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ABSTRACT

This is the Summary Report of IHRA pedestrian
safety working Group activities, which are
completed in the past and will be completed in the
near future.

INTRODUCTION

The primary tasks assigned to the IHRA/PS-WG

were:

a) investigating and analyzing the latest pedestrian
accident data in the IHRA member countries,
and

b) establishing harmonized test procedures that
would reflect such accident condition and would
induce fatalities and alleviation of severe
injuries in pedestrian vs. passenger car crashes.

These tasks would be carried out with the

cooperation of all IHRA member countries.

The members of the IHRA Pedestrian safety

Working Group (IHRA/PS-WG) is comprised of

experts selected by the governments of Australia,

Europe (EC/EEVC), Japan and U.S.A., and experts

selected by the industrial organization of OICA and

the chairperson selected by Japan.( see Table 11)

Approach of Application Systems

Biomechanics in the aspect of pedestrian accidents
and the developments of test devices based on such
bio-mechanics are still in the process of research.

A pedestrian dummy had not been developed at the
beginning of this project. Also, pedestrian dummies
have disadvantages when used as part of test
methods to require protection for all statures of
pedestrians. IHRA/PS-WG had to give up the idea of
using a pedestrian dummy after consulting with the
IHRA/Bio-WG. Beside this situation, the WG
experts believe the subsystem test method has
several merits such as repeatability, simplicity,
impact locations of the vehicle can be freely chosen,
and cost of the test.

One of the two primary tasks assigned to the
IHRA/PS-WG was gathering the results of detailed
research into the accidents Data to an agreed format
has been collected from Australia, Europe, Japan and
USA. The current dataset has been analyzed to
determine the impact areas of vehicles, accidents
frequency and injured regions of pedestrian vs.
passenger car crashes and to decide research

priorities from these findings.

According to the priorities thus decided, the WG
embarked on its research activities to develop adult
and child head protection test methods, and adult
lower leg/knee protection test method.

By the end of 2004, the WG has completed adult and
child head test methods and adult lower leg/knee test
method.

ACCIDENT DATA

The WG agreed that development of harmonized test
procedures would be based upon real world crash
data. Pertinent pedestrian and vehicle information
contained in accident survey databases was
accumulated. Pedestrian information included age,
stature, gender, injured body region, and injury
severity. Vehicle information included vehicle type,
make, and year, mass, pedestrian contact location,
damage pattern, and impact velocity. Other general
accident information such as pedestrian crossing
pattern, weather conditions, vehicle and pedestrian
trajectories, alcohol use, etc. were also of interest if
collected. Bicycle or motor-driven cyclists were
not included in the study. Four injury databases
from Australia, Germany, Japan, and United States
were identified as containing much of this
information.  Multiple injuries per case were
included in the dataset.

In Japan, pedestrian accident data collected by JARI
between 1987 and 1988 and in-depth case study data
of pedestrian accidents conducted by ITARDA
between 1994 and 1998 were combined for inclusion
into the IHRA accident dataset. A total of 240
cases were acquired in the cities surrounding the
Japan Automobile Research Institute (JARI).

In Germany, investigation teams from both the
Automotive Industry Research Association and
Federal Road Research Institute collected accident
information in a jointly conducted project called the
German In-Depth Accident Study (GIDAS). A
total of 783 cases collected between 1985 and 1998
were included from the cities of Dresden and
Hanover and their surrounding rural areas. The
teams selected accidents according to a strict
selection process to avoid any bias in the database.
Accidents where a passenger car collided with more
than one pedestrian or one pedestrian collides with
more than one passenger car were not considered.
Furthermore, accidents in which the car ran over the
pedestrian or the impact speed could not be
established were not considered. The study
included information such as environmental
conditions, accident details, technical vehicle data,
impact contact points, and information related to the
people involved, such as weight, height, etc.
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Detailed information from pedestrian crashes was
collected in the United States through the Pedestrian
Crash Data Study (PCDS). In this non-stratified
study, a total of 521 cases were collected between
1994 and 1999. Cases were collected from six
urban sites during weekdays. If, within 24 hours
following the accident, the pedestrian could not be
located and interviewed or the vehicle damage
patterns documented, the case was eliminated from
the study. In order for a case to qualify for the
study, the vehicle had to be moving forward at the
time of impact; the vehicle had to be a late model
passenger car, light truck, or van; the pedestrian
could not be sitting or lying down; the striking
portion of the vehicle had to be equipped with
original and previously undamaged equipment;
pedestrian impacts had to be the vehicle’s only
impact; and the first point of contact between the
vehicle and the pedestrian had to be forward of the
top of the A-pillar.

The Australian data is from at-the-scene
investigations in 1999 and 2000 of pedestrian
collisions in the Adelaide metropolitan area, which
has a general speed limit of 60 km/hr. The
sample consists of 80 pedestrian/vehicle collisions,
including 64 with passenger cars, SUV and 1-box
type vehicles, where the pedestrian was standing,
walking, or running, and where the main point of
contact with the pedestrian on the vehicle was
forward of the top of the A-pillar. Pedestrians and
drivers were interviewed, wherever practicable, as
part of the investigation process. The
reconstruction of the impact speed of the vehicle was
based on physical evidence collected at the scene.
Injury information was obtained from hospital and
coronial records, the South Australian Trauma
Registry and, in minor injury cases, from an
interview with the pedestrian.

Data from these four studies were combined into a
single database for further analysis to develop a
better basis for worldwide pedestrian impact
conditions. From each of these studies, seven fields
of information were identified which were common
to all four studies and were crucial to providing
guidance in test procedure development. For each
injury, these seven fields of data were collected and
input into the unified pedestrian accident database.
The seven fields were country, case number,
pedestrian age, impact speed, AlS injury level, body
region injured, and vehicle source causing the injury.
Injury body region and vehicle source were
categorized as shown in Table 1.

The number of cases and total injuries represented in
this combined database are shown in Table 2.
Throughout the remainder of this report, this dataset
is denoted as the IHRA Pedestrian Accident Dataset.
It is recognized that pedestrian injuries in developing
countries are not represented in this dataset; however,
this data is the most comprehensive pedestrian
accident database available to guide pedestrian

safety test procedure development. A total of 3,305
injuries of AIS 2-6 severity were observed, and there
were 6,158 AIS=1 injuries observed (Table 2).

Table 1. Injury Body Regions and Sources

Injury Body Regions Injury Sources

Head Front Bumper
Face Bonnet/Wing
Neck Leading Edge
Chest Windscreen Glass
Abdomen Win. Frame/A-Pillars
Pelvis Front Panel
Arms Other Vehicle Source
Leg Overall Indirect Contact Injury
Femur Road Surface
Knee Unknown Source
Lower Leg
Foot

Unknown Injury

Table 2. IHRA Pedestrian Accident Dataset

Region Cases | Injuries | AIS1 | AlIS2-6
Australia 65 345 182 163
Germany | 782 4056 2616 1440
Japan 240 883 523 360
US.A. 518 4179 2837 1342
Total 1605 9463 6158 3305

These minor (AlS=1) injuries were excluded in the
following analysis because they were not believed to
be crucial in test procedure development.

IHRA pedestrian injuries of AIS 2-6 severity are
shown in Table 3 according to the part of the body
that was injured.

As shown in Table 3, head (31.4%) and legs (32.6%)
each accounted for about one-third of the AIS 2-6
pedestrian injuries. Of the 3,305 AIS 2-6 injuries,
2,790 (84%) were caused by contact with portions of
the striking vehicle, with head and legs being the
most frequently injured. Head injury accounted for
824 occurrences, and legs a total of 986 injuries
when combining overall, femur, knee, lower leg, and
foot body regions. Windscreen glass was the most
frequent vehicle source of head injury, with the
windscreen frame/A-pillars and top surface of
bonnet/wing both being substantial additional
sources of injury to the head. A further breakdown
of the injuries and vehicle sources for children and
adults is shown in Tables 5-7.  For children, the top
surface of the bonnet is the leading cause of head
injury, while a substantial number of child head
injuries also occur from windscreen glass contact.
For adults, the windscreen glass is the leading source
of head injury, followed by windscreen
frame/A-pillars and top surface of the bonnet and
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wing. Not surprisingly, the bumper was the leading
source for both child and adult pedestrian leg injury.
Distribution of pedestrian accident victims by age
(all AIS levels) is shown in Table 4 and illustrated in
Figure 1.

Table3.
Distributions of Pedestrian Injury (AlS 2-6)
Body Region USA [ Germany | Japan | Australia| TOTAL
Head 32.1% 29.9% 28.9% 39.3% 31.4%
Face 3.7% 5.2% 2.2% 3.7% 4.2%
Neck 0.0% 1.7% 4.7% 3.1% 1.4%
Chest 9.4% 11.7% 8.6% 10.4% 10.3%
Abdomen 7.7% 3.4% 4.7% 4.9% 5.4%
Pelvis 5.3% 7.9% 4.4% 4.9% 6.3%
Arms 7.9% 8.2% 9.2% 8.0% 8.2%
Legs 33.3% 31.6% 37.2% 25.8% 32.6%
Unknown 0.0% 0.4% 0.0% 0.0% 0.2%
TOTAL 100% 100% 100% 100% 100%

When broken into five-year age segments, Table 4
indicates that the 6-10 year old age group has the
highest frequency of accident involvement at nearly
14% of all cases. In Japan, this age segment
accounts for 20% of the cases, while the other three
countries have lower involvements in this age group.
The percentage involvement in the 11-15 year old
group for Japan, however, drops considerably and is
lower than for Germany, the U.S., or Australia. It is
unclear why this sudden drop occurs in Japan and
not in the other countries. In summary, over 31%
of all cases involved pedestrians age 15 and younger.
This percentage is 13% higher than the average
overall population of individuals in this age group in
the four countries (18%), which demonstrates the
magnitude of the child pedestrian problem.

Table4. Distribution of Pedestrian Crashes
by Age and Country

The age distribution data contained in Figure 1 also
provides an opportunity to demonstrate that the
IHRA Pedestrian Accident Dataset is representative
of the pedestrian crash situation in the United States.
In addition to the Germany, Japan, U.S., and
Australian pedestrian datasets, data from the FARS
and GES are also included. FARS is the Fatal
Analysis Reporting System, which contains every
fatal traffic accident in the U.S. The GES is the
General Estimates System, and is obtained from a
nationally representative sampling of police-reported
crashes. In general, the age distribution of the GES
data is similar to the others in Figure 1.
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comparison for the FARS data would have been with
the IHRA pedestrian fatalities.  But since the
number of fatal cases is quite limited in the IHRA
data, the FARS distribution was compared to the
serious and fatal AlIS>4 injuries as shown in Figure 2.
Although there is considerable variability remaining
in this distribution due to small sample sizes, the
FARS distribution has reasonable agreement with the
IHRA data.
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Analysis of the injury level by age group is shown in
Figure 3. This figure shows that children aged 15
and younger tend to have a higher proportion (25%)
of AIS 1 and 2 injuries than adults, and persons aged
61 and older have the highest proportion (near 30%)
of moderate and serious injuries. These
observations are likely the result of two factors.
First of all, exposure levels may differ for the
various age groups. For example, younger children
tend to be involved in pedestrian collisions with
lower impact velocities. As shown in Figure 4, the
average impact velocity for children aged 0-14 is
about 28 km/h. This is approximately 5 km/h
lower than for the other age groups. A second
cause of the injury distribution observed in Figure 3
may be that those aged 60 years and older are
generally more frail and less resilient, leading to
higher severity injury for a given impact velocity.

Figures 5 and 6 provide insight into the impact
velocity distribution associated with pedestrian
impacts. In Figure 5, the cumulative frequency of
impact velocities on a per case basis for each country
is similar although the U.S. has a larger percentage
of injuries at lower velocities than the other three
countries.  This is broken down further in Figure 6,
where lower MAIS injuries occur at lower velocities
for all four countries. In Figure 7, the MAIS
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injuries are broken into three categories for the four
countries. For MAIS 1-2 injuries, Japan has the
lowest frequency (55%) and Germany has the
highest (77%). For MAIS 3-4 injuries, Australia
has the lowest frequency percentage (9%) and Japan
has the highest (24%). Finally, for the most severe
injuries (MAIS 5-6), Germany has the lowest
frequency (4%) and Japan has the highest likelihood
of a life-threatening injury (20%).
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The cumulative MAIS injury distributions are further
broken down by age, body region, and injury
severity in Figures 8 — 10. Age classifications are
grouped as children (age 15 years and younger) and
adults (age 16 years and older). All body regions
are included for both children and adults in Figure 8,
with distributions shown for MAIS 2-6 and MAIS
3-6 injuries.  The injury distribution distinction
between children and adults is evident in this figure.
Children (ages 15 and under) are injured at slightly
lower impact velocities than adults in most cases.
Head injury distributions are shown in Figure 9. For
adults, the MAIS 3-6 and MAIS 4-6 injury
distributions are almost identical, while the MAIS
2-6 distribution occurs at lower velocities. For
children, there is similar separation between the
MAIS 2-6, 3-6, and 4-6 injury curves, and the
distributions are roughly the relationship between
injury severity and impact velocity.
Injury distributions for children and adult leg injuries
are shown in Figure 10. This figure shows that for
leg injuries, injury severity is affected less by impact
velocity than for head injuries.  Once again,
children suffer leg injuries at lower velocities than
do adults.

The major conclusions from this analysis are:

1. The head and legs each account for almost
one-third of the 9,463 injuries in the IHRA
dataset.

2. For children, the top surface of the bonnet is the
leading cause of head injury, while for adults the
windscreen glass is the leading source of head
injury.

3. Children (ages 15 and under) account for nearly
one-third of all injuries in the dataset, even
though they constitute only 18% of the
population in the four countries.

4. Older individuals are more likely to suffer
severe injuries in pedestrian crashes.

5. Children (ages 15 and under) are injured at
lower impact velocities than are adults

This compilation of pedestrian accident data from
Australia, Germany, Japan, and U.S.A. provides a
unique and important dataset. In this section, MAIS
for each case was used instead of all injuries in
Figures 3 -10 to eliminate the possibility of cases
with more injuries skewing the data. The cumulative
injury distribution data will provide a basis for
establishing component pedestrian protection test
procedures, priorities, and potential benefits
assessments.
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Table 5.

IHRA Pedestrian Injuries by Body Region and Vehicle Contact Source — All Age Groups; AlS 2-6

Body Region Head | Face | Neck | Chest | Abdomen | Pelvis | Arms Legs Unknown | Total
Contact Overall | Femur | Knee | Lowerleg [ Foot
Front Bumper i 2 3 5 3 6 19 59 16 476 kil 1 105
Top surface of bonnet/wing 23| 15 2 139 4 83 86 3 3 1 1 2 1 583
Part Leading edge of bonnetiwing |2 4 4 8 8 3 50 40 6 3 1 389
of the Windscreen glass %[ 2] %N 5 12 23 2 1 1 1 487
Vehicle Windscreen frame/A pillars 168 | 28 5 3 1 14 kil 5 1 2 2%
Front Panel 5 1 9 13 1 6 9 14 1 35 3 113
Others BT 1 3B 1 13 15 15 9 5 3 18 il
Sub-Total 84 | 1L [ 24 | 297 164 | a0 | 13 6 | 9 582 56 5 2190
Indirect Contact Injury 13 1 1 1 1 1 3 1 2 4
Road Surface Contact mi 2 2 2 2 9 & 6 4 3 5 15 1 304
Unknown A1 6 3 19 10 16 25 1 7 9 K 3 1 165
Total 0% | 139 46 | 3% 1 09 1 270 | 130 W | 620 76 13 3305
Table 6.
IHRA Pedestrian Injuries by Region and Vehicle Contact Source — Adult (Ages > 15); AIS 2-6
Body Region Head | Face | Neck [ Chest | Abdomen | Pelvis | Arms Legs Unknown | Total
Contact Overall | Femur | Knee | Lowerleg | Foot
Location
Front Bumper 20 2 2 3 3 3 16 29 69 49 29 605
Top surface of honnetfwing 1 9 1 122 3 B 3 pal 3 1 1 2 1 448
Part Leading edge of bonnetiwing 7 2 1 3% 65 80 28 4 B 5 il 1 8
of the Windscreen glass 0] %2 | U 28 3 10 2 1 1 1 432
Vehicle Windscreen frame/A pillars 1591 28 5 i 7 14 P 5 1 2 24
Front Panel 1 8 13 6 5 9 9 10 2 3 9%
Others B[ 7 29 9 1 1 b 4 5 2 13 155
Sub-Total 662 | 101 | 18 | 2% 139 160 | 171 [ 104 79 90 513 49 3 2348
Indirect Contact Injury 12 16 1 1 3 1 2 &
Road Surface Contact 151 18 2 A 2 8 R 6 4 3 5 14 1 241
Unknown 19 b 3 18 9 16 2 1 4 9 2 3 6 142
Total 818 | 15| 39 299 150 191 | 223 111 90 102 b47 68 10 2713
Table 7.
IHRA Pedestrian Injuries by Body Region and Vehicle Contact Source — Child (Ages < 16); AIS 2-6
Body Region Head | Face | Neck | Chest | Abdomen | Pelvis | Arms Legs Unknown | Total
Contact Overall | Femur | Knee | Lowerleg | Foot
Location
Front Bumper 4 1 2 3 3 30 7 4 2 1 100
Top surface of bonnetfwing 8 6 1 1 5 8 13 2 135
Part Leading edge of bonnetfwing 8 3 1 13 5 7 4 7 1 6 61
of the Windscreen glass 4 4 1 2 2 2 1 1 1 5
Vehicle Windscreen framefA pillars 9 1 2 1
Front Panel 5 1 1 1 5 1 3 i
Qthers 1 1 9 3 1 4 9 5 13 5 62
Sub-Total 162 | 10 6 3B 25 17 31 19 47 9 69 7 2 442
Indirect Contact Injury 1 1 1 1 4
Road Surface Contact 4% 4 1 1 10 1 63
Unknown 8 1 1 5 3 4 1 23
Total A1 | U 7 40 2 18 4 19 50 9 73 8 3 532
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VEHICLE SHAPES AND CATEGORIES

Front shape of passenger cars were investigated and
categorized into three groups, Sedan, SUV (Sport
Utility Vehicle) and 1-Box (One Box V\khicle), so
that the effect of wvehicle front shapes on the
pedestrian impact were studied with computer
simulations focusing on the head impact velocity,
head impact angle, WAD (Wrap Around Distance)
and head effective mass.

Figure 11 shows the car front shape corridors for the
three groups obtained from current production cars
in Europe, Japan and U.S.A. Each corridor consists
of upper and lower boundaries of the bonnet and
windscreen glass with the front skirt corridors.
Figure 12 shows the definitions of the measuring
points for the bumper lead (BL), bumper center
height (BCH), leading edge height (LEH), bonnet
length, bonnet angle, windscreen angle and the
bottom depth and height of the front skirt. These
positions and angles for the lower, middle and upper
boundaries of the corridors for each group were

summarized in Table 8.
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Table 8. Car Fron Shape Corridors
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Figure 11. Car Front Shape Corridors

Lower Middle Upper
BL (mm) 127 127 127
BCH (mm) 435 475.5 516
LEH (mm) 565 702 839
Bon. length (mm) 1200 917.5 635
Bon. angle (deg.) 11 14.5 18
Win. angle (deg.) 29 34.5 40
Bottom depth (mm) 42 98 154
Bottom height (mm) 182 225.5 269
SUV

Lower Middle Upper
BL (mm) 195 195 195
BCH (mm) 544 640 736
LEH (mm) 832 1000 1168
Bon. length (mm) 1023 933.5 844
Bon. angle (deg.) 11 9.75 8.5
Win. angle (deg.) 36 39.5 43
Bottom depth (mm) 48 123 198
Bottom height (mm) 248 348 448
1Box

Lower Middle Upper
BL (mm) 188 188 188
BCH (mm) 448 576 704
LEH (mm) 864 1004 1144
Bon. length (mm) 361 259 157
Bon. angle (deg.) 40 40 40
Win. angle (deg.) 30 38 46
Bottom depth (mm) 63 95 127
Bottom height (mm) 214 292.5 371

BIOMECHANICS

Head Injury Biomechanics

The characteristics of the impact to the head of a
pedestrian also differ, to a lesser degree, from those
of the impact to the head of a vehicle occupant. The
objects struck are, of course, different and the
distribution of impact points on the head also differs,
with the pedestrian’s head being more likely to be
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struck on the rear or the side compared with the
predominantly frontal, with some lateral, impacts to
the head of the vehicle occupant. (McLean et al,
1996A & B) However, for both pedestrians and car
occupants, severe head injuries are most likely to be
a consequence of a head impact with some part of
the front of the vehicle, including the windscreen
area and surrounds. A head impact with the road
surface is less likely than a head impact with the car
to be the cause of the most significant brain injury to
a pedestrian. (Ashton et al, 1982)

The head is the most common site of fatal injuries to
a pedestrian struck by a passenger car, either alone
or in combination with one or more fatal injuries to
other body regions.

The location of a pedestrian head impact on the
striking car depends largely on the size and shape of
the car and the height of the pedestrian. The speed of
the car on impact also influences the head impact
location on the vehicle. For an adult pedestrian the
head impact location on the car is therefore usually
towards the rear of the bonnet or on the windscreen
or an A-pillar. It may extend back as far as the top of
the windshield or, in exceptional cases, the roof of
the car.

The head, and probably the upper torso, had been
rotated through approximately 90 degrees about the
longitudinal axis of the body in the 100 to 150
milliseconds between the bumper striking the legs
and the head hitting the car. This whole body
rotation is thought to be a consequence of the motion
of the legs on impact by the front of the car.

Despite the rotation of the upper body and head of
the pedestrian prior to the head striking the car, the
high proportion of impacts on the back of the head
indicates that the resulting acceleration of the head is
likely to be predominantly linear rather than angular.
This will be less so in those cases in which the
impact is on the side of the head. (Ryan et al, 1989)
However, even then, impacts which may result in a
high level of angular acceleration of the head can
also be expected to produce a high level of linear
acceleration. The evidence for the roles of linear and
angular acceleration in the production of brain injury
is reviewed elsewhere. (McLean and Anderson,
1997)

For the purposes of this Working Group, emphasis
has been placed on pedestrian head injuries resulting
from head impact with the vehicle frontal structure,
including the windscreen and A-pillars. The Head
Injury Criterion (HIC) has been selected as the
measure of the risk of brain injury resulting from
these impacts. It is recognized that HIC evolved
from the relationship between the duration of the
impact applied to the frontal bone of the skull of a
post mortem human subject, head acceleration, and
the risk of the impact producing a skull fracture. It
also does not allow for the influence of some factors,
such as rotational acceleration of the head, or any
effect of the location of the impact on the head, but it

has been selected here because, at present, it is used
almost universally in crash injury research. The time
window for the calculation of HIC has been set at a
maximum of 15 milliseconds and the value of HIC
shall not exceed 1000. That HIC level is thought to
correspond to a 16 per cent risk of sustaining a head
injury as severe as AIS 4 or greater. (Mertz et al,
1997)

Two head forms are proposed for use in subsystem
testing, one representing the head of a 50th
percentile adult and the other the head of a 6 year old
child. The diameter of each head form is 165 mm
and the mass is 4.5 kg for the adult head form and
3.5 kg for the child. The head forms are subject to
performance, rather than design criteria. The head
impact test areas on the vehicle for the child and
adult head forms correspond to the areas commonly
struck by the head of a child and an adult pedestrian,
respectively.

Injuries to lower limbs

The pedestrian lower limb is typically loaded from
the side (80-90%). Such loading conditions differ
from those of lower limb of vehicle driver/occupant
that are likely to be impacted in direction parallel to
sagittal plane. These conditions result in injuries
unique to the pedestrian-car collision. Such injuries
are typically a consequence of contact between the
lower limb and components of a car front, such as
bumper, bonnet and bonnet leading edge. They are
one of the most common types of injury in non-fatal
pedestrian-car collisions. For instance, in the
accident data investigated by Ashton and Mackay
(1979) injuries to lower limbs were sustained by
67% of victims with minor injuries and 72% of
victims with non-minor, non-life threatening injuries.
Similarly, more recent Japanese data (ITARDA,
1996) have indicated that lower limbs are the most
commonly injured body part (40%) with the most
severe injury.

