioning, and minimise the risk of injury to
occupants in the event of a crash. Bone density
is directly related to its ability to withstand
fracture and reduces as people age. Older people
represent an increasing proportion of the vehicle
occupant population, and there would be benefits
if this could be taken into account in the design
of future restraint systems.

This collaborative approach enhances our research
outputs, helps stretch the research funds, and, very
importantly, increases the chances of a successful
outcome by facilitating the maximum degree of

common understanding which underpins later
agreement by all involved.

Intelligent Speed Adaptation (ISA)

Inappropriate speed is a factor in a significant number
of accidents. UK research reported at the last ESV
predicted that equipping cars with an ISA system
that allowed a vehicle complete freedom up to a
specified speed limit would result in a reduction in
fatal accidents by around 60%. This prediction has
been supported by evidence from accident statistics
near speed cameras and ISA trials in Sweden.

By 2005 the UK will have assessed the public
acceptance of ISA by analysing a wealth of data from
4 sets of 20 drivers using identical ISA equipped cars
for 6 months each. In addition the particular
requirements of commercial vehicles and
motorcycles will be investigated by the construction
and testing of one ISA equipped example of each.

This research will contribute to the European
discussion on ISA which includes research in several
countries and the involvement of the European
Commission.

Transport Telematics (Broader Activities) .

Although ESV has always been primarily about
vehicles, we cannot ignore the effects of
technological developments in the transport
infrastructure and in communications between the
vehicle and infrastructure. The area of transport
telematics is a rapidly evolving one, and I list below
three examples of UK activity within this subject.

Co-operative Vehicle-Highway Systems (CVHS)
This future concept of communication between
individual vehicles and the roadside infrastructure has
the potential to bring about significant road safety
and network efficiency benefits. The UK is exploring
the detailed feasibility of and future deployment
opportunities for CVHS. This work will take account
of potential barriers, pitfalls and dis-benefits of
CVHS as well as examining in depth the potential
benefits.

Electronic Vehicle Identification (EVI). The UK
is investigating the detailed feasibility of Electronic
Vehicle Identification, not only as a possible solution
to insecurity of vehicle identification systems, but
also in the context of broader policy objectives
including improving road safety and reducing road
traffic congestion. The work will consider all of the
related technical, legal and privacy issues as well as
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the costs of implementation. The UK is chairing the
steering group for the ERTICO EVI initiative that is
supporting the European Commission 's activity in
this area.

Driver information systems. The increasing
availability of driver support systems such as
intelligent cruise control, highlight the importance of
understanding the human factors aspects of in-vehicle
equipment. The UK has pioneered research on the
evaluation of such equipment and recently published
updated design guidelines for industry to use.

Future Directions

As I mentioned earlier in this presentation, many of
the safety area's 'easy' pickings have now been
implemented. Significant advances in restraint
systems, vehicle structures, vehicle stability and
braking have been made over recent years, and
improvements in this area will continue, though
possibly not at the same pace. Compatibility and
pedestrian protection are important extra areas. But
where are the big savings for the future? Do we
concentrate our resources on incremental
improvements in existing areas? Or do we focus on
advanced accident prevention, looking at the role of
the transport systems rather than the individual
vehicle? We will not resolve these questions this
week, and it may be impossible to obtain a world-
wide consensus on any future vehicle safety strategy
due to differing circumstances. However, I believe
the ESV forms a key element in determining the
degree to which we arrive at a common picture of
what is possible down the road of safer vehicles, even
if we sometimes have differing views on how far we
want to travel along it.
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GOVERNMENT STATUS REPORT - UNITED STATES

Raymond P. Owings, Ph.D.
National Highway Traffic Safety Administration
United States
Paper No. 574

OVERVIEW

In 2001, the United States had a resident population
of 285 million people and over 191 million licensed
drivers. An estimated 2.8 trillion miles where
traveled by the 221 million registered vehicle in the
U.S. This is approximately 14,700 miles of travel per
licensed driver. This high degree of mobility is
accompanied by safety consequences. A study,
published by the National Highway Traffic Safety
Administration (NHTSA or Agency) in 2000,
estimates the economic impact of motor vehicle
crashes to be $231 billion dollars annually. Table 1
provides a breakdown of the major elements of this
cost.

Table 1.
Economic Impact of Motor Vehicle Crashes 2000

Elements of Cost Billions Percent
Market Productivity $61 26%
Property Damage $59 26%
Medical $33 14%
Travel Delay $26 11%
Household Productivity $20 9%
Insurance Admin $15 7%
Others $17 7%
Total $231 100%
Source: The Economic Impact of Motor Vehicle
Crashes 2000, NHTSA, May 2002

This is approximately $820 for each person in the
U.S. or $1,210 per licensed driver. The $231 billion
represents 2.3% of the gross domestic product of the
United States.

The U.S. Department of Transportation has
established a target of reducing the fatality rate to
1.0 or less fatalities per 100 million vehicle miles
traveled (VMT) by the year 2008, down from 1.5
fatalities per 100 million VMT in 2001.
Responsibility to meet this target is shared by
operating agencies of the department (NHTSA, the
Federal Motor Carrier Safety Administration
(FMVSA), the Federal Highway Administration
(FHWA) and the Federal Railroad Administration
(FRA)), the States, automobile manufactures and
many other organizations. Based on the recent trend
in vehicle miles traveled projected into the near

future, this will require a fatality reduction of 9,000
by 2008. Figure 1 shows the recent fatality history
and the 2008 goal.

Figure 1. Recent Fatality Count and U.S. DOT
Goal.

The NHTSA traffic safety programs consider
engineering, along with its educational and
enforcement programs, essential to continue its goal
to reduce fatalities, injuries, and crashes on the U.S.
highway system. This 3-pronged process relies on a
strong educational program to inform drivers and
passengers, an enforcement program to determine
compliance with U.S. regulations, and vehicle safety,
rooted in engineering, science and data.

The NHTSA has identified five priority areas to
maximize its effort in achieving this goal:

• Increased safety belt usage
• Reduction in the number of alcohol related

crashes, fatalities and injuries
• Reduction in the number and seriousness of

rollover crashes, fatalities and injuries
• Improved compatibility in vehicle fleet
• Improved data addressing highway safety

CRASH ENVIRONMENT

In 2001, over 42,000 fatalities occurred in the United
States as a result of motor vehicle crashes. This is
contrasted with the 54,589 people who were killed in
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traffic crashes in 1972 and 39,250 in 1992, the
highest and lowest in the past 35 years.

The fatality rate per 100 million VMT in 2001 was
1.51. This is contrasted to 5.5 fatalities per 100
million VMT in 1966, the highest in the past 35
years. The current rate is the lowest over the past 35
years.

Similarly, the fatality rate on a person basis was 14.8
fatalities per 100,000 population in 2001. This
compares to 26.4 fatalities per 100,000 population in
1969 the highest in the past 35 years. Like the
fatality rate, the current rate is the lowest over the
past 35 years.

The distribution of fatalities by crash type has
changed somewhat over the past two decades. These
are compared in Table 2.

Table 2.
Percent change in fatalities by crash type

Segment 1980 2001 Change
Multi-vehicle 40% 44% +10%
Single Vehicle (Non-rollover) 24% 21% -12%
Single vehicle (Rollover) 18% 21% +17%
Non occupant 18% 14% -22%

Figures 2, 3, and 4 present the distribution of
fatalities for 1980, 1990, and 2001, respectively.

Figure 2. Distribution of fatalities by crash type in
1980.

Motorcycle fatalities, after a major decrease in the
1980s and early 1990s, have increased steadily since
1998. In 2001, motorcycle fatalities numbered 3,249,
an increase of over 1,000 fatalities annually from the
1998 level.

Figure 3. Distribution of fatalities by crash type in
1990.

Figure 4. Distribution of fatalities by crash type in
2001.

Child fatalities and injuries in motor vehicle crashes
continue to decline and age appropriate restraint use
has increased.

The total number of police-reported crashes in the
U.S. in 2001 was estimated by the National
Automotive Sampling System (NASS) General
Estimates System (GES) to be 6.3 million. These
police reported crashes resulted in slightly more than
3 million persons being injured. In recent years, the
estimated number of injuries has decreased, as has
the injury rate, based on VMT. In 2001, the injury
rate reached 109 injuries per 100 million VMT.
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In 2002, safety belt use reached an all time high in
the U.S. Current estimates indicate front outboard-
seated occupants during daytime hours have a usage
rate of about 75 percent. The recent safety belt
estimate, by observation year, is shown in Figure 5.
Also shown is the target goal for the U.S. DOT (bar
on the extreme right) for 2003. Despite increases in
safety belt use, current crash statistics indicate that 60
percent of fatally injured occupants were unbelted.

Figure 5. Safety belt use in the U.S. by year (1982
to 2002) and target goal for 2003 (shown on the
extreme right).

DATA COLLECTION AND ANALYSIS

NHTSA conducts a motor vehicle crash data
collection program through the National Center for
Statistics and Analysis (NCSA).

FARS is a census of all fatal crashes occurring on
public roads in the United States. FARS funds State
agencies to identify fatal motor vehicle crashes and
collect information about them. This information is
coded into a common format and transmitted to
NCSA. Data from FARS have been used to assess
the effectiveness of numerous programs, including
those that increase seat belt use and to evaluate the
performance of occupant restraint systems. NCSA
data are complemented by state crash data files
provided through the State Data Program. Each year,
the crash data files from 17 states are obtained,
documented and provided to the Agency. Also a
specialized crashworthiness database is created from
several of the state data files. State data files have
been used in studies of driver error, antilock braking
systems, and center high mounted stop lamps, among
others. In another component of the State Data
Program, NHTSA continues to work with states to
develop Crash Outcome Data Evaluation Systems
(CODES). CODES projects link statewide police-
reported crash data to medical outcome data.

The NASS is comprised of the General Estimates
System (GES) and the Crashworthiness Data System
(CDS). Using contractors for data collection, the
GES provides National estimates of characteristics of
all motor vehicle crashes. The CDS conducts
detailed investigations into a nationally representative
sample of crashes involving towed passenger
vehicles to investigate injury-causing mechanisms
and to evaluate countermeasures. The SCI program
provides in-depth data on crashes where emerging
issues may be of interest, such as air bag or safety
belt systems, crashes involving alternative fuel
vehicles, crashes involving children in restraints, and
serious school bus crashes not investigated by other
Federal agencies. SCI data are being used to track
trend data related to fatal and seriously injured
children and adults in air bag deployment related
crashes.

The mathematical analysis section conducts key
reviews of the collected data and publishes many
studies, research notes, and annual traffic records,
including the annual traffic safety facts book.

Copies of these reports can be found at NCSA’s web
site using the following URL:

http://www-nrd.nhtsa.dot.gov/departments/nrd-
30/ncsa/AvailInf.html

CRASHWORTHINESS RESEARCH

Vehicle Aggressivity and Compatibility

The increased popularity of light trucks and vans
(LTVs) - pickups, sport utility vehicles (SUV), and
minivans - presents a growing safety problem that
needs to be addressed. While LTVs account for
about 38 percent of all registered vehicles, they are
involved in half of all fatal (multi-vehicle) crashes
with passenger vehicles. The safety problem for
occupants of passenger cars can be attributed to some
inherent design differences in LTVs. Those
differences are due to disparities in size (weight and
height) and stiffness. Overall, these differences make
LTVs more “aggressive” than passenger vehicles in
their interaction with other vehicles. Based on a
NHTSA analysis, weight incompatibility and impact
location (struck vehicle) were determined to have a
large effect on vehicle aggressivity. Furthermore,
when controlling for impact location, LTVs, as
compared to passenger vehicles of comparable
weight, were determined to be twice as likely to
cause a fatality in the struck vehicle.
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NHTSA is continuing research to identify vehicle
characteristics that affect compatibility and evaluate
their effects in real world crash performance. The
agency also is using sophisticated computer models
to assess the impact of changes to vehicle size on
safety performance. While the agency has identified
a number of improvements to LTV characteristics
that can be readily made to improve compatibility,
the research program is also focused on evaluating
the impact of what changes made to the entire fleet
(i.e., both LTVs and cars) on safety. It is anticipated
that the results of our research will find that changes
not only to LTVs but also to automobiles will
improve the overall fleet safety. Since the last ESV,
considerable progress has been made in using the
load cell data collected in the frontal crash tests of the
Agency’s New Car Assessment program to assess
vehicle characteristics to define aggressivity and
evaluate their effects in real world crash performance.
Additional efforts are underway for developing test
procedures using a load cell moving deformable
barrier that provides the possible benefit of directly
accounting for the effects of mass.

Frontal Crash Protection

Even after full implementation of driver and
passenger air bags, as required by Federal motor
vehicle safety standard (FMVSS) No. 208, it has
been estimated that frontal impacts will account for
up to 8,000 fatalities and 120,000 AIS ≥ 2 (i.e.,
moderate to critical) injuries annually in light
vehicles. This program focuses on the intrusion-type
injuries and fatalities and the costly lower extremity
injuries observed in crashes involving air bag-
equipped vehicles. A frontal offset test best
represents the real world crashes that produce the
intrusion-related injuries and fatalities and the severe
lower extremity injuries. The Agency is also
developing test procedures to simulate those crashes
taking into account the injury modes and using
suitable injury criteria and test surrogates that are
necessary. Since the last ESV Conference, the
research focus has been on evaluating the fixed
deformable offset barrier test for use in the near term.
As part of this effort, we have been exploring the use
of the THOR Lx dummy lower legs. The Agency is
also planning research to develop a moving
deformable barrier test for use in the longer term.

Side Impact Research

An analysis of the 2001 NASS/CDS and FARS files
indicates that side crashes result in over 9,700
fatalities and 3/4ths of a million injuries each year to
occupants of passenger vehicles and LTVs. Since the

last ESV conference, side crash protection research
has mainly focused in three areas; evaluation of the
Eurosid II dummy as a potential test device in side
impacts, the continued development of a pole side
impact test procedure to address the single vehicle
side crashes into narrow objects such as trees and
utility poles.

Advanced Air Bag Technology Research

In recent years, a number of crashes have been
reported where injuries and fatalities have been the
result of aggressive air bag deployment; that is, the
severity and crash environment did not warrant the
severity of injury/fatality sustained by the occupant.
Those most susceptible to injuries/fatalities from
aggressive air bag deployments include out-of-
position child passengers (almost always
unrestrained), out-of-position adult drivers (usually
unbelted and small stature), and infants in rear-facing
child safety seats.

Since the last ESV, we have been conducting
research to monitor the advanced systems that have
been introduced to meet the requirements of the
agency’s rulemaking that addressed the
aforementioned safety issues. With the introduction
of new-generation air bag equipped vehicles into the
fleet, NHTSA’s SCI program has been investigating
the field performance of production, new-design air-
bag-equipped vehicles through crash investigations.
NHTSA also has conducted laboratory testing to
evaluate both the effectiveness and the
aggressiveness of redesigned production air bag
systems in new vehicles. High-speed crash tests and
static out-of-position tests were conducted on a
sample of production vehicles. In addition to our
fleet evaluation efforts, NHTSA has funded the
development of optical and ultrasonic occupant
classification and out-of-position occupant detection
systems, and has installed these prototype systems in
production vehicles. Evaluation of such systems is
currently underway.

CRASH AVOIDANCE RESEARCH

National Advanced Driving Simulator

Following completion of the National Advanced
Driving Simulator (NADS) development, the facility
began full-scale operations in January of 2002. The
first major research study performed was an
investigation of driver response to tire tread
separation failures. This effort evaluated the effects
of vehicle understeer gradient, vehicle velocity, prior
knowledge of an impending tire failure, instruction
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on how to respond to a tire failure, driver age, and
failed tire location, on the response of drivers, and the
likelihood of control loss following the failure. A
total of 108 subjects were run and each subject
experienced two tire failures, the first unexpected and
the second expected, while driving a straight divided
highway at approximately 75 mph. Three vehicle
understeer gradients were used as illustrated in
Table 3.

Table 3.
Linear range understeer gradients

Clockwise Slowly Increasing Steer Maneuver Values
from NADS Runs

4 Normal Tires Left Rear Detread
Vehicle 1 4.72 deg/g 1.10 deg/g
Vehicle 2 3.42 deg/g 0.09 deg/g
Vehicle 3 2.40 deg/g -1.17 deg/g

Figure 6 illustrates the effect of prior knowledge on
the probability of control loss for the three values of
understeer gradient.

Figure 6. Effect of prior knowledge on probability
of control loss for different understeer gradients.

Results indicated that decreasing vehicle understeeer
was strongly associated with the likelihood of control
loss following both expected and unexpected tire
failure, although knowledge of the impending failure
reduced the overall probability. It was concluded that
under complete rear tire detread conditions, the
resulting difficulty in vehicle handling and the
increased likelihood of loss of vehicle control with
decreasing understeer do generalize to the real world
experience.

Two additional research programs currently
underway on NADS include driver distraction and
alcohol-impaired driving. These programs are

focusing on issues that cannot be safely addressed on
the open highway in controlled studies.

The first of three driver distraction studies is
currently underway. This effort is examining the
effects of different wireless phone interfaces on
dialing, talking and answering phones in situations
that vary in task demand. This initial effort is
addressing the hand-held/hands-free issue, the
influence of conversation characteristics on driving
performance and in developing new approaches to
measuring driver distraction.

The second study will examine the effects of various
characteristics of conversation, including content,
emotional intensity and duration. The third study in
this series will address drivers’ willingness to engage
in wireless phone calls as a function of the driving
context.

NHTSA has also initiated a three-year, four phase
program of research on alcohol consumption and
driving. The first phase of the program will
concentrate on impairment associated with various
levels of blood alcohol concentration (BAC) ranging
from 0.02% to as high as 0.10% and will establish
baselines for drivers of various ages and different
drinking practices.

In later phases, drivers will experience variations in
environmental conditions and roadway situations
such as denser traffic and roadway types, and will be
given realistic in-vehicle tasks such as talking on a
cell phone, eating, drinking, or changing a CD while
at various BAC levels. A final study will examine
how time of day and fatigue influences the degree to
which the BAC level degrades driving performance.
Studies will be conducted throughout the day,
including nighttime, to realistically assess these
effects.

Heavy Vehicles

NHTSA’s Heavy Vehicle research program continues
to be directed toward improving the collision
avoidance capabilities of these vehicles. Agency
research has shown that major improvements in
braking performance can be achieved by a
combination of disc brakes and more powerful front
axle brakes. Stopping distance improvements of up
to 30 percent or more have been demonstrated.
Electronic control of brake systems (ECBS) on heavy
vehicles also offers opportunities for faster brake
applications and more precise control, including
independent braking of individual wheels for
balanced braking and stability control. Advanced
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disc brake systems with ECBS are currently being
tested on the test track and in fleet use. The fleet test
program also includes forward collision warning
systems. Research on improving indirect visibility
from heavy trucks is also underway. Future research
will study not only mirror systems but also
alternative technologies such as video mirrors and
virtual video.

Intelligent Vehicle Initiative (IVI)

The theme of the Intelligent Vehicle Initiative (IVI)
is “Saving Lives through Advanced Vehicle Safety
Technology.” The mission of the IVI is the
prevention of highway crashes and the fatalities and
injuries they cause. The IVI addresses three driving
conditions where there is the greatest opportunity to
improve safety: (1) Normal driving condition, by
encouraging the design of in-vehicle communications
and information systems that drivers can operate
without distraction, (2) Degraded driving conditions,
such as conditions of reduced visibility or driver
fatigue, by encouraging accelerated commercial-
ization of advisory systems, and (3) Imminent crash
situation by encouraging accelerated commercial-
ization of crash avoidance warning systems.

The IVI program addresses four classes of vehicle
platform: light vehicles (passenger vehicles and
LTVs), commercial vehicles (heavy trucks and
interstate buses), transit vehicles (intra-city buses)
and specialty vehicles (highway maintenance
vehicles and emergency response vehicles). The
objectives of the IVI program include development of
performance specifications for effective safety-
enhancing systems and evaluation of the safety
impact of developmental systems.

A critical aspect of normal driving is driver
workload. Workload is the combination of physical
and cognitive effort needed to drive a vehicle in a
safe manner. Workload increases as environmental
conditions such as congestion and distraction
increase. One of the current projects is studying
various factors that may influence driver workload.
A key element in this research is an evaluation of
non-intrusive measurements that can be made while a
person is driving and an assessment of whether they
accurately reflect the level of workload. Another
aspect is a search for laboratory experiments that can
serve as surrogates for driving on public highways as
a means of understanding the effect of various
systems on driver workload. This work will be
completed within two years.

The problem of fatigued drivers is being addressed in
a field operational test of a driver drowsiness
advisory system. The system that will be tested is the
result of several previous laboratory, simulator, and
field studies that have focused on validating the
measurement of fatigue and technologies that can be
used to sense driver fatigue in real time. This project
will utilize a fleet of heavy trucks that are in revenue
service. The project began last year and will
continue for the next three years.

There are currently two field operational tests of light
vehicles underway. One is evaluating the safety
performance of a warning system for rear-end
crashes. The test vehicles will also include an
adaptive cruise control system. This fleet will consist
of 10 vehicles that are equipped with a sophisticated
data collection system in addition to the crash
warning system. The crash warning system includes
a state-of-the-art forward looking radar, a forward
looking camera, a differential global positioning
system (GPS) receiver, and a digital map data base as
well as extensive monitoring of in-vehicle controls.
Any warnings for the driver will be provided through
a head-up display and through auditory messages.

The second field operational test will evaluate the
safety performance of a road-departure crash warning
system. This system will provide warnings if the
driver is following a path that will lead to a departure
from the paved roadway or if the driver is
approaching a curve at a speed that is excessive for
that curve. The system will utilize a forward-looking
camera, a state-of-the-art radar that looks forward, a
second radar that looks to the side, a GPS receiver,
and an advanced digital map.

Another major problem area being addressed in the
light vehicle program is crashes at intersections.
Three new projects have recently been initiated to
study vehicle-based systems to address this problem
area. These projects are coordinated with parallel
projects that are studying infrastructure issues. The
projects are jointly developing performance
requirements for cooperative communication
between vehicles and the infrastructure for systems
that address this problem.

In addition to developing performance requirements
and evaluating the safety impact of pre-production
crash warning systems, there is a need to develop
new analytical techniques for analyzing data. One
such new method is called the crash prevention
boundary. This approach separates the space of
driver performance into zones of performance that
avoids a crash and zones of performance that in a
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crash. This methodology provides new insights into
the safety impact of new technologies. The method
is described in more detail in two additional papers at
this conference. One example drawn from a road
departure experiment is shown in Figure 7. The line
separates performance into no-crash and crash zones,
and the points indicate the performance of individual
drivers during the experiment. In this case no drivers
crashed.