The pattern of lower limb injuries differs between
children and adults, and it has been reported in the
literature that the frequency of these injuries is
higher for adults than for children (Ashton, 1986).
Furthermore, children are less likely to sustain pelvic
and leg fractures than adults. For instance, in the UK
accident data analyzed by Ashton (1986), the leg
fractures have not been observed in children aged
below 5 years, and the children aged 0-4 years
sustained mainly femur fractures. It is clear that this
injury pattern is caused by the fact that the bumper
directly impacts a young child thigh.

However, it seems that insufficient experimental data
are available to quantify the responses of child lower
limbs in pedestrian-car collision. Therefore, the
present review is concentrated on injuries to the leg
and knee joint of adult pedestrian.

Severity of Injuries to Lower Limbs
Injuries to the lower limbs are rarely fatal. They
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involve fractures of fibula, tibia, and femur, as well
as avulsion, rupture, and stretching of the knee joint
ligaments. Such injuries are typically classified as
AIS 1 to 3 (i.e., minor to serious injuries). However,
they often require appreciably longer hospitalization
and loss of working days than do injuries at the same
AIS levels to other body regions. For instance, in the
clinical study by Bunkentorp et al. (1982) healing
time of tibia shaft fractures were 4-34 months, and
only half of the fractures healed within 8 months.
The healing time of knee and ankle injuries in their
study was 2-7 months.

Injury Types and Injury Mechanisms to the
Lower Limb of a Pedestrian

Injuries to the lower limb that have been observed in
the PMHS experiments simulating pedestrian-car
collisions and clinical studies are mainly fractures of
tibia diaphysis (transverse and comminute fractures
of the shaft), articular fractures of tibia, cartilage
damages on femoral condyles, and
avulsion/stretching of the knee joint ligaments
(Bunkentorp, 1982; Kajzer et al., 1997 and 1999).
The injury type depends on the following factors: 1)
impact point, 2) car front part impacting the lower
limb, and 3) the impact speed (e.g., fracture risk is
likely to increase at high impact speed). According
to Bunkentorp et al. (1982), a bumper impact at or
just below the knee joint is correlated with high risk
of serious knee injury. Such injury may be also
caused by a prominent bonnet edge. However, the
bumper seems to be the main cause of injury to leg
and knee joint in adult pedestrians.

Injury Mechanisms

According to Kajzer et al. (1997, 1999) two
fundamental mechanisms of injury to the knee joint
can be distinguished: 1) shearing and 2) bending.
The shearing mechanism is related to translational
displacement in lateral direction between the
proximal leg and distal thigh at the knee joint. On
the other hand, the bending injury mechanism is
related to angular displacement between the leg and
thigh. Following these two injury mechanisms, two
extreme loading conditions can be distinguished.
The first of them corresponds to “the purest possible
shearing deformation” of the knee joint (i.e., lateral
impact to the leg slightly below the knee joint),
whereas the second one — to “the purest possible
bending deformation” of this joint (i.e., lateral
impact to the distal leg end).

The typical initial injury (i.e., the injury that
occurred first in a given test) associated with the
shearing-type loading conditions observed by Kajzer
et al. (1997, 1999) was articular fractures and
anterior cruciate ligament avulsion in impacts using
ram speeds of 40 km/h and 20 km/h, respectively.
The articular fractures were caused by axial
compressive force between femoral and tibial
condyles (Fig. 13). On the other hand, typical initial

injury related to the bending-type loading at low
impact speed (i.e., 20 km/h) reported by Kajzer et al.
(1999) was avulsion/stretching of the collateral
ligament on the leg side opposite to the struck area.
Furthermore, based on analysis of both the
experimental data obtained using PMHS and results
of mathematical modeling, it has been suggested by
Yang (1997) that the risk of tibia/fibula fracture and
ligament avulsion/rupture may not be independent
since such fracture may protect the knee joint
ligaments from injury by absorbing the impact
energy.

As for the long bone fracture, a bending moment and
an accelerometer can be a candidate for the injury
criterion.

Shearing
Displacement

B Ligament wilh high resk
of mjury

EES -Bone with high risk
of ifraciure

| == |mpact Force

Bending Deformation
Figure 13. Injuries resulting from shearing-type
loading conditions at ram speed of 40 km/h.
Based on Kajzer et al. (1997).

Indicators of Injury Risk to Leg and Knee Joint
Suggestions for Biofidelity Requirements for
Leg-form

Summary of shearing and bending injury
mechanisms presented in the previous section
suggests that the injury risk to the leg and knee joint
can be described by means of the following four
variables: 1) shearing displacement (i.e., lateral
displacement between proximal leg and distal thigh
at the knee joint), 2) knee joint angle (i.e., relative
angular displacement between the leg and thigh), 3)
impact force (i.e., force between the leg and object
striking it), and 4) knee ligaments (MCL, ACL, PCL,
LCL) elongations. It seems reasonable to use these
variables in evaluation of the biofidelity of legform
impactors.

Corridors (average -/+ standard deviation) of impact
force, shearing displacement and knee angle-time
histories for such evaluation have been determined
by Matsui et al. (1999) and Wittek et. al. (2000)
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using the PMHS experimental data of Kajzer et al.
(1997, 1999). Cesari D. et. al. (2004) also developed
pedestrian lower extremity corridors using the
PMHS experimental data of Kajzer et. al. (1991,
1994). Besides these works, Ivarsson et. al. (2004)
developed thigh, leg, and knee joint response
corridor, and these corridors are can be utilized to
evaluate a legform impactor biofidelity.

COMPUTER SIMULATION OF PEDESTRIAN
HEAD IMPACTS

Computer simulation has been wused by the
Pedestrian Safety Working Group to study the
influence of wvehicle shape and pedestrian
anthropometry and posture on the impact conditions
required of sub-system testing. These impact
conditions are the mass, speed and angle of the
subsystem impactors, with reference at this stage to
the reconstruction of head impacts involving a 50"
percentile male. Computer simulation also shows
promise for use in the study of possible interactions
between the results of subsystem tests. For example,
is it possible that a particular measure that reduces
the risk of a severe injury to the knee joint may
increase the risk of a severe head injury?

The pedestrian-vehicle simulations that have been
performed have made use of multi body dynamic
codes such as MADYMO (TNO, Delft, the
Netherlands) in which the pedestrian is represented
by a tree structure of rigid links, connected with
kinematics joints. Properties of the model that are
specified include the mass and moments of inertia of
each link, the properties of the kinematics joints, the
geometry of the contact surfaces of each link and
their contact properties. The front of the vehicle,

back to the upper frame of the windscreen, is
similarly described.

The properties of such models are based on studies
of the joints and body segments of post-mortem
human subjects and/or human volunteers. The
behavior of the model can be validated by
confirming that its response is similar to the response
of human joints and body segments when subjected
to dynamic loads in experiments. Pedestrian models
can also be compared to the kinematics of post
mortem human subjects subjected to experimental
impacts by a vehicle and also to the results of
detailed investigations of actual pedestrian-vehicle
collisions in those cases in which a reasonable
estimate of the impact speed of the striking vehicle is
available.

Three computer models have been used by the Japan
Automobile Research Institute, the United States
National Highway Traffic Safety Administration
(using a TNO computer model), and the Centre for
Automotive Safety Research (previously the Road
Accident Research Unit) of Adelaide University,
Australia, for the purposes of this Working Group.
Each of the models was used to simulate
experiments with cadavers, as an initial assessment
of the biofidelity of the kinematics of the model. The
results for three output parameters relating to head
impacts with the bonnet, where relevant, and the
windscreen are summarized in Tables 9-10 for three
categories of vehicle frontal shape. These parameters
are:

(1) Head impact speed divided by the vehicle impact
speed (values shown are average +/_ 1 SD)

(2) Head impact angle (values shown are average
+/_1SD)

Table 9. Summary of Parameter Study for Adult

(Car Impact Speed: 30, 40 and 50 Km/h)

For Adult
Shape Car impact speed
Corridor 30km/h
Impact Velocity Impact Angle
(km/h) (deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille
Sedan + | 23.7 +/- 6.0 | 27.3 +/- 5.4 nc 78.3 +/- 5.6 |48.8 +/- 9.9 nc
SUV 26.4 +/- 3.6 nc nc 73.8 +/- 215 nc nc
One box nc 20.4 +/- 3.6 nc nc 55.1 +/- 10.4 nc
Shaep Car impact speed
Corridor 40km/h
Impact Velocity Impact Angle
(km/h) (deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille
Sedan + [ 30.4 +/- 7.2 [35.2 +/- 6.8 nc 66.0 +/- 14.0|38.4 +/- 10.9 nc
SuUv 30.8 +/- 8.8 nc nc 76.7 +/- 22.2 nc nc
One box nc 29.6 +/- 3.2 nc nc 47.3 +/- 9.6 nc
Shaep Car impact speed
Corridor 50km/h
Impact Velocity Impact Angle
(km/h) (deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille
Sedan + | 37.5 +/- 9.5 [46.5 +/- 11.0 nc 56.8 +/- 11.5]33.5 +/- 11.3 nc
SuUv 39.5 +/- 11.0 nc nc 73.5 +/- 25.2 nc nc
One box nc 43.0 +/- 6.0 nc nc 38.4 +/- 12.3 nc

*nc: No Contact

** Linear interpretation to be used to determine impact conditions for in-between speeds if required.
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Table 10. Summary of Parameter Study for Child
(Car Impact Speed: 30, 40, and 50 Km/h)

For Child
Shaep Car impact speed
Corridor 30km/h
Impact Velocity Impact Angle
(km/h) (deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille
Sedan + [ 21.6 +/- 3.0 nc nc 65.1 +/- 0.8 nc nc
SUV 21.3 +/- 1.2 nc 21.3 +/- 0 |55.6 +/- 5.5 nc 26.0 +/- 7.5
One box | 20.1 +/- 0.6 nc 21.9 +/- 1475 +/- 2.8 nc 20.3 +/- 8.0
Shaep Car impact speed
Corridor 40km/h
Impact Velocity Impact Angle
(km/h) (deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille
Sedan + [ 30.0 +/- 4.0 nc nc 66.0 +/- 6.3 nc nc
SUV 27.2 +/- 1.6 nc 32.0 +/- 3.6 |59.2 +/- 2.6 nc 225 +/- 4.2
One box | 27.6 +/- 0.8 nc 33.2 +/- 3.2 149.8 +/- 1.8 nc 174 +/- 6.1
Shaep Car impact speed
Corridor 50km/h
Impact Velocity Impact Angle
(km/h) (deg.)
Bonnet Windsheld BLE/Grille Bonnet Windsheld BLE/Grille
Sedan + [ 38.5 +/- 5.0 nc nc 65.2 +/- 6.5 nc nc
Suv 34.0 +/- 1.5 nc 445 +/- 1.0 | 61.9 +/- 3.8 nc 18.1 +/- 3.8
One box | 36 +/- 0.5 nc 46.5 +/- 2.0 [ 47.4 +/- 2.1 nc 14.8 +/- 3.6

*nc: No Contact

** Linear interpretation to be used to determine impact conditions for in-between speeds if required.

TEST METHODS

IHRA/PS decided to adopt head and leg sub-system
test methods and to establish specifications. That
means that test procedures were drafted for each of
the sub-systems. Two head-forms are proposed for
use in head sub-system testing, one to represent an
adult pedestrian head and one to represent a child
pedestrian head. They are defined as falling in the
height range of typical adults or children respectively,
provided that short adults are included in the height
range of children. The group also set forth a leg test
procedure, for which the specifications of a leg-form
are, defined. The test procedures are such that
these head-forms and leg-forms are subject to
performance rather than selection of particular
design.

HEAD

Mathematical simulations of head impact against
different categories of shapes of cars, defined
previously, were performed. They focused on head
effective mass, head impact speed and angle at
impact, and also wrap around distance at the head
contact point, as described in the former section.

Head-form Specifications

Mass and dimensions

The results of these simulations indicated that the
effective head mass of the head varied throughout
the contact period and so some averaging of the
effective mass function over the relevant impact
period was required to determine a single value for
the effective mass. The simulation results also

showed a large variation in head effective mass
depending on vehicle shape. Within the test method,
it was also clearly undesirable to require head-forms
of different masses for vehicles of different front
shapes, as IHRA/PS wanted to produce simple and
repetitive test procedures.

It was noted that for the average effective mass for
all vehicle shapes simulated was almost comparable
to the head mass itself for cases of bonnet contacts,
whereas the average effective mass is about 80 % of
the head mass for cases of windscreen contacts.
Therefore, based on this and engineer judgment,
IHRA/PS decided to take the average effective mass
for all vehicle shapes and to specify only one value
of mass for an adult headform and one value for a
child headform.

The mass for the adult headform was chosen to be
4.5 kg, which is the mass of the head of the 50th
percentile male human being. This is the total
impactor mass including instrumentation. Based on
studies of human head dimension, a diameter was
chosen which the same is as both EEVC and 1SO test
procedures of 165 mm. This value was reportedly
based on existing documents including SAE J921
and was considered to represent the diameter mainly
of the forehead portion.

The distribution of pedestrian victims by group of
age indicates that the age group around 6 years old
has the highest frequency of pedestrian accidents
involvement at nearly 14% of all the cases. For this
reason, it was decided to consider a head-form
representing the head of a six years old child.
According to the recommendations of 1SO working
group of Biomechanics (ISO/TC22/SC12/WG5), the
average mass of the six year old child head is 3.48
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kg, which has been rounded to 3.5 kg. IHRA decided
to also select 3.5kg for the mass of the child
headform.

The only data available for the dimensions of a
6-years old child head are the circumference of the
head which is 523 mm, the width which is 141 mm
and the A-P length which is 180 mm. From these
values one can determine the diameter, either by
taking the average of the two dimensions, A-P and
width, (141 +180)/2 =161 mm or from the
circumference, which leads to a value of 166 mm. So
it is decided, for the child head-form, to use the same
value as for the adult head-form of 165mm.

Moment of inertia

With regard to the moments of inertia, a
comprehensive study on the influence of moment of
inertia of a head-form impactor on HIC was
conducted, and it was concluded that the influence is
not significant. Consequently, ITHRA/PS WG
decided the moment of inertia specification for the
adult and child head-form impactor should be 0.0075
-0.02 kgm*.

Test procedures

The test procedures are based on the accident

statistics, the results of the computer simulations,

cadaver tests, and engineering judgment. The latter

ie annliad tn ~regte sufficiently simple and repeatable
;, s suitable for use in regulations.

Figure 14. Principles of headform impactor test

According to the accident data of Australia, Europe,
Japan, and United States, the 50th percentile impact
speed between a pedestrian and a car was 25-30
km/h. For the injury level of AIS 3 or over, the
corresponding speed was 50-55 km/h. According to
the accident data of Australia, the 50th percentile
impact speed was 50-60 km/h. The computer
simulations for a child indicated that the head impact
speed equals to 80% of the car impact speed. On the
other hand, a PMHS test for adult indicated that such
ratio for the head impact speed against car impact
speed varies widely between 80% and 150%.

The values for the head impact speed related to the
vehicle impact speed in simulations of a head

collision with the bonnet or the windshield show
significantly different results according to the
simulation model and vehicle shape used; the
average ratio varies significantly from 0.7 to 1.1
according to wvehicle shape. Also, there are
differences between contacts on the bonnet and
contacts on the windscreen, due to the big
differences in terms of impact conditions. Based on
the PMHS test and simulation result data variations
as well as concerns about the biofidelity of the
human models used in the computer simulation, the
IHRA PS WG could not come to a solid conclusion
to use average ratio of head-to-vehicle ratio for all
vehicle shapes. However, the IHRA/PS group
believed the information is best available
information at the present time. Finally, a lookup
table is provided by average +/- 1 SD, that give the
user the option to test anywhere within the tolerance
window depending upon the desired level of
stringency.

For future work, the JARI pedestrian model was
selected as a base model, and now IHRA/PS
members are developing an IHRA pedestrian model
(IHRA-PED). Therefore, in the future, the
IHRA-PED will be developed and will be used to
update the current IHRA/PS lookup table.
However, before the table is finalized, IHRA/PS WG
group believes the current lookup table represents
the best available information for the head-form
impactor test conditions.

The head impact test areas on the vehicle, defined on
the basis of wrap around distances for the child and
adult head-forms correspond to the areas that
accident data shows are commonly struck by the
head of a child and an adult pedestrian respectively.
The final WAD value derived from the accident data
of Australia, Europe, Japan and the US was
1000-1700 mm for child head-form and 1400-2400
mm for adult head-form. Consequently a WAD
1400-1700 mm was shared by both adult and child
head-forms and was named “transition zone”.
Ishikawa showed that there is no added benefit from
having a transition zone instead of a boundary line.
So, there was a proposal to leave the use of the
transition zone to the discretion of each national
government.

The values for head impact velocity, head impact
angle and wrap around distances are given in the
detail test procedure, which describes the test
conditions for the different categories of vehicle
shapes and according to the fact that the impacts are
on the bonnet or in the windshield.

Injury criteria

For the purpose of this working group, emphasis has
been placed on pedestrian head injuries resulting
from head impact with the vehicle frontal structure,
including the windscreen and the A-pillars. The HIC
has been selected as the measure of the risk of brain
injuries resulting from such an impact.
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HIC has been selected, despite the fact that it

doesn’t take into account the influence of some
factors such as the rotational acceleration of the head,
because it is used universally in crash injury research
and prevention and the threshold was set at a current
1000 after consideration of existing pass/fail
threshold values and the new values being studied by
NHTSA.
Taking into account the short duration of this type of
head impact, the time window for the HIC
calculation has been set at 15 ms. Due to the short
duration of the impact, a HIC window of 15ms will
normally give the same result as a window of 36 ms,
but the 15 ms window will help to reduce the risk of
signals from spurious secondary impacts being
accidentally included in the calculation

LEG

The IHRA proposal specifies a test method to
simulate the impact of the leg of an adult pedestrian
against the front face of a passenger car for impact
speeds up to 40km/h.

The basic concept is to develop a mechanical
impactor, with a controlled motion at knee joint level,
to simulate a human knee impact in lateral direction.
The characteristics of the leg-form impactor are that
it must be a device representing an adult human leg
sensitive to the front face characteristics of a vehicle.
According to the agreement of the IHRA Pedestrian
Safety Working group, the physical properties of the
impactor are listed below.

Leg-form Specifications

Mass and Dimensions

The IHRA/PS decided that a leg-form used to test
vehicle structures should be consistent with the
anthropometry of a 50" percentile human leg. The
size and mass of a 50™ percentile human leg are
documented in a report by the University of
Michigan  Transportation = Research  Institute
(UMTRI), which was wused by the IHRA
Biomechanics WG. There was considerable
discussion about whether the dimensions should
reflect a 50" percentile male, 50" percentile female,
or an average of the two. It was concluded that
since the 50" percentile male is reflective of the
most common knee height in pedestrian collisions
according to accident data, it would be used in the
initially proposed test procedure. The lower leg
should be 493 + 5 mm from bottom of foot to knee
joint center, with a center of gravity 233 + 10 mm
from the knee joint center. The thigh should be 428 +
5 mm long, with a center of gravity 210 + 10 mm
from the knee joint center. The leg-form mass should
be 13.4 £ 0.1 kg, divided into 8.6 kg for the thigh
(including skin and foam) and 4.8 kg for the lower
leg.

Moments of Inertia

Like the mass and dimensions, the moments of
inertia are also consistent with the UMTRI
anthropometry data.  For the tibia, the MOI
specification about the y-axis is 0.120 + 0.001 kg-m?.
For the femur, the specification is 0.127 + 0.002
kg-m® These values are taken with respect to the
origin located at the end of each bone. With respect
to each individual segment’s CG location, the MOI
values for the tibia and femur are 0.054 kg-m? and
0.132 kg-m?, respectively

An adapter can be fitted to the top of the thigh to
permit the attachment of the leg-form impactor to the
propulsion system. If an adapter is used, the thigh
with adapter must still comply with the thigh
requirements of mass, centre of gravity, and moment
of inertia.

There shall be a flesh and/or a skin on the outer
surface of the leg-form impactor. This material shall
be human-like.

The shape of the leg-form impactor shall be
cylindrical. The outer diameter of the thigh and leg
shall be the same. Outer diameter is 120 + 10mm
including flesh thickness of 30 + 5 mm.

Test Procedures

The test will consist of a projectile legform being
launched into a stationary vehicle front at a speed
consistent with the mean vehicle speed in the
pedestrian accident data.

The direction of the impact velocity vector shall be
in the horizontal plane and parallel to the
longitudinal vertical plane of the vehicle. The axis of
the leg-form shall be perpendicular to the horizontal
plane with a tolerance of +2° in the lateral and
longitudinal plane (see Figure 15). The horizontal,
longitudinal and lateral planes are orthogonal to each
other.

The bottom of the leg-form impactor shall be at
25mm above the Ground Reference Level at the time
of first contact with the bumper (see Figure 16), with
a = 10 mm tolerance.

When setting the height of the propulsion system, an
allowance must be made for the influence of gravity
during the period of free flight of the leg-form
impactor.

At the time of first contact the impactor shall have
the intended orientation about its vertical axis, for
the correct operation of its knee joint with a
tolerance of + 5° (see Figure 15)

Tests shall be made to the front face of the vehicle,
between the bumper corners. The center of each
impact shall be a minimum of half leg-form diameter
inside defined bumper corners. Sufficient test points
shall be selected to evaluate the vehicle structure.
This test method is intended to cover impact velocity
up to 40 km/h. The velocity of the impactor shall be
measured at some point during the free flight before
impact.

The IHRA PS WG discussed application of an upper
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body mass to the legform to simulate the upper body
of the pedestrian.

While the group maintained that upper body mass
should not be included when looking at lower leg
and knee impacts, it was agreed that this issue would
be re-opened at a time when it is necessary to look at
upper leg/thigh injury.

Figure 15.

During contact between the leg-form impactor
and the vehicle, the leg-form impactor shall not
contact the ground or any object not part of the

vehicle.

G‘l.';..JLIIld reference level
= ground level

longitudinal plane

Impactor in free flight

— Support

Ground level

Ground reference level

Figure 16.
Legform to bumper tests for complete vehicle in normal ride attitude (left) and for complete vehicle or
sub-system mounted on supports (right)

Dynamic Response Corridors

The University of Virginia conducted a number of
tests assessing the response of the human leg in a
bending mode. Historical PMHS data was also used
to generate adapted time history corridors in both
bending and shearing modes. Dynamic response
corridors were created and normalized for;

Force vs. Deflection (Lower Leg and Thigh)

Moment vs. Deflection (Lower Leg and Thigh)

Knee Moment vs. Angle

Impact Force vs. Time (Bending & Shearing

Mode, 20 and 40 km/hr)

e Bending Angle vs. Time (Bending Mode, 20 and
40 km/hr)

e Shear Displacement vs. Time (Shearing Mode,

20 and 40 km/hr)

Bio-ranking method

A Bio-ranking method was developed by NHTSA to
quantitatively and objectively evaluate leg-form
impactor  biofidelity using dynamic response
corridors and impactor response data. The leg-form
impactor should have a sufficiently high biofidelic
score to conduct to properly assess leg injury

potential due to vehicle impact.

Injury Risk Curves

Injury risk curves were developed by the University
of Virginia for the thigh and lower leg using logistic
regression. They developed two sets of risk curves
for the knee and lower leg, one using maximum
moment and the other using an acoustic sensor to
detect the time of injury.

CONTINUATION OF IHRA/PS ACTIVITIES

The aim of the IHRA/PS WG is to propose test
procedures for the child and adult head, and the adult
leg as the high priority body regions, for presentation
at the ESV Conference in 2003 and 2005, together
with recommendations for research activities that
will be needed to develop other test procedures for
the further improvement of pedestrian protection.

In the field of pedestrian crash injury biomechanics
there are still areas which must be investigated and
their practical applications explored. We plan to first
clarify the issues, necessities and research
responsibilities through detailed investigations.
The following issues will be studied.

Mizunol4



(1) Methods employing a computer simulation
program based on the best such programs
currently available.

(2) Clarification of the importance of injury
mechanisms to areas other than the head or
legs; also, R&D on impactors to confirm such
injury mechanisms

(3) The Research for Adult Leg vs. High Bumper
vehicles Test method and its tool
1% step: Analyze the current IHRA Adult Leg
test method limitation using computer
simulation model. Comparative evaluation of
the results of, and interactions between,
subsystem test methods and test
2" step: If the current Adult Leg test method
can not apply for the high bumper vehicles, an
Adult Leg test method for the high bumper
vehicles and tools will be developed.

(4) Development of the Adult Upper Leg vs. BLE
test method
1 step, focusing on in-depth study for
pedestrian accidents for these area, and if we
find out the necessity of the development of
the test method and tool, we will conduct such
research to develop the test method and its
tool.

This work will be greatly facilitated if member
countries are prepared to cooperate and share the
cost, conduct further studies, and assist in the
development of essential test procedures.

Table 11.
Members of IHRA Pedestrian Safety WG

Name Organization
Chair person, | JASIC
Yoshiyuki Mizuno | Japan
Jack McLean | University of Adelaide
Australia
Dominique Cesari | INRETS
EEVC/EC
Graham Lawrence | TRL
EEVC/EC
Bruce Donnelly | NHTSA
USA
Hirotoshi Ishikawa | JARI
Japan
Atsuhiro Konosu | JARI
Japan
Oskar Ries | VW
ACEA

Frangoise Brun-Cassan

LAB,PSA/RENAULT
ACEA

Masaaki Tanahashi

Honda R&D
JAMA/Japan

Sukhbir Bilkhu

Daimler Chrysler
AAM

Yoshihiro Yazawa

Nissan/JASIC
Japan

Predecessor, contributed to the IHRA/PS-WG

Akira Sasaki
(1996-2000)

Honda R&D
JAMA/Japan

Roger Saul
(1996-2000)

NHTSA
USA

Hirotoshi Ishimaru
(1996-2000)

JSAE
Japan

Norbert Jaehn
(1996-2000)

ACEA

Manuel Bartolo
(1996-2000)

Ford
AAM

Jacques Provensal
(1999-2001)

ACEA

Edgar Janssen

(1996-2002)

TNO
EEVC/EC

Reference:

International Harmonized research  Activities,
Pedestrian safety Working group 2005 Report

Mizunol5



ASSESSING FEMUR AND PELVIS INJURY
RISK IN CAR-PEDESTRIAN COLLISIONS:
COMPARISON OF FULL BODY PMTO
IMPACTS, AND A HUMAN BODY FINITE
ELEMENT MODEL

Jess G. Snedeker

Felix H. Walz

Markus H. Muser

Christian Lanz

Working Group on Accident Mechanics, Institute of
Biomedical Engineering, University and Swiss Federal
Institute of Technology, Zurich

Switzerland

Gunter Schroeder

Institute of Legal Medicine, Hanover Medical School
Germany

Paper number 05-103

ABSTRACT

A considerable potential for reducing fatalities of
pedestrians and other vulnerable road users lies in the
design of car front shapes. Vehicle safety tests have
been proposed by the EEVC WG17, and are currently
in discussion by legal entities, as well as car makers.

In this study, we first present numerical
simulations of various pedestrian impacts against
several different simplified hood shapes. Impacts
were simulated using a detailed finite element model
of a mid-size pedestrian that has been extensively
validated in previous studies. As expected, the model
revealed that biomechanical loading patterns are
heavily influenced by hood leading edge shape.

In a second step, femoral and pelvic bone surface
strains were measured in five full body PMTO
impacts at 40 kph using physical representations of
the simulated car shapes. Each PMTO was
instrumented with strain gauges on the impact side:
four on the femoral shaft, three on the femoral neck,
and three on the superior ramus of the pelvis.
Accelerometers were placed on the dorsal aspect of
vertebra T6 and L5. High speed digital video was
recorded at 1,000 frames per second from the side.
Fracture risk was examined with respect to car
geometry, pedestrian stature, and bone quality as
indicated by peripheral quantitative computed
tomography (pQCT) of the femoral neck.

Experimental results indicated a remarkable
predictive ability of the finite element model in

assessing femur and pelvic injury risk. Strain data
yielded valuable insight into the failure threshold of
the pelvic rami, which was observed to fracture in
three of the tests. The largest factor in pelvic fracture
was low bone quality, rather than car geometry.
Based upon results of the model and PMTO
experiments, recommendations are offered for a more
appropriate characterization of the hood shape with
regard to pelvis and femur injury risk.

INTRODUCTION

Pedestrians and bicyclists represent an extremely
vulnerable population of road users, and thousands
are severely injured or killed every year. It has been
reported that upper leg and pelvis injury occur in just
over 10% of pedestrian-vehicle impacts (Matsui et
al., 1998). Vehicle-pedestrian crashes are responsible
for 10% to 20% of all adult pelvic fractures and 60%
to 80% of pediatric pelvic fractures (Sheppard, 2001).

The intelligent design of automotive front-end
geometry holds a large potential for reducing injuries
in unprotected road users. In order to assess the risk
posed to a pedestrian by an automobile, the European
Experimental Vehicles Committee (EEVC) has
proposed three subsystem pedestrian dummy tests
(EEVC Working Group 17, 1998). These tests
represent a significant investment of the limited
resources available for pedestrian protection. For
such tests to be useful, it is essential to concentrate on
the most relevant aspects of automotive design, and



employ testing protocols that are capable of
successfully identifying high-risk vehicles. This
study focuses on the upper leg (UL) impact portion of
the EEVC protocol, which is intended to assess the
risk of femur and pelvis injury in a struck pedestrian.

Vehicle front end geometry plays a critical part
in the resulting kinematics of pelvic/upper leg impact.
The EEVC prescribes a systematic method for
characterizing the front end geometry of an
automobile. With regard to the UL subsystem test
protocol, three geometric parameters are considered:

1) Upper Bumper Edge Height (BH) — The upper
limit to significant points of pedestrian contact
with the bumper. It is defined as the vertical
distance between the ground, and the upper-
most point of contact between a 700 mm long
reference line and the bumper when the line is
inclined rearwards by 20 degrees, and
traversed across the car front at ground level.

2) Hood Leading Edge Height (LEH) — Defined
as the point of contact between a reference line
1000 mm long and the front surface of the
hood when the line is inclined rearwards by
50°, with the lower end 600 mm above
ground.

3) Bumper Lead (BL) - is the horizontal distance
between the upper bumper reference line and
the hood leading edge reference line.

The EEVC WG17 test protocol employs these
characteristics within a system of look-up tables
based on kinematic analysis of cadaver and dummy
impact experiments. The look-up tables are intended
to incorporate pedestrian impact kinematics into the
UL testing protocol. Previous studies have identified
an apparent discrepancy between injury risk as
assessed by the EEVC UL test protocol, and real-
world accident experience (Matsui et al. 1998,
Konosu et al. 1998, EEVC WG17 1998, Konosu et
al., 2001, Okamota et al. 2001, Snedeker et al., 2003).
This discrepancy has been primarily attributed to the
simplification of the complicated three dimensional
kinematics of vehicle-pedestrian impact, to a one
dimensional impact test.

The current study examines the possibility that
this discrepancy also arises from an inadequate
characterization of vehicular front end geometry. The
geometric characteristics that play a critical role in
pedestrian impact are examined with the goal of
identifying potentially important considerations that
are neglected or improperly accounted by the current
version of the EEVC protocol.

METHODS

In this study, we first performed numerical
simulations of various pedestrian impacts against
different simplified hood shapes. Impacts were
simulated using a detailed finite element (FE) model
of a mid-size pedestrian (THUMS) that has been
extensively validated against PMTO experiments in
previous studies (lwamoto et al., 2002) and
specifically validated for use in the study of
pedestrian impact (Snedeker et al. 2003).

In a second step, measurements of femoral and
pelvic cortical bone surface strains were recorded in
five full body PMTO impacts at 40 kph against
physical representations of the simplified car shapes
used in the FE simulations. Each PMTO was
instrumented with strain gauges on the impact side
femur and pelvis, as well as with accelerometers on
the dorsal aspect of the spine. The results from the
impact tests were then compared with the
corresponding simulations.

Finally, insights obtained from the first two steps
were used to critically reexamine the EEVC UL test
protocol. Specifically, an attempt was made to
redefine the important aspects of car geometry, and
implement them into a revised protocol.

Creation of the simplified automotive geometries

Fifteen simplified automotive car shapes were
created for FE simulation of pedestrian impact. The
car geometries were equally divided among three
classes: Sedans, SUVs, and Vans/One-Box. Five to
six actual production vehicles from each class were
individually measured to produce a geometric
template for the class. The geometric parameters used
to create each template are illustrated in Figure 1.
Class average and standard deviations for each class
are listed in Table 1.

Within each class, five geometries were created
by varying the radius of the hood leading edge, while
keeping all other parameters constant. Radii of 0, 50,
100, 250 and 500 mm were created. Thus within a
given class, all geometries had identical bumper
height, bumper width, bumper lead, leading edge
height, hood pitch, and windscreen position, but
differing hood leading edge roundedness.

In the FE simulations, each automotive geometry
was modeled using a total of 1,000 quadratic shell
elements. The front end was represented by a 0.8 mm
thick sheet metal (ASTM-A36) hood supported with
a stiff steel frame. The bumper was modeled as 2 mm
thick ASTM-A36 steel plate covered by a 50 mm
thick hard PVC shell. A plastic hardening function




was employed to represent the yield behavior of steel.
Thicknesses of the hood sheet metal and bumper
materials were set to accord with realistic
deformations as reported in the literature (Matsui et
al., 1998, Ishikawa et al., 1993, Bunketorp et al.
1983).

leading edge Height
Bumper Height

! i

Bumper Lead

Figure 1. The geometric characteristics used to create
each automotive class temp

Table 1. Average measurements (lengths in mm; angles
in degrees) and standard deviations for the geometric
parameters used to create an automotive class template.

Van /
Sedan SuVv
A-Box
Class Class Class

Avg. | STD | Avg. | STD | Avg. STD

Model
Year 1996 2.9 1998 1.4 1997 1.7

BH 500 20 640 30 580 60
BL 140 20 140 50 160 60

LEH 740 50 1020 90 860 130
Rad.
LE 230 130 410 370 730 530

Hood
Pitch 79 1.5 80 2.9 65 4.5

Pedestrian impact finite element simulation

The FE model used to simulate pedestrian impact
was the Total Human Model for Safety (THUMS),
provided by Toyota Central R&D Lab., Inc., and
implemented within the PAM-Crash® v2001 FE
software. The THUMS model consisted of nearly
85,000 elements, and over 1,000 separate material
models. In addition to bone structures and soft
tissues, the model included relevant muscles,
ligaments, and tendons. For specific information on

the construction of the human FE model, the car
geometry FE models, and the validation of the
THUMS femur and pelvis for use in simulating
femur and pelvic injury, the reader is referred to
Snedeker et al., 2003.

Figure 2. Simplified vehicle geometries were
constructed for actual PMTO impacts (left). The
vehicles were constructed according to the specifications
used in FE simulations (right).

In each simulation, the THUMS model was
permitted to settle under the load of gravity such that
each leg supported 50% body weight at the time of
impact. The foot/ground coefficient of friction was
set at 0.65. The coefficient of friction between the car
surfaces and impacted body parts was set at 0.25. The
initial velocity of the car was 40 kph (11.1 m/s) at
time of impact, and the car was decelerated at 6.9
m/s?, to replicate braking by the driver.

Construction of the PMTO impact vehicle geometries

In the PMTO impacts, four vehicle fronts were
constructed according to the same physical
specification as used in the FE simulations. The sheet
metal thickness was adjusted until force deflection
characteristics matched those of the FE model. The
geometries constructed for the PMTO tests consisted
of: a sedan with a 50 mm radius hood leading edge
(Sed050), a sedan with a 250 mm radius hood leading
edge (Sed250), a van with a 50 mm radius hood
leading edge (Van050), and a van with a 250 mm
radius hood leading edge (Van250).

PMTO impact experiments

All PMTO tests were performed in accordance
with German federal and local laws regarding the use
of human test subjects. Cadavers were obtained from
the Medical University of Hanover anatomy
department.

As indicated in Table 2, the PMTOs varied in
age, sex and stature. Test subjects were excluded
from the study for pre-existing bone fractures of the
legs and pelvis, as indicated by diagnostic radiograph




images. Each PMTO was instrumented with ten
strain gauges (Vishay Micro-Measurements, Inc.,
Raleigh, NC, USA) to measure cortical bone surface
strains. Strain gauges were applied using well
established techniques (Cordey, 1998). Briefly, the
periosteum was scraped away using a scalpel blade
and surgeon’s rasp, the gauging area was cleaned
with a chemical solvent to remove lipid
contaminants, and a combination activator-
cyanoacrylate bonding agent was applied to the back
of the gauge before mounting.

Table 2. PMTO specifications

b F 52 160 50
T2 F 76 166 74
T3 M 32 177 75
T4 M 78 180 64
5 M 76 172 60

An anterior, inverted - “L” shaped incision was
made from the left knee to the hip, and then from the
hip to the pubic symphysis. Care was taken to
minimize disruption of ligaments and tendons;
however, access to the femoral neck required partial
dissection of the hip joint. It should be noted here that
no hip dislocations were observed in post-impact
autopsy. A single axis strain gauge was centered on
the midpoint of the lateral aspect of the femoral shaft,
with the principal axis of the gauge aligned with the
long axis of the bone. A strain gauge rosette was
placed on the medial aspect of the femur, with the
axis of the center gauge aligned with the long axis of
the bone. A second strain gauge rosette was placed on
the inferior/anterior aspect of the femoral neck, and
another on the superior/anterior aspect of the superior
ramus of the pelvis. All gauges were placed on the
left (impact) side of the PMTO according to Figure 3.
Location of the strain gauges necessarily varied
between subjects due to anatomical differences in
bone geometry and obstruction of the gauge
installation site by tendon and ligament insertions.

Strain gauges were excited in a quarter-bridge
configuration using a DC-amplifier and signal
conditioner (Vishay model 2100, Vishay Micro-
Measurements, Inc., Raleigh, NC, USA). Output
signals were digitized and recorded using a 16 bit

analog/digital data acquisition system (Labview v7.0
and NI DAQCard-6036E, National Instruments
Corporation,  Austin ~ TX,  USA).  Triaxial
accelerometers (Endevco Corporation, San Juan
Capistrano, CA, USA) were screwed into the dorsal
aspect of vertebrae T6, and vertebrae L5.

Figure 3. Strain gauge placement (Anatomy adapted
from Sabotta, 1993)

Prior to impact, the PMTO was positioned in the
stance phase of gait, with the left foot forward. To
prevent the arms from obstructing contact with the
car front, the hands were bound at the wrist in front
of the subject. At 65 ms prior to impact, the subject
was released from an overhead support using an
electro-mechanical switch. The PMTO was thus
permitted to settle under the load of gravity for 65 ms
before being impacted from the left side.

For each PMTO, one of the four automotive
geometries described above was bolted to the test
sled. The initial velocity of the sled was 40.0 £ 0.3
kph at time of impact, and the sled was decelerated at
13 m/s® after contact. Details about the impact
conditions of each test are listed in Table 3. Impact
and post-impact kinematics were recorded at 1,000
frames per second from two high speed digital video
cameras mounted perpendicularly to the sled track. A
lateral view of the car geometries and relative statures
of the PMTOs is shown in Figure 4.



Table 3. The LEH/Hip ratio gives an indication of the
hood edge contact point on the leg. For example, in the
case of 100%, the hood edge strikes the greater
trochanter. A ratio of 75% would correspond roughly
to contact with the midshaft of the femur.

Impact  Ratio LEH to

PMTO Geometry Speed Hip height

T1 Sedan 250 40.1 97%
T2 Sedan 250 40.0 91%
T3 Sedan 050 40.0 83%
T4 Van 050 39.8 96%
T5 Van 250 39.7 100%

Figure 4. While geometries for a given vehicle class have
identical hood edge height as defined by the current
EEVC protocol, the effective hood leading edge height is
higher with respect to smaller stature pedestrians.

After impact, diagnostic radiographs were made
of the struck-side femur, tibia/fibula, knee joint, hip
joint, and pelvis. The body was then autopsied by a
qualified forensic medical doctor, and impact-related
injuries were catalogued. Sections of bone specimens
were removed at the strain gauge location, and were
assessed for bone quality using a peripheral
quantitative computer tomography (pQCT, Scanco
Medical, Bassersdorf, Switzerland). The pQCT scans

with a spatial resolution 90 um were analyzed for
cortical and trabecular bone architecture, and were
assessed with regard to osteoporosis. According to
World Health Organization standards, subjects with
bone quality more than 1 standard deviation below
average of a healthy population are considered “low-
bone” and subjects more than 2.5 standard deviations
below are clinically diagnosed as having
osteoporosis. It should be noted that pQCT provides
vastly superior spatial resolution over two-
dimensional diagnostic techniques, and provides the
capability to analyze bone structure geometrically.
However, baseline data-sets published in the
literature are limited. The baseline dataset (n=60)
used in this study comes from Hirokoshi et al., 1999.

Data analysis

Raw strain gauge data were filtered using a low-
pass CFC-600 filter, and converted to strain data
using the calibration gauge factors provided by the
manufacturer. Bone stresses and bending moments
were calculated by multiplying strain by an assumed
elastic modulus of 17 GPa (McElhaney, 1966).
Bending moments at the femur were calculated using
classical beam theory:

M= BT where, |:§[r04_ri4],

Iy 4

¢ Is measured strain, E is the elastic modulus, | is the
moment of inertia for a hollow cylinder, and r; and r,
are mean femoral midshaft internal and external radii,
respectively. The midshaft radii were obtained during
autopsy by averaging five measurements of periosteal
shaft diameter and cortical wall thickness.

Kinematic analysis of the high-speed video was
performed to assess the danger presented to the
pedestrian for a head first secondary impact with the
road. A qualitative comparison between the
kinematics of the FE model and those of the PMTOs
was also performed. Video was further analyzed to
estimate the closing speed of contact between the car
hood leading edge and the leg or pelvis of the PMTO.
Finally, the measured bone strains, bone stresses, and
observed injuries were analyzed with respect to car
geometry and bone quality as assessed by pQCT.

Proposed Modifications to the EEVC Upper-leg
Testing Protocol

An attempt to improve the current EEVC UL
impact protocol was made via a modification of the
test conditions. It was hoped to increase bio-fidelity
of the test protocol with minimal changes to the




impactor itself. Modifications of impact velocity,
impactor mass, impact angle, and impact height
(leading edge height) were based on simplified
geometric/anatomical principles and observations
from both the FE simulations and PMTO
experiments. Madymo® simulations employing the
proposed protocol changes were then compared
against the default EEVC conditions, the results of
the FE model, and the PMTO impact results.

RESULTS

Bone fracture, and other injuries: Simulation vs.
PMTO experiments

Three PMTO fractures of the struck-side superior
ramus were observed, including the sedan 250 (T2)
and both van geometries (T4 and T5). Fractures of
the acetabulum were also observed in both van
impacts (T4 and T5). FE simulation predicted pelvic
fractures for only the small radius van geometry
(Van050). Acetabular fractures were not predicted by
the THUMS for any car/van geometry. No PMTO
femoral fractures were observed, nor were they
predicted by the FE simulations for any of the test
geometries. Fractures of the lower legs were not
analyzed using the model.

Kinematic analysis revealed a straightforward
mechanism of pelvic loading when impacted by high
leading edge geometry (LEH > hip height); the hood
leading edge contacted the femur at or above the
greater trochanter, loading the pelvis obliquely
through the axis of the femoral neck (the PMTO
pelvis was rotated 20 degrees (cw) in the coronal
plane with respect to the impact direction). However,
for automotive geometries with hood leading edges
lower than the hip, the soft tissues of the thigh make
first contact, and the loading path to pelvic structures
is considerably more complicated.

Only PMTO T3 (a 50th% man impacted by
Sed050) was clearly a case of leading edge contact
with the midshaft of the femur. This can be seen
qualitatively in Figure 4 above, and quantitatively in
Table 3 as the ratio of LEH/hip-height. The other
PMTOQ trials, including PMTO T2 (impacted by
Sed250), were to a much greater extent impacted at
the proximal femur and pelvis.

Bone guality measured by pQCT

To investigate the possible influence of bone
quality on the observed fracture patterns, the femoral
necks of all five PMTOs were scanned using pQCT
(Table 4, Figure 5) and analyzed for bone quality.

Consistent with their age group. subjects T1 and
T3 had healthy trabecular bone, cortical bone, and
overall total bone quality, while subjects T2, T4 and
T5, had poorer trabecular density, trabecular
connectivity, cortical bone density, and lower overall
bone density.

Table 4. PMTO bone quality and geometry ( * = low
bone, ** = Osteoporosis). The bone mineral density of
the PMTOs in terms of trabecular, cortical, and overall
bone mineral density are normalized to values from
Horikoshi et al, 1999.
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TS5  -3.9%* 2.2 -1.7* 32 7 36 N/A

The observed fractures corresponded heavily to
relative bone quality of the PMTO, with all pelvic
and acetabular fractures occurring in the lowest bone
quality subjects. Thus analysis of the resulting
injuries with respect to car geometry, age, and bone
quality shows that bone quality seems to be a major
factor for a pelvic/acetabulum fracture (Table 5). It
also appears that acetabulum fracture is more likely
with a high leading edge, such as present on the van
geometries. Finally, femur fracture did not occur for
any hood leading edge shape, regardless of bone
quality. It should be noted, that the large bumper lead
of the tested geometries may have helped prevent
femur fracture for even sharp hood edges.

Loading mechanism of the femur in lateral pedestrian
impact: Finite element results

In the simulations, the automotive front-end
geometry had a large effect on the nature of the
bending stresses in the femur. In the case of the
sedan, the relatively low hood leading edge (745 mm)
and moderate bumper lead (150 mm) delays the first
contact of the thigh with the hood. This permits the
pelvis and proximal femur to accelerate before first
contact, thus reducing the closing speed between the
thigh and the hood leading edge to between 1 and 6
m/s, depending on the hood leading edge radius. In
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Figure 5. Bone quality was assessed using pQCT scans of the femoral neck.

Table 5. Lower extremity injury related to car geometry, age, pedestrian stature, bone quality.

Sedan Sedan Sedan Van Van
Trial T3 T1 T2 T5 T4
Hood Radius 50 mm 250 mm 250mm 250 mm 50 mm
Age 35 52 76 76 78
Hood Height (% of Hip Height) 83% 97% 91% 100% 96%
Bone Quality Good Good Poor Poor Poor
Lower Leg Fracture No Yes Yes Yes Yes
Pelvic Ramus Fracture No No Yes Yes Yes
Pelvic Acetabulum Fracture No No No Yes Yes
Femur Shaft Fracture No No No No No

the case of the van/one-box construction (or a sedan
with high LEH and/or short BL), the pelvis and
proximal thigh do not considerably accelerate before
contact with the hood leading edge. Hence, the
contact closing velocity is much higher than that of
the sedan, and the bending induced by this contact is
more severe. In car geometries that involve a hood
leading edge lower than the height of the hip, it
appears that the bending of the femur, and
consequently the associated risk of fracture, are
directly related to the closing speed of contact
between the thigh and the hood leading edge (Figure
6). According to the model (and verified by the
PMTO tests), the roundness of the hood leading edge

imparts a rolling motion to the thigh, which reduces
the closing speed of contact.