Figure 7. Best-fit lateral acceleration vs. best-fit
time to road departure (TRD) approach angle 5
degrees, and 35 mph.

Driver/Vehicle Performance

From a human factors viewpoint, crash prevention
can be achieved through a better understanding of
how various vehicle subsystem characteristics affect
drivers’ ability to perform the driving task. Any
weak links in the driver’s ability to perceive,
understand, decide, and react to the stimuli in the
roadway environment are likely to increase the
probability of a crash. Among the vehicle
subsystems that can influence these aspects of driver
performance are headlights, mirrors, in-vehicle
displays/controls, rear signal lights, and advanced
driver aids. NHTSA has been pursuing human
factors research on all of these crash avoidance
systems using test track, simulator, and field-testing
methodologies.

Due to the large number of complaints concerning
headlamp glare, NHTSA is sponsoring research to
identify the role of headlamp performance
characteristics on driver vision and comfort. One
potential means to reduce rear end crashes is to
enhance the attention getting qualities of rear brake
lights. Ongoing research is identifying the potential
rear signal enhancements that might meet this goal.

Driver distraction continues to be a concern due to
the increasing number of information systems in
vehicles. A new project was initiated to investigate
ways to monitor and assess distraction in real time as
a basis for developing an adaptive interface to aid
drivers in safely using multiple in-vehicle systems.
An ongoing cooperative research study with the
automotive industry is attempting to identify safety
relevant tests to quantify the degree to which a
driver’s use of in-vehicle devices impacts their ability
to perform the driving task. This effort will be
completed in 2004.

While conventional research methodologies are
useful in generating data needed to quantify how
vehicle subsystem parameters influence driver
performance, the ability to measure the behavior of
drivers in the real world can provide an
understanding of how drivers actually interact with
the vehicle and what factors influence the sequence
of events that can lead to a near miss or actual crash.
To obtain this knowledge, NHTSA has initiated a
study of “naturalistic driving.” This project will
equip 100 private vehicles with instrumentation that
will record many aspects of driver behavior over a
one year time period. The findings will be used to
help identify human factors problems and potential
countermeasures as well as to decide whether this
methodology should be extended to a larger, more
representative sample of the driving population.

Tire Research

Several research projects have been conducted to
address the problem of tire failures. Updated
requirements for tire endurance testing have been
developed. Under-inflation problems are being
addressed by tire pressure monitoring systems
(TPMS). Current research is investigating the ways
to simulate accelerated aging of tires. Future
research will also investigate TPMS and/or central
tire inflation systems for heavy trucks.

BIOMECHANICS RESEARCH

Research efforts by our National Transportation
Biomechanics Research Center continue to focus on
improving the basic science that quantifies our
understanding of occupant crash injury mechanisms.
By combining the results of state-of-the-art
experimental and analytical efforts with our advanced
and more realistic anthropomorphic test devices, it is
expected that our capabilities to accurately detect and
evaluate potential injury threats will be greatly
enhanced thereby allowing automotive safety
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engineers to more effectively design new injury
mitigating safety systems.
CIREN

The Crash Injury Research and Engineering Network
(CIREN) is now composed of 10 level one trauma
hospitals. Froedtert Hospital at the Medical College
of Wisconsin joined CIREN on November 2001. In
January 2003, Honda R&D Co., Ltd, replaced Ford
Motor Company as the sponsor of the Inova
Healthcare Services/Inova Fairfax CIREN Center.

CIREN continues to produce “real-world” research
findings on crashes, injuries, treatments, and
outcomes. CIREN medical researchers, working
with engineers at NHTSA and in the automotive
industry and research universities, have produced
more than 100 scientific papers and presentations
analyzing the basic causes of more than 1,500 cases
of serious crash injuries. Figure 7 illustrates the
CIREN system, from crash, to treatment to injury.

Figure 7. CIREN data is gathered at the crash
site, during treatment, and long-term follow-up.

CIREN has researched injury patterns and a long-
term outcome related to the older population and is
currently conducting research on the complex issue
of peri-prosthetic fractures secondary to motor
vehicle crashes.

Life threatening internal occult injuries, resulting
from motor vehicle crashes, continues to be a major
focus of several CIREN Centers. CIREN research
findings have created a heightened awareness of
critical injuries to the liver, cervical spine, and aorta

caused by motor vehicle crashes that may not be
immediately and accurately diagnosed by current
medical protocols.

The benefit of partnership between the various
CIREN centers is continuing to grow. Education and
outreach are an important and expanding part of the
research that is being conducted by the participating
centers. These outreach activities provide unique
training opportunities for emergency medical services
(EMS) professionals, police and fire department
personnel, and emergency room (ER) physicians on
the nature of impact injury mechanisms and ways to
improve triage, transport, treatment and ultimate
outcome.

Analytical Modeling and Simulation

The rapidly expanding capabilities and sophistication
of analytical modeling techniques continue to hold
out the promise of both improving our understanding
of the basic underlying mechanics of injury
producing processes.

In addition, analytical approaches are enhancing our
capabilities to detect and evaluate human risk by
employing sophisticated human models to interpret
crash dummy responses.

For example, rather than using empirically derived
relationships linking specific gross features derived
from measured force and acceleration time histories
to predict injury severity, the same time histories can
be used as inputs to detailed analytical models of the
human. This allows researchers to predict and
interpret detailed local structural responses and to
assess their potential for inducing injury.

Our Simulated Injury Monitor concept (SIMon),
introduced at the ESV 17, offers an improved injury
evaluation capability. By applying measured dummy
head accelerations to a brain model and monitoring
local stress and strain responses for injurious
conditions, the extent and severity of various types of
brain injuries, e.g., diffuse axonal injury, focal
lesions, and bridging vein rupture, can be evaluated
(see Figure 8).

Initial successes with SIMon (head) program have led
to applications of this concept to the prediction of
injury in other body areas such as the neck, thorax,
and lower extremities.
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Figure 8. SIMon skull and brain model.

Experimental Impact Injury Research

Experimental impact injury research efforts continue
to be the cornerstone upon which the science of
biomechanics is built. With the continuing,
extremely rapid, implementation of new and diverse
safety technologies, the demand for accurate
biomechanical evaluation of their interaction with
human occupants, from infants through the elderly,
has increased enormously. To address this expanding
demand for basic biomechanical knowledge, the
NTBRC has enlarged both the depth and breadth of
its experimental program to encompass research
efforts in almost every major body region–from
addressing both skull and brain injury to pursuing
improved understanding of injury processes in the
neck, thoracic, abdominal, and lower extremities all
under the ever expanding universe of possible impact
scenarios.

Anthropomorphic Dummy Development

The agency continues to believe that the design
features of its advanced frontal dummy, THOR, offer
a significantly improvement over current injury
assessment devices. To insure that THOR concepts
can be broadly applied, the development of a 5th

percentile female (see Figure 9) version of 50th

percentile male THOR dummy was also undertaken.

These efforts have resulted in the first prototypes
now being available for testing and evaluation.
Additional efforts to rapidly apply THOR technology
to safety evaluation have taken various
subcomponents of THOR, such as the head/neck and
the lower extremities, and adapted them to easily
replace the corresponding components on the
Hybrid III.

Figure 9. Prototype of THOR 5th female dummy

INTERNATIONAL HARMONIZATION

The harmonization of regulations continues to be a
matter of increasing importance to the United States
and NHTSA. Efforts to coordinate regulatory
practices on a global scale have resulted in
establishment of fora and agreements to promote and
guide the process of harmonization both at the
bilateral and multilateral levels. NHTSA has been
and continues to actively participate in many of these
fora, ensuring that all harmonization activities take
into account best safety practices and best available
technologies.

International Harmonized Research Activities
(IHRA)

NHTSA continues to work with its international
partners to coordinate research, establish priorities,
and to carry out the agreements reached during the
15th ESV Conference in Australia. The International
Harmonized Research Activities uses a steering
committee to review recommendations and research
plans, and working groups to coordinate research in
five emphasis areas: frontal-compatibility protection,
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side impact protection, intelligent transportation
systems, biomechanics research, and pedestrian
safety. The status reports for each working group can
be found in the proceedings for this conference as the
first papers under each of the respective topics. The
5-year term for IHRA ended in May 2001, and the
steering committee decided to renew the term of the
agreement for another six years with a status review
to be undertaken every two years. In addition, the
participants agreed to combine the advanced frontal
offset protection and compatibility groups under the
chairmanship of the United Kingdom.

World Forum for the Harmonization of Vehicle
Regulations (UN/ECE/WP.29)

1998 Global Agreement: On August 25, 2000,
the United Nations/Economic Commission for
Europe (UN/ECE) Agreement Concerning the
Establishment of Global and Technical Regulations
for Wheeled Vehicles, Equipment and Parts Which
Can Be Fitted And/or Be Used On Wheeled Vehicles
(the“1998 Global Agreement”) entered into force.
There are currently 21 contracting parties to this
Agreement. The 1998 Global Agreement provides
for the establishment of global technical regulations
regarding the safety, emissions, energy conservation
and theft prevention of wheeled vehicles, equipment
and parts. The Agreement contains procedures for
establishing global technical regulations by either
harmonizing existing regulations or developing new
regulations. The establishment of global technical
regulations is expected to lead to a significant degree
of convergence in motor vehicle regulations at the
regional and national levels. However, while in some
instances the result may be the adoption of identical
or substantially identical regulations at those levels,
in other instances, the result may be regulations that
differ but do not conflict with each other. The
Agreement recognizes that governments have the
right to determine whether the global technical
regulations established under the Agreement are
suitable for their own particular safety needs. Those
needs vary from country to country due to differences
in the traffic environment, vehicle fleet composition,
driver characteristics and seat belt usage rates.

Implementation of the 1998 Global Agreement:
In August 2000, the United States (NHTSA)
published a final rule which adopts a policy statement
describing the Agency’s activities and practices for
facilitating public participation concerning issues that
arise in the implementation of the 1998 Global
Agreement. The final rule, which took effect on
September 22, 2000, sets forth the various stages at
which NHTSA will issue notices and hold public

meetings for the purpose of disseminating
information, seeking comments and providing
opportunities for discussion.

On July 18, 2000, NHTSA published in the Federal
Register (65 FR 44565) a notice seeking public
comments on its preliminary recommendations for
the first motor vehicle safety technical regulations to
be considered for establishment under the
Agreement. On January 18, 2001, the agency, after
consideration of the comments, published in the
Federal Register (66 FR 4893) a notice outlining its
final recommendations. In that notice, the agency
stated that it would present those recommendations to
WP.29 and propose them for consideration by other
contracting parties of the 1998 Global Agreement
concerning the adoption of a program of work under
the Agreement. In March 2001, NHTSA submitted
to WP.29 and the Executive Committee of the 1998
Global Agreement its final recommendations for the
first motor vehicle safety technical regulations to be
considered for establishment under that Agreement.
The Administrative Committee for the Coordination
of Work of WP.29 (AC.2) reviewed the
recommendations made by various contracting
parties, including the United States, Canada, the
European Union, Japan, and Russia, as well as those
made by other interested parties and reached
agreement on a Program of Work, taking into account
the workload of the working parties of experts under
WP.29. AC.2 then submitted the Program of Work
to the Executive Committee of the 1998 Global
Agreement (AC.3). The AC.3 approved the Program
of Work and requested that contracting parties
volunteer to sponsor each listed regulation by
submitting a formal proposal as required by Article 6
of the 1998 Global Agreement. WP.29 formally
adopted the Program of Work at its session in March
2002. During the June and November 2002 sessions
of WP.29, several contracting parties stepped forward
as sponsors for the individual work items. The U.S.
indicated that it will take the lead in advancing
several of the areas on the Program of Work,
including door retention components and head
restraints.

Asia Pacific Economic Cooperation (APEC)

NHTSA continues to be involved in APEC
harmonization projects, as a regular participant in
meetings and a contributing member to the
development and administration of harmonization
activities. Of significance is the Road Transport
Harmonization Project (RTHP), which began in
1994, and whose objective is to promote the
harmonization of standards within APEC region.
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Within the last few years, APEC has stepped up its
efforts in promoting regional and global
harmonization of vehicle standards in light of the
1998 Global Agreement’s entry into force in August
2000. As of January 2003, there were seven
contracting parties among the APEC economies
(United States, Canada, Japan, Russian Federation,
People’s Republic of China, Korea and New
Zealand). It is anticipated that other APEC
economies will become contracting parties within the
next few years.

North America Free Trade Agreement (NAFTA)

NHTSA has been actively involved in NAFTA
harmonization efforts through the Automotive
Standards Council (ASC). The Council has been
seeking for the last eight years to identify
incompatibilities in standards among NAFTA
countries and set up a process that addresses these
incompatibilities. Working groups, which comprise
government and industry representatives, have been
established to facilitate the process. During the past
two years, the focus of the group has been primarily
on the cross-border commercial vehicle traffic and
the safe entry of commercial vehicles into the three
jurisdictions. Several workshops were organized to
bring greater understanding of the various regulatory
and enforcement systems within NAFTA. NHTSA
published three Federal Register notices geared
towards opening the U.S.-Mexican border to
commercial vehicles consistent with the requirements
of the U.S. laws regarding motor vehicle safety. All
comments to the notices have been considered and
the Department of Transportation will likely
announce final decision on these matters soon.

RULEMAKING

Since the last ESV Conference in Amsterdam,
NHTSA has published many final rules. The
following is a compilation of these final rules ordered
in the following three areas: Crash Avoidance,
Crashworthiness, and Planning and Consumer
Standards.

Crash Avoidance

• On August 14, 2001, NHTSA amended FMVSS
122, “Motorcycle Brake Systems,” by reducing
the minimum hand lever force from 5 pounds to
2.3 pounds and the minimum foot pedal force
from 10 pounds to 5.6 pounds in the fade
recovery and water recovery tests. Effective
date: August 14, 2002.

• On August 17, 2001, in response to petitions for
reconsideration, NHTSA made several
substantive changes in the October 20, 2000,
FMVSS 401, “Interior Trunk Release,” Final
Rule. It excluded hatchbacks and station
wagons. It also excluded sub-compartments that
are formed within the trunk compartment when a
convertible top folds down into the trunk.

• On December 12, 2001, NHTSA amended
FMVSS 121, “Air Brake Systems,” to correct an
inconsistency between two provisions
concerning emergency brake stops, provided that
single-unit truck axles should not be overloaded,
clarified the wheel-lock provisions by adding a
definition of a tandem axle, and permitted the
use of roll bars on vehicles undergoing brake
testing. Effective date: January 11, 2002.

• On April 22, 2002, in response to petitions for
reconsideration, NTHSA issued a final rule
regarding new FMVSS 401 requiring passenger
cars with a trunk to be equipped with a release
latch inside the trunk compartment.

• On June 5, 2002, in response to Transportation
Recall Enhancement, Accountability, and
Documentation (TREAD) Act, NHTSA issued a
two-part final rule. The first part established a
new FMVSS that required the installation of tire
pressure monitoring systems (TPMSs) that warn
the driver when a tire is significantly under-
inflated. The second part of this final rule will
be issued by March 1, 2005.

• On December 27, 2002, NHTSA adopted a new
rule establishing two new safety standards: an
equipment standard specifying requirements for
platform lifts and a vehicle standard for all
vehicles equipped with such lifts.

Crashworthiness

• On August 30, 2001, in response to petitions for
reconsideration, NHTSA made several minor
changes to the March 31, 2002, Part 572,
“Anthropomorphic Test Device,” Final Rule.
These included adding a channel frequency class
specification if a rotary potentiometer is used for
measuring head rotation, revising the impact
probe specifications to include provisions for
mounting suspension hardware if a cable system
is used for impacts, adopting a lower minimum
mass moment of inertia, clarifying the
specification for free air resonant frequency;
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revising the material specifications in several
drawings, and correcting several minor errors in
these drawings, and in the Procedures for
Assembly, Disassembly and Inspection (PADI).
Effective date: October 29, 2001.

• On October 11, 2001, in response to a petition
for rulemaking, Part 572, “Anthropomorphic
Test Device,” NHTSA amended the neck lateral
calibration specifications for the SID/HIII
dummy. The dummy is used in side impact pole
tests, which assesses the effectiveness of
dynamically- deployed head impact protection
systems. Effective date: December 10, 2001.

• On December 3, 2001, in response to petitions
for reconsideration, NTHSA clarified
amendments to FMVSS 305, “Electric-powered
Vehicles,” regarding the application of the
standard and the test conditions for battery state
of charge and electrical isolation.

• On December 13, 2001, in response to petitions
for reconsideration, NHTSA made several
changes/clarifications to the 3-year old child test
dummy. Effective date: January 14, 2002.

• On December 13, 2001, in response to petitions
for reconsideration, NHTSA amended FMVSS
221, “School Bus Body Joint Strength,” to
extend the applicability of the standard to small
school buses, narrowed the exclusion of
maintenance access panels from the joint
strength requirements, and made other changes
to the standard. Effective date: January 1, 2003.

• On December 18, 2001, in response to petitions
for reconsideration, and required by TREAD,
NHTSA issued a final rule regarding a number
of technical details including test speed,
measurement duration, positioning procedures,
and phase-in to FMVSS 208, “Occupant Crash
Protection.” Effective date: January 17, 2002.

• On April 19, 2002, NHTSA amended FMVSS
217, “Bus Emergency Exits and Window
Retention and Release,” to reduce the likelihood
that wheelchair securement anchorages to be
installed in locations that permit wheelchairs to
be secured where they block access to
emergency exit doors. Effective date: April 21,
2003.

• On June 18, 2002, NHTSA amended the
schedule for compliance by manufacturers of

vehicles built in two or more stages with the
upper interior head protection requirements of
FMVSS 201, “Occupant Protection in Interior
Impact.”

• On October 22, 2002, NHTSA amended its child
restraint standard to facilitate the safe
transportation of preschool and special needs
children through the manufacture and use of a
vest that holds the children in place during a
crash.

• On January 6, 2003, in response to petitions for
reconsideration, NTHSA responded to those
portions of FMVSS 208, “Occupant Crash
Protection,” regarding the length of time during
which data will be collected during low risk
deployment tests, a change in dummy
positioning procedure for one of the driver
position low risk deployment tests, issues related
to the air bag warning label, and the telltale that
indicates when the passenger air bag has been
automatically suppressed.

Planning and Consumer Standards

• On August 3, 2001, NHTSA announced
determination for model year (MY) 2002 high-
theft vehicle lines that are subject to the parts-
marking requirements of the Federal motor
vehicle theft prevention standard, and high-theft
MY 2002 lines that are exempted from the parts-
marking requirements because the vehicles are
equipped with antitheft devices. Effective date:
August 14, 2002

• On October 24, 2001, NHTSA updated
Appendices A, B, and C of Part 544, “Insurer
Report Requirement.” These appendices list
those passenger motor vehicle insurers that are
required to file reports on their motor vehicle
theft loss experience.

• On April 4, 2002, NHTSA established the
average fuel economy standard for light trucks
manufactured in the 2004 model year. Chapter
329 of Title 49 of the United States Code
requires the issuance of this standard. The
standard for all light trucks manufactured by a
manufacturer is set at 20.7 mpg for the 2004
model year.

• On July 1, 2002, NHTSA announced
determination for model year (MY) 2003 high-
theft vehicle lines that are subject to the parts-
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marking requirements of the Federal motor
vehicle theft prevention standard, and high-theft
MY 2003 lines that are exempted from the parts-
marking requirements because the vehicles are
equipped with antitheft devices determined to
meet certain statutory criteria pursuant to the
statute relating to motor vehicle theft prevention.

• On July 16, 2002, NHTSA updated regulations
on insurer reporting requirements. The
regulation lists those passenger motor vehicle
insurers that are required to file reports on their
motor vehicle theft loss experiences.

• On October 1, 2002, NHTSA was mandated by
Congress to consider whether to prescribe
clearer and simpler labels and instructions for
child restraints. The rule amended the
requirements for child restraint labels and the
written instructions that accompany child
restraints. This rule made changes to the format,
location and contents of some the existing
requirements.
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ABSTRACT

A summary of the continued efforts of the
Biomechanics Working Group to complete its
original task given to it by the International
Harmonized Research Activities Steering Committee,
determining specifications for a Universal Side
Impact Anthropomorphic Test Devices, is presented,
as is a discussion of new Terms of Reference the
working group proposed to the IHRA Steering
Committee.

INTRODUCTION

This report summarizes the continued activities of the
International Harmonized Research Activities
(IHRA) Working Group on Biomechanics Research
(BWG) for the period from its last report, given at the
June 2001 in Amsterdam, Holland on the occasion of
the 17th International Technical Conference on the
Enhanced Safety of Vehicles, to the present. At the
previous June 1998 IESV meeting in Windsor,
Canada, the International Harmonized Research
Activities Steering Committee specifically directed
the Biomechanics Working Group to form a
Government only, ad hoc group to determine
specifications for a universal side impact
Anthropomorphic Test Device (ATD). This task
remains the primary focus of the Biomechanics
Working Group though efforts in other areas have
also been initiated. New initiatives that have been
guided by the IHRA Steering Committee’s reaction
to the BWG’s proposed new Terms of Reference are
also discussed.

DISCUSSION

Terms of Reference
On May 9, 2002, the Chairman of the BWG
presented to the IHRA Steering Committee the
BWG’s proposed new Terms of Reference that are to
provide perspective for and guide the future efforts of
the BWG. This proposal included the following
concepts:

Mission & Objectives:
• Coordinate worldwide biomechanical

research efforts

• Develop and document the technical bases
for creating a world wide harmonized,
family of anthropomorphic test devices with
associated injury criteria and performance
limits.

• Provide ad hoc biomechanical expertise to
other IHRA groups as requested.

Scope:
The efforts of the Biomechanics Working Group
shall entail but not be limited to efforts that:

• Analyze available worldwide crash data to
quantify the type and severity of injuries
resulting from each significant crash
mode.

• Identify, analyze, and optimize
meaningful injury functions that address
the above-identified injuries.

• Review all available biomechanical
impact response data to determine both
necessary and sufficient specifications to
appropriately characterize and verify a test
device’s biofidelity.

• Examine available tests devices with
regard to their biofidelity and injury risk
assessment capabilities and either
recommend an existing device as
appropriate or suggest and execute
refinements necessary to upgrade
performance to an acceptable level.

• Develop a strategic plan for future
biomechanical research.

Action Plan:
• Complete current side impact efforts and

provide draft final report to IHRA
Steering Committee by December 2002.