Loading of the femur in lateral pedestrian impact:
PMTO results

In general, the mechanism of femoral loading
and the corresponding femur shaft cortical strains and
bending moments (both magnitude and time history)
in the PMTO femur corresponded very well to those
predicted by the THUMS model ( Figures 7 and 8).
However decrepencies arose due to differences in
stature between the THUMS and the PMTOs. In tests
T1 and T5, the small stature of the subject with
respect to the hood edge causes the hip to be




contacted by the hood before the femoral bending
moment (and stresses) can fully develop. With
respect to hip height, Trials T1 and T5 are more
similar to an SUV type impact on a 50"% man, for
which the hood edge engages the hip/pelvis at or
above the greater trochanter.

In no case was femoral fracture observed.
Consistent with this observation, peak recorded
femoral shaft cortical bone strain never approached
the 2500 pe threshold associated with fracture
(McElhaney, 1966). The measured bone strains and
corresponding bending moments of the first peak
tend to be less than those predicted by the THUMS
model. This may indicate that the THUMS knee is
more rigid than that of the PMTO, where skeletal
tissues tend to dissipate or absorb impact energy

Simulated Tensile Bending Moments in Femur Midshaft
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Figure 6. (Top) The larger leading edge radii impart a
rolling motion to the thigh. This effectively reduces the
closing velocity, and consequently, the peak bending
moment in the femur. (Bottom) As closing speed
increases, so does the bending load applied to the
femoral shaft due to hood contact. These trends were
also observed in the PMTO experiments.
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Figure 7. The bending moment in the medial femoral
shaft impacted against the sedan. (Top) In PMTO T3,
the stature of the subject is very similar to the THUMS.
Accordingly, there is particularly good agreement
between the experimentally measured bending moments
and those predicted by the THUMS model. In PMTO
T2 (Middle) and T1(Bottom), the smaller stature of the
subject causes hip contact with the hood before the
bending moment can fully develop. With respect to hip
height, trial T1 is more similar to a van/SUV type
impact on a 50th% man. A resulting fracture of the
superior pubic ramus in T2 may have also influenced
the resulting loads.
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Figure 8. In both van impacts, a catastrophic failure of
the acetabulum and superior pubic ramus on the struck
side of the PMTO may have contributed to decreased
loading of the femur.
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Figure 9. Summary of peak femoral shaft cortical bone
strain for the PMTO test series and the corresponding
THUMS simulations. Peak tensile strains are less than
thresholds associated with tensile fracture (2500 pe),
consistent with no observed femoral fractures.

Loading of the pubic ramus in lateral pedestrian
impact

The recorded pubic rami strains were similar for
all PMTO’s ( Figure 10). Bone strain increased
rapidly after contact between the thigh/buttocks and
the hood, then either dropped immediately in the case
of pelvic fracture, or continued to rise and then
gradually decrease in cases of non-fracture.

The measured peak stress magnitudes in the
PMTO pubic rami are consistent with those predicted
by the THUMS model (Figure 11). The fracture of
the strain-gauged pubic rami observed in PMTO T2,
T4, and T5 provide insight into the failure behavior
of this structure. Analysis of bone quality by pQCT
shows that the discrepancy between the ultimate
strains of the fracture cases and the non-fracture cases
is most likely due to differences in bone quality (age-
related osteoporosis).

Loading of the femoral neck in lateral pedestrian
impact

Surgical access to the femoral neck was hindered
by the ligaments at the hip. Generally the strain
gauges were placed on the inferior/anterior aspect of
the femoral neck. Since the gauge placement was
variable between trials, the direct comparison of
PMTO and FE model femoral neck stresses is
complicated.

As can be seen in Figure 12, a prominent peak in
the stress vs. time curves can be seen in T2, T4, and
T5 at approximately 20 ms after impact. Video
analysis indicated that this peak coincided with
contact between the hip and hood leading edge.

Analysis of high-speed video: secondary road impact

Video analysis revealed that all PMTOs were
rotated between 190 and 270 degrees in the sagital
plane depending upon the shape of the vehicular
hood. The pedestrians struck by the sedan geometries
often made a secondary impact with the hood before
landing on the ground. This secondary impact
provided additional rotation of the body, and
prevented the PMTO from landing head-first on the
test track. The shorter, angled hoods of the van
geometries, and head contact with the van windscreen
caused PMTOs T4 and T5 to rotate approximately
190 degrees, thus resulting in a head-first contact
with the ground (Figure 13). It should be noted that
PMTO T4 had a cranial fracture, and PMTO T4 and
T5 both experienced cervical spine fractures at C7.
However, it is not clear whether these injuries
occurred as a result of primary, or secondary impact.
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Figure 10. Cortical bone stresses in the superior pubic
ramus. Pelvises of T2, T4, and T5 were fractured during
impact, as indicated by the sharp drop in strain.
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Figure 11. Peak superior pubic ramus tensile cortical
strain for the PMTO and THUMS simulations.
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Figure 12. Cortical bone strains in the femoral neck.
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Figure 13. Secondary road impact is an very important
design consideration that is often neglected. PMTOs
struck by the sedan landed on their sides. PMTOs
struck by the vans were thrown onto their heads.
Notice the use of ground padding cushioned secondary
impact, possibly resulting in fewer injuries than would
be observed against a rigid road surface.

Proposed Modifications to the EEVC Upper-leg
Testing Protocol

Observations from the THUMS simulations and
PMTO experiments indicate that EEVC designated
hood leading edge is often not the first point of
contact with the pedestrian P/UL. The proposed
changes to the method of geometric characterization
define the hood leading edge height using a “wrap
around” contact definition method similar to that
already employed for the EEVC headform test
protocol. In the proposed modification, hood leading
edge height is defined as the first point of contact
between the hood and a 1,000 mm long string rotated
from the EEVC upper bumper reference line. The
impact angle is defined as the angle between the
string and the vertical plane (Figure 14).




Results from the present study show that for
hood leading edge heights exceeding approximately
90 cm (defined as per the modified method), the
threat of fracture posed to the femur is reduced, and
the likelihood that a pelvic fracture will occur is
raised. Thus, this LEH threshold is proposed as a
transition from test conditions and failure criteria
suited to the femur to conditions appropriate for
assessing pelvic fracture risk. The test conditions for
each of these cases are outlined below in Table 7.
The impact tests are executed in exactly the same
manner, regardless of whether the pelvis is being
tested, or the femur. The difference lies in the
selection of the impactor mass, and the pass/failure
criteria applied when analyzing the test results.

In particular, the current EEVC UL test protocol
fails to reflect the true closing speed of contact
between the pedestrian UL and the hood leading
edge. This inaccuracy is especially important since
impact energy (a critical value with regard to injury
likelihood) varies quadratically with impact velocity.
With certain velocity assumptions (Figure 14), the
closing contact velocity (normal to the long axis of
the femur) is a simple geometric relationship. The
proposed method uses this geometrical relationship
for determining a more appropriate impactor velocity.
The selection of the impactor mass is based upon the
mass of the involved body segments. For a 50% male
pedestrian, the mass of the upper leg (thigh) is
approximately 7.5 kg. This is the mass then
designated for impact tests of vehicles with a LEH <
90 cm. The 11.1 kg mass for LEH > 90 cm,
corresponds to the mass of the 50% male pelvis plus
10% of the upper leg mass. It should be noted that an
impact mass of 7.5kg is 2kg less than the default
weight of the current EEVC UL impactor. Thus for
testing geometries with LEH < 90 cm, modification
to the default impactor will be necessary.

The impactor trajectory should follow the
measured impact angle along a path such that the
impactor shaft centerline coincides with the newly
defined leading edge height (Figure 15). Unlike the
current version of the EEVC UL protocol, the impact
angle and the point of first contact between the
impactor and the car front is roughly the same as the
actual pedestrian impact.

The proposed test pass/failure criteria (Table 7)
are based upon the following observations:

1) The femoral shaft is likely to fail in lateral
impact due to stress induced by bending
moments. A nominal threshold of 320Nm is
suggested based upon quasi static tests of
Yamada (1971), and dynamic tests of Powell et

Assume pelvic
horizontal velocity
is fixed (zero).

P ——— Vear = 40 kph

Assume lower leg is at the
same horizontal velocity
as the car.

UBH

LEH = UBH + L1
Vclose = Vear * [ 1 - L2/(L1+L2) ] * Cos(8)

y

Figure 14. The proposed method for determining the
EEVC leading edge height.

Table 7. Description of differences in pelvic vs. femur
UL test

11

. LEH | Impact . o
Region (cm) Mass Failure Criteria
Average Bending
Moment > 320 Nm
Femur | <90 7.5kg | (Yamada 1971, Powell
et al. 1975, Kress et al.
2001,)
. Peak Average Force >
Pelvis | >90 | 1L1K9 | 16N (Cesari 1982)
Modified EEVC \ &
Impact Point T —— \ \
« IfLEH=< 90cm : « IfLEH> 90cm :

impactor mass = 7.5 kg
(upper leg mass)

impactor mass = 11.1 kg
(pelvic mass + top 10% of upper leg)

Figure 15. The impactor is directed along a trajectory
such that the impactor centerline is aligned with the
Mod-EEVC LEH reference point. Impact masses are
determined by the mass of the involved body segments.
The test impact mass values are derived from the
anthropometric study of Roebuck et al. 1975.




al. (1975) and Kress et al. (2001). Peak bending
moments observed in the present PMTO study
also suggest that this threshold is reasonable.

2) To our knowledge, no comprehensive data set
exists for injury tolerance of the femoral neck
and greater trochanter under lateral impact
loading.

3) The PMHS studies of Cesari et al. (1982)
establish a peak force limit of 10 kN for lateral
impacts directed at the greater trochanter, and
along the axis of the femoral neck. This is the
best suited criteria given the information
available from the EEVC UL impactor sensors.

Assessment of the proposed modifications to the
EEVC UL Protocol

The proposed modifications to the EEVC UL test
protocol were employed in simulated EEVC testing
of several automotive geometries. The fifteen
simplified car geometries used in this study were
tested using the Madymo® FE model of the EEVC
UL impactor. The simulation results from the
modified protocol were then compared to those of the
original protocol, as well as against the results from
the THUMS FE model and PMTO results.

Generally, the modified EEVC protocol methods
employed substantially lower impact velocities than
those prescribed by the original version of the EEVC
UL testing protocol. This is due a more appropriate
characterization of the leading edge and contact
velocity between the thigh and the hood.

The proposed modifications to the EEVC test
conditions greatly improved correlation to both the
THUMS pedestrian model and PMTO impact results
for bending moments (Figure 16). However, the
modified EEVC simulations still predict higher
bending moments than the THUMS simulations or
PMTO tests.

A separate test condition (11.1 kg impact mass
instead of 7.5 kg) and failure criterion (10kN peak
impact force) were applied to those vehicles with an
Mod-EEVC LEH greater than 90 cm. Thus, the
Van000 geometry and all SUV geometries except
SUV500, were tested for pelvic impact. As can be
seen in Figure 17, the 10 kN peak impactor force
threshold yielded a good correlation with THUMS
injury prediction. However, the modified EEVC
protocol simulation predicts that a van geometry with
no leading edge radius (\Van000) will cause no pelvic
fracture, while the THUMS model and PMTO
experiments predict that this geometry will cause a
pelvic fracture to occur. The modified EEVC test

protocol also inherently assumes that no pelvic
fracture will occur in vehicles with Mod-EEVC LEH
< 90 cm.

Thus the SUV000 and Van050 geometries, for
which THUMS simulations predicted pelvic fracture
and for the latter of which PMTO tests showed pelvic
fracture, were not tested for pelvic injury risk
according to the modified EEVC proposal. As
indicated by the PMTO test results, it may therefore
be necessary to apply both force and bending moment
injury criteria to wvehicles with LEH near the
pelvis/femur decision threshold.

Peak Bending Moment THUMS, PMTO vs. EEVC UL Test
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Figure 16. Comparison of the peak bending moments
for impact against sedan geometries.
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Figure 17. Comparison of pelvic fracture predictions
between the modified EEVC protocol, PMTO test
results, and the THUMS model.

DISCUSSION

The intelligent design of automotive front-end
geometry holds a large potential for reducing injuries
to vulnerable road users. In order to assess the risk
posed to a pedestrian by an automobile, the European
Enhanced Vehicle-Safety Committee has proposed
three subsystem pedestrian dummy tests. These tests




are currently in use on production vehicles, and are
published regularly by EuroNCAP. For such tests to
be useful, it is necessary to concentrate on the most
important aspects of automotive design, and employ
testing protocols that are capable of successfully
identifying high-risk vehicles. The current study
focuses on the upper leg impact portion of the EEVC
protocol, which is intended to assess the risk
presented to the thigh and pelvis of a struck
pedestrian.

Vehicle front end design, including hood leading
edge height, bumper height, and bumper lead play a
critical part in determining the complicated
kinematics of pelvic/upper leg contact with the hood
leading edge. The EEVC test conditions, which have
been based on kinematic analysis of PMTO and
dummy impact experiments, intend to incorporate
these kinematics into the UL testing protocol.
However, the reduction of a complicated three
dimensional impact into a simplified, one
dimensional impact test appears to fall short in
replicating the complex nature of actual upper
leg/pelvic impacts (Konosu et al., 2001, Okamoto et
al. 2001, Snedeker et al. 2003).

In the current study, a full body FE model,
THUMS, was used to simulate pedestrian impact
against several simplified automotive geometries.
The results from these simulations indicate that hood
leading edge radius is an important factor in
determining the injury risk posed to a pedestrian by a
given automotive form. The model also indicates that
acceleration of the distal femur by the bumper and
rolling motion imparted to the thigh by the hood
radius drastically reduce the closing speed of contact
in appropriately designed vehicles. In a previous
study we have shown that the current EEVC WG17
upper-leg testing protocol does not reflect these
critical factors (Snedeker et al., 2003). The purpose
of the present study was to validate the THUMS
model predictions against actual PMTO experiments,

use the PMTO experiments to deepen our
understanding of femur and pelvic injury
mechanisms, and use this insight to make

recommendations for an improved characterization of
vehicle geometry.

In general, the predictive capacity of the THUMS
pedestrian model was excellent. The predicted
femoral bone strains and bending moments
corresponded very well to the experimental PMTO
measurements. The model tends to over-estimate the
“first-peak” bending moment imparted to the thigh by
contact with the bumper. This may imply that the
model knee is more rigid than that of the PMTO, in
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which the soft tissues of the knee dissipate impact
energy, and force transmission from the lower leg to
the femur is dampened. It may also be due, in part, to
the fact that the THUMS model does not account for
soft tissue injuries or fracture of the tibia or fibula.
Such injuries were observed in three of the five trials,
and would serve to inhibit force transmission to the
femur.

Interpretation of the strain gauge data from the
pubic ramus and femoral neck is more difficult, since
the precise loading mechanism of these structures is
relatively unknown. These measurements were also
complicated by variability in the anatomical
placement of the gauges due to individual differences
in bone geometry, and difficulty in accessing bone
surfaces heavily invested by connective tissue. In an
effort to compare the measured bone strain data with
the THUMS maodel, the time history of cortical bone
strain  was compared against individual finite
elements located in corresponding anatomical
positions. The element strains in the THUMS pubic
rami vary widely between even neighboring
elements, suggesting both that the strain distribution
in these bone structures is complex and that the mesh
discretization was perhaps too coarse. However, the
strain time history of certain THUMS elements in
each case was similar to that measured with the
PMTO strain gauges, and the predicted THUMS
stress magnitudes are appropriately matched to the

corresponding measurements of PMTO stress
magnitude ( Figure 11 above).
When considering automotive front end

geometry, the observed PMTO injury patterns were
surprising. The THUMS model predicted no injuries
for any geometry except the van with a sharper hood
edge (Van050). It was anticipated that the large
bumper lead and hood radius of the sedans, and the
van with the rounded hood edge (Van250) would
permit sufficient acceleration of the distal femur prior
to contact with the hood, such that the closing speed
would be reduced and no injury would result. In fact,
no injuries to the femur were observed. However,
two factors are likely causes to why this hypothesis
failed with regard to the pelvis: bone quality and
victim stature.

In an attempt to explain the prevalence of pubic
rami fracture in PMTOs T2, T4, and T5, test subject
bone quality was assessed using pQCT. As can be
readily seen in Figure 5, marked differences in bone
quality existed between subjects. Further, the three
impacts that resulted in pelvic fracture all involved
subjects with compromised bone integrity. While
these subjects had diminished bone quality with



respect to young healthy adults, their bone quality
was typical of the older pedestrians that represent a
significant proportion of pedestrian victims. Thus, it
appears that age and age-related bone loss may be at
least as important as car geometric design when it
comes to the injury outcome of a car-pedestrian
collision.

Victim stature with respect to leading edge
height is the second factor that explains the
prevalence of hip and pelvis injuries in these
experiments. All THUMS simulations, and indeed
most reported biomechanical studies, involve the
anatomy of a 50"% man or have data normalized to
this standard. Only two of the subjects tested in the
present study are representative of such a subject, and
the other three subjects were considerably smaller in
stature. Thus the hood of a sedan with a leading edge
height of 765 mm will most certainly contact a
standing 50"% man on the femoral midshaft, but
shorter pedestrians are likely to be struck at the hip or
pelvis. With regard to PMTOs T1, T2, and T5, the
hood front contacted the pedestrian at the hip, and
thus these impacts are perhaps better compared to the
THUMS being struck by an SUV or van with a high
leading edge height. With regard to the hip and pelvic
fracture of subject T4, it is possible that the violent
loading of the femur due to the sharp hood edge, may
have caused a “push-through” fracture of the
acetabulum, and a subsequent fracture of the superior
ramus.

CONCLUSIONS:

e A method for dynamic measurement of femoral
and pelvic bone strains in a laterally struck
pedestrian has been successfully established

e The THUMS pedestrian model is capable of
accurately assessing pelvic and femoral injury
risk in laterally struck pedestrians.

e It may be possible that “safe” cars can be
identified using only geometric measurement,
and that an UL impactor is unnecessary.

e A car sufficiently exhibiting: low hood leading
edge height, large hood edge radius, moderate
bumper lead, and high bumper edge height
would practically exclude the possibility of a
femoral fracture in primary lateral impact of a
50th percentile male pedestrian at impact
velocities less than 40 kph.

e Bone quality and pedestrian stature are critical
considerations with regard to injury outcome
that are not considered by the current EEVC UL
test protocol.
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e The hood leading edge roundness has an
important effect on the upper leg kinematics of
pedestrian impact. This effect is not sufficiently
encompassed by the one dimensional impactor
or the test condition look-up graphs employed in
the current version of the EEVC test protocol.

e The closing speed of contact between the thigh
and car hood is a critical factor in injury
likelihood that does not appear to be sufficiently
accounted for in the current EEVC test protocol.
The closing speed is often not equivalent to
vehicular speed, and can largely depend on the
roundedness of the hood leading edge.

e Separate test conditions and test pass/fail criteria
should be implemented for low leading edge
height (LEH < hip height) and high leading edge
height vehicles (LEH > hip height). Specifically,
low LEH vehicles should be tested with regard
to the femur, and high LEH vehicles should be
tested with respect to the pelvis.

e A modified EEVC UL test protocol has been
offered. The modified EEVC protocol is based
on a logical geometric determination of impact
conditions derived from pedestrian
anthropometry and vehicle front end shape.

e The modified proposal accounts for reduced
impact velocity in cases where the impacted
femur has been accelerated by the bumper prior
to impact with the hood leading edge thus
reducing impact energy.

e The modifications to the EEVC protocol yield
impactor bending moments that correspond
much better with those predicted by the THUMS
pedestrian model and PMTO experiments. It is
therefore deemed to be a significant
improvement on the current EEVC protocol.

e Validated numerical models provide a powerful
low-cost alternative to the use of impactors in
assessing pedestrian injury risk.

OUTLOOK

The present study represents a significant leap
forward in the assessment of pedestrian injury risk
through the use of numerical models. The THUMS
pedestrian model has been shown to predict with a
high degree of accuracy the resulting pelvic and
femoral loading patterns in laterally struck
pedestrians. However, there is still work to be done.

The proposed modifications to the EEVC UL test
protocol are based upon numerical simulations that
require experimental validation. Additionally, the
effects of pedestrian stature should be investigated



using numerical models of varying dimensional scale.
Finally, the effect of hood stiffness was not addressed
in the current work, and a parametric study of hood
force-deformation characteristics could provide
valuable insight automotive design insight.
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ABSTRACT

As light trucks become more prevalent in the
vehicle fleet, it becomes important to consider the
implication of vehicle geometry variations on
pedestrian injury patters. Historically, studies have
shown that the body region priorities should be the
head and lower extremity for pedestrians struck by
motor vehicles. More recent studies have found that
the injury pattern for pedestrians struck by Light
Trucks, Vans, and Sport Utility Vehicles (LTVs) is
different from that of those struck by passenger cars.
Data from the Pedestrian Crash Data Study (PCDS)
during the period 1994 to 1998 has shown that the
torso should be a significant focus area, preceded
only by the head, for pedestrian struck by LTVs. In
this study we analyzed the type and severity of AIS
2+ torso injuries recorded in PCDS for adults age 18
to 50. Regardless of impacting vehicle type, the most
frequently injured torso structures at the AIS 2+ level
are the ribcage, liver, and lung. Considering instead
the AIS 4+ level, the most commonly injured torso
structures are the aorta, ribcage, and spleen in
pedestrians struck by LTVs and the lung, ribcage,
and liver in those struck by passenger cars. The
results of this study suggest that while the overall
torso injury trends may be similar for passenger cars
and LTVs, somewhat different injury patterns are
occurring at higher severity and may be a result of
differences in vehicle geometry and injury
mechanisms.

INTRODUCTION

Since the 1970’s, pedestrian impact protection
has been a significant focus area for automotive
safety researchers.  Accident data shows that
pedestrian impact consistently accounts for more than
10% of the annual fatalities on roadways in the
United States (NHTSA, 2004a). In 2003, there were
4,749 pedestrian fatalities and 70,000 injuries in the

US (NHTSA, 2004b). 45% of the fatalities and 62%
of the injuries are associated with passenger cars,
while 39% of the fatalities and 31% of the injuries
are associated with LTVs (NHTSA, 2004a).

LTVs have been increasing in popularity in the
US since the early 1990’s. By 1999, they accounted
for nearly 50% of new vehicle sales. This trend has
been accompanied by an increasing trend in
pedestrian fatalities associated with LTVs (Lefler and
Gabler, 2004). Numerous studies have been
conducted to understand the pedestrian injury and
fatality risk from cars, however only a few
investigations have focused on pedestrian interaction
with specific vehicle types such as LTVs.

In a 1998 study using the Pedestrian Crash Data
Study (PCDS) database, Jarrett and Saul noted that
LTVs might pose a more serious threat to pedestrians
than cars since LTV impacts dominate the highest
levels of injury severity.

A 1999 study by Mizuno and Kajzer looked into
the influence of wvehicle geometry on pedestrian
injury risk using Japanese data (Mizuno and Kajzer,
1999). They found that the risk of fatality for
pedestrians is independent of wvehicle type for
vehicles weighing less than 1400 kg. However, they
found that fatality risk is dependent upon the vehicle
type for vehicles over 1400 kg,

Lefler and Gabler published a 1998 study
looking at pedestrian injury risk from LTVs. This
study, revised and updated in 2004 (Lefler and
Gabler, 2004), indicates that a pedestrian struck by an
LTV has a 2 to 3 times greater likelihood of dying
than if struck by a car. The study is based on 543
cases in the PCDS database and includes pedestrians
of all ages. The results indicate that the probability
of AIS 4 to AIS 6 injury is greater for LTVs and that
LTV impacts result in a greater probability of serious
head and thorax injury.