• Initiate and pursue efforts to define and
develop requirements for adult-sized
world harmonized frontal
anthropomorphic test devices. Work plan
is to be developed by September 2002.
Currently anticipated time requirement is
approximately 2 years from definition and
assignment of tasks.

• Review and prioritize future child dummy
research efforts. Work plan is to be



developed by February 2003. Currently
anticipated time requirement is
approximately 2 years from definition and
assignment of tasks.

• Initiate and pursue efforts to define and
develop requirements for a world
harmonized test device for rear impact
injury evaluation and control. Work plan
is to be developed by January 2003.
Currently anticipated time requirement is
approximately 3 years from definition and
assignment of tasks.

• Develop a white paper discussing future
biomechanical needs. Findings will be
presented to the IHRA Steering
Committee in the form of interim reports
developed concurrently with committee
activities. The intention is to create a
living document that documents and to the
extent possible prioritizes areas of
biomechanical research requiring
attention.

Meetings:
• Conduct quarterly meetings at various

venues to allow participating experts
ample and open discussions to arrive at
technical consensus

Proposed Deliverables:

• Draft Final Report on Side Impact Test
Dummy December 2002

• Draft Interim Report on Frontal Test
Dummy - December, 2003

• Draft Interim Report on Child Test
Dummies- March, 2004

• Draft Interim Report on Rear Impact Test
Dummy - March, 2004

• Draft Interim white paper May 2003 (in
time for ESV).

Steering Committee Recommendations:

The response of the Steering Committee to the
BWG’s ambitious proposal was to direct the BWG to
concentrate its efforts on completing its side impact
efforts and provide a draft report no later than the
Committee’s next meeting during the IESV meeting
in Nagoya, Japan, May 2003. The Steering
Committee also recommended that the BWG
undertake and pursue its proposed efforts to define
and develop requirements for adult-sized world
harmonized frontal anthropomorphic test devices as
well as its proposal to develop a white paper
discussing future, world-wide biomechanical needs.

The Steering Committee agreed that the findings are
to be in the form of a living document that identifies
and to the extent possible, prioritizes areas of
biomechanical areas of research requiring effort. The
other proposals offered by the BWG are to be tabled
until substantial progress is demonstrated with the
existing assignments.

Because the BWG continues to not have specific
financial resources to devote directly toward
addressing and resolving technical issues associated
with the above tasks, it considers the Steering
Committee’s decision to limit the number of tasks the
BWG undertakes reasonable and that this should
assure that current efforts can be completed on
schedule. The financial limitations will also require
the continuation of BWG’s policy to utilize only
information that is available either in the current
literature or the result of efforts at any of the
participating research institutions but will not initiate
any separate efforts under its direction.

Emphasis of the BWG’s Current Efforts:

The BWG is concentrating the majority of its efforts
on the completion of its Side Impact Report. These
efforts encompass four major research topics:
Characterization of the Global Side Impact Problem
(which seeks to identify the commonalties and
differences of the side impact problem throughout the
world), Anthropometric Characterization of Crash
Victims (which investigates the size and mass
attributes of the world’s side impact population at
risk and seeks to determine the necessary and
sufficient type and number of test dummies necessary
to effect broad safety benefits), Biofidelic Impact
Response Specifications (which seeks to characterize
and generalize human impact responses into dummy
design requirements and provide a quantitative
evaluation methodology for assessing the ability of
various dummy designs to meet them), and Injury
Criteria and Associated Performance Limits (which
seeks, through thorough review and analysis,
appropriate injury criteria for the various body areas
at risk that link features of an occupant’s impact
response with estimations of the extent and severity
of expected injuries. Performance limit
recommendations that would provide sufficient
reduction of the current side impact injury situation
will also be proposed).

Substantial progress has been achieved in each of the
four major research areas with early versions of the
final report having been drafted. Developing and



reaching consensus in the area of Biofidelic Impact
Response Specifications area is and will remain the
most difficult technical challenge to the BWG.
However, recent technical publications in this area
appear to provide a reasonable basis upon which
group agreement should be able to be reached.

Efforts to develop Biofidelic Impact Response
Specifications for a family of frontal test dummies
have also been initiated and are using, as the initial
bases, the response specifications derived and used
for the design and development of NHTSA’s
advanced frontal test dummies, the 50th percentile
male and the 5th percentile female THOR dummies.
Evaluation of the appropriateness, adequateness, and
sufficiency of these and other existing requirements
will most certainly become a major discussion topics
for the BWG group.

SUMMARY

To accomplish its task of developing and providing
necessary and sufficient specifications to develop a
universal side impact anthropomorphic test device(s)
with associated injury criteria and performance
limits, the BWG continues to review crash data,
anthropometrical data, biomechanical response and
injury data. The current consensus among the
BWG’s participants is that the world side impact
problem possesses sufficient significant similarities
to allow a definition of a single family of dummy test
devices to be made. This single family should be
able to appropriately represent the diversity of the
world’s nationalities as well as be able to monitor
and/or control all significant injury and crash modes
they experience. The BWG also believes that
sufficient information exists for it to accomplish this
undertaking and that they can be accomplished within
the time frame that the Steering Committee has
requested.
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INTERNATIONAL HARMONISED RESEARCH ACTIVITIES
SIDE IMPACT WORKING GROUP
STATUS REPORT

Keith Seyer
Chairman
On behalf of IHRA Side Impact Working Group

Paper Number 579

ABSTRACT

This paper reports on the status of work of the
International Harmonised Research Activities (IHRA)
Side Impact Working Group (SIWG) as at its 17th

meeting prior to the 18th ESV conference in Nagoya
in May 2003. This includes decisions made and the
reasons for them. A final report to the IHRA Steering
Committee will be presented just before ESV
including the test procedures to be evaluated between
2003 and 2005.

INTRODUCTION

A steering committee was set up at the 15th Enhanced
Safety of Vehicles (ESV) conference in Melbourne in
1996 to work towards a harmonised vehicle safety
research agenda to avoid duplication of research.
This is the International Harmonised Research
Activities (IHRA) Steering Committee comprising
government representatives including vehicle safety
regulators from around the world.  It was agreed that
IHRA be responsible for overseeing research
activities in six key areas.

One of the original key areas, functional equivalence,
was replaced by side impact following the 16th ESV
conference in Windsor, Canada in 1998.  The six
working groups under IHRA after the 16th ESV are
shown below with each group chaired by the country
in parenthesis:

• Side impact (Australia)
• Advanced frontal crash protection (Italy)
• Vehicle compatibility (United Kingdom)
• Biomechanics (USA)
• Pedestrian safety (Japan)
• Intelligent Transport Systems (Canada)

At the 17th ESV in Amsterdam, progress was again
reviewed and it was decided to amalgamate the
Advanced Frontal and Vehicle Compatibility
Working Groups with the resulting five groups tasked

for a further 4 years with a review at each ESV. The
Steering Committee also agreed to a revised set of
Terms of Reference for the Side Impact Working
Group (SIWG).

The various IHRA working groups generally consist
of about 10 members to ensure that progress is as
speedy as possible.  Although IHRA is essentially a
government group, industry has been invited with a
total of three representatives in each working group,
one each from North America, Europe and Asia-
Pacific regions.  This maximises outcomes by
engaging vehicle manufacturers in the research
process so that countermeasures can be designed into
vehicles as soon as possible.

SIWG MEMBERSHIP

The current members of the IHRA Side Impact
Working Group are:

Keith Seyer Department of Transport and
Regional Services, Australia
(Chair)

Craig Newland Department of Transport and
Regional Services, Australia
(Secretary)

Dainius Dalmotas Transport Canada
Suzanne Tylko Transport Canada
Richard Lowne EC/EEVC
Michiel van Ratingen EC/EEVC
Joseph Kanianthra National Highway Traffic

Safety Administration, USA
Hideki Yonezawa National Traffic Safety and

Environment Laboratory,
JMLIT

Minoru Sakurai JARI
Akihisa Maruyama OICA Asia-Pacific/JAMA
Michael Leigh /  OICA North America/AAM
Stuart Southgate
Christoph Mueller OICA Europe/ACEA
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Past members:

Robert Hultman OICA North America/AAM
Haruo Ohmae JARI
Takahiko Uchimura OICA Asia-Pacific/JAMA
Rainer Justen OICA Europe/ACEA

List of Meetings

The IHRA SIWG was created in September 1998 and
a list of the meetings held since the 17th ESV is
provided below:

Meeting Date Place

12th 14-15 June 2001 Lyon, France

13th 7-8 December 2001 Geneva,
Switzerland

14th 21-22 February 2002 Melbourne,
Australia

15th 21-22 May 2002 Paris, France

16th 16-17 September
2002

Munich,
Germany

17th 9-10 December 2002 Geneva,
Switzerland

18th 24-28 March 2003 Los Angeles,
USA

Location of Minutes

The Minutes of these meetings are located on the
IHRA website – http://www-ihra.nhtsa.dot.gov

TERMS OF REFERENCE

At its 12th meeting, the SIWG finalised the revised
Terms of Reference which states the objectives of the
group, the outcomes of its first 2-year term, the
activities to be undertaken in the future and a
timeframe for these.  These are summarised below.

Objective

Co-ordinate research worldwide to support the
development of future side impact test procedure(s) to
maximise harmonisation with the objective of
enhancing safety in real world side crashes.

Scope

In its first 2-year term, the Side Impact Working
Group (SIWG) concluded that new test procedures to
address the side impact problem should include:

• A mobile deformable barrier to vehicle test
• A vehicle to pole test
• Out of position airbag evaluation
• Sub-systems head impact test

In its next term, the SIWG will also coordinate
research to examine the feasibility of improving side
impact protection for occupants on the non-struck
side and develop a test procedure to evaluate such
protection.

Activities

The SIWG is working towards achieving these goals
by:

1. Reviewing any new real world crash data to
prioritise injury mechanisms and identify
associated crash conditions taking into account
likely future trends.

2. Taking into account the need to protect both
front seat and rear seat(s) adult and child
occupants.

3. Interaction with the IHRA Biomechanics
Working Group to monitor the development of
harmonised injury criteria.

4. Interaction with the IHRA vehicle compatibility
working group to ensure solutions in one area do
not degrade safety in another.

5. Monitoring and, as appropriate, providing input
to the development of WorldSID and any other
side impact dummy.

6. Determining the greatest degree of harmonisation
feasible and the design and vehicle safety
performance implications of adopting different
levels of test severity or the worst case condition.

7. Coordinating the evaluation of proposed test
procedures subject to availability of test dummies
and injury criteria.

Timeframe

While the progress of the group will be reviewed
every 2 years, it is expected that:

• The target date for draft final proposal of test
procedure(s) is 2003 ESV

http://www-ihra.nhtsa.dot.gov/
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• The target date for final proposal of test
procedure(s) is 2005 ESV with validation in the
intervening 2 years.

The test procedure(s) would include the best available
dummies as recommended by the IHRA
Biomechanics Working Group (BWG) (for example,
the harmonised test dummy being developed by the
ISO WorldSID Task Group (www.worldsid.org)).
The BWG will also advise on availability of any other
suitable test dummies and the injury criteria to be
used.

Members noted that there are differences in fleet
compositions around the world but were hopeful that
research could be focused on these differences to
determine whether they had a quantifiable effect on
the injury risk in side impacts.

SUMMARY OF RESEARCH

Methodology

To determine the side impact trauma problem that
needed to be addressed, the group began by
examining real world crashes in the 3 major
geographical regions, North America, Europe and
Asia-Pacific, to identify the:

• types of side impact crashes occurring
• injuries being sustained by body region
• causes of these injuries, where possible
• characteristics of the drivers and passengers most

at risk (gender, size, seating position, etc)

For vehicle to vehicle crashes, members were asked
to report on any research that examined the effects on
injury risk of mass, stiffness and geometry of striking
vehicles together with any other parameters that were
considered important for side impact protection.

There has been close cooperation and communication
between the SIWG and other IHRA WGs on
advanced frontal, vehicle compatibility and
biomechanics, and with the WorldSID Task Group.

Real World Crash Studies

As part of the IHRA BWG task to define the real
world side impact safety problem, Transport Canada
analysed the real world crash data submitted by the
various regions.  This study, which is reported in full
in the IHRA BWG report, indicated that:

• Collectively, side impacts involving vehicle to
vehicle crashes and vehicle to narrow object
crashes constitute about 90% of the side impact
trauma.  However, the frequency of involvement
of specific vehicle types and narrow objects
varied from region to region.

• Most of the trauma in side impacts occurs to
struck side occupants.

• Up to 40% of the trauma to occupants of the
struck car in side crashes occurs to non-struck
side occupants depending on the geographical
region.

• The head and chest were consistently the most
frequently injured body regions.

• The frequencies of abdominal, pelvic and lower
extremity injuries were also significant, but
varied with geographical region.

• The main contact points causing injury to struck
side occupants were door structure, exterior
object and B-pillar.

• Depending on the region, the proportion of male
and female severely or fatally injured occupants
in vehicle-to-vehicle crashes were either similar
or slightly predominated by females (up to 60%).

• Young males predominated in vehicle to narrow
object crashes.

• Elderly occupant casualties were over-
represented in vehicle to vehicle crashes.

• Rear occupants account for less than 15% of road
trauma in side impacts.

The above research, combined with the need to
ensure enhanced side impact protection for all adult
occupants, would indicate the importance of using a
small adult female test device in the front driver
position in an MDB to vehicle test and using a mid
sized adult male test device in a vehicle to pole test.
Regulators may wish to specify requirements for other
dummy sizes, if crash statistics indicate such a need
for a particular region.

Parametric Studies on Effect of Mass, Stiffness
and Geometry on Dummy Response

In the real world, vehicles of different type size and
mass crash into each other.  A number of parametric
studies have been conducted to examine the effect on
injury risk of the mass, stiffness and geometry of the
striking vehicle in side impacts.  The data presented
to the SIWG included results from:

• A computer simulation by the UK Transport
Research Laboratory

http://www.worldsid.org/
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• A cooperative project of full-scale tests by the
Australian Department of Transport and Regional
Services and Transport Canada.

• A full-scale test series by the US Insurance
Institute for Highway Safety (IIHS).

• Full scale tests by Transport Canada.
• A computer simulation by the NHTSA.
• Full-scale tests and FEM simulations of front-end

structures of impacting vehicles for the
comparison with current European MDB face by
JAMA.

• Full scale tests by JMLIT.

Based mainly on single parameter variations, these
data supported the following conclusions on the
factors that increased dummy response:

• Raising the vehicle/trolley ground clearance had
the greatest effect.

• Increasing the mass and stiffness of the
vehicle/trolley has a lesser effect.

• A perpendicular impact maximises the loadings
to the driver when compared to crabbing the
trolley.

• Non-homogeneous barriers generate more
“punch-through” than homogeneous ones.

This is because:

• In high frontal profile vehicles such as
4WDs/Light Trucks and Vans (LTVs) there is
typically less engagement of the sill and floorpan
of the struck vehicle and these striking vehicles
are more likely to load the head (from contact
with the high hood/bonnet) and chest (from the
higher intrusion profile).

• Typically, injuries occur (40-50 msec after
impact) before momentum transfer to the struck
vehicle occurs (around 70 msec).

• The stiffness ratio between the front and side
structure of vehicles is so high that, for the same
geometry, variation in front structure stiffness has
little effect on dummy response.

Some of these studies also included increasing impact
speed which was found to have an effect similar to
increasing ground clearance.  For example one of the
studies showed that increasing the speed from 50 to
60 km/h had the same or similar effect on dummy
responses as increasing the ground clearance from
300 mm to 400 mm.

Compound variations of mass, stiffness, geometric
and velocity parameters were not investigated.

Non-struck side test research

Members agreed that there should be a test to
evaluate injuries to non-struck side occupants because
real world crash data attributed up to 40% of road
trauma to this group depending on the geographic
region. In the US, FMVSS201 addresses this problem
to some extent.

Very little other work is being done in this area
except for a collaborative program between General-
Motors Holden’s, Monash University, Wayne State
University, DOTARS and Autoliv.  This work
showed that current dummies are unlikely to provide
correct kinematics but that WorldSID’s design
showed promise. This work is reported elsewhere in
this ESV. However, there is much more to be done in
this area and should be given a higher priority in the
SIWG’s considerations in the future.

CONCLUSIONS

After reviewing further research data, members
confirmed that the IHRA Side Impact Test Procedure
should comprise:

1. Mobile deformable barrier to vehicle test(s)
involving up to 2 mobile deformable barrier
types reflecting regional fleet differences.

2. An oblique vehicle to pole test.
3. Out-of-position side airbag evaluation test(s).
4. Sub-systems head impact test.

The following sections will discuss the
recommendations made by the group on each of these
tests.

MOBILE DEFORMABLE BARRIER (MDB)
TEST

Defining the parameters of the Mobile Deformable
Barrier (MDB) test has proven to be the most
challenging task for the group. While the group was
hopeful of recommending only one MDB test, it
became clear that this would be difficult because of
the fleet differences between regions around the
world.

In North America, LTVs currently account for
approximately 50% of all new light vehicle sales
(cars, light trucks and vans). In other regions there
has been an increase in the popularity of “soft-
roaders”/small 4WDs, although not to the same extent
as North America.  While smaller and lighter than
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traditional 4WDs, their high geometry front structures
present similar problems to vehicles they strike.

Therefore, the group is recommending that two MDB
test procedures be taken into the validation phase
which may result in further refinements:

1. An MDB test using a barrier based on a
passenger car/small 4WD-type bullet vehicle.
This will initially be the Advanced European
(AE)-MDB test procedure currently being
developed by the EEVC.

2. An MDB test using a barrier based on a LTV
type vehicle. This will initially be the Insurance
Institute for Highway Safety (IIHS) MDB test
procedure currently being used by the IIHS.

The group noted that:

• A single “worst case” test would be the ideal for
harmonisation. However, this could only be
achieved if the proposed more severe test could
be guaranteed to provide at least the same degree
of protection for all significant body regions as
generated by the less severe test.  Even then, it
would be difficult for countries without a large
fleet of LTVs to justify a worst case test at the
stringency of the proposed IIHS test.

• By taking at least 2 draft test procedures (eg the
new draft AE-MDB and the IIHS MDB) into the
validation phase, there would be some latitude to
develop and select appropriate tests for the
different fleet mixes and to examine whether the
worse case test option is feasible.

• The accident data indicated that, at a minimum, a
small female dummy should be used in the MDB
tests and a mid-sized dummy be used in the pole
test.

A summary of these two draft test procedures follows:

Advanced European (AE)-MDB Test Procedure

The AE-MDB is designed to provide an impact
environment similar to that seen in car-to-car and
small 4WD-to-car side impacts. The objective has
been to

(i) provide a sufficiently stringent test condition
for the rear seat dummy while maintaining
the same level of severity for the front seat
dummy

(ii) provide a perpendicular test

(iii) provide a severity of test appropriate for a
predominantly car-based fleet mix.

(iv) develop test conditions that would require
protection measures that would be effective
in real car-to-car impacts (ie. that could not
be overcome by vehicle design changes
optimised for that MDB but that would not
work in many car-to-car accidents).

The plan view of the new MDB face design was
derived taking into account a number of
considerations and the objectives

• The MDB is intended to reproduce, in a purely
perpendicular impact with a stationary target
vehicle,  the loading pattern to front and rear
occupants seen in a moving-car-to-moving-car
impact configuration.  Consequently it must be
wider than the normal width of the striking
vehicle which translates along the passenger
compartment of the moving struck car.

• The relatively high stiffness associated with the
striking vehicle longitudinals should be
represented but the zone in between and also
outside this area should be less stiff.

• The MDB face should not be so wide and stiff as
to load simultaneously the A and C pillars in an
unrealistic manner such that correct loading to
the passenger compartment would not occur.

To achieve these aims, a plan view design which is
wider than the existing ECE R95 MDB (1500mm)
overall, but narrower at the front face, has been used.
Sections 2 and 4 of the MDB face shown in Figure 1
should be stiffer than sections 1, 3 and 5.  Chamfering
sections 1 and 5 means that the relative stiffness
differences between 1 and 2 and between 4 and 5 can
be achieved while constructing sections 1, 2, 4 and 5
from the same material.  This simplifies the design,
and also achieves the aim of avoiding too much
contact with A and C pillars.

A review of the vehicle structural survey undertaken
by EEVC Working Group 15 has provided data on
the range of locations of the longitudinals.  Analysis
of some dimensional characteristics of car passenger
compartments for EEVC Working Group 13 has
provided data on the range of separation of front to
rear seat H-points. These data are shown
diagrammatically in Figure 1.

Comparison of these data has resulted in a design of
MDB face with a front face which is 1100mm wide,
has an overall width of 1700mm, a centre section



Seyer, 6

500mm wide, corresponding to the width of the
standard load cell wall, and edges chamfered at 45°.

Range of  longitudinals

Range of H-points

300mm

500mm

300mm 300mm 500mm

45°

Figure 1.
Plan View of  New MDB Face and H-point and Longitudinal Locations

A

C
B

F
E

D

60mm.

50mm

150mm

200mm

250mm

500mm

300mm

Figure 2:
Schematic and Side View of New MDB Face

21 3 4 5
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Figure 2 shows the overall shape and design of the
AE-MDB face.  The overall height and depth is the
same as the current Regulation 95 MDB face, so that
the height of the top of the face is unchanged.  The
ground clearance at the rear of the MDB face is
unchanged but the ground clearance at contact has
been raised by 50mm.

Sections 1 and 2 in Figure 1 have been combined to
form block A on the top row and D on the lower row.
Similarly for sections 4 and 5 which are combined to
form blocks C and F.

The characteristics of the material for Blocks A to F
are currently given by dynamic force- deformation
corridors, derived from load cell wall tests on modern
Japanese cars by JARI and some limited modern
European car test data.  The dimensions of the load
cell wall plates are given in Figure 3, labelled to

match the AE-MDB block labels.

All of the MDB face blocks in the top row (A – C)
are made from the same material.  In the lower row,
blocks F and D are identical and are made from stiffer
material than block E, which is stiffer than the top
row material.  The force deformation corridors for the
load cell plates when impacted by this MDB (Mass
1500kg, impact speed 35km/h) are given in Figure 4.

The proposed test using this MDB is a perpendicular
impact.  The mass of the MDB is 1500kg and the
impact speed is 50km/h.  The MDB is aligned such
that the centreline of the MDB face is 250mm behind
the front seat R-point of the target vehicle.

Figure 3.
Load Cell Wall plate configuration and dimensions

Figure 4.
Force-deformation corridors for AE-MDB
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IIHS MDB Test Procedure

The IIHS MDB test consists of a stationary test
vehicle struck on the driver’s side by a moving barrier
fitted with an IIHS side impact deformable face
(version 4) ballasted to 1500 kg.  The barrier has an
impact velocity of 50 km/h (31.1 mph) and strikes the
test vehicle on the driver’s side at a 90-degree angle.
The impact point of the barrier is dependent on the
wheelbase of the test vehicle.  For a vehicle struck on
the left side, the impact point is defined as the
distance rearward from the struck vehicle front axle to
the left edge of the deformable barrier face when the
deformable barrier face makes first contact with the
struck vehicle.
The impact point is calculated as follows:

• If wheelbase < 250 cm, then impact reference
distance (IRD) = 61 cm

• If 250 cm ≤ wheelbase ≤ 290 cm, then impact
reference distance = (wheelbase ÷ 2) – 64 cm

• If wheelbase > 290 cm, then impact reference
distance = 81 cm

The horizontal and vertical impact tolerances at the
point of contact between the MDB and the vehicle
shall be less than ± 25 mm.

The moving deformable barrier (MDB) is accelerated
by the propulsion system until it reaches the test
speed (50 km/h) and then is released from the
propulsion system 25 cm before the point of impact
with the target vehicle. The impact speed is clocked
over a 1 m length of vehicle travel ending 0.5 m
before the vehicle’s release from the propulsion
system.

The MDB braking system, which applies the test
cart’s service brakes on all four wheels, is activated
1.5 seconds after it is released from the propulsion
system.  The brakes on the struck vehicle are not
activated during the crash test.

IIHS Moving Deformable Barrier Properties

The moving deformable barrier consists of an IIHS
deformable aluminium barrier (version 4) and the cart
to which it is attached.  The test cart is similar to the
one used in FMVSS 214 side impact testing, but has
several modifications (Figure 5).  The wheels on the
cart are aligned with the longitudinal axis of the cart
(0 degrees) to allow for the perpendicular impact
mode.  The front aluminium mounting plate has been
raised 100 mm higher off the ground and has been
extended 200 mm taller than a standard FMVSS 214
cart to accommodate the IIHS deformable barrier
element.  Steel plates were added as necessary to
increase mass of the cart.  The MDB test weight is
1500 ± 5 kg with the deformable element, test
instrumentation, camera, and camera mount.  The
MDB centre of gravity in the fully equipped test
condition is 990 ± 25 mm rear of the front axle, 0 ±
25 mm from the lateral centreline, and 715 ± 25 mm
from the ground.

The deformable element is 1676 mm wide, has a
height of 759 mm, and a ground clearance of 379 mm
when mounted on the test cart (Figure 6).  Detailed
information on the IIHS barrier development and
evaluation testing has been previously documented
(Arbelaez et al., 2002).

Test Vehicle Mass and Distribution

The test weight of the vehicle, which includes the
vehicle instrumentation, four cameras, and two SID-
IIs dummies, is 200–240 kg greater than the measured
curb weight of the vehicle (as delivered from the
dealer with full fluid levels).  If the vehicle test
weight needs to be increased to fall within the range,
steel plates are added to the instrumentation rack.  If
the vehicle test weight needs to be decreased, non-
essential, non-structural items are removed from the
rear of the vehicle. The front and rear axle weights
are used to determine the longitudinal position of the
centre of gravity for the test vehicle.
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Figure 5.
IIHS Test Cart With Deformable Barrier Element Attached

Figure 6
Version 4 of the IIHS Deformable Barrier Element

(All measurements in millimetres)
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Driver Seat and Driving Control Placement

The driver seat and adjustable steering controls are
adjusted according to the Guidelines for Using the
UMTRI ATD Positioning Procedure for Dummy and
Seat Positioning (Insurance Institute for Highway
Safety, 2002).  The outboard upper seatbelt
anchorage point (if adjustable) is set in the full down
position, unless otherwise specified by the test
vehicle’s manufacturer.  After the driver seat has been
adjusted, the latching mechanism is examined to note
whether all of its components are interlocked.  If
partial interlocking is observed and normal
readjustment of the seat does not correct the
problematic misalignment, the condition is noted and
the test is conducted without repairing the
mechanism.  The right front passenger seat is set to
match the position of the driver seat.

The driver’s head restraint (if manually adjustable) is
set in the fully down position.  The head restraint
height adjustment locking mechanism (if equipped) is
examined to ensure the mechanism has engaged.  All
manually adjustable head restraint tilting mechanisms
are adjusted to their full-rearward position during the
test.

The driver seat manually adjustable inboard armrest
(if equipped) is moved to its lowered position.  For
vehicles equipped with multiple locking armrest
positions, the position that results in the top surface of
the armrest being closest to parallel with the ground is
chosen.  Rear passenger armrests are also placed in
the down position.  When seats have inboard and
outboard armrests, both are placed in the lowered
position.

Other General Test Conditions

Fuel is replaced with Stoddard solvent to full capacity
within 48 hours of the test.  The fuel pump is run for a
short period to ensure the Stoddard solvent has filled
the fuel lines.  The air conditioning system’s
refrigerant is recovered by methods that comply with
applicable environmental regulations.

The non-struck-side doors are fully latched and
locked, whereas the struck-side doors are fully
latched but not locked.  The front and rear driver’s
side windows are fully raised.

The ignition is turned to its on position, and the
transmission is shifted into its neutral position prior to
the test.  The front left tire is chocked to prevent the
vehicle from moving prior to the test.

Crash Dummy Preparation and Setup

A 5th percentile female SID-IIs dummy is positioned
in the driver seat according to the Guidelines for
Using the UMTRI ATD Positioning Procedure for
Dummy and Seat Positioning.  A second SID-IIs
dummy is positioned in the left rear seat according to
the Dummy Seating Procedure for Rear Outboard
Positions.  These reflect the current IIHS test protocol
but are subject to revision during the IHRA validation
phase.

Standard Build Level C SID-IIs (First Technology
Safety Systems) dummies will be used for the IIHS
side impact program.  Both the driver and rear
passenger dummies are fitted with the TMJ head skin
and its compatible neck shield.

The dummies and vehicle are kept in a climate
controlled area in the crash hall where the
temperature is maintained at 20.6–22.2 degrees
Celsius and the relative humidity at 10–70 percent for
at least 16 hours prior to the test.  The driver and rear
passenger seat belts are fastened around the dummies.
For vehicles with continuous-loop lap/shoulder seat
belts, the slack from the lap portion of the driver seat
belt is removed and the webbing is pulled fully out of
the retractor and allowed to retract under tension a
total of four times.  The lap belt slack is then removed
again with a small pulling force.  For vehicles with
separate lap and shoulder seat belt retractors, the
webbing from each is pulled fully out of the retractor
and allowed to retract under tension a total of four
times.

VEHICLE TO NARROW OBJECT (POLE)
TEST

The real world crash data clearly indicated that
vehicle impacts into narrow objects was an area that
needed to be addressed.  There was considerably
more consensus on the requirements of a vehicle to
pole test procedure than for the MDB test.  The
following has been proposed:

• Moving vehicle to pole test.
• Oblique impact @ 75 degrees to the longitudinal

plane of the test vehicle
• Speed of 32 km/h.
• Pole impact to evaluate at least head and thorax

protection.
• Mid-sized adult male test device.
• Rigid pole diameter of 254 mm.
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• Pole to span at least below sill height to above
roof height.

The main area of discussion has been the diameter of
the pole and how this relates to the wish to load the
head and thorax simultaneously.  These two body
regions were identified as being the main causes of
trauma in impacts into narrow objects.  A larger
diameter pole was expected to better achieve head
and thoracic loading at the same time as well as
resulting in a more repeatable test.  All regions except
the USA initially supported a 350 mm diameter pole.
The current FMVSS 201 dynamic pole test utilises a
254 mm diameter pole as does the consumer crash
testing procedures used in various countries.

A recent test program by the USA has shown that an
oblique impact using a 254 mm diameter pole was
able to simultaneously load the chest and head.
Therefore the test procedure proposed by NHTSA
will be taken into the validation phase.

This test procedure is intended to simulate real world
side crashes with narrow objects such as trees and
poles.  The goal is to utilize an oblique pole side
impact test procedure to evaluate countermeasures for
head and chest protection in higher severity side
crashes.

In narrow object side crashes, half of the seriously
injured occupants are in crashes of delta-Vs 32 km/h
or higher.  Only 16% are in crashes with a principal
direction of force around 90º while 63% are in frontal
oblique narrow object crashes. The optional FMVSS
No. 201, rigid pole side impact test is at 90º and an
impact speed of 18 mph (29 km/h) while the oblique
pole test is at 75º and 20 mph (32 km/h).

The impact face of the rigid pole shall be a vertically
oriented metal structure with a diameter of 254 mm
±3 mm and beginning no more than 102 mm above
the lowest point of the tires (or if the vehicle does not
have tires where the tires would have been) on the
struck side of the test vehicle and extending at least
150 mm above the highest point of the roof of the test
vehicle.  The pole face shall be offset from its
mounting and support such that the vehicle will not
contact the mounting within 100 ms from the initial
vehicle-to-pole contact.

The test vehicle’s velocity shall be constant
(essentially having zero acceleration or deceleration)
for a minimum of the last 1.5 m of travel before
impact.  The final velocity shall be measured (after
tow system release) when the test vehicle is within

300 mm of the pole face. A vertical impact reference
line shall be established on the test vehicle at the
intersection of the vertical transverse plane through
the dummy head CG (front outboard designated
seating position) and the vehicle exterior.  Note that
the impact reference line is established after the
vehicle is setup with its longitudinal axis 75° (anti-
clockwise for LHD and clockwise for RHD) to the
line of travel and the dummy is seated. The vertical
impact reference line should be aligned with the
centreline of the rigid pole (see Figure 7).

Figure 7.
Vehicle impact alignment

OUT-OF-POSITION SIDE AIRBAG
EVALUATION

Initially, it was agreed that NHTSA and Transport
Canada would draft the evaluation procedure based
on ISO TR 14933 and the NHTSA/Transport Canada
research.  Later it was agreed that the recent work
under the chairmanship of the Insurance Institute for
Highway Safety (IIHS) would also be taken into
consideration.

In August 2000, the Side Airbag Out-of-Position
Injury Technical Working Group (TWG) chaired by
the IIHS released the “Recommended Procedures for
Evaluating Occupant Injury Risk from Deploying
Side Airbags”. The procedures were developed in
response to a request by the National Highway Traffic
Safety Administration (NHTSA) that industry
develops public standards which their member
companies would adhere to in the design of future
side airbags. The TWG procedures recommend
Anthropomorphic Test Devices (ATDs),
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instrumentation, test procedures, and performance
guidelines that should be used for assessing the injury
risk of interactions between a deploying side airbag
and a vehicle occupant.  The IHRA SIWG has agreed
to take these test procedures into the validation phase
which may result in further refinements.

The TWG recommendations are intended to minimise
the risk of out-of-position injury for that segment of
the population believed to be at greatest risk, namely
small women, adolescents and children. As such the
ATDs deemed most appropriate by the TWG for the
evaluation of risk include the SID-IIs, the Hybrid III
5th percentile female and the Hybrid III 6 and 3-year
old child ATDs. A series of test procedures has been
developed for each of the following inflatable system
types: seat mounted airbags, door or quarter panel
mounted airbags and roof-rail mounted inflatable
systems. Each test is intended to quantify the level of
risk to a designated body region and/or to evaluate the
risk of a specific injury mechanism.

The fundamental premise of the TWG
recommendations requires that the full complement of
tests for a given system be carried out to ensure that a
thorough evaluation of the system has been
completed. The use of sound engineering judgment is
strongly recommended to guide additional tests
perhaps with slight variations, for systems
demonstrating elevated risks.

Appendix 1 provides an overview of the testing
required as a function of airbag system.

INTERIOR HEADFORM IMPACT TEST

The real world crash data indicated that head injuries
were a significant part of side impact trauma even
though the results of current regulatory MDB tests do
not show a head injury risk. Consequently it is
proposed that the IHRA harmonised side impact test
procedures include a supplementary interior headform
test to ensure that the potential contact points for head
impact are evaluated.

The test is based on a development by EEVC of
FMVSS 201 using the Free Motion Headform in free
flight. The test procedure uses the same headform as
FMVSS201 and identifies the same interior surface
targets except that they are restricted to those liable to
be contacted by an occupant’s head in side impact
accidents.  This is achieved by creating four planes
which restrict the area for which the targets can be
selected.  These planes are based on the location of
the centres of gravity of the heads of the small female

(CG-F) and large male (CG-R).  The forward and
rearward extent of the potential contact zone are
limited by two vertical planes, one set at 45° forward
of the lateral axis and passing through CG-F and the
other set at 45° rearward of lateral passing through
CG-R.  The upper and lower limits for the contact
zone are created by planes passing through fore-aft
horizontal axes through CG-F and CG-R (See figures
8 and 9).

CG-F

CG-R

Plane P

Plane Q

Figure 8
Plan view of planes

Plane R

Plane S

[65°]

[20°]

Figure 9
Front view of planes

Those Target Points, as defined in FMVSS201, that
lie within the volume created by these four planes are
then determined.  These points are subject to the
headform impact at 6.7m/s.  Unlike FMVSS201, it is
proposed to permit the option of also testing between
the determined Target Points if there is deemed to be
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a  ‘worse case’ position.  As the kinematics in lateral
impacts can be complex, especially if the struck car
rotates significantly in the accident, the impact
direction of the occupant’s head to the interior surface
is difficult to predict.  Therefore, the proposed test
procedure will usually be a perpendicular impact with
the target point surface, as this is likely to be the
worst case situation.  Provision is made within the
proposal to account for those target positions where
this is not possible.  It should be noted that these
planes, as currently defined, restrict the potential
contact points to those relevant only to the front seat
occupants.

For rear seat occupants, a further set of four planes
can be established for the rear (or any other row of
forward facing seats).  For instance, for the rear seats,
the forward and rearward extent of the potential
contact zone are limited by two vertical planes, one
set at 45° forward of the lateral axis and passing
through CG-RF (plane T) and the other set at 45°
rearward of lateral passing through CG-RR (plane U),
where CG-RF and CG-RR are the locations of the
centres of gravity of the small female and large male
sitting in the rear struck side seating position (see
Figure 10).

Figure 10
Plan view of planes – Rear seating position

If the rear seat were adjustable for the fore-aft
position, CG-RF would be determined for the fully
forward position and CG-RR for the fully rearward
position. Similarly the upper and lower limits for the
contact zone are created by planes passing through

fore-aft horizontal axes through CG-RF and CG-RR
(not shown).

The proposed Performance Criterion is HIC,
calculated from accelerometers within the FMH and
transformed into the equivalent HIC for the dummy to
be used in the full scale barrier test and/or pole test.
For the SID-H3 and the EuroSID, this transform
function is:

HICdummy = 0.75446 HICFMH + 166.4

However, this may differ according to the selected
dummy to be used in the IHRA test procedure.

In view of the anticipated benefits from crash-
deployed head protection systems in preventing
contact both with internal structures and external
objects, it is important not to discourage the provision
of these systems.  Therefore it is proposed to adopt
the same exceptions from the full headform test for
those areas which cover stored deployable systems
that is provided for in FMVSS201.  Those locations
would be tested at a reduced impact speed (5.3 m/s),
subject to the demonstration that the deployable
device is effective in the proposed IHRA oblique pole
test.

The EEVC work confines impact zones to those that
are contactable by restrained occupants in side
impacts. With front seatbelt wearing rates
approaching 80% in the USA, NHTSA has agreed to
look at the EEVC’s “restrained-only zones” in the
validation phase.

DEVELOPMENT OF HARMONISED TEST
DEVICE

The WorldSID Task Group initially had funding and
development resources for the mid-sized adult male
test device only. ISO Working Group 5 has now
given a mandate for the development of a small adult
female test device.  However, funding and
development resources have not yet been allocated
for this task, although this is currently being sought.
In the meantime, it has been suggested that SID-IIs
could be used, but advice will be sought from the
IHRA Biomechanics group on its suitability. The
design freeze for the mid-sized adult male WorldSID
production prototype occurred before the end of 2002
and it is expected that the final regulation-ready
dummy will be available by the 2nd quarter of 2004.

CG-RF

CG-RR

Plane T

Plane U
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RECOMMENDATIONS FOR FUTURE
WORKING GROUP ACTIVITIES

In its 4-year term, the group has made
recommendations on a set of test procedures that
might form the basis of a harmonised side impact
regulation.  The members believe that there needs to
be:

• Continued coordination with the WorldSID Task
Group and the IHRA BWG to evaluate the
harmonised test device.

• Continued coordination with the IHRA
Biomechanics group to develop a set of injury
criteria and for advice on suitable test devices.

• Continued coordination with the IHRA Vehicle
Compatibility group to ensure that solutions in
one area do not result in disbenefits in another.

• Evaluation of the recommended test procedures
between 2003 and 2005 to make sure that all
injury risks identified in accident studies are
addressed and any test redundancies are
identified and eliminated.

• Examination of the feasibility of improving side
impact protection for occupants on the non-
struck side and develop a test procedure to
evaluate such protection.

As before, the success of this work is contingent upon
the commitment of resources from IHRA members.

Following the validation phase, the finalised test
procedures will be submitted to the UN ECE
regulatory process to develop a new harmonised side
impact regulation.
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APPENDIX 1
Summary of Test Conditions for Different Side Airbag Designs

ATD TEST POSITION BODY REGION AIRBAG DESIGNS

Monitored & of
interest

Seat
back

Door/
quarter-
panel

Roof-
rail

Roof-
rail &
seat
back

Roof-
rail &
door/
quarter-
panel

Hybrid III
3-year-old

Forward facing on booster
seat

Head, neck � �

Rearward facing Head, neck,
thorax

� �

Lying on seat,
head on armrest/ SM Head, neck � �

Lying on seat/ SM Head, neck � �

Outboard facing Head, neck,
thorax

� �

Inboard facing Head, neck � �

Lying on seat,
head on armrest/ QP Head, neck � �

Lying on seat/ QP Head, neck � �

Hybrid III
6-year-old

Forward facing on booster
seat

Head, neck � �

Inboard facing on booster
seat Head, neck � � �

SID-IIs Inboard facing /SM Head, neck,
thorax, abdomen,
pelvis

� �

Arm on armrest with
instrumented arm Arm, forearm � � � �

Forward facing Head, neck,
thorax, abdomen,
pelvis

� �

SID-IIs  or
Hybrid
III 5th

Forward facing with raised
seat

Head, neck � � �

Inboard facing with raised
seat

Head, neck � � �

�= test required
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INTRODUCTION 
 
This is the Summary Report of IHRA Pedestrian Safety 
Working Group activity, which are completed in the past and 
will be completed in the near future. 
Back in May 1996, the 15th ESV International Conference 
was held at Melbourne, Australia. 
Antecedent this Conference, six items of International 
Harmonized Research Activities (IHRA) were proposed and 
endorsed in the ESV Government Focal Point Meeting 
under the initiative of the U.S.DOT/NHTSA and these items 
were formally presented to the 15th ESV International 
Conference. As a result, six projects were launched with an 
aim to propose harmonized test procedures reflecting the 
latest traffic accidents condition. 
For each project, a leading country was designated and ESV 
participating countries formed a working group (WG) to 
achieve assignments within the timeframe of five years. 
In 2001, prior to the 17th ESV Conference, IHRA Steering 
Committee reviewed each WG activities and decided to 
continue their WG activities except one WG. 
IHRA/SC agreed continuation of Pedestrian Safety Group 
activities for further study to complete their tasks. 
The members of the IHRA Pedestrian Safety Working 
Group (IHRA-PS-WG) is comprised of experts selected by 
the governments of Australia, Europe (EC/EEVC), Japan 
and the U.S.A., experts selected by the industrial organization 
of OICA and the chairperson selected by Japan. 
The primary tasks assigned to the IHRA-PS-WG were: 
a) Investigating and analyzing the latest pedestrian 

accident data in the IHRA member countries, and 
b) Establishing harmonized test procedures that would 

reflect such accident condition and would induce 
fatalities and alleviation of severe injuries in pedestrian 
vs. passenger car crashes. 

These tasks would be carried out with the cooperation of all 
IHRA member countries. 
Biomechanics in the aspect of pedestrian accident and  

 
development of test devices based on such biomechanics are 
still in the process of research. 
Because a suitable pedestrian dummy was not available at 
the beginning of this project and it would need enormous 
time and/or fund for its development, the IHRA-PS-WG had 
to give up the idea of using a pedestrian dummy after 
consulting with the IHRA/Bio-WG. 
Also, pedestrian dummies have disadvantages when used as 
part of test methods to require protection for all statures of 
pedestrians. 
Therefore, the IHRA-PS-WG decided to make use of the 
idea of the existing sub-systems method employed by the 
ISO (TC22/SC10/WG2) and EEVC/WG17, while being 
ready to research into areas not covered by these test 
methods. 
As one of the two primary tasks assigned to the 
IHRA-PS-WG was gather the results of detailed research 
into the accident data to an agreed format has been collected 
from Europe, Japan and USA with Australian data to follow. 
The current dataset has been analyzed to determine the 
impact areas of vehicles, accident frequency and injured 
regions of pedestrian vs. passenger car crashes and to decide 
research priorities from these findings. 
According to the priorities thus decided, the IHRA-PS-WG 
embarked on its research activities to develop adult and child 
head test methods, and adult lower leg/knee test methods. 
The end of 2002,the WG has completed adult and child head 
test methods. 
Now experts focusing on the development of lower leg/knee 
test method. 
 