Using the PCDS database, Henary et al. (2003)
found that LTVs present a significantly greater risk
of serious injury and fatality than passenger cars in
lower speed impacts. The statistically adjusted odds
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ratios for serious injury and fatality were 3.34 and
1.87 respectively when comparing LTVSs to cars.

Ballesteros et al. (2004) used 1995-1999 data
from the Maryland Trauma Registry and found the
risk of fatality and high injury severity to be greater
for LTVs. He concluded that, compared to cars,
SUVs and pickups present a greater risk of serious
injury to the brain, thorax, and abdomen, but a lower
risk of injury to the region below the knee.

Based on the most frequent pedestrian injuries
and consequent HARM, Fildes et al. (2004) set out to
determine priorities for vehicle design. The study
based on Australian and German data reported that
96% of all fatal pedestrian cases have injuries
equivalent to AIS 4 or greater and 59% of the
fatalities have some AIS 4+ torso injury.

Using the PCDS database Longhitano et al.
(2005) studied differences in adult pedestrian injury
patterns and injury sources based on vehicle type.
The study looked at the number of injuries per body
region sustained by pedestrians struck by passenger
cars compared to those struck by light truck vehicles
such as SUVs, vans, and pickup trucks (Figure 1).
One significant finding was that serious injuries to
the torso are much more frequent for pedestrians
struck by LTVs than for those struck by cars. For
LTVs, torso injuries are preceded by head injuries,
but occur in greater numbers than lower extremity
injuries.
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Figure 1 — Distribution of AIS 3+ Injuries by Body
Region, Vehicle Type, and Injury Source.

Based on these previous studies it is evident that
torso injury is an important area of consideration for
mitigating pedestrian injuries and fatalities. This
study was designed to focus on the specific type and
severity of torso injuries recorded for adult
pedestrians in the PCDS database. The purpose is to
identify the organs and structures which sustain
injury so that future countermeasures can be
developed to mitigate their frequency.

METHODOLOGY
Data Source

The PCDS database was used as the primary
source of data for this study. PCDS contains data for
552 pedestrian impacts and includes approximately
4,500 pedestrian injuries. The data was collected for
late model vehicles from 6 US cities in the years
1994 to 1998 (Chidester and Isenberg, 2001). The
database contains information on crashes of all
severities for pedestrians struck by passenger
vehicles including passenger cars, SUVs, vans, and
light trucks.

Inclusion and Exclusion

For the purpose of this study, we limited the data
to adult pedestrians aged 19 to 50 years. Children of
age 18 and under were excluded due to numerous
confounding factors such as size and biomechanical
characteristics  associated  with  growth and
development. Adults over 50 were also excluded to
avoid age related issues such as degradation in bone
mineral density. In addition, cases which included
multiple vehicles and/or multiple pedestrians were
excluded.

The remaining data was divided into two
categories: Car cases, which contains cases in which
the impacting vehicle was a passenger car; and LTV
cases, which includes cases in which the impacting
vehicle was an SUV, van, or light truck. Within each
of these subsets, the torso injury data was then
filtered at the AIS 2+, AIS 3+, and AlS4+ levels.
Torso injuries were defined as those injuries with an
AIS code associated with the thorax, thoracic spine,
abdomen, or lumbar spine.

The AIS 1 level injury has been excluded from
this study as they are largely skin or other non-
specific injuries that would not improve the analysis
and may even mask other existing relations.

To focus on vehicle related factors, ground
contact injuries were also excluded. This was
accomplished by filtering all injuries that the PCDS
crash investigators attributed to ground or other non-
vehicle contact.

Torso Injury Type & Severity

For each division of AIS injury level the
recorded torso injuries were divided into groups by
the organ or structure injured. These groups were
determined by the organ classification of the AIS
code for each recorded injury. These classifications
included aorta, lung, thoracic cavity, ribcage, liver,
spleen, kidney, and other. Items were classified as
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other because either the specific portion of the torso
was unclear or because the total number of injuries
was relatively low. This data was then taken and
each injury classification was shown as a fraction of
the cumulative injury at that level for each vehicle

type.
Relative HARM Assessment

A HARM approximation was used in order to
differentiate the relative importance of torso injuries
as a function of frequency and severity. This is
accomplished by assigning a societal cost factor to
each AIS injury level (Malliaris, 1982).

The PCDS data was divided by injury severity
level at AIS 2, 3, 4, and 5+ for each injury
classification and vehicle type. AIS 5 and 6 injuries
were combined because AIS 5 would normally be
weighted higher than AIS 6 due to the cost of
medical treatment associated with the AIS 5 injuries.
(AIS 6 injuries are by definition not treatable,
therefore associated medical costs are greatly reduced
when compared to AIS 5 injuries.)

Each injury was assigned a HARM weighting
factor based solely on the AIS level. These factors
are 2.7, 7.1, 38.8, and 186.6 for AIS 2, 3, 4, and 5+
injuries respectively. For each injury classification
region, the cumulative cost factor was calculated and
normalized by dividing by the cumulative cost for the
vehicle type classification. These calculations were
performed for the cars, LTVs, and the overall vehicle
sample.

RESULTS

After filtering the data by age and vehicle type
there were 169car cases and 85 LTV cases remaining
for further analysis. In the passenger car cases there
were 67 AIS 2 or greater (AIS 2+) torso injuries
recorded and there were 77 AIS 2+ torso injuries in
the LTV cases. The number of torso injuries at AIS
3+ is reduced to 40 and 46 for cars and LTVs
respectively. At AIS 4+ there are 18 and 21 torso
injuries recorded for car and LTVs respectively.

Table 1. Adult Torso Injuries in PCDS.

Cars LTVs Total
AlS 2+ 67 7 144
AlS 3+ 40 46 86
AlS 4+ 18 21 39

AIS 2+ Torso Injuries

There were 144 torso injuries of moderate or
greater severity (AIS 2+) included in the sample of
the PCDS database studied. Figure 2 shows the
breakdown of these injuries by organ or structure as
indicated by the AIS injury coding. This data
indicates that of the major organs and structures the
ribcage sustains injury at the greatest frequency,
followed by the liver and lung.

The breakdown for passenger cars (figure 3)
shows a similar trend to the overall breakdown, with
the ribcage being the most frequently injured
followed by the lung and liver. For LTVs, the
breakdown (figure 4) is also similar though the
frequency of spleen injury is greater than observed
for passenger cars.

AIS 3+ Torso Injuries

When the PCDS sample was filtered for torso
injuries of AIS 3 severity or greater, 86 injuries
remained. Figure 5 indicates that in terms of serious
injury the ribcage and lung are injured with the
greatest frequency.

In the case of passenger cars, the distribution of
AIS 3+ injuries again follows a similar trend to the
data for all vehicles (figure 6). One notable
difference is that there is an increased fraction of
representing injury to the thoracic cavity.

Ribcage and lung continue to be of greatest
importance at the AIS 3+ level for LTVs. (figure 7).
The spleen also continues to be an appreciable
fraction for LTVs, and the fraction associated with
the aorta is of increasing importance.

AIS 4+ Torso Injuries

At AIS 4+, all but the most severe injuries are
filtered out. In figure 8, we can see that the aorta
encompasses a much greater fraction than at the AIS
3+ or AIS 2+ levels. The lung and ribcage, however,
retain the greatest number of injuries.

The injury breakdown for passenger cars shown
in figure 9 indicates that the lung and ribcage
continue to be the predominant torso injuries even at
the greatest severity levels for this classification.

For light trucks, the aorta and spleen occur at a
frequency level in excess of the lung for severe torso
injuries (figure 10). The spleen accounts for
approximately 14 percent of the AIS 4+ injuries and
the ribcage and aorta each account for approximately
23%.
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Figure 10. AIS 4+ Torso Injury Distribution For
LTVs.

Cumulative HARM

Since it can the difficult to ascertain the relative
importance of each injured organ or structure across a
range of injury severities, a simplified relative
HARM analysis was performed. For the cases
studies, the percentage of total HARM within the
torso was calculated for each major organ and
structure for LTVs, cars, and the overall sample
(Figure 11).

The data in Figure 11 indicates that the lung and
aorta are the torso components at the greatest risk for
HARM in pedestrian impacts. The lung
predominates in cases with passenger cars due to a
number of incidences where AIS 5+ lung injury is
reported. For LTVs, the aorta is the most significant
component, which is again due largely to the severity
being recorded as AIS 5+.

A breakdown of injured torso region by injury
severity and vehicle classification can be found in
Appendix A.
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Figure 11. Relative Percentage of Torso HARM.

DISCUSSION

When looking at the distribution of AlS2+ torso
injuries, it at first appears that the types on injuries
sustained when struck by an LTV are similar to those
for a passenger car. The ribcage is the dominant area
of injury, followed by injuries to the lung, liver,
spleen, and thoracic cavity.

This distribution changes noticeably when
looking at higher severity injuries, AIS 4+. At the
severe injury level, lung and ribcage injury dominate
the passenger car dataset; while lung, ribcage, aorta,
and spleen are all important for LTVs.

HARM analysis shows a further divergence
between cars and LTVs. For cars, 45 percent of the
cumulative HARM is associated with lung injury.
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This is due to a number of instances of AIS 5 lung
injury in the passenger car dataset. In the LTV
dataset, the lung is not as significant. For LTVs, it is
the aorta which indicates the greatest cumulative
HARM accounting for over 30 percent. This is due
to a large number of AIS 5 and 6 aorta injuries in the
LTV sample. Liver, kidney, and spleen injuries are
also evident in the LTV HARM analysis, but not for
the passenger cars. The ribcage is also of importance
in both datasets, where it sustains approximately 10
percent of the cumulative HARM.

This shift of injury distribution is indicative of
the change in loading characteristics between
passenger cars and LTVs. High leading edge profiles
of LTVs produce an inherently different interaction
with the pedestrian. When struck by a car, a
pedestrian will normally wrap the front of the vehicle
with the thigh interacting at the hood edge before
being thrown forward. For LTVs, the hood edge
strikes between the pelvis and thorax of the
pedestrian. This results in a more direct penetrating
loading for the torso.

CONCLUSIONS

Torso injury is an important area of
consideration for the mitigation of pedestrian injuries
and fatalities. At lower AIS levels, the distribution of
torso injuries is substantially similar between vehicle
types with the ribcage being the dominant area of
injury followed by the lung and liver. At higher AIS
levels, the injury pattern shifts. For cars at the AIS
4+ level, injury to the lung and ribcage is still
dominant. For LTVs at this higher level the aorta and
spleen also account for large percentages of the
injuries.

When these injury distributions are looked at in
terms of HARM, the focus shifts. For cars, the lung
is the dominant area accounting for 45% of the
HARM. For LTVs it is the aorta that dominates with
over 30% of the HARM. The ribcage, liver, kidney,
and spleen are also significant components of HARM
in the case of LTVs.

Based on these findings, further work is
necessary to better understand mechanisms for the
injuries occurring so that tools can be developed to
evaluate the risk of these injuries during vehicle
development.
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APPENDIX A

Table Al
Passenger Car Injury by Organ and Severity.

Car AIS | AIS | AIS | AIS | AIS

- 2 3 4 5 6
Ribcage only 3 4 1 1
oo 2K
Pleura only 4
Lung 3 7
Aorta 1 1
Other Thorax 4 1
Liver 6 2 2
Kidney 3
Spleen 1 1 1
Mesentary 3
Other Abdominal | 5 1
Spine - Thoracic 3 1
Spine - Lumbar 3

Table A2.
LTV Car Injury by Organ and Severity.

LTV A2|S ALI%S Azlls AéS A6|S
Ribcage only 2 3 1 1
Plecra. 3 |3
Pleura only 1 1
Lung 8 2
Aorta 1 3 1
Other Thorax 4
Liver 10 1 1 1
Kidney 3 1 1 1
Spleen 4 1 2 1
Mesentary 5 1
Other Abdominal | 3 2 2
Spine - Thoracic 3

Spine - Lumbar
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ABSTRACT

In pedestrian injury biomechanics, knees and
lower legs are highly recruited, leading to joint
damage and bones failures. Safety improvements
should mainly focus on knee ligaments injury
minimization. To investigate the corresponding
injury mechanisms and postulate on injury criteria
risk, both experimental and finite element
simulation approaches were performed. The lower
limb behavior was first studied in lateral bending
and then in lateral shearing impact tests in order to
isolate injury mechanisms effects. The tests
consisted in evaluating lower limb forces and
kinematic through a 37kg guided impact with
velocities ranged between 15 & 20kph. 35 tests
were performed on isolated PMHS lower limbs.
Response corridors for the time history about the
mean response curve + one standard deviation with
the Maltese procedure were established. The
observed damages were contact injuries (head of
fibula and lateral tibial condyle fractures), ligament
injuries (cruciates and collaterals ligaments
according to the tests) and bone fractures (extra and
diaphysis). These experimental tests were simulated
using a finite element model of the lower limb
(with extended impact velocities). The model
response analysis (bone Von Mises stress levels,
Ligaments global and local strain levels, knee
rotation and shearing measurements) was
performed during each step of the impact
chronology. It leads to postulate on injury criteria
for knee soft tissues based on the knee ultimate
lateral bending (~16°) and shearing levels
(~15mm). These approaches by coupling PMHS
experimentation and numerical simulation ensure
an accurate description of pedestrian lower limb
trauma in terms of injury chronology and threshold.
These results were also relevant with accidentology
and clinical knowledge, especially with the
evaluated potential injuries.

INTRODUCTION

Although the number of pedestrian suffering
severe or fatal injuries has decreased since 1991 in
EU (Kallina, 2002), pedestrian safety has become a
major issue of society and is one of the most
discussed topics in vehicle safety. If pedestrian
sustain multisystem injuries, head and lower
extremities injuries are the most frequently injured
body regions. Particularly, lower limbs are highly
loaded during crash situations (AIS from 2 to 6)
with joints damages and bones failures (IHRA
2001, Stutts 1999). To improve understanding of
the mechanisms and establishing tolerance criteria
for this specific body part, coupled experimental
and numerical studies were conducted.

Experimental studies were performed to
represent condition of pedestrian accident focusing
on the lower limb. The tests should have reflected
the nature and the severity of the injuries sustained
from this kind of impact. There is little data
available from experimental studies measuring the
response of the human knee joint in the pedestrian
environment. Aekbote et al (Aekbote, 2003)
reviewed the biomechanical studies conducted over
the last three decades. He noted that mainly the
injury mechanisms of the lower extremity were
investigated. Tests were conducted in pure lateral
shear loads, in pure bending moments or a
combination of lateral shearing and bending of the
knee (Kajzer 1990, Kajzer 1993, Grzegorz 2001).
On cadavers full leg experiments, Kajzer (1990,
1993) focused on lower limb response under
shearing and bending solicitation. He showed that
pure shearing induces collateral tibial and anterior
cruciate ligaments failure while a primarily bending
mainly induces medial collateral ligament failure.
More generally, three primary injury mechanisms
were underlined: acceleration of the leg induced
contact injuries as fracture of the femur and/or tibial
shaft, shear force through the knee joint led to ACL
rupture/avulsion, tibial intercondylar eminence
fracture and femoral cartilage injury, and injuries
due to bending moment at the knee joint are
compression fracture of lateral femur condyle, tibial
plateau fracture and MCL rupture.

Masson, 1



These last years, recent studies have reported
the response of the isolated knee joint to bending
and shearing forces (Kerrigan, 2003). These tests
aimed to investigate into the failure thresholds of
the lower extremity. In bending tests, femoral and
tibia ends were held. In this experimental
configuration, MCL injuries were the most
common. In shearing tests, damage to the ACL was
the only relevant ligamentous injury. More recently,
Bose (2004) performed 3-point bending tests on
isolated knee joints in order to obtain a combination
of shearing and bending effects, and confirmed
injuries to medial collateral and anterior cruciate
ligaments. It can be noted that knee injuries are not
restricted to the injuries described above. Tibia
fractures (especially with at the tibial eminence in
contact with the intercondylar notch at impact),
PCL injuries, fibula and femur fractures can also be
observed. From all these studies, it appears that the
main challenge for improving leg protection should
focus on knee ligament damage and failure
minimization.

Much of the most recent researches on
pedestrian injury using PMHS has solely focused
on sustained injuries. They reported in details bone
and ligament injuries, proposed injury criteria and
gave only typical load or accelerometric responses
of the lower limb. These data are not always
sufficient to assure a satisfactory validation of the
model (Bhalla, 2003; Kerrigan, 2003; Bose, 2004;
Ivarsson, 2004; Ivarsson, 2005). Very few
presented response corridors to impact though they
are useful to validate pedestrian surrogate models
for biofidelity against PMHS test data. That why
we decided to re-analyse the results of previous
studies performed in Inrets-LBA (Kajzer, 1990,
1993) and to establish force-versus time corridors
for bending and shearing tests.

In order to more accurately describe the injury
mechanisms involved in such trauma situations,
finite element simulations are more and more useful
as they can provide data unavailable
experimentally. In the literature, many finite
element models have been designed to study very
specific points of the leg behaviour under crash
situations. Some ankle-foot models focused on the
kinematics (Beaugonin, 1996; Beillas, 1999), others
on material properties (Beaugonin, 1997; Tannous,
1996) and others else on an accurate description of
geometry (Beillas, 1999). Knee models were also
developed both for frontal impacts (Hayashi, 1996;
Atkinson, 1998) and pedestrians (Yang, 1997,
Schuster, 2000; Takahashi, 2003). Lastly, Bedewi
(1996) included mathematical joints in order to
control the kinematics of a full lower limb model.
The THUMS model (Chawla, 2004) or the LLMS
model (Arnoux, 2001-2004; Beillas, 2001) are
advanced finite element models of the whole lower

limb. This last model was based on an accurate
description of all anatomical parts of the lower
limb, and its validation was performed in various
impact situations (isolated materials, sub-segments
up to the whole model). It has been used to
complete experimental results analysis by focussing
on ligaments strain levels as a function of lateral
shearing or flexion according to the load cases with
an extended range of velocity.

EXPERIMENTAL STUDY
Material and methods

A linear impactor rig was used to perform
dynamic PMHS tests, Figure 1. The cylinder had a
mass of 37kg including instrumentation. The
contact area was a flat piece with 50 mm Styrodur
padding surface.

Impact experiments were conducted on 34 pairs
of human lower limbs. The subjects are Post
Mortem Human Subjects (PMHS) who have given
voluntary before dying their body to the science.
The cadaver specimens are from a population with
considerably advanced age. Haut (Haut, 1995)
reported that cadaver age is not significant predictor
of impact biomechanics or injury to the human
knee. All subjects were preserved at 3°C in
Winkler’s preparation (Winkler, 1974). These
injection methods allow to keep supple the
sampling and to preserve for several months the
soft tissues elasticity. The joint range of
physiological mobility was checked by medical
team. Measurements of valgus-varus and knee
laxity were performed. X-Rays radiographs of the
body were taken and the osseous integrity in 2
planes (sagittal plane and frontal plane) was
checked by an anatomist surgeon. The subjects
chosen were with an average age of 78+8 years,
average weight of 66+11kg, and average height of
161+£21cm. Anthropometric details of the subjects
are reported in Table 1. These values are both large
as compared to the 50" percentile male dummy
specifications of 1.73m in height and 74.5 kg in
weight.

Table 1.
Cadaver Physical data.
Age |Weight| Height | Limb Weight
(kg) | (cm) (kg)
Be“(lizgm/‘es“s A 7626 | 7048 | 16624 14.4+1.9
Bendingtestsat| o5 11 | 6045 | 16847 | 132414

5.5m/s

Shearing tests at

4.2m/s 79+6 | 629 | 167x10 12.1+1.9

Shearing tests at

5.5m/s 79+8 | 71x16 | 1626 12.8+2.2
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The experiment consisted in lateral impacting
an isolated lower limb (leg-thigh-half pelvis) stood
up straight. The thigh was blocked with 2 foam-
padded plates, called the “upper plate” and the
“lower plate”. One was placed on the external face
at femoral condyle level, about 2 cm below the
knee joint line. The second was placed on the
internal face at pubic bone level. The foot was on a
mobile plate to minimize ground friction and a
mass of 40kg allowed preloading the lower limb
(Figure 1).

Bending impacts were performed by loading the
leg just above the ankle joint. The impactor was
equipped with a foam-padded face of 50mm of
Styrodur and 150mmx50mm of size. Distance
between the knee joint line and impactor axis on the
one hand and between the knee joint line and the
lower plate on the other hand were recorded before
test. The impact tests were performed at two impact
velocities: 4.4m/s (MFGO1-MFG06) and 5.5m/s
(MFGO07-MFG15).

Shearing tests were performed by loading the
leg with 2 impact plates fixed on the impactor, one
loading the leg at the proximal end of tibia and head
of fibula named the “upper impact face”, and one
loading the leg just above the ankle joint and named
the “lower impact face”. Distance between the
lower plate and the upper impact interface was
chosen to be 40mm. A minimize contact injuries,
two foam-padded interfaces were fixed on the
plates (50mm of Styrodur). These impact tests were
performed at two impact velocities: 4.2m/s
(FCG06-FCGI15) and 5.5m/s (FCG17-FCG26).

Instrumentation and measurement

An accelerometer (Entran EGA, 250g) and a
force transducer (SEDEME 20kN) equipped the
face of the impactor in bending tests. They
measured the impactor acceleration and the
impactor force presented Figures 2-3. The lower
reaction force was given by a force transducer fixed
on the lower plate (SEDEME, 20kN).

In shearing tests lower impact forces were
measured with a force transducer fixed to the lower
impact face and presented Figures 7-8. The upper
impact face was equipped with an accelerometer
(Entran EGA, 250g) and a force transducer
(SEDEME 20kN). The measurements of the upper
impact force were given in Figures 9-10. A force
transducer equipped the lower plate and recorded
the femur reaction force presented Figure 11-12.

A unit, comprising 32 measurement channels
ensured the conditioning, analog-digital conversion
and memorisation of signal. All the channels were
sampled at 10kHz for a duration of 5 sec. The data

acquisition system was triggered by a contact plate
on the impactor connecting with two contacts on
the knee. Data was transferred to a computer for
processing. Loads were collected and filtered at
180Hz. Two high-speed cameras operating at 1000
frames per second were used to provide a visual
record of the tests and to allow a cinematic analysis.
The locations of all high-speed cameras were
measured with respect to the impact location.

Test Matrix

A total of 35 tests were performed on knee
joints from PMHS. In pure bending, all tests were
performed from male subjects, six tests at 4.4m/s
and nine tests at 5.5m/s. In shear loading, ten tests
were carried out at 4.2m/s and ten tests at 5.5 m/s.
In order to study repeatability of the test procedure,
tests were performed on matched pairs of knees
from the same subject.

the shearing tests (b)

Corridor construction

There is not a standard methodology to construct
biofidelity corridors around the cadaveric data
despite the fact that the way corridors are derived is
an important issue on which the biofidelity rating
depends. Maltese et al (Maltese, 2002) have
proposed a process for calculating corridors from
test data. The first step was to scale data employing
mass scaling developed by Eppinger (Eppinger,
1984) to normalize the data to a 50" percentile male
subject. The scaling variable A and the scaled test
parameters with subscript s are expressed in terms
of the initial parameters with subscript i in
following equations.

A=(75/M,)"

Scaling variable

)]

Velocity Vo=V, 2
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A=Al

Acceleration 3)
Time I, = AX T; 4)
Force F. =1F, (5)

Then signals were aligned by time shifting. For
each sensor, one signal was chosen as characteristic
response. The cumulative variance between this
typical signal and each signal was calculated
shifting forward then backward in time by one time
step until a minimum variance (Equation 6). The
calculation of cumulative variance continued until
the signal was shifted in time by an amount equal to
one-third of this duration in both directions

12
Vo= (s, —k)? 6)
1

where
S, is the magnitude of the typical signal s at t=i

k; is the magnitude of the signal k at t=i

After time alignment, the mean response and the
standard deviation was calculated at each time. To
finish, mean + one standard deviation corridors
were developed. Straight lines were constructed
around the mean from the defined requirements.