ACCIDENT DATA 
 
At the first meeting of the IHRA pedestrian 
safety-working group, it was agreed that development 
of harmonized test procedures would be based upon 
real world crash data.  Pertinent pedestrian and 
vehicle information contained in accident survey 
databases was accumulated.  Pedestrian information 
included age, stature, gender, injured body region, and 
injury severity.  Vehicle information included vehicle 
type, make, and year, mass, pedestrian contact location, 
damage pattern, and impact velocity.  Other general 
accident information such as pedestrian crossing 
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pattern, weather conditions, vehicle and pedestrian 
trajectories, alcohol use, etc. were also of interest if 
collected.  Bicycle or motor-driven cyclists were not 
included in the study.  Four injury databases from 
Australia, Germany, Japan, and United States were 
identified as containing much of this information.  
Multiple injuries per case were included in the dataset. 
In Japan, pedestrian accident data collected by JARI between 
1987 and 1988, and in-depth case study data of pedestrian 
accidents conducted by ITARDA between 1994 and 1998 
were combined for inclusion into the IHRA accident dataset.  
A total of 240 cases were acquired in the cities surrounding 
the Japan Automobile Research Institute (JARI). 
In Germany, investigation teams from both the Automotive 
Industry Research Association and Federal Road Research 
Institute collected accident information in a jointly conducted 
project called the German In-Depth Accident Study 
(GIDAS).  A total of 783 cases collected between 1985 and 
1998 were included from the cities of Dresden and Hanover 
and their surrounding rural areas.  Accident investigation 
took place daily during four six-hour shifts in two-week 
cycles.  The respective police, rescue services, and fire 
department reported all accidents continuously to the 
research teams.  The teams then selected accidents 
according to a strict selection process to avoid any bias in the 
database.  Accidents where a passenger car collided with 
more than one pedestrian or one pedestrian collides with 
more than one passenger car were not considered.  
Furthermore, accidents in which the car ran over the 
pedestrian or the impact speed could not be established were 
not considered.  The study included information such as 
environmental conditions, accident details, technical vehicle 
data, impact contact points, and information related to the 
people involved, such as weight, height, etc. 
Detailed information from pedestrian crashes was collected 
in the United States through the Pedestrian Crash Data Study 
(PCDS)i,ii.  In this non-stratified study, a total of 521 cases 
were collected between 1994 and 1999.  Cases were 
collected from six urban sites during weekdays.  If, within 
24 hours following the accident, the pedestrian could not be 
located and interviewed or the vehicle damage patterns 
documented, the case was eliminated from the study.  In 
order for a case to qualify for the study, the vehicle had to be 
moving forward at the time of impact; the vehicle had to be a 
late model passenger car, light truck, or van; the pedestrian 
could not be sitting or lying down; the striking portion of the 
vehicle had to be equipped with original and previously 

undamaged equipment; pedestrian impacts had to be the 
vehicle’s only impact; and the first point of contact between 
the vehicle and the pedestrian had to be forward of the top of 
the A-pillar.  
The Australian data is from at-the-scene investigations in 
1999 and 2000 of pedestrian collisions in the Adelaide 
metropolitan area, which has a general speed limit of 60 
km/hr.  Ambulance radio communications were monitored 
from 9 am to 5 pm, Monday to Friday, and from 6 pm to 
midnight on two nights per week.  Ambulance attendance 
at a pedestrian accident was the only criterion for entry into 
the study.  The sample consists of 80 pedestrian/vehicle 
collisions, including 64 with passenger cars, SUV and 1-box 
type vehicles, where the pedestrian was standing, walking, or 
running, and where the main point of contact with the 
pedestrian on the vehicle was forward of the top of the 
A-pillar.  Pedestrians and drivers were interviewed, 
wherever practicable, as part of the investigation process.  
The reconstruction of the impact speed of the vehicle was 
based on physical evidence collected at the scene.  Injury 
information was obtained from hospital and coronial records, 
the South Australian Trauma Registry and, in minor injury 
cases, from an interview with the pedestrian. 
Data from these four studies were combined into a single 
database for further analysis to develop a better basis for 
worldwide pedestrian impact conditions.  From each of 
these studies, seven fields of information were identified 
which were common to all four studies and were crucial to 
providing guidance in test procedure development.  For 
each injury, these seven fields of data were collected and 
input into the unified pedestrian accident database.  The 
seven fields were country, case number, pedestrian age, 
impact speed, AIS injury level, body region injured, and 
vehicle source causing the injury.  Injury body region and 
vehicle source were categorized as shown in Table 1. The 
number of cases and total injuries represented in this 
combined database are shown in Table 2.  Throughout the 
remainder of this report, this dataset is denoted as the IHRA 
Pedestrian Accident Dataset.  
 It is recognized that pedestrian injuries in developing 
countries are not represented in this dataset; however, this 
data is the most comprehensive pedestrian accident database 
available to guide pedestrian safety test procedure 
development.  A total of 3,305 injuries of AIS 2-6 severity 
were observed, and there were 6,158 AIS=1 injuries 
observed (Table 2). 
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Table 1. 
Injury Body Region and Vehicle Sources 

 
Injury Body Regions  Injury Sources 

Head  Front Bumper 
Face  Bonnet/Wing 
Neck  Leading Edge  
Chest  Windscreen Glass 

Abdomen  Windscreen Frame/A-pillars 
Pelvis  Front Panel 
Arms  Other Vehicle Source 

Leg Overall   Non- Contact  
Femur  Road Surface 
Knee  Unknown Source 

Lower Leg 
Foot 

Unknown Injury  
 
 
 

Table 2.  IHRA Pedestrian Accident Dataset 
 

Region Cases Injuries AIS 1 AIS2-6 

Australia 65 345 182 163 

Germany 782 4056 2616 1440 

Japan 240 883 523 360 

U.S.A. 518 4179 2837 1342 

Total 1605 9463 6158 3305 

 
These minor (AIS=1) injuries were excluded in the 
following analysis because they were not believed to be 
crucial in test procedure development. 
IHRA pedestrian injuries of AIS 2-6 severity are shown in 
Table 3 according to the part of the body that was injured.  
As shown in this table, head (31.4%) and legs (32.6%) each 
accounted for about one-third of the AIS 2-6 pedestrian 
injuries.  Of the 3,305 AIS 2-6 injuries, 2,790 (84%) were 
caused by contact with portions of the striking vehicle, with 
head and legs being the most frequently injured (Table 5).  
Head injury accounted for 824 occurrences, and legs a total 
of 986 injuries when combining overall, femur, knee, lower 
leg, and foot body regions.  Windscreen glass was the most 
frequent vehicle source of head injury, with the windscreen 

frame/A-pillars and top surface of bonnet/wing both being 
substantial additional sources of injury to the head.  A 
further breakdown of the injuries and vehicle sources for 
children and adults is shown in Tables 6 and 7.  For children, 
the top surface of the bonnet is the leading cause of head 
injury, while a substantial number of child head injuries also 
occur from windscreen glass contact.  For adults, the 
windscreen glass is the leading source of head injury, 
followed by windscreen frame/A-pillars and top surface of 
leading source for both child and adult pedestrian leg injury. 
Distribution of pedestrian accident victims by age (all AIS 
levels) is shown in Table 4 and illustrated in Figure1. 

Table 3. 
Distributions of Pedestrian Injury (AIS 2-6) 

  
Body Region USA Germany Japan Australia TOTAL

Head 32.7% 29.9% 28.9% 39.3% 31.4%
Face 3.7% 5.2% 2.2% 3.7% 4.2%
Neck 0.0% 1.7% 4.7% 3.1% 1.4%
Chest 9.4% 11.7% 8.6% 10.4% 10.3%

Abdomen 7.7% 3.4% 4.7% 4.9% 5.4%
Pelvis 5.3% 7.9% 4.4% 4.9% 6.3%
Arms 7.9% 8.2% 9.2% 8.0% 8.2%
Legs 33.3% 31.6% 37.2% 25.8% 32.6%

Unknown 0.0% 0.4% 0.0% 0.0% 0.2%
TOTAL 100% 100% 100% 100% 100%  

 
When broken into five-year age segments, Table 4 indicates 
that the 6–10 year old age group has the highest frequency of 
accident involvement at nearly 14% of all cases.  In Japan, 
this age segment accounts for 20% of the cases, while the 
other three regions have lower involvements in this age 
group.  The percentage involvement in the 11-15 year old 
group for Japan, however, drops considerably and is lower 
than for Germany, the U.S., or Australia.  It is unclear why 
this sudden drop occurs in Japan and not in the other regions.  
In summary, over 31% of all cases involved pedestrians age 
15 and younger.  This percentage is 13% higher than the 
average overall population of individuals in this age group in 
the four countries (18%), which demonstrates the magnitude 
of the child pedestrian problemiii.   
The age distribution data contained in Figure 1 also provides 
an opportunity to demonstrate that the IHRA Pedestrian 
Accident Dataset is representative of the pedestrian crash 
situation in the United States.  In addition to the Germany, 
Japan, U.S., and Australian pedestrian datasets, data from the 
FARS and GES are also included.  FARS is the Fatal 
Analysis Reporting System, which contains every fatal traffic 
accident in the U.S.  The GES is the General Estimates 
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System, and is obtained from a nationally representative 
sampling of police-reported crashes.  In general, the age 
distribution of the GES data is similar to the others in Figure 
1. 
 
 

Table 4. 
Distribution of Pedestrian Crashes 

by Age and Country 
Age US Germany Japan Australia IHRA
0-5 4.6% 9.0% 9.2% 4.3% 7.3%
6-10 13.8% 14.6% 20.0% 10.6% 14.1%

11-15 13.8% 9.8% 5.0% 11.0% 9.7%
16-20 6.2% 7.3% 3.3% 7.2% 6.6%
21-25 6.2% 4.5% 1.7% 8.7% 5.5%
26-30 4.6% 4.7% 1.7% 10.1% 6.0%
31-35 4.6% 4.2% 5.4% 5.8% 4.9%
36-40 3.1% 4.5% 5.0% 7.2% 5.4%
41-45 3.1% 3.6% 3.8% 6.2% 4.4%
46-50 3.1% 4.6% 5.4% 6.2% 5.2%
51-55 3.1% 5.4% 6.7% 3.3% 4.8%
56-60 1.5% 4.5% 10.0% 3.7% 4.9%
61-65 6.2% 5.8% 6.7% 3.9% 5.3%
66-70 7.7% 3.7% 3.8% 3.3% 3.7%
71-75 4.6% 3.8% 4.2% 3.7% 3.9%
76-80 3.1% 5.0% 2.5% 3.3% 4.0%
81-85 6.2% 3.8% 3.3% 0.8% 2.9%
86-90 4.6% 1.2% 2.1% 0.4% 1.2%
91-95 0.0% 0.1% 0.0% 0.6% 0.2%
96-100 0.0% 0.0% 0.4% 0.0% 0.1%  
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Figure 1.  Frequency of Accidents by Age and Country 
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Figure 2.  IHRA AIS 4-6 Injuries vs. FARS Data by 
Age 
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Figuer3.  Distributions of MAIS Levels by Age 
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Figure 4.  Average Impact Velocities by Age 

Group (MAIS 1-6) 
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Figure 5.  Impact Velocities by Country 
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Figure 6.  Impact Velocities by MAIS Level 
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Figure 7.  MAIS Injury by Country 
 

 
 
Since the GES is designed to be a statistically representative 

sample, and since the U.S. PCDS and GES distributions are 
similar, this would imply that the PCDS is fairly statistically 
representative despite the non-stratified sampling scheme 
used to collect PCDS cases.  However, the FARS 
distribution differs significantly from any of the others in 
Figure 1.  Because FARS contains only fatal accidents, this 
may be an indication that the distribution of fatal and 
non-fatal injuries differs from each other.  An ideal 
comparison for the FARS data would have been with the 
IHRA pedestrian fatalities.  But since the number of fatal 
cases is quite limited in the IHRA data, the FARS 
distribution was compared to the serious and fatal AIS≥4 
injuries as shown in Figure 2.  
 Although there is considerable variability remaining in this 
distribution due to small sample sizes, the FARS distribution 
has reasonable agreement with the IHRA data. 
Analysis of the injury level by age group is shown in Figure 
3.  This figure shows that children aged 15 and younger 
tend to have a higher proportion (25%) of AIS 1 and 2 
injuries than adults, and persons aged 61 and older have the 
highest proportion (near 30%) of moderate and serious 
injuries.  These observations are likely the result of two 
factors.  First of all, exposure levels may differ for the 
various age groups.  For example, younger children tend to 
be involved in pedestrian collisions with lower impact 
velocities.  As shown in Figure 4, the average impact 
velocity for children aged 0-15 is about 28 km/h.  This is 
approximately 5 km/h lower than for the other age groups.  
A second cause of the injury distribution observed in Figure 
3.3 may be that those aged 61 years and older are generally 
more frail and less resilient, leading to higher severity injury 
for a given impact velocity. 
Figures 5 and 6 provide insight into the impact velocity 
distribution associated with pedestrian impacts.  In Figure 5, 
the cumulative frequency of impact velocities on a per case 
basis for each country is similar although the U.S. has a 
larger percentage of injuries at lower velocities than the other 
three countries.  This is broken down further in Figure 6, 
where lower MAIS injuries occur at lower velocities for all 
four countries.  In Figure 7, the MAIS injuries are broken 
into three categories for the four countries.  For MAIS 1-2 
injuries, Japan has the lowest frequency (55%) and Germany 
has the highest (77%).  For MAIS 3-4 injuries, Australia 
has the lowest frequency percentage (9%) and Japan has the 
highest (24%).  Finally, for the most severe injuries (MAIS 
5-6), Germany has the lowest frequency (4%) and Japan has 
the highest likelihood of a life-threatening injury (20%). 



               Mizuno  6  

0%

50%

100%

0 10 20 30 40 50 60 70 80 90 100
Impact speed (km/h)

Cu
m

ul
at

iv
e f

re
qu

en
cy

Adult MAIS 2-6 (n=774)

Child MAIS 2-6 (n=87)

Adult MAIS 3-6 (n=416)

Child MAIS 3-6 (n=32)

 

Figure 8.  Impact Velocities by MAIS Level  
– All Body Regions 
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Figure 9.  Impact Velocities by MAIS Level 

- Head Injuries 
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Figure 10.  Impact Velocities by MAIS Level – Leg 

Injuries 
 
The cumulative MAIS injury distributions are further broken 

down by age, body region, and injury severity in Figures 8 – 
10.  Age classifications are grouped as children (age 15 
years and younger) and adults (age 16 years and older).  All 
body regions are included for both children and adults in 
Figure 8, with distributions shown for MAIS 2-6 and MAIS 
3-6 injuries.  The injury distribution distinction between  
children and adults is evident in this figure. Children (ages 15 
and under) are injured at slightly lower impact velocities than  
adults in most cases.  
Head injury distributions are shown in Figure 9. For adults, 
the MAIS 3-6 and MAIS 4-6 injury distributions are almost 
identical, while the MAIS 2-6 distribution occurs at lower 
velocities. For children, there is similar separation between 
the MAIS 2-6, 3-6, and 4-6 injury curves, and the 
distributions are roughly the relationship between injury 
severity and impact velocity. 
Injury distributions for children and adult leg injuries are 
shown in Figure 10.  This figure shows that for leg injuries, 
injury severity is affected less by impact velocity than for 
head injuries.  Once again, children suffer leg injuries at 
lower velocities than do adults. 
The major conclusions from this analysis are: 
1. The head and legs each account for almost one-third of 

the 9,463 injuries in the IHRA dataset. 
2. For children, the top surface of the bonnet is the leading 

cause of head injury, while for adults the windscreen 
glass is the leading source of head injury. 

3. Children (ages 15 and under) account for nearly 
one-third of all injuries in the dataset, even though they 
constitute only 18% of the population in the four 
countries. 

4. Older individuals are more likely to suffer severe 
injuries in pedestrian crashes. 

5. Children (ages 15 and under) are injured at lower 
impact velocities than are adults 

 
This compilation of pedestrian accident data from Australia, 
Germany, Japan, and U.S.A. provides a unique and 
important dataset. Issues such as the need for weighting the 
information included in this dataset and the problems 
associated with weighting are discussed in Chapter 8. In this 
chapter, MAIS for each case was used instead of all injuries 
in Figures 3. – 10. to eliminate the possibility of cases with 
more injuries skewing the data. The cumulative injury 
distribution data will provide a basis for establishing 
component pedestrian protection test procedures, priorities, 
and potential benefits assessments. 
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Table 5. 
 IHRA Pedestrian Injuries by Body Region and Vehicle Contact Source – All Age Groups; AIS 2-6 

 
 
 

 
 
 
 
 

 
 

Table 6.   
IHRA Pedestrian Injuries by Region and Vehicle Contact Source – Ages ＞15; AIS 2-6 
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Table 7.  
IHRA Pedestrian Injuries by Body Region and Vehicle Contact Source – Ages ＞16 ; AIS 2-6 

 
 
 
 
 
 
 
 
 
 
 
 
VEHICLE SHAPES AND CATEGORIES 
 
Front shape of passenger car was investigated and 
categorized into three groups, Sedan, SUV (Sport  
Utility Vehicle) and 1-Box (One Box Vehicle), so that the 
effect of vehicle front shape on the pedestrian impact was 
studied with computer simulations focusing on the head 
impact velocity, head impact angle, WAD (Wrap Around 
Distance) and head effective mass. 

Figure 10 shows the car front shape corridors for the three 
groups obtained from current production cars in Europe, 
Japan and U.S.A. Each corridor consists of upper and 
lower boundaries of the bonnet and windscreen glass with 
the front skirt corridors. 
Figure 11 shows the definitions of the measuring points 
for the bumper lead (BL), bumper center                 

Body Region Head Face Neck Chest Abdomen Pelvis Arms Legs Unknown Total

Contact Overall Femur Knee Lower Leg Foot
Front Bumper 24 2 3 5 3 6 19 59 76 476 31 1 705

Top surface of bonnet/wing 223 15 2 139 44 43 86 23 3 1 1 2 1 583
Part Leading edge of bonnet/wing 15 2 4 43 78 85 35 50 40 6 30 1 389

of the Windscreen glass 344 56 12 30 5 12 23 2 1 1 1 487
Vehicle Windscreen frame/A pillars 168 28 5 35 7 14 31 5 1 2 296

Front Panel 5 1 9 13 7 6 9 14 11 35 3 113
Others 45 7 1 38 12 13 15 15 9 5 39 18 217

Sub-Total 824 111 24 297 164 177 202 123 126 99 582 56 5 2790
Indirect Contact Injury 13 17 1 1 7 1 3 1 2 46
Road Surface Contact 171 22 2 22 2 9 42 6 4 3 5 15 1 304

Unknown 27 6 3 19 10 16 25 1 7 9 32 3 7 165
Total 1035 139 46 339 177 209 270 130 140 111 620 76 13 3305

Body Region Head Face Neck Chest Abdomen Pelvis Arms Legs Unknown Total
Contact 
Location

Overall Femur Knee Lower Leg Foot

Front Bumper 20 2 2 3 3 3 16 29 69 429 29 605
Top surface of bonnet/wing 140 9 1 122 39 35 73 21 3 1 1 2 1 448

Part Leading edge of bonnet/wing 7 2 1 36 65 80 28 46 33 5 24 1 328
of the Windscreen glass 303 52 11 28 3 10 22 1 1 1 432

Vehicle Windscreen frame/A pillars 159 28 5 34 7 14 29 5 1 2 284
Front Panel 1 8 13 6 5 9 9 10 32 3 96

Others 33 7 29 9 12 11 6 4 5 26 13 155
Sub-Total 662 101 18 259 139 160 171 104 79 90 513 49 3 2348

Indirect Contact Injury 12 16 1 7 3 1 2 42
Road Surface Contact 125 18 2 21 2 8 32 6 4 3 5 14 1 241

Unknown 19 6 3 18 9 16 20 1 4 9 28 3 6 142
Total 818 125 39 299 150 191 223 111 90 102 547 68 10 2773

Body Region Head Face Neck Chest Abdomen Pelvis Arms Legs Unknown Total
Contact 
Location

Overall Femur Knee Lower Leg Foot

Front Bumper 4 1 2 3 3 30 7 47 2 1 100
Top surface of bonnet/wing 83 6 1 17 5 8 13 2 135

Part Leading edge of bonnet/wing 8 3 7 13 5 7 4 7 1 6 61
of the Windscreen glass 41 4 1 2 2 2 1 1 1 55

Vehicle Windscreen frame/A pillars 9 1 2 12
Front Panel 5 1 1 1 5 1 3 17

Others 12 1 9 3 1 4 9 5 13 5 62
Sub-Total 162 10 6 38 25 17 31 19 47 9 69 7 2 442

Indirect Contact Injury 1 1 1 1 4
Road Surface Contact 46 4 1 1 10 1 63

Unknown 8 1 1 5 3 4 1 23
Total 217 14 7 40 27 18 47 19 50 9 73 8 3 532
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height (BCH), leading edge height (LEH), bonnet length, 
bonnet angle, windscreen angle and the bottom depth and 
height of the front skirt. These positions and angles for the 

lower, middle and upper boundaries of the corridors for 
each group are summarized in Table 8. 
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Figure 10.  Car Front Shape Corridors 
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Figure 11.  Definitions of Car Front Shape 
 

Table 8. 

   Car Fron Shape Corridors 

Sedan + Light vehic le  +  Sports  type
Low er Middle Upper

BL (mm) 127 127 127
BCH (mm) 435 475.5 516
LEH (mm) 565 702 839
Bon. length (mm) 1200 917.5 635
Bon. angle (deg.) 11 14.5 18
W in. angle (deg.) 29 34.5 40
Bottom depth (mm) 42 98 154
Bottom height (mm) 182 225.5 269

SUV
Low er Middle Upper

BL (mm) 195 195 195
BCH (mm) 544 640 736
LEH (mm) 832 1000 1168
Bon. length (mm) 1023 933.5 844
Bon. angle (deg.) 11 9.75 8.5
W in. angle (deg.) 36 39.5 43
Bottom depth (mm) 48 123 198
Bottom height (mm) 248 348 448

1B ox
Low er Middle Upper

BL (mm) 188 188 188
BCH (mm) 448 576 704
LEH (mm) 864 1004 1144
Bon. length (mm) 361 259 157
Bon. angle (deg.) 40 40 40
W in. angle (deg.) 30 38 46
Bottom depth (mm) 63 95 127
Bottom height (mm) 214 292.5 371  
 
BIOMECHANICS 
 
Head Injury Biomechanics 
For the purposes of the IHRA-PS-WG, emphasis has been 
placed on pedestrian head injuries resulting from head impact 
with the vehicle frontal structure, including the windscreen and 
A-pillars. The Head Injury Criterion (HIC) has been selected as 
the measure of the risk of brain injury resulting from such an 
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impact. It is recognized that HIC does not allow for the 
influence of some factors, such as rotational acceleration of the 
head, but it has been selected here because, at present, it is used 
almost universally in crash injury research and prevention. The 
time window for the calculation of HIC has been set at 15 ms, 
and the value of HIC shall not exceed 1000. 
Two head forms are proposed for use in subsystem testing, one 
representing the head of a 50th percentile adult and the other the 
head of a 6 year old child. The diameter of each head form is 
165 mm and the mass is 4.5 kg for the adult head form and 3.5 
kg for the child. The head forms are subject to performance, 
rather than design, criteria (see IHRA documents PS/113 and 
118). The head impact test areas on the vehicle for the child and 
adult head forms correspond to the areas commonly struck by 
the head of a child and an adult pedestrian, respectively. 
 
COMPUTER SIMULATIONS  
 
Car to Pedestrian Impact Model 
 
 Figure 12 shows three pedestrian models currently used for 
the IHRA computer simulation study. These are JARI, 
NHTSA and RARU (Road Accident Research Unit of 
Adelaide University) pedestrian simulation models.  The 
validity of these adult models was evaluated by comparing 
results from  
their computer simulations and published PMHS (Post 
Mortem Human Subject) tests, and child model was developed 
with scaling method. Figure 13 shows a typical overall 
pedestrian kinematics from computer simulation and PMHS 
test at impact speed of 40 km/h. The lateral rotation of the 
upper body segments and the leg bending motion were well 
predicted. The trajectories of body segments relative to the car 
body were also compared at different impact velocities 
between the model and the PMHS as shown in Figure 14. 
These comparisons indicate the good reliability of the 
computer simulation model. 
 
 
 
 
 
 
 
 
 
 

Figure 12. Pedestrian Models (AM50, 6 year) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Validation Result on Overall Pedestrian 

Kinematics 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Validation Results on Pedestrian Trajectory 
 
Parameter Study  
 
A parameter study was conducted to understand the influence 
of pedestrian size, waling position, vehicle shape, vehicle 
stiffness, and vehicle impact speed onto the pedestrian impact 
condition such as head impact velocity, head impact angle, and 
head impact location (Wrap Around Distance: WAD) as 
shown in Table 9.  
Three walking position was used for the parameter study as 
shown in Figure 15, and its definition and applied values are 
shown in Figure 16 and Table 10.  Two vehicle stiffness, hard 
and friendly, was used as shown in Figure 17, and the definition 
of the head impact velocity and the head impact angle are 
illustrated in Figure 18. WAD was obtained as shown in Figure 
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19. 

Table  9  Input Parameters 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

Figure 15  Pedestrian’s Walking Position 

 
 
 
 
 
 
 
 
 
 

Figure 16.  Pedestrian’s Walking Position  
Definition Angle 

 
 
 

Table 10   
Value of Pedestrian’s Walking Position  

Definition Angle 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 17.  Vehicle Stiffness 
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Figure 18.  Definition of Head Impact Velocity and Head 
Impact Angle 

 
 
 
 
 
 
 
 
 
 
 

Figure 19  Definition of Wrap Around Distance (WAD) 

 
Simulation Results 
 
Figure20 shows the several pedestrian head impact conditions 
getting from the parameter study.  It is clear that the pedestrian 
size and the vehicle category affects to the head impact 
condition, especially for the head impact angle.  Figure 21 

 Pedestrian Size AM50, Child-6YO
 Walking Position WP1, WP2, WP3
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shows some other simulation results.  The results indicate the 
head impact location also affects the head impact condition.  
It is therefore the IHRA/PS working group decided to obtain 
the head impact condition by pedestrian size, vehicle category, 
head impact location for the each vehicle impact speed as  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20 Difference of the  Pedestrian head Impact 
Condition  (Pedestrian Size, Vehicle Category) 

 
 
 
 
 

Table 11 .   
Summary of Parameter Study for Adult  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Shown in Table 11 and Table 12. These values were utilized for 
the development of the Japanese regulation for the pedestrian 
head protection, which has a plan to be issued by Japan 
Ministry of Land, Infrastructure and Transportation (J-MLIT) 
in 2003 in Japan.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21 Difference of the  Pedestrian head Impact 
Condition  (Head Impact Location) 

 
 
 
 
 
 
(Car Impact Speed: 30, 40 and 50 Km/h) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- Pedestrian Size -
AM50 CH06

- Vehicle Category -
Sedan SUV 1Box

WindshieldBonnet

- Head Impact Location -
AM50

Child-6YO

BLE/GrilleBonnet

For Adult
Shape
Corridor

Sedan + 23.7 +/- 6.0 27.3 +/- 5.4 78.3 +/- 5.6 48.8 +/- 9.9
SUV 26.4 +/- 3.6 73.8 +/- 21.5
One box 20.4 +/- 3.6 55.1 +/- 10.4

Shaep
Corridor

Sedan + 30.4 +/- 7.2 35.2 +/- 6.8 66.0 +/- 14.0 38.4 +/- 10.9
SUV 30.8 +/- 8.8 76.7 +/- 22.2
One box 29.6 +/- 3.2 47.3 +/- 9.6

Shaep
Corridor

Sedan + 37.5 +/- 9.5 46.5 +/- 11.0 56.8 +/- 11.5 33.5 +/- 11.3
SUV 39.5 +/- 11.0 73.5 +/- 25.2
One box 43.0 +/- 6.0 38.4 +/- 12.3
*nc: No Contact
** Linear interpretation to be used to determine impact conditions for in-between speeds if required.

(km/h) (deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille

Car impact speed
50km/h

Impact Velocity Impact Angle

(deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille

Bonnet Windsheld BLE/Grille

Impact Angle

Bonnet Windsheld BLE/Grille

30km/h
Car impact speed

Impact Velocity
(km/h) (deg.)

nc
nc nc

nc
nc

nc

ncnc
nc

nc

Car impact speed
40km/h

Impact Velocity Impact Angle
(km/h)

nc

nc

nc
nc

nc
nc
nc nc

nc
nc

nc

nc

nc
nc

nc
nc
nc nc

nc
nc
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Table 12.  Summary of Parameter Study for Child 
                                     (Car Impact Speed: 30,40, and 50 Km/h) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EXISTING METHODS AND TOOLS 
 
EEVC test methods 
The European Enhanced Vehicle-safety Committee (the former 
European Experimental Vehicles Committee) performed 
several studies and proposed various recommendations on test 
methods to assess pedestrian protection. In the spring of 1987 
the EEC ad-hoc working group ‘ERGA Safety’ discussed one 
of these proposals iv. It was concluded that the basis of the 
proposal was promising, however, additional research was 
needed to fill up some gaps.  The EEVC was asked to 
coordinate this research and at the end of 1987 EEVC Working 
Group 10 ‘Pedestrian Protection’ was set-up. 
The mandate of this group was to determine test methods and 
acceptance levels for assessing the protection afforded to 
pedestrians by the fronts of cars in an accident. The test 
methods should be based on sub-system tests, essentially to the 
bumper, bonnet leading edge and bonnet top surface. The test 
methods should be considered to evaluate the performance of 
each part of the vehicle structure with respect to both child and 
adult pedestrians, at car to pedestrian impact speed of 40 km/h. 
EEVC/WG10 started its activities in January 1988 to develop 

the required test methods as described by the mandate. These 
development studies were performed by a European 
consortium consisting of BASt, INRETS, LAB/APR, TNO 
and TRL acting under contract to the European Commission 
and under the auspices of EEVC. In 1994 EEVC/WG10 was  
dissolved and its final report was published focusing especially 
on the changes and improvements with respect to the previous 
version of the proposed test methods. In 1997 a new EEVC 
working group - WG 17 Pedestrian Safety – was set up with 
two main tasks: 
1. Review of the EEVC/WG10 test methods and propose 

possible adjustments taking into account new and existing 
data in the field of accident statistics, biomechanics and 
test results. 

2. Prepare the EEVC contribution to the IHRA working 
group on pedestrian safety. 

The EEVC WG17 activities with respect to task 1 were 
finalized early 1999 and reported to the EC. Improvements 
were proposed with respect to the test procedure, definitions, 
tools and requirements. The EEVC/WG 17 methods were used 
by the European Commission as basis for further discussions 
on an EC Directive in this field. 
Figure 22 shows the EEVC pedestrian sub-system tests. The 

For Child
Shaep
Corridor

Sedan + 21.6 +/- 3.0 65.1 +/- 0.8
SUV 21.3 +/- 1.2 21.3 +/- 6.0 55.6 +/- 5.5 26.0 +/- 7.5
One box 20.1 +/- 0.6 21.9 +/- 5.1 47.5 +/- 2.8 20.3 +/- 8.0

Shaep
Corridor

Sedan + 30.0 +/- 4.0 66.0 +/- 6.3
SUV 27.2 +/- 1.6 32.0 +/- 3.6 59.2 +/- 2.6 22.5 +/- 4.2
One box 27.6 +/- 0.8 33.2 +/- 3.2 49.8 +/- 1.8 17.4 +/- 6.1

Shaep
Corridor

Sedan + 38.5 +/- 5.0 65.2 +/- 6.5
SUV 34.0 +/- 1.5 44.5 +/- 1.0 61.9 +/- 3.8 18.1 +/- 3.8
One box 36 +/- 0.5 46.5 +/- 2.0 47.4 +/- 2.1 14.8 +/- 3.6
*nc: No Contact
** Linear interpretation to be used to determine impact conditions for in-between speeds if required.

Windsheld BLE/GrilleBonnet Windsheld BLE/Grille Bonnet

Impact Velocity Impact Angle
(km/h) (deg.)

(km/h) (deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille

(km/h) (deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille

Car impact speed
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Impact Velocity Impact Angle
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Impact Velocity Impact Angle
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Car impact speed
50km/h
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EEVC test methods include in order of priority: 
1. Child head form to bonnet top test 
2. Adult head form to bonnet top test 
3. Leg form to bumper test (up to 500 mm bumper height, 

above that height optional, alternative upper leg form to 
bumper test) 

4. Adult upper leg form to bonnet leading edge test 
The EEVC test methods fully describe the procedures for 
testing, the tools (including certification) and (proposed) test 
requirements. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22. EEVC Pedestrian Sub-system Tests 
 

ISO test methods 
 
The International Organization for Standardization (ISO) 
created a pedestrian protection-working group 
(ISO/TC22/SC10/WG2) in 1987. The working group has been 
focusing on the adult leg form test and the child/adult head form 
tests. The proposed test methods were also utilized subsystem 
test methods. The mandate for the WG2 is to produce test 
methods considering with biodiversity and suitable for 
reproducing an accident at any car-impact speed up to 40-km/h. 
ISO and EEVC basic aim are similar but study results are 
different at several points. ISO head form tests make use of a 
free-flight head form, which mass, is intended to match the 
effective mass of a human head, when the head impacts a 
vehicle in a pedestrian accident. However, the ISO adult head 
form mass of 4.5 kg differs from the EEVC. The ISO study 
from computer simulations concluded that the effective mass 
for adult head is nearly same as the head mass itself Also ISO 
made a different conclusion for the child head form mass that 
the effective mass for child head representing a 6-year old is 
same as the head mass itself and is decided to select 3.5kg. 
These mass of the head forms are finally decided based on the 
recommendation from ISO/TC22/SC12/WG5. 

The EEVC and ISO studies using computer simulations 
indicated that the effective mass for both the adult and child 
heads impacting a vehicle is greatly affected by the impact 
conditions, such as vehicle shape and stiffness. The ISO/WG2 
concluded that an average value of effective head mass from a 
large number of computer simulation runs is almost identical 
with their respective head mass itself for both the adult and 
child heads impacting a vehicle, as shown in Figure 21.  
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Figure 21  Head Effective Mass vs Head Mass for 6-Year 
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Pedestrian dummy 
 
Using sub-system test, the performance of a specific vehicle 
part can be evaluated by impacting a specific impactor against 
the body part at different locations and impact velocities.  But 
with sub-system test, it is almost impossible to obtain an 
integrated result of the change in response of the whole body to 
changes in design of a specific vehicle.  Changes in the 
bumper may effect or affect how the rest of the body will 
interact with the vehicle. Thus there is a need for the 
development of a pedestrian dummy. 
Dummies have been used in pedestrian safety research, 
including modified versions of Hybrid II and III, the 
Rotationally Symmetrical Pedestrian Dummy (RSPD) v and 
so on. 
However, they produced kinematics that were different from 
that observed in PMHS testsvi.  In addition, there were some 
problems with durability and repeatability. 
A pedestrian dummy, called Polar (See Figure 24), has been 
recently developed in a joint collaboration of GESAC, Honda 
R&D, and JARIvii.  The first version of Polar, now called Polar 
I, was modified from Thor, the NHTSA frontal dummy. The 
modifications were specially designed to improve the 
kinematics response during lateral impact with a vehicle at 
different impact speeds.  The latest version of the dummy is 
known as Polar II and includes a human-like representation of 
the knee, a flexible tibia, and a more compliant shoulder.  
Polar II has been recently tested in full-scale impacts by 
NHTSA and the results will be presented at the IHRA-PS-WG.  

      
Figure 24 Frontal View of Polar 

 
IHRA-PS-WG TEST METHODS 
 
As has already been noted when the IHRA Pedestrian Safety 
working group started their mandate, suitable pedestrian 
dummies were not available. Hence, the IHRA Biomechanics 

working group was inquired of the possibility of development 
of dummies for pedestrians. Their reply was that this possibility 
was very low because of taking too much time and due also to 
extensive costs. Also, pedestrian dummies have many 
disadvantages for use in test methods intended for use in 
regulations to require pedestrian protection. The most 
significant disadvantage is the need for a whole family of 
dummies to represent the range of real life statures found.  The 
dummy statures would need to cover from small child through 
to large adult if the whole of the area of the car likely to be hit 
by the head is to be tested. Consequently, the group decided to 
adopt the sub-system method, as already used in other test 
procedures, such as ISO/TC22/SC10/WG2 and EEVC/WG17. 
It was also decided to establish specifications for impactors for 
each of these sub-systems. Three subsystem test procedures 
(adult head form, child head form and leg form) are proposed in 
high priority identified in the analysis of pedestrian accidents in 
the IHRA member countries.  Table 13 shows a comparison 
of head form test conditions proposed by EEVC, ISO and 
IHRA. Based on above mentioned parameters were used for 
computer simulations and done to check the interrelationships 
between the different subsystem tests. 

Table 13. 

  Comparison of Headform Test  Conditions Proposed 
by EEVC, ISO and IHRA 

��������������������������������������������������������������������������������������������������������������������
��������������������������������������������������������������������������������������������������������������������EEVC/WG17

(1998)
ISO/TC22/SC10/WG2

(2002/12)
IHRA/PS/WG

(2003/1)

Impactor Mass 2.5 kg 3.5 kg 3.5 kg

Moment of inertia 0.0036 ± 0.0003 kgm² 0.01 ± 0.005 kgm² 0.0075-0.020kgm²   

Impact speed 40 km/h guarantee robustness of
impactor up to 40 km/h

30 to 50 km/h
(Vehicle speed)

Impact angle 50 ° 53 ° depend on vehicle
shape

WAD (mm) 1000 to1500 1000 to1500  900 to 1400
Transition Zone
(mm)

(not defined) *
1500<WAD<2100

**
1400<WAD<1700

Criteria HPC HIC15 HIC15
(Threshold) 1000 (not defined) 1000

Impactor Mass 4.8 kg 4.5 kg 4.5 kg

Moment of inertia 0.0125 ± 0.0010 kgm² (not defined)  0.0075-0.020kg-m² 

Impact speed 40 km/h guarantee robustness of
impactor up to 40 km/h

30 to 50 km/h
(Vehicle speed)

Impact angle 65 ° 53 ° depend on vehicle
shape

WAD (mm) 1500 to 2100 1500to2100 and greater
(not beyond w/s frame) 1700 to 2400

Transition Zone
(mm)

(not defined) *
1500<WAD<2100

**
1400<WAD<1700

Criteria HPC HIC15 HIC15
(Threshold) 1000 (not defined) 1000

*: Test with either child or adult headform within entire transition zone.
**: Test with both headforms within entire transition zone.

【Child Head】

【Adult Head】
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IMPLICATIONS FOR REGULATION 
 
Societal Benefits 
 
The aim of this section is to estimate the potential benefits in 
terms of casualty reductions, from vehicles that have been 
made to meet the pedestrian impact test requirements under 
development by this Working Group.  Measures to protect 
pedestrians will also be of benefit to other vulnerable road users 
such as pedal cyclists and motorcyclists.  
The Working Group is producing test methods and test tools 
suitable for the whole of the vehicle front likely to strike a 
pedestrian.  Protection is therefore assumed for all impact 
locations in frontal impacts. 
As protection requirements for the vehicle and the potential 
savings of pedestrian injuries are very dependent on the impact 
velocity selected for the test methods, benefits for three speeds 
(30, 40 and 50 km/h) have been estimated.  These are vehicle 
equivalent speeds, which will not necessarily be the actual 
sub-system test speeds. 
Benefits have been estimated for fatalities and seriously injured 
casualties.  The latter are defined here as casualties of MAIS 2 
to 5 who are not fatally injured.   
The global accident dataset was the primary data source, but as 
it did not identify fatalities, this information was sought and 
gratefully received from the organizations that had originally 
contributed the data.  Where necessary, national statistics from 
Great Britain were also used. 
The estimates of the proportions saved are derived from a chain 
of estimates, starting with all the pedestrians fatally or seriously 
injured.  A proportion of these will be injured by vehicles 
within the scope of the test procedures, mainly by cars.  Of 
these, a proportion will be injured by the impact type that the 
test procedures are simulating, namely a frontal impact.  Of 
these, a proportion will be injured at a speed at which the test 
procedures can provide protection.  Of these, a proportion of 
casualties will be injured by the vehicle rather than by the 
ground.   
For each speed, two methods were used to calculate the 
proportions injured at speeds at which the test procedures could 
provide protection: a) A simplified assumption that those saved 
above the test speed will match those not saved below, similar 
to the method of Lawrence et al viii.  b) An assumption that the 
safety measures will shift the whole injury distribution 
downward, similar to the method of Davies and Clemo ix. They 
assumed that a speed of 25 km/h was ‘safe’ with current cars; 
the same speed is used in this current study.  

Preventing some injuries to a pedestrian will not necessarily 
benefits the pedestrian; if they should receive a fatal injury from 
the ground contact then the result will be the same, however 
much improved is the vehicle. Fatalities were assumed to be 
saved if all injuries could be potentially prevented for which the 
AIS severity was the maximum (MAIS) for that casualty.  For 
seriously injured casualties it was assumed that the serious 
casualty could be potentially saved if all the AIS 2 to 5 injuries 
were caused by car contact.  However, casualties with both car 
contact and ground contact injuries in the AIS 2-5 range were 
counted as being 20 percent ‘saved’, to reflect that there was 
some benefit in reducing the number of serious injuries. 
It is assumed in the estimates shown in Table 14 that fatalities 
saved would still be seriously injured.  

Table 14  

Potential reductions in pedestrian fatal and serious 
casualties due to cars passing IHRA test methods, as a 
percentage of pedestrians injured by all vehicle types 

Method Test Speed  
(km/h) 

Fatal  
(%) 

Serious (%) 

30  5 17 

40  14 27 
Safe within test 

speed 
50  26 33 

30  13 7 

40  35 19 Speed-shift 

50  48 29 
 
Discussion: The estimates by the two methods differ markedly, 
particularly in their relative benefits for the two severities, demonstrating 
that estimates of this type are not precise.  The ‘safe within the test speed’ 
method will tend to underestimate the potential for saving lives, as most 
fatalities occur above the test speed.  Conversely, the speed shift method 
tends to over-estimate the potential for saving lives, as cars are likely to be 
optimised to just pass at the test speed, with little in-hand to provide 
protection at higher speeds. 
 
OTHER MEASURES 
 
It is recognised that improvement of the level of 
pedestrian protection provided by the design of the 
front of the car is only one of many ways of reducing 
pedestrian casualties.  Road and traffic engineering 
measures, such as reducing vehicle travelling speeds by 
lower speed limits, can also be expected to reduce the 



               Mizuno  16  

frequency of collisions with pedestrians and the 
severity of those collisions that do occur.   ASV 
(Advanced Safety Vehicle) technologies on active safety, such 
as pedestrian detection warning system, collision avoidance 
automatic brake, nighttime pedestrian monitoring system and 
so on, could prevent the pedestrian accidents or minimize 
the pedestrian injuries by decreasing the vehicle impact 
speed. 
However, even with advances in road and traffic 
engineering, and other measures, there will still be a 
need to minimise the severity of injury sustained by a 
pedestrian struck by a car. 
 
RECOMMENDATION 
 
Achievements 
 
This project has run for six years since July 1997, when the first 
IHRA-PS-WG was held, until the ESV International 
Conference in May 2003. twelve experts meetings have been 
held so far. The know-how of experts has been fully used and 
research in new areas has been conducted. 
Over this period, detailed information on pedestrian-involved 
traffic accidents in member countries was gathered and 
analyzed, and other relevant information from investigations 
conducted to date has also been gathered and analyzed. Data for 
traffic accidents in member countries reveal that although the 
percentages of pedestrian-involved accidents vary with each 
country, the percentages are relatively high. 
Since some member countries and WP29 intend to introduce 
technical regulations like those in the EU, Japan and some 
others, the IHRA-PS-WG is conscious of the urgent need to 
propose appropriate, harmonized test procedures as a potential 
basis for harmonized regulations. Pedestrian protection is a 
comparatively new field and so the available information is not 
yet completely adequate for the development of comprehensive 
and validated test procedures.  
Pedestrian crash test dummies are not generally available at 
present, although a pedestrian dummy is being developed by 
the private sector. An inquiry was made to the IHRA/Bio WG, 
but they replied that dummies couldn’t be developed yet due to 
the time and cost required. It is also the opinion of some 
members of the IHRA-PS-WG that the kinematics of the 
vehicle/pedestrian collision may prove to be too difficult to 
reproduce in a valid and repeatable manner with a pedestrian 
crash test dummy. Accordingly, it was decided to use 
subsystem test procedures, which, at least at this stage, are more 

practical and repeatable. Interactions between the results of the 
subsystem tests will be studied using computer simulation of 
the collision events once a comparison of existing computer 
simulation programs has been completed.  
Proposals for head impact subsystem test procedures for adults 
and children are completed. These are top-priority issues.  
Proposals for test procedures for the adult leg are also being 
considered. Other areas of the human body will be researched 
in the future. 
 
Continuation of IHRA/PS Activities 
 
The aim of the IHRA-PS-WG is to prepare test procedures for 
the child and adult head, and the adult leg, for presentation at 
the ESV Conference in 2003, also recommendations for 
research activities that will be needed to develop other test 
procedures for the further improvement of pedestrian protection 
after IHRA/P.S. experts will be discussed and conclude near 
future. 
In the field of pedestrian crash injury biomechanics, there are 
still areas, which must be investigated, and their practical 
applications explored. The IHRA-PS-WG plans to first clarify 
the issues, necessities and research responsibilities through 
detailed investigations.  The following issues will be studied. 
 Comparative evaluation of the results of, and interactions 

between, subsystem test procedures and test procedures 
employing a Computer simulation program based on the 
best such programs currently available. 

 Regarding leg impacts on the pedestrian, the 
IHRA-PS-WG started to confirm the injury mechanisms 
and tolerance of the leg to impact. This has been following 
by evaluation of available and proposed impactors and 
development of test procedures based on the results. 

 Clarification of the importance of injury mechanisms to 
arrears other than the head and legs, also, R & D on 
impactors to confirm such injury mechanisms. 