Experimental results

Results from bending tests

The impact force versus time corridors for the
two impact velocities are presented Figures 2-3.
The corridors mean shape is similar in both cases,
with a linear increasing phase slightly greater at
5.5m/s. The mean peak force is 1860N at 4.4m/s
and 2850N at 5.5m/s with a greater standard
deviation. The duration of solicitation is
comparable for both impact velocities, with a same
increasing slope.

The lower reaction force corridors is plotted as a
function of time for both impact velocities in
Figures 4-5. The corridors show similar trends in
both cases, with a first linear phase during 20ms
following by a local peak. This first mean local
peak is 615N at 4.4m/s and 1628N at 5.5m/s. A
second peak is noticed around 50ms, slightly
greater: 693 N at 4.4m/s and 1728 N at 5.5m/s.
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Figure 2. Impactor force corridors in bending
tests at 4.4m/s.
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Figure 3. Impactor force corridors in bending
tests at 5.5m/s.
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Figure 5. Lower reaction force corridors in
bending tests at 5.5m/s.
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A cinematic analysis was performed. The high
speed images analysis provided the position at each
ms. From the relative displacement of the leg
against the thigh in frontal view, the lateral flexion
angle of the knee was calculated (Figure 6). No
significant difference appeared between 4.4m/s and
5.5m/s. It is estimated that the knee bending rate in
the bending tests is approximately 1°/ms up to
13ms then is 0.5°/ms.
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Figure 6. Knee flexion angle versus time

After testing, radiographs were taken and pre-

and post-radiographs were analysed and compared.
Each lower limb was then autopsied.
Tables 2 and 3 list the injuries for both series of
test. Bone damage was seldom observed, only in
two tests at 5.5m/s. In contrary ligament damage
was observed in 70% of tests and the medial
collateral ligament was always injured. The
posterior cruciate ligament was never injured and
damage were observed on the anterior cruciate
ligament in 3 tests at 5.5m/s

Table 2.
Injuries caused in bending tests at 4.4m/s.

MFGO1 | MCL: avulsion at the femoral insertion
MFGO02 | MCL: avulsion at the femoral insertion (80%)
MFGO03 | MCL avulsion at the femoral insertion
MFGO04 | LCL : rupture (80%) in the ligament

MCL : avulsion (30%) at the femoral insertion
MFGO05 | None

MFGO06 | None

Table 3.
Injuries caused in bending tests at 5.5m/s.

MFGO07 | LCL : partial avulsion at the femoral insertion
ACL : partial avulsion at the tibial insertion
MFGO08 | None

MFGQ9 | MCL: avulsion at the tibial insertion
MFG10 | Tibial plate fracture

MFGI11 | None

MFG12 | MCL.: total avulsion at the femoral insertion
MFG13 | MCL : avulsion at the femoral insertion
Tibial plate fracture

MFG14 | MCL: avulsion at the femoral insertion
ACL: avulsion at the femoral insertion
MFEG15 | MCL.: total avulsion at the femoral insertion
ACL: avulsion at the femoral insertion
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Figure 7. Lower impact force corridors in
shearing tests at 4.2m/s.
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Figure 8. Lower impact force corridors in
shearing tests at 5.5m/s.

Results from shearing tests

Lower impact force versus time corridors for the
two impact velocities are presented Figures 7-8.
The mean peak force is 935N at 4.2m/s and 1300N
at 5.5m/s. The increasing phase is stiffer at 5.5m/s
with a slope of 300N/ms against 170N/ms at
4.2m/s. The impact forces peak at 5.5 ms for the
lower impact velocity, at 4.3ms for the second
velocity and then drop to 0 by 14.8ms and 16.2ms
respectively.

Figures 9-10 show upper impact force versus
time corridors for both impact velocities. Three
peaks are noted at 4.2m/s against only two peaks at
5.5m/s with a decreasing of the force occurring
much later (60ms) than for the lowest impact
velocity. If the values of the first peak differ
according impact velocity (1708N and respectively
2421N), peak values on all duration are
approximately the same (3000N) but appear at
different times (20ms and 60ms).

Femur reaction force versus time corridors for
both impact velocities are presented Figure 11-12.
The corridor at 4.2m/s is very larger in time. The
peak values are similar in both cases with
nevertheless a slope in the increasing phase greater
at 5.5m/s than at 4.2m/s (143N/ms and 306N/ms).
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Figure 9. Upper impact force corridors in
shearing tests at 4.2m/s.
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Figure 10. Upper impact force corridors in
shearing tests at 5.5m/s.
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Figure 11. Femur reaction force corridors in
shearing tests at 4.2m/s.
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Figure 12. Femur reaction force corridors in
shearing tests at 5.5m/s.

After testing, radiographs were taken and pre-
and post-radiographs were analysed and compared.
Each lower limb was then autopsied. Injuries are
listed in Tables 4-5 and concern as well knee
ligaments as lower limb bones. At 4.2m/s,
concerning ligament, there were no injuries to any
of the posterior cruciate ligament and only one
injury to medial collateral ligament. The anterior
cruciate ligament was the most often injured (in
seven tests) with in six tests injury of lateral
collateral ligament. Bone injuries were mainly
fracture of fibula (75% of tests) and fracture of the
tibial intercondylar eminence associated with
femoral cartilage injury. There were no fractures to
femoral diaphysis and one to tibial diaphysis. Only
one knee showed no signs of fracture or any
ligamentous injury. At 5.5m/s, ligament injuries
were mainly anterior cruciate ligament injuries
(seven tests). There were no injuries to any of the
posterior cruciate ligament and few lateral ligament
injuries (in 2 tests for the medial collateral and in 2
cases for the lateral collateral). Concerning bone
injuries, in all cases, a fracture of the fibula was
noted. We noted proportionally less tibial
intercondylar eminence fracture but more tibia
condyle fracture.

Table 4.
Injuries caused in shearing tests at 4.2m/s.

FCG06 | None

FCGO07 | MCL: avulsion at the tibia insertion

FCGO8 | ACL avulsion at the tibia insertion,

tibial intercondylar eminence crushing,
femoral cartilage

FCGO09 | LCL : avulsion at the fibula insertion,

ACL: avulsion at the tibial insertion

Fracture of the lateral tibia plate

Avulsion of tibial intercondylar eminence
FCG10 | LCL : avulsion at the fibula insertion

ACL: avulsion at the tibial insertion
Avulsion of tibial intercondylar eminence
FCG11 | LCL : avulsion at the fibula insertion

ACL: peeling

Crushing of the tibial intercondylar eminence
FCG12 | LCL : avulsion at the fibula insertion

ACL: peeling and partial avulsion at the tibial
insertion

Fracture of the fibula

Crushing of the tibial intercondylar eminence
FCG13 | LCL: rupture

ACL: rupture at the tibial insertion

Fracture of the tibia

Fracture of femoral condyles

FCG14 | LCL :damage

ACL : avulsion (70%) at the tibial insertion
Fracture of the fibula neck
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Table 5.
Injuries caused in shearing tests at 5.5m/s.

FCG17 | Fracture of the femoral diaphysis
Fracture of the medial malleolus
Fracture of the fibula (proximal end)
ACL: Partial rupture (80%)

FCG18 | ACL: Avulsion at the tibial insertion
Fracture of the fibula diaphysis

Fracture of the fibula (proximal end)
Fracture of the tibia (proximal end)
FCG19 | ACL: Avulsion at the tibial insertion
Fracture of the fibula (proximal end)
Fracture of tibial intercondylar eminence
Fracture of tibial spinal tuberosity
FCG20 | Crushing fracture of the medial femoral
condyle

Fracture of tibial intercondylar eminence
Fracture of tibial spinal tuberosity

Tibial cartilage injury

Fracture of the fibula neck

ACL: partial (80%) avulsion at the tibial
insertion

MCL: partial rupture

FCG21 | Fracture of the femoral diaphysis
Fracture of tibial intercondylar eminence
Fracture of the fibula neck

ACL: partial (80%) avulsion at the femoral
insertion

FCG22 | Fracture of the fibula (proximal end)
MCL: partial rupture

ACL: partial (80%) avulsion at the femoral
insertion

FCG23 | Fracture of the tibial diaphysis

Fracture of the fibula neck

FCG24 | Fracture of the fibula (proximal end)
LCL: avulsion at the fibula insertion
FCG25 | Fracture of tibial intercondylar eminence
Fracture of the fibula diaphysis

Fracture of the fibula (proximal end)
ACL: avulsion at the tibial insertion
FCG26 | Fracture of the fibula (proximal end)
LCL : avulsion at the fibula insertion

Figure 13. General overview of the Lower Limb
Model for Safety (LLMS).

NUMERICAL STUDY

To complete the analysis of experimental
results, a finite elements model of the lower limb
(the Lower Limb Model for Safety) was used
(Figure 13). As this model (validation, applications,
model features) has already been presented in
previously published papers (Arnoux 2001- 2004,
Behr 2003- 2005, Beillas 2001), we only focus here
on the use of this model to determine injury criteria
assumption on the base of pedestrian related impact
situations performed during experiments. In a first
step model response was evaluated by comparison
between simulation and reanalysis of experimental
results performed in this work. Then, an analysis of
model kinematics, bones Von Mises and lastly soft
tissues strain levels was performed (Arnoux 2004)
in order to postulate on injury assumptions

Model comparison with experiments

In Kajzer (1990) bending tests (Figurel4) the
upper leg was allowed to freely translate in the
vertical direction, while a 22 kg dead weight was
attached to the proximal femur to simulate the
weight of the body. The foot was placed on a plate
which allowed free translation along the direction
of impact. A 40 kg impactor was used to load the
distal tibia with impact velocities of 16 and 20 Kph.
The model validation was achieved by comparing
forces versus time recorded on the impactor face
and lateral flexion by analysis of high speed video
data regarding model response through new
experimental corridors defined above. Results
reported were relevant with experiments. Note that
time amplitude was higher than experiment
especially concerning unloading phase. This could
be linked to soft tissue behaviour laws where
physical failure was not implemented in the model.

In Kajzer (1993) shearing tests (Figurel5), the
leg was put in same conditions as the previous test.
The impactor consists in two impacting surfaces
applied simultaneously on both proximal and distal
extremities of fibula and tibia. Model response was
relevant with experimental corridors but do not
describe complete time duration of the test. The
two-stage  injury mechanism experimentally
identified, with the two peaks in the force time
curve, was not reproduced with the LLMS model.
The first injury mechanism, which occurred in 10"
ms after impact, is directly related to the knee
impact force. It can be described as a contact injury
and can induce bone fractures (head of fibula, tibia
or femur). This phenomenon was relevant with Von
Mises stress level recorded between tibia and fibula
(Figure 16).
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Figure 14. Comparison between simulated model and experiments of impact forces in bending tests for 16
and 20 kph impact velocities.
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Figure 15. Comparison between simulated model and experiments of impact forces in shearing tests for 16
and 20 kph impacts velocities.

Von Mises
15

The second injury mechanism is correlated to
forces transferred through the knee during

. acceleration of the thigh (relative shearing of tibia
e versus femur) which lead to soft tissues injuries.
9 This could be linked to soft tissue behaviour laws
- where physical failure was not implemented in the

model. Consequently, the model analysis was
¢ bounded to first part of the tests until the strain
45

failure level on ligaments were reach. Additionally,
the locations of stress concentrations predicted by
the model, including the cruciate ligament
insertions, the tibia eminence and the tibia fibular
joint, were in agreement with the injury locations
found during the autopsies (Figure 17).

Figure 16. Illustration of Von Mises stress level
in joints and recruitment level of knee ligaments.
Injury criteria evaluation
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Injury criteria evaluation

Taking care to the validity domain, loading
cases can be extended and, from model analysis, it
remains possible to compute data that is not usually
recordable experimentally:

- The stress level and distribution in bones provide
an estimation of damage on bone structures when
stress reaches the Yield stress values.

- The kinematics was recorded to check the correct
relative movements between the corresponding
bones or soft tissues through knee torsion, lateral
bending and frontal bending in the different planes
and for each test. Therefore, the lateral relative
displacement between the tibial eminence and the
intercondylar notch was calculated to accurately
identify knee lateral shearing at the joint level.

- Damage properties of soft tissues can be described
in terms of ultimate strain levels in soft tissue
structures (Arnoux 2000, Subit 2004). The results
led to consider ligament failure with a strain
criterion. Ultimate strain levels were calculated for
the four knee ligaments and used in this study to
identify potential failure. Note that literature gives
various values for ultimate strain (Table 6) obtained
in different experimental conditions (loading,
preconditioning, conservation method...). In the
present study, the ultimate values used to postulate
on damage were assumed to be 28% for lateral
ligaments, and 22% for cruciate ligaments. For each
of the four knee ligaments, strain sensors were
inserted in the model. These sensors consist in a
series of springs along the main fiber axis. For the
cruciate and lateral ligaments, it was also possible
to compute the global strain level, the average strain
level as well as the curve of maximum strain
recorded at various levels in the ligament. A first
step in the investigation knee joint injury criteria
was to focus on previous experiments with
extended impact velocities which are 2 m/s, 4 m/s,
5.55 m/s, 7 m/s and 10 m/s.

Table 6.
Overview of ultimate strain levels recorded for
knee ligaments.

Author Collateral | Collateral | Posterior Anterior
tibial medial cruciate cruciate

Viidick 30% 40% 60% 60%

(1973)

Kennedy 24 (£6) %

(1976)

Marinozzi 20 (£5) %

(1982)

Prietto 28 (£9) %

(1992)

Race 18 (£5)

(1994)

Arnoux 24-38% 22-38% 15-23% 18-24%

(2000)

Kerrigan 7-10% 11-20%

(2003)

For both impact situations, the Von Mises stress
levels on bones were located on the proximal tibial
metaphysis and distal femoral metaphysis (Figure
17). With impact velocity upper than 7m/s Von
Mises stress reach 120-130MPa which is closed to
failure. Bone failure on shell element was obtained
by deleting elements once ultimate strain is reach.
Note that model stress distribution and failure
location were relevant with experiments (with
lower impact velocities).

Von Mises

Von Mises
66.6525 1

051

59.9872 116.569

53.322 103617

46.6567 90.6648

39.9915 77.71127

| 333262
|

26661

| | 64.7605

51.8084

19.9957 38.8563

133305 259042

H I 129521
Time- 28.35 0 Time- 1635

Figure 17. Typical Von Mises stress on bones for
bending and shearing impact.

6.66525

0

Model kinematics in bending tests exhibit
typical lateral rotation between the tibia and the
femur which seems to be correlated with velocity.
The frontal rotation is stable whereas torsion effect
seems to be important and correlated to the impact
velocity (Figures 18 and 19). Variations of angles
reach values ranging from 2° to 8°, depending on
the impact velocity.
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Figure 18. Knee torsion in the bending test.
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Figure 19. Knee lateral shearing in the shearing
test.
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In shearing tests, the two main kinematics
aspects are the lateral shearing and the knee torsion
(Figure 19). The lateral shearing seems to be
correlated with velocity and rapidly reaches high
values which are not relevant with geometrical
characteristics of the proximal tibia and distal
femur. At 15mm of shearing the curves reach a
steady state which could result from the contact
between intercondylar notch and tibia eminence. In
the first 15 ms, the knee torsion reaches amplitudes
ranging from 2° to 10° depending on the impact
velocity (Figure 20).

For both impact situation rotation effects have
to be linked to the asymmetrical geometry of the
femoral condyle and the tibial glena. From a
medical point of view, this torsion effect is
described as a natural safety countermeasure of the
human body during trauma situations in order to
avoid (or limit) damage to ligaments.

The strain level recorded on each ligament
(cruciate and lateral) and correlated to rotation or
shearing effects were computed in total strain curve
on the whole ligament and the maximum strain
curve of local maximum strain level (Arnoux
2004). In this model analysis, the maximum strain
can be considered as a first sensor to locate damage
in the structure whereas the total strain gives a
global overview of the whole structure. If the
maximum strain reaches the ultimate strain level,
we assume that damage can occur in the ligament.
Moreover, if the ultimate strain level is reached on
the total strain curve, the ligament complete failure
can be postulated with a high probability.

For lateral bending tests, the lateral medial and
the posterior cruciate ligaments were highly loaded
and strain versus lateral bending seems to be
independent of impact velocity (Figure 20). A small
difference between maximum strain level and total
strain level seems to show that the medial collateral
ligament in the model has homogeneous strain
distribution. Its maximum strain or total strain level
used to postulate on damage in the ligaments is
obtained with a lateral rotation ranging from 20 ° to
24 °. For the posterior cruciate ligament, the
difference between global strain (maximum strain)
and local strain (maximum strain) seems to
confirmed local high strain levels. They were
obtained on ligaments insertion and illustrated with
Von Mises curve processing. Local damage could
occur for knee rotation between 12 ° and 15 °,
whereas global damage for knee lateral rotations
was close to 26 ° (which seems to be very high).

Posterior cruciate ligament: Strain/lateral rotation
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Colateral medial ligament: Strain/lateral rotation

Total strain-V10

4= - — - - Maximum strain-V10
Total strain-V5

— - — - - Maximum strain-V5
Total strain-V2

— - — - - Maximum strain-V2

Total strain-V4

— - — - - Maximum strain-V4
Total strain-V7
— - — - - Maximum strain-V7

0 10 20 30 40
Lateral rotation (°)

Figure 20. Posterior cruciate ligament total and
maximum strain curves versus lateral rotation.
Collateral medial ligament total and maximum
strain curves versus lateral rotation.

For the shearing tests, the two cruciate and the
tibial collateral ligaments were highly loaded
(Figure 21). In that situation, impact velocity had
no effects on strain versus knee shearing curves.
The failure or damage could start at a 13 to 15 mm
knee shearing. For the posterior cruciate ligament,
the strain being not homogeneous on the structure,
only maximum strain levels were computed, and
they show that damage could occur for shear values
ranging from 12 to 14 mm. Finally, for the
collateral tibial ligament, the maximum strain
reaches up to 14-17mm according to the impact
velocity.
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Posterior cruciate ligament: Strain/Shear
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Anterior cruciate ligament: Strain/Shearing
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Colateral tibial ligament: Strain/Shearing
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Figure 21. Total and maximum strain curves
versus lateral shearing for the posterior cruciate
ligament, the anterior cruciate ligament and the
collateral tibial ligament.

DISCUSSION -CONCLUSION

Four test series were presented with the objective to
evaluate the response of the lower limb to bending
or shearing force. Impact tests were performed on
isolated lower extremities of Post Mortem Human

Subjects and biomechanical corridors have been
proposed.

In bending tests, the differences between lower
reaction force corridors for both impact velocities
were only in magnitude, the rise time and the
duration were equivalent. The first lower reaction
force peak appears between 20 and 23 ms
corresponding to a knee lateral flexion angle of 15-
16°. Damage to the MCL was the most common
joint damage induced in this test configuration; this
is agreement with real word pedestrian accident
injuries (Bhalla, 2003). Two fractures of the tibial
plateau were noted for a 5.5m/s impact velocity
(MFG10-MFG13). These damages could be
induced by a greater valgus rotation of the knee at
this speed causing a compression force on the tibial
plateau. A vertical rotation of the lower limb was
noted in all tests and is due to the no symmetric of
the knee joint. The influence of this movement on
the global response of the knee joint and the
type/time of injury is unknown but may induce
tensional forces in the knee joint ligaments.

In shearing experimental test, the upper impact
load induced firstly bone injuries located near
impact point as fracture of fibula head, lateral tibial
condyles fractures or diaphysis fracture. These
injuries could be tied to the first peak force,
corresponding to a mean level of 1700N for an
impact velocity of 4.2m/s and 2400N for an impact
velocity of 5.5m/s. The following peaks are related
to intra articular injuries as avulsion or rupture of
the anterior cruciate ligament, and femoral cartilage
injury. Note that tibial intercondylar eminence
fractures were typical due to the shear force through
the knee joint. In our tests, they were always
associated with ACL damage.

Coupling such results with model analysis
which allowed to record data unavailable
experimentally and then to follow their evolution
during the test, it was possible to complete injury
mechanisms description and make correlation
between peak in force and failure level reach on
ligaments.

For the bending tests, the knee injury
mechanism consisted in a lateral rotation around the
contact area between the lateral femoral condyle the
and tibial glena. This rotation simultaneously
induces a high deflection of both anterior cruciate
and medial collateral ligaments, assumed to be
injured for rotations over 15 and 20 °respectively.
These results were not sensitive to impact
velocities, and seem to be relevant with those
identified  experimentally.  Consequently, a
conservative value of 15° for lateral rotation can be
considered as ligaments injury criteria. For pure
shearing impacts, the anterior, posterior cruciate
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and tibial collateral ligaments were concerned. The
ultimate shearing level was computed by recording
the distance between the tibial eminence and the
condylar notch that reached up to 13 to 15 mm
whatever the impact velocity. Consequently, a
conservative value of 13mm for shearing rotation
can be considered as ligaments injury criteria.

The criteria postulated above were strongly
dependant on the material properties. Model
improvement with tissues a damage model as well
as a parametric study around the failure criteria
should be performed in order not to summarize the
injury criteria to a single couple of value (lateral
rotation and shearing) but also to define injury risk
curves.

The strain versus time curves show the
influence of impact velocity and the time dependent
answer of the whole structure which could be
mainly attributed to structure effects and also soft
tissue viscoelastic properties. It also underlines the
differences in strain distribution between cruciate
and collateral ligaments. For the cruciate ligaments,
high strain levels were recorded on ligaments
insertions (in agreement with experimental results),
that underlines failure properties of cruciate
ligaments at their insertions.

Von Mises distribution was systematically
located on the same metaphysis areas of the lower
femur and upper tibia but also in the knee joint with
contact area during shocks. This distribution could
indicate a bending effect on the two bones. It was
also observed that for impact velocities overs
10m/s, and according to the damping properties of
the impacting surface, the failure risk for bones
seems to be very high. Therefore, with numerical
simulations, it was observed that even in pure
loading, pure shearing or pure bending can not be
obtained alone. The two mechanisms seem to be
coupled with a majority of shearing or bending
according to the loading conditions.

In perspective, new tests will be performed on
suitably instrumented PMHS with objective to
compare the effects of varying proportions of
moment and shear applied at the knee joint. Further
numerical simulations will be done in order to
widen model capabilities by focussing on material
properties and to improve injury criteria accuracy.
The new experimental tests will be included in
model validation process.
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ABSTRACT

Current finite element (FE) models of the human
lower extremity lack accurate material properties of
the soft tissues (flesh, fat, and knee ligaments), which
are needed for computational evaluation of pedestrian
injuries. Medial collateral ligament (MCL) is the
most frequently injured ligament in lateral impacts.
Therefore, the accuracy of the viscoelastic
mechanical properties of the MCL FE model is of
crucial importance in modeling pedestrian impacts.
During automotive impacts, the flesh and fat get
compressed, absorb part of the impact energy, and
transfer and distribute the rest of energy to the
skeleton. Therefore, the compressive response of
these soft tissues can affect the accuracy of bone
fracture predictions and as a result the overall
kinematics of the FE pedestrian model. Quasi-Linear
Viscoelastic (QLV) constitutive material models
were assumed for MCL, flesh, and fat. Their global
properties in terms of material parameters were
derived using uni-axial step and hold tests on
cadaveric  specimens. The material models
coefficients were derived by optimization. The
flesh/fat models were validated in lateral leg impact
tests at 2.5 m/s. The force-deflection results of the
impactor, compared to other models, showed more
biofidelity with respect to the cadaveric and volunteer
data.