This work will be greatly facilitated if member countries are 
prepared to cooperate and share the cost, conduct further studies, 
and assist in the development of essential test procedures.  
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INTERNATIONAL HARMONIZED RESEARCH ACTIVITIES
REPORT OF WORKING GROUP ON INTELLIGENT TRANSPORT SYSTEMS (ITS)
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ABSTRACT

The International Harmonized Research Activities
Working Group on Intelligent Transport Systems was
established to coordinate government research aimed
at developing harmonized procedures for the
evaluation of safety of in-vehicle information,
control and communication systems with respect to
human performance and behaviour. This report
describes some of the activities completed in recent
years and recommendations are provided for the
future success of the WG. It is anticipated that
increased public and government concerns about ITS
safety in the future will stimulate increased interest,
expectation and funding of harmonized research.

BACKGROUND

The International Harmonized Research Activities
Working Group on Intelligent Transport Systems was
established to develop procedures (including
methods and criteria) for the evaluation of safety of
in-vehicle information, control and communication
systems with respect to human performance and
behaviour.

The impetus behind this WG reflects the need for
governments to understand and minimize the
potentially adverse consequences of ITS
technologies. Harmonized research in ITS is of
special importance for three reasons, 1) it represents
a significant opportunity to influence active safety
(also known as primary safety or crash avoidance)
through effective collision avoidance intervention, 2)
it addresses a global need to more clearly define the
role of government with respect to ITS safety, 3) it
represents an area essentially unregulated at the
present time; consequently, there is a greater
likelihood of achieving harmonized safety policies
than might otherwise be the case.

The WG was formed in 1996, following the
establishment of the IHRA program at the ESV
conference in Melbourne. It was given an initial
mandate of 5 years, which was extended indefinitely

at the 17th ESV conference in Amsterdam with
periodic review and refocus on specific areas of
interest as needed. This report summarizes the
activities during this period, and offers
recommendations for continued cooperation in this
area.

INTRODUCTION

The International Harmonized Research Activities is
an inter-governmental initiative that aims to facilitate
greater harmony of vehicle safety policies through
multi-national collaboration in research. IHRA is
organized under the auspices of Enhanced Safety of
Vehicles (ESV) representing the U.S., UK, Canada,
the Netherlands, Germany, Australia, Sweden, Japan,
France, Italy, Hungary, and Poland. In addition, the
European Commission (EC) and the European
Enhanced Vehicle-safety Committee (EEVC) are
represented. The Working Group on ITS is one of
five working groups addressing high-priority
research needs.

Definition

In-vehicle Intelligent Transport Systems (ITS) are
on-board systems that utilize information that is
received from direct sensing (such as radar) and/or
telecommunications via the road infrastructure or
other source.

It is important to emphasize that certain ITS
applications use advanced technologies to provide in-
vehicle support for reducing the number of crashes
and attendant injuries and deaths. Other ITS
applications provide in-vehicle information for
purposes other than improved safety. Whatever the
primary function, both types of ITS applications can
have important unintentional influences on safety
(positive and negative) and need to be understood by
governments when considering policy alternatives.

The advent of ITS is revolutionizing motor vehicle
transportation. Not only is the nature of driving
changing radically, but it will likely to be in a
continuing state of flux, at least in the foreseeable
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future, as technologies continue to evolve.
Governments throughout the world are actively
promoting the deployment of ITS technologies to
achieve greater safety and mobility benefits.

It is important to ensure that new systems and
technologies are guided by human factors principles
and data so that they do not lead to driver behaviours
and responses that were unanticipated by systems
designers. In aviation, for example, increased pilot
assistance and automation has unwittingly reduced
situational awareness and produced out-of-the-loop
performance problems (i.e., increased errors and
response latency). The risks associated with
increased automation (e.g., driver distraction,
behavioural adaptation, loss of skill, and negative
transfer) are not well understood and cannot be
reliably predicted at present.

For vehicles that are not fully automated, the impact
of technological change on safety will depend on its
implementation and, in particular, on the extent to
which the system supports drivers' needs and is
compatible with human capabilities and limitations.
Not all on-board information, control and
communication systems will have the same degree of
impact on human-machine interactions. Those that
have a critical impact will require more careful
human factors analysis. It should be mentioned that
the term “human-machine interactions” refers to the
broad range of behaviours associated with the driving
task, including strategic, tactical and operational
control of the vehicle and its sub-systems. The
primary human factors issues concern central human
processes such as driver attention, situation
awareness and cognition. Secondary issues concern
peripheral processes (e.g., legibility) that are affected
by the physical design of the human-machine
interface.

Within the broad area of ITS safety, the WG has
identified human-machine interaction as the principal
focus of interest. The WG is concerned with
developing methods for the final test and evaluation
of systems prior to their introduction into the market.
It is recognized that during their development,
systems undergo design iterations that involve the
collection and analysis of relevant human
performance and other data. These formative
evaluations are conducted at various stages of system
development to check system performance against
corporate objectives and specifications. They are
primarily within the control and serve the interests of
industry and, as such, are beyond the scope of this

WG. While formative evaluations are important and
can contribute to overall system safety, safety
assurance relies on evaluations of systems that are
ready for implementation in the real world.

Participation

The following countries have participated in the ITS
WG: Australia, Canada, France, Germany, The
Netherlands, Japan, Poland, Sweden, U.K., and the
U.S. While most WG members represent national
governments some members come from the
automotive industry. In certain cases, notably
France, Germany and Japan, the national
representatives come from industry or government
research organizations and participate on behalf of
the relevant government agencies.

Member list

A list of current WG members is provided in
Appendix A.

List of Meetings

The WG meets normally semi-annually. As at time
of writing, seven meetings of the WG have been held
as follows:

1. April 1997, Rotterdam, The Netherlands
2. October 1997, Berlin, Germany
3. April 1998, London, England
4. June 1998, Windsor, Canada
5. April 1999, Washington, DC
6. October 1999, Stockholm, Sweden
7. April 2000, Lyon, France
8. October 2000, Ottawa, Canada
9. June 2001, Amsterdam, The Netherlands
10. November 2001, Cologne, Germany
11. June 2002, Tällberg, Sweden
12. February 20-21, 2003, Lyon, France
13. May 23, 2003, Nagoya, Japan

The minutes of these meetings are posted with other
working group information on the IHRA web site
(www-ihra.nhtsa.dot.gov).

SUMMARY OF ACTIVITIES

A number of initiatives have been completed,
including the formulation of an overall framework
for ITS safety assurance and the role of the ITS WG
within this framework, a series of workshops on the
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safety test and evaluation of ITS, the definition of
priority research problem statements and research
progress. These initiatives were described in a report
published in the proceedings of the 17th ESV
conference in Amsterdam (Noy, 2001). The present
report describes some of the significant activities and
progress since this last report.

Surveys

The WG conducted a survey of relevant research
either on-going or that has been completed within the
last 5 years. The definition of relevant work includes
any study or demonstration that contained test and
evaluation elements, or work that specifically set out
to develop or validate protocols, procedures or
techniques for the evaluation of safety. Some 50
projects were identified and entered into a database.
It was noted that there are relevant research not
currently captured in the database, some representing
collaborative projects among European countries.
WG members will continue to provide input on an
on-going basis to ensure that the database is as
comprehensive as possible. The database is currently
being updated with results from the latest survey.

WP.29 Liaison

The ITS-WG has also served as an advisory on ITS
safety issues for the WP.29 World Forum for
Harmonization of Vehicle Regulations. A liaison was
started with the WP.29 informal group on ITS
following a 2001 presentation from the IHRA about
the state-of-the-art and safety issues in ITS. With
this liaison, IHRA research and expertise on ITS
should help to support the future regulatory
development work of WP.29.

Project summaries

The IHRA-ITS Workshop on ITS Safety Test &
Evaluation, Washington, DC, 1999 generated 16
projects that can advance ITS safety test and
evaluation methodology through collaborative
international research. The WG selected a set of
these projects as representing priority areas for
research. Project leaders were identified to
coordinate activities within each project domain.
The 7 active priority projects and recent progress on
these projects are outlined below.

1: Development Of A Harmonized Safety
Evaluation Methodology Framework
(Worldwide)

The objective of this project is to develop a
Harmonized Safety Evaluation Methodology
Framework for in-vehicle information, control, and
communication systems with respect to human
performance and behaviour. An inventory of
possible methodologies for road safety evaluation of
in-vehicle systems, including a variety of
experimental and observational approaches, has been
developed and is currently being evaluated for
relevance, validity and suitability.

A considerable amount of progress has been made in
this area as a result of this working group. This
includes a joint German-Swedish-Japanese project
initiated under the umbrella of the IHRA ITS-WG to
develop a harmonized evaluation framework. A
paper describing this work is presented at this
conference (Gelau et al, 2003, 18th ESV, Nagoya).
The overall objective of this study was to contribute
to the definition and validation of a “battery of tools”
which enables a prediction and an assessment of
changes in driver workload due to the use of in-
vehicle information systems (IVIS) while driving. To
achieve these goals experimental validation studies
(on-road and in the simulator) were performed in
Sweden, Germany and Japan. As a common element
these studies focused on the secondary task
methodology as an approach to the study of driver
workload (see Project 6). Results of this
collaboration emphasised how relatively large task
demands can be expected even from simple traffic
situations.

The extension of the European project HASTE to
include international participation was also initiated
through this working group. The aim of HASTE
(Human Machine Interface And the Safety of Traffic
in Europe) is to develop methodologies and
guidelines for the assessment of in-vehicle
information systems (IVIS), i.e. to formulate
pass/fail criteria for IVIS. A major technical and
scientific objective of HASTE is the identification
and exploration of the relationship between traffic
scenario, driver and IVIS. This relationship will be
investigated by studying behavioural, vehicle, and
psycho-physiological, and self-report measures.

A network of excellence and integrated projects
related to the development of a harmonized safety
evaluation methodology are also being proposed for
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the European 6th Framework research programme.
This WG will have input into this work.

2: Driver Understanding And Expectation Of ITS
Systems: Identification And Measurement Of The
Effects Of False Expectation Of Driver
Performance

The purpose of this project is to identify factors that
affect a driver’s understanding of ITS system
functional characteristics and determine how they
develop performance expectations for these systems.
In particular, the main objective is to assess the
safety consequences of mismatches between driver
expectation and system performance.

Drivers may have a variety of ITS applications
available to them, each having different operating
characteristics. The picture is further complicated by
the fact that for a particular type of ITS, such as
ACC, system performance characteristics may vary
from one vehicle/system to another. How well the
driver understands the ITS application and the
expectation he or she has for its performance can
directly impact the safety of its use.

Although no projects are planned to expressly
investigate system failures and user understanding,
these issues are being addressed wherever possible
within the other ITS-WG research projects. For
example, a study was conducted by Transport
Canada to assess the impact of Adaptive Cruise
Control (ACC) on driver behaviour (Rudin-Brown,
Parker and Noy, 2003). Part of this test-track study
investigated driver response to system failures
(failure to sense lead vehicle). On average, it took
drivers 23s to detect and respond to a failure of the
ACC system. These results emphasize how vital
system reliability is to the safety of driver assistance
systems. The study concluded that clearer feedback
must be used to indicate when ACC systems do not
detect a target vehicle.

Efforts will continue to ensure that these issues
concerning driver understanding of ITS are always
considered within future IHRA ITS-WG research
projects.

3 Human Factors Principles Checklist For In-
Vehicle Systems

The purpose of this project is to develop a checklist
based on human factors principles to be used in the
safety evaluation of in-vehicle systems.

Bilateral co-operations for the development of
evaluation methods are in progress. A further catalyst
has been the European Commission’s
recommendations on HMI and the need to address
issues of testing, evaluation and compliance with
these HMI principles. TRL in the UK have
developed a checklist to assess the suitability of in-
vehicle information systems for use while driving.
Work is underway in Sweden at VTI to further
develop this UK checklist so that it will specifically
apply to the European Statement of Principles on
HMI.

4: Normative Data On Naturalistic Driving
Behaviour

The purpose of this project is to characterize driving
behaviour in realistic situations by developing a
driving performance database which comprises data
on normal driving behaviour, in-vehicle ITS system
usage, safety critical events, and crash data.

Naturalistic driving means unsupervised driving on
public roads. The vehicle used can be the driver’s
personal vehicle or it can be one provided by the
project team. In most cases, the vehicle will include
instrumentation for collecting data on driver and
vehicle performance. Similarly, normative driving is
taken to mean driving that is done without the
assistance of any experimental device. Normative
data is often gathered for the purpose of eventual
comparison with similar data when the driver does
have assistance from some type of experimental
in-vehicle equipment. Hence, the data that is
collected may be focused on specific situations and
conditions that are related to the purpose and
performance of experimental equipment.

The U.S. have taken a very active lead on this
project. Several projects providing naturalistic
driving data have been completed. These include
field operational tests of an Adaptive Cruise Control
system on passenger vehicles and also on heavy
trucks, a Collision Warning system on passenger
vehicles and also on heavy trucks, and a Rollover
Stability Advisory system on heavy trucks.

Most recently, a naturalistic driving project is being
conducted to provide insight into how drivers avoid
collisions. In this project, a data acquisition system
will be added to the vehicles of volunteer drivers.
Data will be continuously collected as the drivers go
about their daily routines. The data will be analyzed
to develop a better understanding of how drivers
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react to impending crashes and near-crashes. There
will be 100 vehicles in the fleet of these vehicles.
The first 20 have been outfitted with the data
acquisition system and data collection has begun.
The project will run for one year. At the end of that
time a plan will be developed for a similar larger
scale naturalistic driving project.

http://www-nrd.nhtsa.dot.gov/pdf/nrd-12/100carphase1report.pdf

5: Simulator Reference Test Scenarios

The goal of this project is to develop a catalogue of
driving scenarios for use in driving simulator
research. The set of scenarios should encompass the
breadth of driving possibilities from uneventful
everyday situations to safety critical situations.

Simulator reference test scenario ‘tiles’ are to be
defined. The idea being that most nations have their
own highway idiosyncrasies. However, with
predefined test scenarios in the form of tiles or
templates, the appropriate reference test scenario tile
for the respective simulator and local highway
characteristics can be adopted. Therefore, with these
tiles, one can more readily compare the results from
different simulators with a higher degree of
comparative validity. There are many benefits from
the usage of internationally agreed upon simulator
reference test scenario-tiles. Towards this goal, an
international workshop is planned to help develop a
catalogue of driving scenarios. The workshop is
scheduled for October 2003 and is being held in
conjunction with the Driving Simulator Conference -
North America (DSC-NA) in Dearborn, Michigan.

6: Improved Secondary Task Methodology For
Evaluating Safety Effects Of Driver Workload

The goal of this project is to develop a useful
secondary task methodology to calibrate workload
effects of combining in-vehicle and out-of-vehicle
information. Although within the scope of Project 1,
Development Of A Harmonized Safety Evaluation
Methodology Framework, this topic was considered
to be important enough to constitute a project in
itself. The joint German-Swedish-Japanese research
described under Project 1 also focused on the
secondary task methodology as an approach to the
study of driver workload.

Work on secondary task methods has been conducted
in the HASTE project, also described among the
activities relevant to Project 1. As part of HASTE,

the Institute for Transport Studies at Leeds
University has developed a surrogate in-vehicle
information system task. This will be used as a
common reference task by all research partners in the
consortium and will help to compare measures and
results.

Most recently, Transport Canada has created a
speech based secondary task to measure the
workload of speech-user interfaces in vehicles.
Speech-user interfaces are promoted by some as the
panacea for driver distraction from ITS. However,
the safety of speech remains to be proven. This work
will examine the impact of in-vehicle speech-based
email messages as a function of speech presentation
type (synthetic speech and human speech), message
complexity (easy vs difficult) and driving
environment complexity (easy /difficult). The
secondary task is email messages based on everyday,
typical email topics such as scheduling meeting,
arranging travel plans etc. The complexity
manipulation is based on the verbal reasoning work
of Hitch & Baddeley (1976) who demonstrated that
manipulations of active/passive sentence
construction and affirmative/negative responses had
an impact on speed and accuracy of responses.

JARI are currently conducting a review to document
all of the secondary tasks methods that have been
used to measure driver workload. The WG will
provide input for this review.

7: Harmonization And Validation Of Surrogate
Safety Measures

The goal of this project is the harmonization and
validation of surrogate safety measures.

Surrogate safety measures are measures that can be
used to estimate numbers of crashes and resulting
injuries and deaths. Many projects, probably most,
do not have access to large databases of events that
provide a basis for directly estimating the number of
crashes and the impact of vehicle-based systems on
the likelihood of crashes. Thus, surrogate measures
are measures that can help estimate numbers of
crashes and resulting injuries and deaths. Surrogate
measures are usually related to specific types of
problem (for example, surrogate measures for
rear-end crashes are probably different than
surrogate measures for road departure crashes).

The U.S. lead on this program has developed
surrogate measures for some types of situation and
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crash. Others are currently being developed. One
such new methodology is called the crash prevention
boundary (NHTSA). This methodology separates the
space of driver performance into a region of
performance that avoids a crash and a region of
performance that results in a crash. This
methodology provides new insights into the safety
impact of technologies. The methodology is
described in more detail in papers at several recent
technical conferences.

CONCLUSIONS

Research in this area is relatively new in comparison
with passive safety, the latter having had the benefit
of considerable R&D investments over many years.
The activities of the WG, including the development
of a research framework and initiation of priority
projects, surveys and workshops have proven to be
of value. A further benefit is the informal sharing of
information among WG members about activities in
different countries. This is very important since it is
currently the only forum with the express purpose of
coordinating government research in this area.
Moreover, interest in this WG seems to be growing,
owing largely to a growing awareness of the need for
ITS safety policy. Thus, the IHRA-ITS WG has the
potential to play a major role in ITS safety.

WG members believe that inter-government
collaboration in ITS safety research is an important
activity - one that serves the interests of both
government and industry in meeting the challenges
of safety in a global economy. ITS-equipped
vehicles are only just being introduced into the
market. As technologies evolve, there will be a
constant need for governments to monitor the safety
of these systems and to adapt policies to respond to
public expectations.

The WG anticipates a need for increased
involvement by participating countries, particularly
at technical levels. For example, there is a need for
technical reviews of national research projects in
order to assess, on a global level, research findings
and implications, and to identify new research
directions. This represents a turning point for the
WG in that it implies a much greater involvement in
detailed reviews and technical analyses than has been
possible to date.

RECOMMENDATIONS FOR FUTURE WG
ACTIVITIES

For the future success of the ITS WG, it is
recommended that the group:

• Continue to provide technical assistance for the
informal ITS group in WP.29 and other groups.

• Continue with the valuable international
research collaborations on ITS safety evaluation
and encourage more of this work.

• Update the ITS safety evaluation research
database on an on-going basis.

• Continue with the successful role of the WG as a
forum for sharing research information on ITS
and

• Expand this exchange of information with
presentations by invited experts at WG meetings
and other forums.
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DEVELOPMENTOFASVIN JAPAN –ASV PROMOTIONPROJECT, PHASE 3
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Japan
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ABSTRACT

Japan has been promoting the development and spread of
Advanced Safety Vehicles (ASVs), which feature a high level
of intelligence and remarkably improved safety thanks to
electronic and other new technologies that have been rapidly
developing in recent years. The ASV Promotion Project, Third
Phase, has been in place since 2001 for the further development
and spread of ASV technologies. As one of activities of spread
of ASV technologies, we defined the safety guideline of driver
assistant systems as “Concept of Driver Assistance” on the base
of theASVdesign principles.

ASV technologies help improve safety, yet there is a new
risk of accidents. For example, the driver may rely too much on
the technology and neglect to pay attention to safety, thus
possibly becoming an unsafe driver. Therefore, It is very
important to make an effort to define common understandings
among Japan, the U.S. and Europe.

1. BACKGROUND

The development of automobile society increases traffic
accidents, traffic jams and environmental problems, which have
now become a serious issue of public concern. In Japan, traffic
accident statistics show that the number of fatalities reduced by
about 24% in the past ten years and reached 8,326 in 2002. The
number of injuries, however, showed an inverse tendency
increasing by more than 33% in the same period, although it
decreased slightly from the previous year in 2002 to reach 1.17
millions.

The prevention of traffic accidents requires a comprehensive
safety policy. One of the effective solutions is to develop and
spread safer vehicles.

For this purpose, Japan has been promoting the development

and spread of Advanced Safety Vehicles (ASVs), which feature
a high level of intelligence and remarkably improved safety
thanks to electronic and other new technologies that have been
rapidly developing in recent years. The ASV Promotion Project,
Third Phase, has been in place since 2001 with the cooperation
among industry, academia and government for the further
development and spread ofASVtechnologies.
 

2. OUTLINE OFASVPROMOTIONPROJECT
 

An Advanced Safety Vehicle (ASV) collects information on
the traffic environment and road conditions around it with
various onboard sensors and telecommunications systems and,
based on the information collected, helps the driver drive safely
by givinghim advice and warning. [ref.Appendix 1]

To promote the development and practical use of these ASVs,
Japan carried out the first five-year phase of the project from
1991 to 1995 and the second five-year phase from 1996 to
2000.

In the first phase, we focused on passenger cars to confirm
the feasibility of ASV technologies through the construction of
nineteen ASVs. In the second phase, we extended the scope of
study to trucks, buses, and two-wheeled vehicles. Through the
construction of thirty-fiveASVs of automatic-support type, we
defined the design principles and design guidelines of the ASV
and experimented their coordination with road infrastructure.

As it can be seen in the introduction into the market of
vehicles with ASV technologies, the practical use of ASV
technologies is making progress. Since the progress is still
largely insufficient, however, we are developing the third phase
of the project from 2001 to further our researches for the
development of advanced technologies, while reviewing major
actions to be newly implemented for the spread of ASV
technologies.
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Fig. 1 Outline ofASVPromotion Project

3. CONCEPT OF DRIVER ASSISTANCE

3.1 Design principles of theASV

With the development of driver assistance (control)
technologies, it has become possible to replace part of the
operations so far carried out by the driver with the vehicle's
systems. To ensure and improve safety while replacing the
driver's operation with such systems, it is necessary to clarify
the role division between the driver and the systems.

In the second phase of our ASVProject, the design principles
of the ASV technologies were summarized as follows: a) driver
assistance, b) driver acceptance, and c) social acceptance. It was
along these principles that subsequent development and
propagation programs have been conducted.

1. Driver Assistance  

ASV technologies should understand driver’s wills 

and support their safe driving based on the 

concept of driver responsibility. 

2. Driver Acceptance 

ASV technologies should be easy to use and be 

trusted by drivers. This means that a 

human-machine interface design should be 

appropriately implemented. 

3. Social Acceptance 

ASV technology-equipped vehicle must operate 

with unequipped vehicles and pedestrians. 

Therefore, we must consider how to obtain proper 

understanding of the public. 

Fig. 2 Design Principles ofASV

In the future, as ASV technologies are phased into place, it
will be necessary to define this design principles more in detail.
For example, if the driver depends too much on the assistance
systems as they develop further, it may have the opposite effect
to what was intended and worsen safety. We should discuss our
position on such problems.

In view of this, in the third phase of the project, we detailed
further the design principles and defined the safety guideline of
driver assistant systems as “Concept of Driver Assistance” on
the base ofASVdesign principles.

3.2 Relationship between the driver, the system and
society

Adriver, as such, is required bysociety to ensure the safetyof
traffic. We must be well aware that, without his fulfilling this
responsibility, traffic safetycannot be ensured.

To let a driver seek assistance to systems at ease, there must
be a good relationship between them in such a way that 1) there
are good communications between the driver and the systems
and that 2) the systems give him assistance in a safe and stable
actuation.

However, since a system does not always work perfectly, it is
necessary that 3) the driver should keep an eye on the working
of the systems and that 4) the systems should not disturb this
surveillance and let him place too much confidence or distrust
in them.

On the other hand, 5) the driver should be able, if necessary,
to intervene in the systems, and 6) when the system recognizes
that the situation goes beyond its control, it should smoothly
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�Enhanced of acceptance among vehicle

usersandgeneralpublic

� Analysis of the effect of ASV

t technologies

�Formulationofguidelinesforpracticaluse

�InternationalizationofASVtechnologies

3. Development of infrastructure-linked

technologies
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pass over the control of operation to the driver.
As for the relationship between the system and society, it is

needless to say that 7) the systems should not worsen safety by
their actuation. Further, 8) to acquire the understanding of
society, it would be better to introduce current technologies in
phases, because sophisticated systems always require some
time to get understood by society.

System Driver

(1) Communications

(2) Safe driving
��Stable activation

(3) Actions and
��confirmation
(monitoring required)

(4) Does not cause
��over-confidence

(5) Allows for
��driver's overriding

(6) Smooth transition

Intention

Activation

Limits of
activation

Perception

Judgment

Operation

Society

(7) Does not worsen
safety.

(8) The conditions are
mature in society
to understand the
systems.

The driver is
responsible to
ensure safety.

Driver acceptance

Driver assistance

Social

acceptance

Human-
centered

Fig. 3 Relationship between the Driver, the System and Society

3.3 Classification ofASVtechnologies

Classified according to whether or not they require the
intervention of driver, when the system works, and which part
of the vehicle is controlled, ASVtechnologies may be classified
as shown in Fig. 4.

� ASV technologies may be classified by part of vehicle
controlled. Systems that control accelerator (A), brake (B),
steering (S) or all of them have already been introduced on the
market.
ASV technologies may also be classified according to when the
system works: A system works either in an emergency,
continuously or during a specific length of time. Systems
working in an emergency have been largely introduced.
Technologies used in systems working continuously are very
close to those for systems working in an emergency. Systems

working for specific length of time are technologies used only
on express highways.

Brake Accelerators A+B Steering A+B, S A+B+S
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CC: Traditional cruise control (on the market)
High-speed ACC: Commercialized ACC (on the market)
Low-speed ACC: ACC enabled in a low-speed range (following a preceding vehicle in congested
traffic)
All-speed range ACC: All-vehicle-speed range ACC (seamless control ranging from low speed to
high speed)
ABS: Anti-lock brake system (on the market)
4WS: 4-wheeled steering
LKA: Lane keeping assistance (on the market)
VSC: Improves stability around the limits of movement (on the market)
TRC: Traction control (on the market)
EPS: Electric power steering (on the market)
CBS: Dual combined brake system (on the market)

Driver load
reduction

control

Accident
avoidance

control

Fig. 4 Classification ofASVTechnologies 

Further, depending on whether they require or not the
intervention of the driver, ASV technologies may be classified
into two groups: driver load reduction control technologies and
accident avoidance control technologies. Driver load reduction
technologies (those aiming at producing indirect effects on
safety such as reduced fatigue and maintained attention of the
driver by partly substituting for the driver's operation) may be
interpreted as those requiring the intervention of the driver.

Automatic cruising technologies are technologies by which
the vehicle itself ensures safety by combining accident
avoidance technologies, driver load reduction technologies, etc.
At the current level of technologies, however, it is difficult to
realize them.

Classified from these viewpoints, existing technologies may
be roughly classified into three groups: accident avoidance
technologies, driver load reduction technologies, and automatic
cruising technologies. Since automatic cruising technologies are
not likely to be feasible in the immediate future, we
summarized the concept of driving assistance by excluding
these technologies.
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3.4 Concept of driver assistance

We summarized concept of driver assistance into the
followingeight principles:

It should be noted that the responsibility for driving falls in
the driver. This is the basis of the concept and the expectation of
society.

(1) Driver load reduction control technologies

1) The system should act after confirming the will
and intention of the driver..

2) The system should assist driver in safety.
3) The system should be checked by the driver at

any time.
4) The system should inspire a proper amount of

confidence in the driver, not causing him to place
too much confidence nor distrust in the system.

5) The system should be overridden by the driver.
6) The system’s control should be smoothly passed

over to the driver when the situation goes beyond
the range of assistance of the system.

7) The system should not make a negative impact to
the traffic environment.

8) There should be mature society to accept the
system.

(2) Accident avoidance control technologies

1) The system should act according to the will of the
driver or what the driver normally expects in
terms of safety.

2) The system should assist driver in safety.
3) The system should be checked by the driver at

any time.
4) The system should inspire a proper amount of

confidence in the driver, not causing him to place
too much confidence nor distrust in the system.

5) The system’s control should be overridden by the
driver in the case that the driver operates for more
safety.

6) The system’s control should be smoothly passed
over to the driver when the situation goes beyond
the range of assistance of the system.

7)� The system should not make a negative impact to
the traffic environment.

8) There should be mature society to accept the
system.

4. DISCUSSION
 

4.1 Spread ofASVtechnologies

The ASV Promotion Project estimates that, once spread,
ASV technologies may have a potential to reduce accidents by
40%. On its part, Europe finds advanced driver assistance
systems (ADAS) indispensable to achieve its objective of
halving its traffic fatalities by2010 (eSafetyAction Plan).

In some countries, ASV technologies such as ACC
(Adaptive Cruise Control) have already been introduced into
the market. Japan became the first country worldwide to
introduce lane keeping assistance systems and other
technologies into the market. In Japan, the U.S., and Europe,
surveys and researches are being conducted to experiment on
pubic roads vehicles with stop-and-go systems for following a
preceding vehicle in congested traffic, collision preventive
systems with forward obstacles, etc. Discussion on international
standards on these systems is also under way. All these factors
let us expect that ASV technologies will be introduced more
and more fastly in the coming years.

No. ASVtechnologies Status

1 ACC On themarket

2
Stop-and-go system for following a preceding

vehicle in congested traffic

Driving test on

public roads

3 Lane keeping support system On themarket

4 Automatic brakingsystemfor reducing injury On proving ground

5 Dozealert system On themarket

6
Rear lateral / lateral collision avoidance

advisory system
On proving ground

7 Curve overshooting prevention support system On themarket

8 Emergency brakingadvisory system
Driving test on

public roads

9 Night-time forwardpedestrianadvisory system On themarket

10 Two-wheel vehicle presenceadvisory system On proving ground

…

…

Fig. 5 Development status ofASVtechnologies

4.2 Necessityof common understandings
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Because they are completely new and innovative, new
technologies such as ASV technologies were not taken into
account by safety and environmental regulations currently in
force in their development process. This is the reason why we
cannot simply apply existing regulations as they are to these
vehicles.

The following problems may arise, for example:

1) When the current regulations are forced to be applied, the
ASV technologies cannot be introduced, for they may
conflict the current regulations.

2) Since no relevant regulation exists, these technologies
may be introduced to the market without thoroughly
studying their negative aspects in advance. This may
diminish the safety.

3) If a certain technology is evaluated in the market as being
not safe, a hurdle for introducing the technology again
into the market will be very high. Thus, there is the
possibility that its introduction into the market will be
retarded.

4) Some technologies are too innovative that it is difficult to
judge their safety. As a result, each government may
handle the technologies in a different way.

ASV technologies help improve safety, yet there is a new
riskof accidents. For example, the driver mayrely too much on
the technologyand neglect to pay attention to safety, thus
possiblybecoming an unsafe driver.Therefore, the negative
aspects ofASVtechnologies should be summarized.

Aconsistent approach toward the safety of ASVtechnologies
should be adopted throughout the world, so the technologies
should preferably not be introduced in a country where unique
regulations exist. It is hoped that respective countries will
cooperate to maintain the consistency of regulations.

Therefore, it is necessary to work for defining common
understandings amongJapan, the U.S. and Europe.

4.3 Japan’s position

As described above, Japan has been working for the spread
of ASV technologies based on ASV Promotion Project by
defining basic concept of driver assistance, etc. Other countries
are also working for advanced technologies as is seen in their
efforts for IVI in the U.S. and RESPONSE programs in
Europe.

Accordingly, Japan has started to make an effort towards

establishing common understandings among Japan, the U.S.
and Europe.

5. CONCLUSION

The third phase of ASV Promotion Project starting from
2001 aimed at further developing and spreading ASV
technologies to remarkably improve the safety of vehicles with
these technologies. It summarized principles as "Concept of
DriverAssistance".

As similar efforts are being made in the U.S. and Europe,
Japan plans to make further efforts for the spread of ASV
technologies, so that all the countries may deal with these
technologies on the basis of a common understandings.
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Appendix 1

Schematic of ASV
 


	welcome
	18ESV-000040
	18ESV-000058
	18ESV-000065
	18ESV-000068
	18ESV-000072
	18ESV-000076
	18ESV-000078
	18ESV-000079
	18ESV-000080
	18ESV-000082
	18ESV-000084
	18ESV-000085
	18ESV-000086
	18ESV-000086.pdf
	DEVELOPMENT OF TEST PROCEDURES AND PERFORMANCE CRITERIA TO IMPROVE COMPATIBILITY IN CAR FRONTAL COLLISIONS
	ABSTRACT
	INTRODUCTION
	CURRENT COMPATIBILITY PROBLEMS AND PROPOSED TEST PROCEDURES
	Structural Interaction
	Frontal Stiffness
	Compartment Strength

	CURRENT DEVELOPMENT STATUS OF TEST PROCEDURES AND ASSOCIATED PERFORMANCE CRITERIA
	Full Width Deformable Barrier Test
	Frontal Stiffness Test
	Compartment Strength Test

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


	18ESV-000094
	18ESV-000099
	18ESV-000099.pdf
	Allan F Tencer,  Sohail Mirza, Philippe Huber
	
	
	METHODS
	Volunteer testing
	Cadaveric testing




	Table 4


	18ESV-000100
	18ESV-000102
	18ESV-000109
	18ESV-000113
	18ESV-000115
	18ESV-000117
	18ESV-000120
	18ESV-000121
	18ESV-000122
	18ESV-000125
	18ESV-000126
	18ESV-000138
	18ESV-000140
	18ESV-000141
	18ESV-000142
	18ESV-000144
	18ESV-000145
	18ESV-000150
	18ESV-000151
	18ESV-000151.pdf
	Jane Madeley
	Johan Ivarsson
	Jeff R. Crandall
	ABSTRACT
	INTRODUCTION
	ACCIDENT DATA ANALYSIS
	Methodology
	
	Matrix of MRI scanning


	Child FE Model


	18ESV-000157
	18ESV-000160
	18ESV-000161
	18ESV-000161.pdf
	Otte, D.Accident Research Unit, Medical University Hanover
	Krettek, C.Surgeon Department, Medical University Hanover
	Brunner, H.Vehicle Engineering, Technical University Dresden
	Zwipp, H.Surgeon Department, Technical University Dresden
	Abstract
	
	
	
	INTRODUCTION






	18ESV-000165
	18ESV-000166
	18ESV-000170
	18ESV-000172
	18ESV-000175
	18ESV-000179
	18ESV-000181
	18ESV-000188
	18ESV-000189
	18ESV-000192
	18ESV-000193
	18ESV-000195
	18ESV-000198
	18ESV-000202
	18ESV-000203
	18ESV-000206
	18ESV-000207
	18ESV-000208
	18ESV-000211
	18ESV-000214
	18ESV-000215
	18ESV-000216
	18ESV-000217
	18ESV-000218
	18ESV-000218.pdf
	A
	ABSTRACT
	INTRODUCTION
	MODEL DESCRIPTION
	DISCUSSION


	18ESV-000219
	18ESV-000222
	18ESV-000224
	18ESV-000225
	18ESV-000229
	18ESV-000230
	18ESV-000231
	18ESV-000232
	18ESV-000233
	18ESV-000236
	18ESV-000237
	18ESV-000238
	18ESV-000239
	18ESV-000241
	18ESV-000242
	18ESV-000243
	18ESV-000244
	18ESV-000247
	18ESV-000248
	18ESV-000252
	18ESV-000254
	18ESV-000256
	18ESV-000259
	18ESV-000260
	18ESV-000261
	18ESV-000264
	18ESV-000266
	18ESV-000267
	18ESV-000271
	18ESV-000271.pdf
	Mazda Motor Corporation


	18ESV-000272
	18ESV-000274
	18ESV-000274.pdf
	ABSTRACT
	INTRODUCTION
	CURRENT FRONTAL CRASH REGULATIONS
	AUSTRALIAN NEW VEHICLE SALES TRENDS
	COMPATIBILITY REQUIREMENTS
	COMPATIBILITY TEST PROPOSAL
	TEST PROGRAM
	DISCUSSION
	CONCLUSIONS/FURTHER WORK
	ACKNOWLEDGMENTS
	REFERENCES
	APPENDIX 1. DUMMY MEASUREMENTS
	APPENDIX 2. PDB DEFORMATION PROFILES
	APPENDIX 3. COMPARISON OF DEFORMATION CONTOURS WITH PEAK FORCE CONTOURS


	18ESV-000275
	18ESV-000282
	18ESV-000282.pdf
	DESIGNING THE FRONT FRAME RAIL FOR INCREASED ENERGY ABSORPTION IN A FRONT OFFSET CAE ANALYSIS
	ABSTRACT
	INTRODUCTION
	
	
	
	
	BASE MODEL – BACKGROUND OF THE FRONT FRAME RAIL S





	ACKNOWLEDGEMENTS
	REFERENCES


	18ESV-000284
	18ESV-000285
	18ESV-000287
	18ESV-000288
	18ESV-000289
	18ESV-000294
	18ESV-000296
	18ESV-000299
	18ESV-000302
	18ESV-000305
	18ESV-000306
	18ESV-000307
	18ESV-000308
	18ESV-000313
	18ESV-000314
	18ESV-000321
	18ESV-000322
	18ESV-000322.pdf
	VALIDATION OF THE HUMAN HEAD FE MODEL AGAINST PEDESTRIAN ACCIDENT AND ITS TENTATIVE APPLICATION TO THE EXAMINATION OF THE EXISTING TOLERANCE CURVE
	Yasuhiro Dokko
	Robert Anderson
	Liyn Zhang

	ABSTRACT
	INTRODUCTION
	BACKGROUND
	Since Ward et al.[10] presented a first-generation three dimensional FE model of a brain, a number of  models have been developed with increasing mesh density and accuracy that has increased with advances in the power of computer hardware[11-13]. The Way

	Validation of the Total Pedestrian Model
	Accident Reconstruction
	H032-86
	H070-85
	Sex
	M
	F
	Age
	81
	14
	Height (m)
	1.75
	1.63
	Mass (kg)
	75
	64
	Car Speed (m/sec)
	Brain injury
	DAI
	DAI SDH
	These two cases were first reconstructed to determine the head impact condition, using a validated multi-body MADYMO model developed by RARU[24]. Later, these conditions were applied to the FEM model described previously. The model was first scaled to be
	For each case, 18 MADYMO simulations were carried out with different gait cycle postures and vehicle speeds to find the simulation with the best fit of contact points with the actual accident. After fitting the head contact point, head impact was physica

	Maximum principal strain (MPS) was used as a predictor for DAI. In both cases, the brain was examined in detail by a neuropathologist. Sections were taken every 10 mm like Fig.25 and stained for the presence of amyloid precursor protein (APP) a marke
	The contours of maximum principal strain (MPS) on every section from the simulation of two cases are compared with the maps of observed DAI for every section as shown in Figs.26 and 27. Referring to Gennarelli et al.[26], Thibault et al.[27], Ueno et a
	relatively low density of DAI being observed over
	The results show that the WSUHIM predicted the presence of DAI insofar as the model predicted that maximum principal strains greater than 0.15 were experienced. However the model used in conjunction with the reconstruction process did not accurately pred
	TENTATIVE APPLICATIONS OF WSUHIM
	Rotational Motion
	An additional parameter study was done to study the effect of rotational motion. Combinations of angular acceleration of 10,000 and 20,000 rad/sec2 and duration time of 10 and 20 msec were applied to the model as a forced rotational motion around the cen
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENT
	REFERENCES


	18ESV-000323
	18ESV-000327
	18ESV-000328
	18ESV-000333
	18ESV-000334
	18ESV-000335
	18ESV-000340
	18ESV-000341
	18ESV-000342
	18ESV-000343
	18ESV-000344
	18ESV-000345
	18ESV-000346
	18ESV-000348
	18ESV-000351
	18ESV-000352
	18ESV-000353
	18ESV-000354
	18ESV-000356
	18ESV-000359
	18ESV-000361
	18ESV-000363
	18ESV-000364
	18ESV-000368
	18ESV-000378
	18ESV-000381
	18ESV-000383
	18ESV-000388
	18ESV-000392
	18ESV-000393
	18ESV-000398
	18ESV-000399
	18ESV-000400
	18ESV-000400.pdf
	ABSTRACT
	INTRODUCTION
	SIMULATION RESULTS & ANALYSIS
	CONCLUSIONS
	ACKNOWLEDGEMENTS

	REFERENCES


	18ESV-000402
	18ESV-000403
	18ESV-000404
	18ESV-000405
	18ESV-000406
	18ESV-000409
	18ESV-000410
	18ESV-000412
	18ESV-000413
	18ESV-000414
	18ESV-000416
	18ESV-000417
	18ESV-000418
	18ESV-000419
	18ESV-000420
	18ESV-000421
	18ESV-000422
	18ESV-000423
	18ESV-000425
	18ESV-000426
	18ESV-000427
	18ESV-000429
	18ESV-000436
	18ESV-000437
	18ESV-000439
	18ESV-000443
	18ESV-000444
	18ESV-000445
	18ESV-000447
	18ESV-000448
	18ESV-000448.pdf
	INTRODUCTION
	Side-Impacts
	Near-Side Occupant Injuries
	Far-Side Occupant Injuries
	LE Injury
	Figure 2.  The lower leg bones. (After Funk et al. [14]).
	Previous LE Injury Studies
	Previous Injury Threshold Studies

	OBJECTIVES
	THE DATA
	Impact Objects
	Results from the Previous Study

	CRASH SIMULATIONS
	Figure 7: Mechanism (3) 270( far-side crash.
	Mechanism (1) Near-Side 30(Oblique Crash
	Mechanism (2) Near-Side 90(Crash
	Mechanism (3) Far-Side 270(Crash

	RESULTS
	Mechanism (1) Near-Side 30(Oblique Crash
	Mechanism (2) 90( Near-Side Crash
	Mechanism (3) 270( Far-Side Crash

	DISCUSSION
	COUNTERMEASURES
	Seatbelts
	Strengthening the Toepan, Door and Lower      A-�
	Reducing Intrusion and Providing Padding and/or  Airbags

	RECOMMENDATIONS
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES
	APPENDIX


	18ESV-000451
	18ESV-000454
	18ESV-000456
	18ESV-000459
	18ESV-000466
	18ESV-000467
	18ESV-000468
	18ESV-000469
	18ESV-000470
	18ESV-000473
	18ESV-000474
	18ESV-000480
	18ESV-000481
	18ESV-000483
	18ESV-000488
	18ESV-000490
	18ESV-000491
	18ESV-000492
	18ESV-000494
	18ESV-000495
	18ESV-000496
	18ESV-000497
	18ESV-000499
	18ESV-000500
	18ESV-000501
	18ESV-000503
	18ESV-000504
	18ESV-000506
	18ESV-000507
	18ESV-000512
	18ESV-000514
	18ESV-000518
	18ESV-000520
	18ESV-000522
	18ESV-000527
	18ESV-000529
	18ESV-000530
	18ESV-000536
	18ESV-000541
	18ESV-000542
	18ESV-000543
	18ESV-000543.pdf
	Yasuo Hagisato
	Paper No. 543
	ABSTRACT
	2.  SYSTEM CONSTRUCTION


	18ESV-000544
	18ESV-000545
	18ESV-000547
	18ESV-000548
	18ESV-000561
	18ESV-000562
	18ESV-000563
	18ESV-000564
	18ESV-000566
	18ESV-000567
	18ESV-000568
	18ESV-000569
	18ESV-000570
	18ESV-000571
	18ESV-000572
	18ESV-000573
	18ESV-000574
	18ESV-000578
	18ESV-000579
	18ESV-000579.pdf
	ABSTRACT
	INTRODUCTION
	SIWG MEMBERSHIP
	List of Meetings
	Location of Minutes

	TERMS OF REFERENCE
	Objective
	Scope
	Activities
	Timeframe

	SUMMARY OF RESEARCH
	Methodology
	Real World Crash Studies
	Parametric Studies on Effect of Mass, Stiffness and Geometry on Dummy Response
	Non-struck side test research

	CONCLUSIONS
	MOBILE DEFORMABLE BARRIER (MDB) TEST
	Advanced European (AE)-MDB Test Procedure
	IIHS MDB Test Procedure
	IIHS Moving Deformable Barrier Properties
	Test Vehicle Mass and Distribution
	Driver Seat and Driving Control Placement
	Other General Test Conditions
	Crash Dummy Preparation and Setup


	VEHICLE TO NARROW OBJECT (POLE) TEST
	OUT-OF-POSITION SIDE AIRBAG EVALUATION
	INTERIOR HEADFORM IMPACT TEST
	DEVELOPMENT OF HARMONISED TEST DEVICE
	RECOMMENDATIONS FOR FUTURE WORKING GROUP ACTIVITIES
	REFERENCES
	APPENDIX 1
	Summary of Test Conditions for Different Side Airbag Designs



	18ESV-000580
	18ESV-000581
	18ESV-000582