INTRODUCTION

In the past decade, several finite element
(FE) lower limb models have been developed in
order to reproduce lower limb injuries in the car-to-
pedestrian collisions (CPC). Initially (e.g. Bermond
et al. [1]) the surrounding muscles and the skin were
neglected, and the knee ligaments were modeled
usually by spring elements. Recently, due to rapid
and continuously increasing of the speed of

computers, more sophisticated FE lower limb models
have been developed. These models have accurate
geometry obtained from CT and MRI scans from
human volunteers (Beillas et al. [2], Takahashi et al
[3]) or from Visible Human Database (Untaroiu et al.
[4]), and the flesh and knee ligaments were meshed
with shell and solid elements. However, the accuracy
of FE models depends not only on the quality of the
model geometry (e.g. anatomical surfaces, the
number of components modeled, or mesh quality),
but also on the biofidelity of the material properties
assigned to the FE components.

Flesh and skin (fat) cover long bones of the
lower limb. During automotive impacts, these soft
tissues get compressed, absorb part of the impact
energy, and transfer and distribute the rest of energy
to the skeleton. Therefore, the compressive response
of these soft tissues affect the severity of bone
injuries and as a result the overall kinematics of the
FE pedestrian/occupant model.  McElhaney [5]
conducted in-vitro compression tests of bovine
muscle along the direction of the fibers. He
published the loading stress-strain curves at various
strain rates, but the strain data was limited to strains
above 35%. The loading in a pedestrian impact is
typically transverse to the muscle fiber direction.
Therefore, the material properties derived in [5] may
not be applicable. However, due to the lack of
additional test data, in human FE models reported in
the literature (e.g. [2]), it was assumed that the
muscle and fat were linear elastic with Young’s
modulus about 1 MPa based McElhaney’s stress-
strain curves. In lower extremities of the H-Model [6]
the flesh properties were estimated using impact tests
on anterior and posterior thigh and the greater
trochanter of human volunteers. The flesh material
properties were expressed in the form of a nonlinear
viscoelastic model that consisted of a nonlinear
elastic stiffness in parallel with a viscous damper.
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The nonlinearity of spring and damper depended on
the ratio of the current to the initial volume.
Considering the fact that soft tissues are almost
incompressible (volume ratio is almost one) and
highly viscoelastic, this material model could
simplify their behavior. Snedeker et al. [7] and Ruan
et al. [8] used the linear viscoelastic materials for
flesh FE models and elastic material for skin models,
but significant differences (more ten times) appear
between their parameters. All these facts suggest the
need for further investigation of the material
properties of lower limb flesh and skin.

Medial collateral ligament (MCL) is the
most frequently injured ligament in lateral impacts.
Therefore, the accuracy of the viscoelastic
mechanical properties of the MCL FE model is of
crucial importance in modeling pedestrian impacts.
MCL, as all knee ligaments, is highly anisotropic
material consisting of a ground substance material
reinforced by collagen and elastin (Weiss and
Gardiner [9]). Collagen provides the major resistance
in tension and negligible resistance in compression.
In the literature, the mechanical properties of
ligaments are provided as structural properties
(derived from tensile test of the bone-ligament-bone
structures), or material properties (derived from tests
on isolated ligaments tissues). Structural properties
depend on the global material properties, the
direction in which the ligament is pulled, and the rate
of loading. In FE models, the structural properties
can be used only if the ligaments are modeled with
one-dimensional elements (linear or non-linear
springs). However, this approach is incapable of
simulating the bone-ligament and ligament-ligament
contacts, cross-sectional variation of ligament, and
the stress distribution around the insertion sites. For
two-dimensional (shell) or three-dimensional (solid)
representations of ligaments, the material constitutive
properties are needed. However, in the literature
only one study reported material property data of
MCL. Quapp and Weiss [10] conducted tensile tests
at a strain rate of 1% sec’ on dog-bone shaped
samples taken from the anterior-central two-third
regions of ten human MCLs along the collagen fiber
direction (longitudinal). The material properties
obtained along the collagen axis were close to the
average data reported by Butler et al. [11] (average of
LCL, PCL, and ACL), and it was twenty times stiffer
than the properties found in the transverse direction.
Anisotropic hyper-elastic constitutive models were
used to describe the tensile properties in both
directions. The material coefficients were obtained
by optimization. MCL is also a viscoelastic material,
but its viscoelasticity in the domain of milliseconds,
characteristic to the car crashes, is poorly understood.
Woo et al [12] determined the material properties of

rabbit MCLs at five strain rates, from 0.008 mm/sec
to 113 mm/sec. Tensile strength and ultimate strain
increased slightly with increasing strain rate, whereas
tangent modulus remained essentially unchanged.
Based on this Weiss and Gardiner [9] concluded that
the strain rate dependency had relatively small effects
on ligament material properties. Yamamoto et al.
[13] conducted dynamic tensile tests with femur-
MCL-tibia complex obtained from female Japanese
white rabbits. The strain rate was changed from 0.01
mm/sec to 300 mm/sec and a significant strain rate
dependency was observed for the entire region of the
stress-strain curve. The brief review of the reported
material properties for MCL shows that its material
properties, especially the viscoelastic ones, are poorly
understood and need for further investigation.

The objectives of this work were to
determine the material properties of lower limb soft
tissues (flesh, fat, and MCL) and to evaluate their
ability to describe the global response of the
corresponding human tissues. To achieve these
objectives, step and hold uniaxial tests on cadaveric
specimens were performed. According to the main
loadings which appear in the soft tissues during the
pedestrian accidents, the flesh and fat samples were
loaded in compression, while bone-MCL-bone
complex was loaded in tension. The quasi-linear
viscoelastic theory (QLV) [14] was selected to
characterize the properties of the soft tissues under
study. The material model coefficients were derived
by optimization.

MATERIAL IDENTIFICATION

Quasi-Linear Viscoelastic (QLV) Theory

Soft tissues have a time-dependent behavior
which can arise from fluid flow in and out of the
tissue, or from inherent viscoelasticity of the solid
phase (Weiss and Gardiner [9]). Fung [14] has
proposed the QLV theory which had been widely
used in mechanics in order to describe the soft tissue
behavior. The main assumption of this theory is that
the elastic response and the relaxation function are
separated in the convolution integral representation
of the stress, as shown in the following expression for
a uniaxial loading condition:

a(t):jG(t—r)%dr
0 T

where o° is the elastic response, G(t) the relaxation
function, and /’L(t) is the stretch ratio time history. A

material model with this formulation implemented in
Ls-Dyna was used in the material identification
processes. A brief description of this material model
is provided in this section.

.
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The soft tissue is considered as a composite
material which consists of collagen fibers embedded
in a softer isotropic (ground) material. The strain
energy function of the soft tissue material, as was
formulated by Weiss [15], has three terms:

W =W, +W, +W, (2).
The first term models the ground substance matrix as
a Mooney-Rivlin material:

W, =C,(1,-3)+C,(1,-3) (3.
where |, and |, are the invariants of the right

Cauchy deformation tensor. The second term
W, =F(1) is defined to capture the behavior of

crimped collagen in tension and it works only in the
fiber direction defined in the model. Its derivative
(i.e., stress) has an exponential function which
describes the straightening of the fibers and a linear
function once they are straightened past a critical

*

stretch level 4

0 A<l
oF(A C *
%: S fexplc,(2-1)-1] 2<2
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%(Csmce) YY)

(4).
The role of the last term in the strain energy function
is to ensure nearly-incompressible material behavior:

W, =% K[In(3)[ ().

where J =detF is the third invariant of the
deformation tensor (change in volume) and K is the
bulk modulus. It is recommended that the bulk
modulus should be two-three orders of magnitude
larger than C,. The reduced relaxation function Git)

was represented by a Prony series:

G(t)= i S, exp(__l_—t] (6).

where S; and T, terms are the spectral strengths and

characteristics times. Thee terms were used for MCL
and two terms for flesh and skin,

MCL Material Identification

A representative bone-MCL-bone specimen
was extracted while its ends were potted in the fully
extended position. The proximal potting cup was
rigidly fixed and the distal cup was pulled along the
longitudinal axis of tibia. First, the specimen was
subjected to a ramp-and-hold test with constant
tensile ramp of 3 mm in 30 ms and approximately

600 seconds hold time. The second test was a quasi-
static test to failure on the same specimen. In both
tests the time histories of force and displacement
were recorded. For MCL material identification, the
components of the UVA-GM FE model [4] were
used (Figure 1).

MCL Femur

Figure 1. FE Simulation of the MCL Tensile
Tests.

The MCL specimen had geometrical characteristics
(length and medial cross-section) close to the MCL
FE model. The insertion sites in the model were
created using tied contact between bones and
ligament. The direction of anisotropy (of collagen
fibers) was defined in the material definition as the
element normal in the longitudinal direction as
illustrated in Figure 2.

MCL- Femur
insertion site

MCL-Tibia
insertion site
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The direction of collagen fibers

Figure 2. The insertion sites of MCL FE
model and the direction of collagen fibers.

First, the quasi-static test was simulated. The
material coefficients were optimized, assuming the
quasi-static test data as the target values and defining
minimization of the root-mean-square (RMS) error as
the objective function. The optimization process was
performed using the response surface methodology
(RSM), a statistical method implemented in LS-Opt
[16], used usually in design optimization. The
hyperelastic coefficients (C;-Cs) were considered as
design variables (independent parameters). The
design space (a multi-dimensional space) was defined
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Figure 5. MCL stress-strain relationship;
comparison between the material model
determined from FE optimization and data
reported by Quapp and Weiss [10].

as the ranges of hyperelastic coefficients, which were
based on the data reported in [10]. The “best” design
point (the set of hyperelastic coefficients provided in
Table 1) were determined iteratively based on the

Table 1. Optimized MCL material properties.

K Cl C3 C4 CS S1
(GPa) | (MPa)| (MPa) (MPa)

3.75 7.85 | 0.25 60.4 | 307.5 0.15

Sz Ss T Tz Ts A
(ms) | (ms) | (ms)

0.026 | 0.348| 100 | 11,710| 162,633 1.05

responses (RMS errors) at the design points, which
were optimally distributed throught the design space.

The viscoelastic properties of the ligament
were then determined from the dynamic ramp and
hold test. A three-term Prony series was considered
to characterize the MCL relaxation behavior. The
long-term Prony coefficients (S; and T3) were
estimated directly from the relaxation data. The two
additional Prony coefficients (S;, Ty, S,, and T,) were
determined by considering both the ramp and hold
periods and the same FE optimization procedure
described above was conducted. All MCL material
coefficients obtained by FE optimization are
provided in Table 1.

The results of the simulations of quasi-static
failure tests and dynamic ramp-and-hold tensile tests
of MCL in comparison with experimental data are
shown in Figures 3, and 4 respectively. The elastic
stress-strain relationship in a cubic sample of MCL in
tension along the collagen fibers with optimized
parameters was compared with the corridor provided
in Quapp and Weiss [10].

Flesh and Fat Material Identification

The dynamic passive properties of flesh and
fat were determined from step and hold unconfined
compression tests on cadaveric samples, as shown in
Figure 6. Rectangular samples (20mm length and
width, and 7 mm thickness) were excised
perpendicular to the longitudinal axis of the leg from
anterior thigh muscles and fat. Four flesh sample and
one fat sample were tested. Approximately 20%
compression was applied in 60 ms.

Structurally, fat tissue has no preferred
direction and therefore can be considered to be
isotropic. Muscle tissue however can be assumed to
be transversely isotropic with the axis of anisotropy
being along the longitudinal axis of the muscle.
Since  compression  tests  were  performed
perpendicular to this axis, the muscle samples were
assumed also to be isotropic. As most of the other
soft tissues, both muscle and fat were assumed to be
nearly incompressible. The material properties were

Untaroiu 4



assumed to be visco-hyperelastic with a Mooney-
Rivlin strain energy function (Equation 3).

Actuatort_l_:;-. .

Sample — %

8

Stationary |
Load Cell |

Figure 6. The apparatus for unconfined
compression tests with a muscle sample.

Based on the boundary conditions on the unloaded
faces (X, and X;) of the sample and the
incompressibility condition, the elastic stress in the
compression direction (X;) can be derived as:
2(4,° -1
; Z%(Clﬂﬂ +Cz) (7).
1

Where J,(t) is the stretch ratio history that was
derived from the actuator displacement.  The
experimental Cauchy stress history was calculated
based on the compression force history F(t) measured
by the load cell and the initial cross-sectional area Aq
with the following formula:

: F(t)
Ol \l)=—= (8).
Assuming a relaxation function of exponential form
as shown in (6), the model and experimental Cauchy
time histories were derived recursively from the
convolution integral (Equation 1). The actual ramp
and hold inputs were used as arbitrary inputs and the
convolution integral of Equation (1) was carried out
numerically as in Puso and Weiss [17]. The material
coefficients C; and the coefficients of Prony series S;
and T; were optimized, assuming the experimental
Cauchy stresses (Equation 8) as the target values and
defining minimization of the root-mean-square
(RMS) error as the objective function. Minimization
was carried out using the Solver package of
Microsoft Excel, which uses a quasi-Newton search
algorithm. A comparison between the Cauchy stress
obtained from experimental data and the stress
calculated from the model using the optimized
parameters is shown in Figure 7. The average
reduced relaxation function of flesh (muscle) and the
reduced relaxation function of fat are shown in

Im

Figure 8. The average material properties obtained
from flesh tests and fat data are provided in Table 2.

0.0000 +

-0.0002 A
<
[N ——Stress exp. 2
= g
9 .0.0004 | B Stress model 1 090 <
= —— Stretch Ratio 1
@ 7]

-0.0006 - -+ 0.85

Time (ms)
-0.0008 T T T T T 0.80

0 50 100 150 200 250 300
Figure 7. Comparison between the
experimental and model results for flesh.

1 ———
—o— Fat
0.8 Flesh

0.6

0.4 -

0.2 A
time (ms)
0 T T T )

.01 1 10 100 1000
Figure 8. The reduced relaxation functions

of flesh and fat.

Table 2. Material Properties of Flesh and Fat.
C, C, S| S| T, | T, K
(kPa) | (kPa) ms | ms | MPa

Tissue

Muscle | 0.12 | 025 |12 |08 | 23 | 63 | 20

Fat 019 | 018 | 10|09 | 10| 84 | 20

FLESH VALIDATION AT LATERAL IMPACT

In order to verify the global response of the
QLV material models of flesh and skin developed in
this study, the lateral impact tests to the leg
performed by Dhaliwal et al. [18] were simulated.
The optimized material properties were assigned to
the flesh and skin in the lower limb finite element
(FE) model of the 50th percent male developed by
Untaroiu et al [4].
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The femoral head, distal fibula/tibia, and the skin
nodes in contact with rigid foam blocks (on the
opposite side of the impact) were rigidly constrained.

Flying impactor

FE lower limb
model [4]

Figure 9. The impactor hitting the

FE model.
1200 - B QLV Model
2 /.\ A Beillas et
S ° allllvzlg)del 6]
900 - 2 1

B Ruan et al.[8]

B Snedeker et

600 - al[7]
¢ Volunteer
relaxed[18]
A Volunteer
i tensed[18]
300 ® Cadaver[18]
¢ Dummy[18]
O ﬂ T
0 10

Deflection (?r?m)
Figure 10. Force-deflection response;
Comparison between FE simulation with QLV
skin/flesh material models, other published
models, and typical test data [18].
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) |
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B Ruan et al.[8]

N -
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300 - | / ® Cadaver [18]

4 Dummy [18]

T T =T

0 5 10 15 20 25 30
Time (ms)
Figure 11. Impact Force time histories;
Comparison between FE simulation with
QLYV skin/flesh material models, other
published models, and typical test data [18].

The free flying impactor was a plate (45 mm by 142
mm — impact area) with 1.84 kg mass and 2.5 m/s
initial velocity, as illustrated in Figure 9. The impact
direction was inclined 30 degrees from the lateral
direction as in [18] to protect the fibula. The densities
of muscle and fat were assigned as 1000, and 800
kg/m® respectively. In simulations, the impactor
force and displacement of one point of the impactor
were calculated. The ratio of the energy lost by the
impactor was obtained based on the initial velocity

V,.iia and the rebounded velocity V as in [18]:

rebound

2
E= 1—(\/’”&} -100 9).
initial

Several simulations of the lateral impact test were run
with other published flesh/skin material models
mentioned before. Their simulation results, the
results of the FE model with QLV skin/flesh models,
typical test data of cadavers, Hybrid 11l dummy, and
volunteers with relaxes and tensed muscles [18] were
compared in terms of force-deflection response and
the impact force histories in Figures 10, and 11
respectively. Some characteristic parameters reported
in [18] and their range from test data were compared
to FE simulation results in the Table 3.

Table 3. Comparison between test data [18] and
FE simulation results for different flesh/skin
material models used in the FE lower limb model.
(Numbers in paranthesis indicate S.D.)

Specimen/ Ener
FEM- | Max. | Max. | Impact Los%y
skin/flesh | Force | defl. Time Ratio
material (N) (mm) (ms)
(%)
models
Relaxed 498 21 24 82
Volunteer | (52) 3) 2 4)
Tensed 521 20 24 74
Volunteer | (62) 4) (1.8) 4
Cadaver 596 22 24.2 82
(168) | (3) (5.6) (2
Dummy 535 24 34.2 60
®) | (0.1) (0.5) 1)
FEM-[2] | 802 14 18 45
FEM-[6] | 617 17 24 56
FEM-[7] | 1114 8.7 12.2 64
FEM-[8] | 702 15.3 21.5 41
QLV 1 500 | 20 24 64
material
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DISCUSSION

The QLV material model developed in this
study for MCL showed good agreement with
experimental data in tensile tests. In the dynamic test
with 0.1 mm/ms displacement rate, approximately
15% increase in the peak dynamic force was
observed, which suggests that tissue viscoelasticity
plays an important role in the response during impact
scenarios. The elastic stress-strain relationship of the
model in tension along the collagen fibers was
compared with the corridor provided in Quapp and
Weiss [10]. The current material model was slightly
stiffer at strains above 13% (Figure 5). This material
model was determined by assuming a homogeneous
anisotropic material for the whole MCL and
optimizing its global tensile properties. However,
MCL is inhomogeneous, particularly at the insertion
sites, which could explain the difference observed in
its local and global properties.

The global responses of the QLV skin/flesh
material models developed in this study and other
material models from the literature were compared
with the published experimental data [18] for
cadavers, Hybrid Il dummy, and volunteers with
relaxes and tensed muscles. The model results using
the identified material properties showed good
agreement with the cadaver data in terms of the
maximum force and displacement. The ratio of
energy loss (calculated based on the initial and
rebound velocities) was 64%, which was smaller than
the volunteer data (70-86%), but larger than the
dummy data (60%), or other published material
models (41-64%). Such difference could appear due
to inaccuracies in the determination of the Pony
series coefficients as a result of the optimization
procedure, the number of relaxation terms (three), the
hold time (500 ms), and the limited number of
cadaveric specimens tested. Also friction at the
impactor/skin interface contributes to the energy loss
whereas in the FE simulation no friction was applied
at the contact interface. Overall, the model with
QLV material property showed significantly better
biofidelity than the model with linear elastic property
in low speed impact tests.

The main limitation of the QLV soft tissues
material models developed in this study is determined
by the small number of samples used in the material
identification processes. Since the MCL geometry is
not identical in all subjects, it is advisable that an FE
model should be developed for each specimen based
on its surface digitization. In case of compressive
material properties of flesh/skin, more validations are
needed especially at high speed impacts.

CONCLUSIONS

The global viscoelastic material properties
of a representative MCL specimen were derived by
FE optimization. Results showed a higher stiffness at
high strain values than the local properties derived in
a previous study. The viscoelastic properties
obtained from the stress relaxation tests showed that
tissue viscoelasticity increases the peak dynamic
force by 15% at 0.1 mm/ms displacement rate.
Studies of more specimens are underway and will be
reported in the future.

The passive material properties of muscle
and fat were identified from unconfined compression
tests on cadaveric samples using a QLV constitutive
material model. The global validation performed
against published lateral impact test data using actual
flesh/skin models showed more biofidelity than other
material models used in the literature. The high
stiffness of several published muscle/skin models
poses a question over the accuracy of the global
validation results in which the skin was impacted.
More validations tests are needed for the wide range
of impact speeds observed in car-to-pedestrian
collisions.
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ABSTRACT

The Japan Automobile Manufacturers Association, Inc.
and the Japan Automobile Research Institute are
jointly engaged in the development of a flexible
pedestrian legform impactor (hereafter referred to as
"Flex-PLI"). However, a study for the development
of a pedestrian lower extremity protection car using
the FlexPLI has not been reported.

In this study, development of sedan, minivan and SUV
type cars for pedestrian lower extremity protection
was conducted using a FlexPLI. This study results
indicated a good possibility of lowerextremity
protection in collisions by pushing the pedestrian's
legs forward within the extent of not causing bone
fractures. However, such protection methodology is
difficult for SUVs because they need high ground
clearance and large approach angle as for rough road
condition running purpose.

This study isthe first trial study for the development
of pedestrian lower extremity protection car using a
Flex-PLI, therefore, additional similar studies are
necessary.

INTRODUCTION

The Japan Automobile Manufacturers Association, Inc.
and the Japan Automobile Research Institute are
jointly engaged in the development of a flexible
pedestrian legform impactor (hereafter referred to as
"Flex-PLI1") [1][2][3]. The bone and knee of the
Flex-PLI have a bending deformation characteristic
equivalent to those of the human lower-extremity. The
Flex-PLI is equipped with more built-in measuring
instruments than are conventional pedestrian legform
impactors.

It is reasonable to consider that the Flex-PL| is more
suited for the development of proper pedestrian
lower-extremity protection ca; however, there has
been no report of such vehicle development using a
Flex-PLI before. In the present study, therefore,
pedestrian lower-extremity protection methods for

varioustypes of carswere examined using aFlexPLI.
METHODOLOGY
Pedestrian Legform Impactor

The pedestrian legform impactor employed in the
present study is shown in Figure 1. It is the
latest-version model developed in 2004 and is called
Flex-PL1 2004 [3] (hereafter simply "Flex-PLI1"). As
listed in Figure 2, the FlexPLI has a total of 10
measurement items including bone core strain and
knee ligament elongation. Based on the relationship
between the strain and bending moment of the bone
core derived from bone core calibration tests (see
Appendix B), it is possible to calculate from the
measured value of strain the value of bending moment
applied to the bone core.

In the present study, measurement of the elongation of
the lateral collateral ligament ("LCL") was omitted
since the LCL could not be elongated by the types of
vehicles used in the present study.

!

~

) Thigh
(Flexible)

R AT I e
[

Knee Joint
(Ligament restraint
system) Leg
(Flexible)

Figure 1. Overall design of Flex-PLI.
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Figure2. Measurement items of Flex-PLI (2004).

374 mm

Sedan 1 Sedan 2

Test Vehicles

The four types of cars used in the present study are
shown in Figure 3 and Table 1. They weretwo sedans,
a minivan and an SUV (Sedan 1, Sedan 2, Minivan,
SUV).

For each car type, the test was conducted with the car
in its original parts. Then, based on the test results, the
car was modified and tested to determine suitable
methods to protect the pedestrian lower extremity.

Test Conditions

The test conditions are introduced in Figure 4. The
initial impact speed of FlexPLI was 11.1 m/s, and the
impact position was at the center of the vehicle's front
face. In accordance with a conclusion drawn by the
International Harmonized  Research  Activity
Pedestrian Safety Working Group [4], the lowest point
of FlexPLI was set 25 mm above the ground to allow
for the shoe sole height.

Injury Risk Levels (tentative)

The tentative 50% injury risk levels assumed for the
present study are listed in Table 2 These tentative
50% injury risk levels for the American 50 percentile
male were derived from available literatures for the
present study [5][6][7][8][9].

Minivan SuUVv

+ Modified conditions

Figure 3. Test cars.

Tablel. Dimensionsof test cars.

Car Type LEH* (mm) BL** (mm)
Sedan 1 157
Sedan 2 185
Minivan 164
SuUvV 211

* LEH: bonnnet leading edge height.

** BL: bumper lead.

KONOSU 2



I}
3
L
&
™
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Figure 4. Test conditions.

Table2. Injury risk levels (tentative).

50% injury risk level for 50

Body regions percentile American male References
(tentative)
BM (312 Nm): Kerrigan et al., 2004
Leg BM (312 - 350 Nm) BM (350 Nm): INF GR/PS/82
BA (18 deg).: Ivarsson et al., 2004
_ *%
Knee MCL EL (18 -20 mm) BA (20 deg).: INF GR/PS/82
ACL EL (10 mm)*** SD (10 mm): IHRA/PS/309
PCL EL (10 mm)*** SD (10 mm): IHRA/PS/309

. ) BM (372 - 447 Nm): Kerrigan et al., 2004
Thigh BM (372-447 Nm) BM (390 - 395 Nm): Kennedy et al., 2004

* BM: Bending moment, EL: Elongation, BA: Bending angle, SD: Shearing displacement.
** Estimated from BA (18-20 deg.), *** Estimated from SD (10 mm)
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RESULTS

Sedan 1

Test results with the original Sedan 1 are given in
Figure 5. In a collision with Sedan 1 the risk of

causing athigh or leg fracture to the pedestrian proved
to be low, but the risk of an injury to the medial

collateral ligament (MCL) of the knee might be high
(located in the tentative injury risk level). The reason:
athough the bumper rigidity was insufficient to cause
a fracture, the bumper also lacked sufficient force to
push the pedestrian's legs forward, thus generating a
large bending of the knee.

In view of the above results, Sedan 1 was modified as
shown in Figure 6. A second bumper face and a pad
were added to the bumper's lower section in order to
increase the bumper rigidity.

As shown in Figure 7, the modified Sedan 1 yielded

test results that were clearly below the injury risk level

for the thigh, leg and knee alike, thusindicating a high
pedestrian lower-extremity protection capability of the
modified Sedan 1.

The test results with the original Sedan 1 and the
modified Sedan 1 were compared in Figure 8. The
modified sedan recorded lower bending moment and
elongation values at the various positions on the
Flex-PL1 except the Leg 4 position, as compared to the
original sedan. Thiswas attributed to the 'leg sweeping
structure' of the modified bumper, whereby the overall
load on the lower-extremity was lightened by pushing
the leg region forward.

Sedan 1 (Original), Flex-PLI 2004

50% injury risk level for 50
= = percentile American male

L= "350%i injury risk level for 50
= = percentile American male

(tentative) (tentative)
500 24
450 === = = F = = = 22
=400 20
= Pt == == — 18
< 350 ———— = —— €
= —— bl d___] E16
GEJ 300 = 14
2 250 2 12
2200 g 10
2 150 o 8
g 100 6
4
. Cnl
0 0
Thigh-3 Thigh-2 Thigh-1  Leg-1 Leg-2 Leg-4 ACL PCL MCL

Figure 5. Test results of Sedan 1 (Original).
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Figure 6. Maodificationsto Sedan L

Sedan 1 (Modified), Flex-PLI 2004

500
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400
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300
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200
150
100

50

Bending moment (Nm)

50 % Injury risk level

= =" for AM 50 percentile of male

(presumption)

2) Additional bumper face

e —  — —_ ] —_- = =

_’>

Thigh-3 Thigh-2 Thigh-1 Leg-1 Leg-2 Leg-3

Leg-4

1

L= 350 % Injury risk level
= = for AM 50 percentile of male
(presumption)

24
22
20 r
18 -
16
14
12
10 .

Elongation (mm)

o N B O
|

ACL PCL MCL

Figure 7. Test results of Sedan 1 (Modified).
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Sedan 1 (Original), Flex-PLI 2004

11

Sedan 1 (Modified), Flex-PLI 2004

50% injury risk level for 50
- percennle American male

L —"350% injury risk level for 50
= = percentile American male

(tentative) (tentative)
500 I I 24 I
450 ==t === O original | 22 1 @O original
= 400 ! O modified | 20 11 O modified
z =T == === .18
< 350 N € 16
< R S R £
g 250 212
2 200 g’ 10
2 150 o 8
m 6
100 4
; il I
0 0
Thigh-3 Thigh-2 Thigh-1 Leg-1 Leg-2 Leg-3 Leg4 ACL PCL MCL
Figure 8. Comparison of the test results between the Original and Modified Sedan 1
Sedan 2 The test results with this modified sedan are given in

Test results with Sedan 2 areshown in Figure 9. Sedan
2 was found to be similar to Sedan 1 in that, although
the risk of thigh or leg fracture proved to be low, the
risk of knee injury might to be high. The reason:
similar to Sedan 1, Sedan 2 lacked a sufficient bumper
forceto push the pedestrian's leg forward, although the
bumper rigidity was low enough to prevent thigh or
leg fractures. Thus, a large bending of the knee was
observed.

The pedestrian lower-extremity protection methods
adopted to Sedan 2 are shown in Figure 10. A pad was
added so as to increase the rigidity of the bumper's
lower portion.

Figure 11. The measured bending moment and
elongation values at all the positions on the thigh, knee
and leg of the Flex-PL| were measured to be below the
injury risk level, thus affirming a capability of the
modified Sedan 2 to protect the pedestrian
lower-extremity in acollision.

The test results with the original Sedan 2 and the
modified Sedan 2 were compared in Figure 12. The
modified sedan recorded lower bending moment and
elongation values at the various positions on the
Flex-PLI except the Leg 3 and Leg 4 positions, when
compared to the original sedan.
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Sedan 2 (Original) — Flex-PLI 2004

= = 50% injury risk level for 50 L™= "2 50% injury risk level for 50
- percentile American male = = percentile American male
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Thigh-3 Thigh-2 Thigh-1 Leg-1 Leg-2 Leg-3 Leg-4 ACL PCL MCL

Figure 9. Testresults of Sedan 2(Original).

Additional pad

Figure 10. Modificationsto Sedan 2.
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Sedan 2 (Modified), Flex-PLI 2004
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Figure11l. Testresults of Sedan2(Modified).
Sedan 2 (Original), Flex-PLI 2004

Sedan 2 (Modified), Flex-PLI 2004
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Figure 12. Comparison of the test results between the Original and Modified Sedan 2.
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Minivan

Test results with the original Minivan are given in
Figure 13. Similar to Sedans 1 and 2, although its bone
fracture risk was low, the risk of knee injury might to
be high. The reason: similar to Sedans 1 and 2, the
Minivan lacked a sufficient bumper force to push the
pedestrian's leg forward, although the bumper rigidity
was low enough to prevent thigh or leg fractures. Thus,
alarge bending of the knee was manifested.

The pedestrian lower-extremity protection introduced
into the Minivan is shown in Figure 14. A pad was
added so as to increase the iigidity of the bumper's
lower portion. The test results with this modified
Minivan are given in Figure 15. The measured MCL
elongation remained at the tentative injury risk level,
and it was evident that the addition of the pad was
ineffective.

The test results with the origina and modified
Minivans were compared in Figure 16. The protection

employed in the modified Minivan proved to be
ineffective, except that elongation values for the knee
dlightly improved. This was attributed to the fact that
because several pads aready existed in the bumper

area of the origina Minivan (see Figure 14), the
additional pad had to be placed on top of them in a
higher position comparing to the Sedan 1 and Sedan 2
(see Figure 17).

The lower the impact point on the leg, the more the
rotating motion of the entire lowerextremity. To
reduce the load on the knee, therefore, the position of
the added pad needs to be lowered and/or the rigidity
of the pads used in the origina Minivan must be
increased within the extent of not causing bone
fractures.

Minivan (Original), Flex-PLI 2004

= = 50% injury risk level for 50
= = percentile American male

L "= "5 50% injury risk level for 50
= = percentile American male

(tentative) (tentative)
500 24
450 == == == 22
£ 400 20 =
pd F=——T=—=="=== .18
< 350 ——— —— —_— = €
= bk d El6
2 300 z 14
S S
g 250 = 12
2 200 2 10
S S a L
c 150 w
g 6 ]
100 4
50 5
0 0

Thigh-3 Thigh-2 Thigh-1 Leg-1 Leg-2

Leg-3 Leg-4 ACL PCL MCL

Figure 13. Test resultsof Minivan (Original).
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Figure 14. Modifications to Minivan.

Minivan (Modified), Flex-PLI 2004

40 ms
1= = 50% injury risk level for 50 L™—"2 50% injury risk level for 50
= =" percentile American male - percen_tile American male
(tentative) (tentative)
500 24
450 E==F == ==9 zg
400 —
350 f—— -~ =~ = g8 T
[ --T270 Ee —
300 — = 14 -
250 —— — — .% 12 ||
200 — > 10 ||
S g -
150 w
6 — —
100 4 B
50 2 |
0 0
Thigh-3 Thigh-2 Thigh-1 Leg-1  Leg-2 Leg-3 Leg-4 ACL PCL MCL

Figure 15 Test results of Minivan (Modified).
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Minivan (Original), Flex-PLI 2004

Minivan (Modified), Flex-PLI 2004
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Figure 16. Comparison of thetest results between theOriginal and Modified Minivan.

Sedan 1 (Modified) Sedan 2 (Modified) Minivan (Modified)

Figure 17. Comparison of the additional pad position.
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SUvV

Test results with the original SUV are given in Figure
18. In a callision with the SUV the risk of causing a
thigh or knee injury proved to be low, but the risk of
leg fracture was high. The reason: while the burrper
rigidity was insufficient to cause a thigh fracture or a
knee ligament injury, the original SUV lacked a
structural member to support the lower part of the leg
because SUVs are required to have a high ground
clearance and a large approach angle. As a result, a
large bending load was applied to the leg.

Accordingly, the Minivan was modified as shown in
Figure 19. An additional bumper face was installed
underneath the standard bumper to support the
pedestrian's leg. Although the introduction of this

SUV (Original), Flex-PLI 2004

= = 50% injury risk level for 50

additional bumper face may make the vehicle deviate
from the definition of an SUV, this step was taken
because no other effective protections could be found
at this stage As shown in Figure 20, the modified
SUV clearly reduced the leg fracture risk.

The test results with the original and modified SUV
were compared in Figure 21. The modified SUV was
able to reduce the general lower-extremity injury risk
thanks to the addition of a bumper face that supported
the lower leg part. To further reduce the injury risk to
a satisfactory level, however, additional steps will be
necessary, for example the padding of the back of the
added bumper face.

L™= "5 50% injury risk level for 50

= =" percentile American male - percentlle American male
(tentative) (tentative)

500 24

450 == == === 22

£ 400 20

== ====== _. 18

€ 350 — £ 1o
€ - - P S

QEJ 300 g 14
o =

g 250 = 12

2 200 210

£ S g
2 150 mi

® 100 6

t :

- i z

0 o ]
Thigh-3 Thigh-2 Thigh-1 Leg-1 Leg-2 Leg-3 Leg-4 ACL PCL MCL

Figure 18. Test results of UV (Origina).
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Additional bumper face

(No pad inside and no bumper support)

Figure 19. Modificationsto SUV.

SUV (Modified), Flex-PLI 2004
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SUV (Modified), Flex-PLI 2004
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Figure 21 Comparison of the test results between the Original and Modified SUV.
DISCUSSION

In the present study, lowerextremity protection
possibilities were examined for sedan, minivan and
SUV types of vehicles. The results indicated a good
possibility of protecting the pedestrian
lower-extremities for all the vehicle types by pushing
the legs forward within the extent of not causing leg
fractures. This possibility was most saliently observed
in Sedan 1 and Sedan 2.

In the case of the Minivan, the present study failed to
obtain satisfactory injury risk values. However, to
lower the position of the additional pad position and/or
by increasing the rigidity of the standard pads within
the extent of not causing bone fractures, the Minivan
output also has a high possibility to be lower the injury
risk level.

As for the SUV, it was considered difficult for this
type of vehicle to provide sufficient lower-extremity
protection because the requirement of a high ground
clearance and large approach angle makes it difficult
to introduce methods of pushing the pedestrian's legs
forward.

However, his study is the first trial study for the
development of pedestrian lower extremity protection

car using a FlexPLI, therefore, additional similar
studies are necessary.
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CONCLUSIONS

In the present study the pedestrian
lower-extremity protection performances of
sedan, minivan and SUV types of cars were
tested using a Flex-PLI.

The test results indicated a good possibility of
lower-extremity protection in collisions by
pushing the pedestrian's legs forward within the
extent of not causing bone fractures.

In the case of SUVs, however, it was found
difficult to provide such protection because of
their high ground clearance and large approach
angle which make difficult the introduction of
methods to push the pedestrian's legs forward.

This study is the first trial study for the
development of pedestrian lower extremity
protection car using a FlexPLI, therefore,
additional similar studies are necessary.

REFERNECES

[1] Konosu, A., Tanahashi, M. (2003) Development of
a biofidelic pedestrian legform impactor: Introduction
of JAMA-JARI legform impactor ver. 2002, Proc.
18th International Technical Conference on the
Enhanced Safety of Vehicle, Paper No. 378.

[2] Konosu, A., Tanahashi, M. (2003) Development of
a biofidelic flexible pedestrian legform impactor,
Stapp Car Crash Journa, Vol. 47, pp. 459-472.

[3] Konosu, A., Issiki, T., Tanahashi, M. (2005)
Development of a Biofidelic Flexible Pedestrian
Leg-form Impactor (Flex-PL1 2004) and Evaluation of
its Biofidelity at the Component Level and at the
Assembly Level, SAE technical paper series,
2005-01-1879

[4] International Harmonized Research Adctivity,
Pedestrian Safety Working Group, IHRA/PS/295.

[5] Kerrigan, JR., Drinkwater, D.C., Kam, C.Y.,
Murphy, D.B., lIvarsson, B.J., Crandall, J.R., Patrie, J.
(2004) Tolerance of the Human Leg and Thigh in
Dynamic Latero-Medial Bending, ICRASH 2004.

[6] United Nations, ECE/WP29/GRSP/Informal
Working Group on Pedestrian Safety, INF/GR/PS/82.
[7] Ivarsson, B.J,, Lessley, D., Kerrigan, J.R., Bhalla,
K.S., Bose, D., Cranddl, JR., Kent, R. (2004)
Dynamic Response Corridors and Injury Thresholds of
the Pedestrian Lower Extremities, Proc. International
IRCOBI Conference on the Biomechanics of Impacts,
pp. 179-191.

[8] International Harmonized Research Activity,
Pedestrian Safety Working Group, IHRA/PS/ 309.

[9] Kennedy, E.A., Hurst, W.J., Stitzel, J.D., Cormier,
JM., Hansen, GA., Smith, E.P., Duma, S.M. (2004)
Lateral and Posterior Dynamic Bending of the
Mid-Shaft Femur: Fracture Risk Curves for the Adult
Population, Stapp Car Crash Journal, Vol. 48, pp.
2-51.

KONOSU 15



Appendix A: Measured Waveforms

KONOSU 16



Moment Moment

Moment

Moment Moment Moment

Moment

(Nm) (Nm)

(Nm)

Elongation (mm)

(Nm) (Nm) (Nm)

(Nm)

400
200

0
-200

400
200
0
-200

400
200

0
-200

400
200

-200

400
200

-200

400
200

-200

400
200

-200

0 10 20 30 40 50 60

Sedan 1 (Original), Flex-PLI 2004
[==Thigh-3

|==Thigh-2

|— Leg-2 L

[—Leg3 L

[=——"Leg-4

Time (ms)

Moment
(Nm)

Moment

Moment

Moment Moment Moment

Moment
(Nm)

Elongation (mm)

(Nm)

(Nm)

(Nm) (Nm)

(Nm)

Sedan 1 (Modified), Flex-PLI 2004

400
200

0
-200

400
200

0
-200

400
200
0
-200

400
200

-200

400
200

0
-200

400
200

-200

400
200

-200

[=—Thigh-3

L S p——

J===Thigh-2
- e ———

e Sy

[="Thigh-1[]

1 o cntil 1 1 n
S
—— ACL === PC| === MCL

|—Leg-1 l_
T et =" 1
[—Lea-2] ]
_—_ 1 e gt p——
[—Leg-3]]
1 1 e 1 gt 1
[—Leg-a] ]
L
10 20 30 40 50 60
Time (ms)

KONOSU 17



Moment Moment

Moment

Moment Moment Moment

Moment
(Nm)

(Nm) (Nm) Elongation (mm) (Nm) (Nm) (Nm)

(Nm)

Sedan 2 (Original), Flex-PLI 2004

400 .
200 [=—Thigh-3

0 L gl I

-200

400 —— [—Thigh2

208 - T - ———

-200

400
—__—— —— [=Thigh-1]]

200 — e

0 — —

-200
—— ACL == PC| === MCL

10 el e

400 —
200 H__l Leg-1] |

0 T 1 1 1

-200

400
200 [—Leg-2] |

-200

400

200 [—Leg3] |

-200

400 I
200 [—tLega] ]

0 L

-200

0 10 20 30 40 50 60

Time (ms)

Moment  Moment

Moment

Moment Moment Moment

Moment
(Nm)

Elongation (mm)

(Nm) (Nm)

(Nm)

(Nm) (Nm)

(Nm)

Sedan 2 (Modified), Flex-PLI 2004

400
200

0
-200

400
200

0
-200

400
200
0
-200

400
200

-200

400
200

-200

400
200

-200

400
200

-200

[=Thigh-3[]

| . L

P . S [===Thigh-2
| e antl L e
v
P ——— |—Thigh-1|_
T ——
—— ACL === PC| e \ICL
— e —
e
A

1 1 1 1 1

|—Leg-1[_
F— o h 1 1 D "
|_Leq-2|__
e e . e
|—Leg-3|__
——rr R RO e W — S L

[——Leg-4] ]

10 20 30 40 50 60

Time (ms)

KONOSU 18



Minivan (Original), Flex-PLI 2004 Minivan (Modified), Flex-PLI 2004

2 400 - 2 a4
é’g‘ 200 [=—Thigh-3]] T E 200 [=—Thigh-3
s€ O S g € 0 ~— :
= -200 =7 200
g _ 400 — g 400 -
ST - Thigh-2 ] 5= P [==Thigh-2
BE 0 e — 2g 20 e e S—

-~ e e — =2 ]
=" 200 S 200 oS
= 400 - 2 4
ST 200 — =mignill 52 300 ey [—Thiah1
£ > K _/—I H K e | _/I— h_. |
o 0 e ——— o é 0 e
= -200 = .200

g 25 —— AClL === PC| e MCL E 25 —— ACL === PC| e \ICL
c 2 — c B e
g 3 S g i X
o 2 g B 2 0
o 5 L L L L L o 5 L L L L |
w s -
€ 400 e 400
S E 200 [—leg1] ] 8 200 [—rlegt
= z o —rl . o ——— . EZ "o e L N —— .
= -200 = -200
e 400 e 400
c | c [—
[CRe leg2[] o= [ Leg-2 L
g g 208 e L pr——— | g g/ 208 e — v — .
= 200 = 200
€ 400 e 400
c __ J—|cq- S [ eg-
[} Leg-3 |,_ o) Leg-3 L
g E 200 S et e . ) g E 200 ——— o e e —— L
cZ 0 g Z 0 _
= 200 -200
e _ 400 g _ 400
SE 200 [Tleadd  TE 200 {—Leg4
52 o . : 52 o %
= 200 =7 200
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (ms) Time (ms)

KONOSU 19



Moment Moment

(Nm)

Moment

Moment Moment Moment

(Nm)

Moment

(Nm)

(Nm)

Elongation (mm)

(Nm)

(Nm)

(Nm)

400
200

-200

400
200

-200

400
200

-200

20
15
10
5

400
200

-200

400
200

-200

400
200

-200

400
200

-200

SUV (Original), Flex-PLI 2004

[==Thigh-3]]
[=Tnign-2]]

1 V" el 1

e ——r

[==Thigh-1]]

! Y et f

—— ACL == P(C| e \MCL
_..v"'""'-_ e

e —

e [—Leq-2| |

e L n
|—Leg-3 L

1 Yt | ——
|—Leg-4

L .

10 20 30 40 50 60
Time (ms)

Moment  Moment

(Nm)

Moment

Moment Moment  Moment

Moment

Elongation (mm)

(Nm)

(Nm)

(Nm) (Nm) (Nm)

(Nm)

400
200

-200

400
200

-200

400
200

-200
20
15
10

5

400
200

-200

400
200

-200

400
200

-200

400
200

-200

SUV (Modified), Flex-PLI 2004

[==Thign-3]]
| — )
[==Thign-2]]
! Y, e — 1 ?
[=Thigh-1]]
\ T \ J— h
e
—— ACL === PC|l === MCL
- ———
1 1 1 1
e ——— J==Leg-1
Y —an o 1 1 1
O c—— |_Leq-2 L
. ,E_
|—Leg-3 |__
_HI_ x

10

20

30
Time (ms)

40 50 60

KONOSU 20



Appendix B:
Dynamic Component Calibration Test Procedure
for Thigh and Leg of Flex-PL1 2004
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B1: Dynamic Component Calibration Test Procedure for Thigh of Flex-PL1 2004

Calibration Test Type: Thigh-360M Drop Test
(Drop height: 50mm)

!

Ram (Mass: 67.8kg, Inltlal impact speed 1.0m/s)

Support load cell

Support length (L=360 mm) (Kyowa, M4AL2-2TP)
Calibration Test Type: Thigh-360M Strain gage ;- Installation position on
position “~¥ support end
0.36
0.16 o M. a. V. Dc)

0.12

unit: m
ey | o
3| I8 | eovaa

ﬁ Thigh-1 Thigh-2 Thigh-3 E

Knee side

(M) (M) (Mra)
Bending moment estimation equation Bending moment estimation equations
at loading center at strain gage positions
()#Egt; llz((t)) 36‘ M, () @F (t)" 0.0 I'\:/I :FBen(li(ns)Moment(Nm)

0)+F (t , :Forc
M (1) @F' ® 0'16| D : Deflection(m)
Deflection estimation equation M. (t) @F t) 0.121 V :Velocity (m/s)

at loading center I ' o
g: Gravity (m/ s?)

a: Acceleration (m/s?)
t:time(s)

Dc (t) @/c_initt +% gtz + ﬁ(t)dt
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- Comparison with a calibration corridor -

Step 1. Check the Bending moment and Deflection characteristics of thigh

500

Calibration Test Type: Thigh-360M
450 —* Bending moment is calculated by support forces and support length.
** Deflection is calculated by initial velocity, gravity, and acceleration.

400 ”
———Thigh (FlexPLI 2004) /
350 Calibration corridor (upper)
% """ Calibration corridor (lower) /
%, 300
= i
: -
S 250
1S e
2 /
5 200 0
c -
[ .
om / -
150

100

50 /

/ Check the response
. with corridor.

0 5 10 15 20 25 30 35
Deflection** (mm)

40

45

Step 2: Obtain calibration values derived from Strain and Bending moment

relations

500

Calibration Test Type: Thigh-360M

450 * Bending moment is calculated by support force and each strain gage position.
** Determine the strain and bending moment relationship for each strain gage from

200 F aregression line.

w
a
o

w
o
o

N
o
o

Bending moment* (Nm)
N
a
o

=
al
o

100

—Thigh-1

Thigh-2

—Thigh-3

y = 32585x **

y = 31341x **

y = 32252x **

0 1 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012

0.014 0.016

Strain (strain)

Determine the strain and bending
moment relationship for each strain
gage from a regression line.
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B2: Dynamic Component Calibration Test Procedure for Leg of Flex-PLI 2004

Calibration Test Type: Leg-440M

Drop Test
(Drop height: 50mm)

!

Ram (Mass: 67.8kg, Initial impact speed: 1.0m/s)

Support length (L=440 mm*)

* Photo is for L=320 mm.

Calibration Test Type: Leg-440M

Support end
(R=75mm)

Support load cell
(Kyowa, M4AL2-2TP)

Strain gage .-+, Installation position on
position %~ support end
0.44
(MC a, VC D )
0.16
unit: m
Knee - ) N
side | ¢ ‘101 ,‘11, I (+)D,V
Saw ".._-. g, a
E Leg-1 Leg-2 Leg-3 Leg-4 H
(M) (M) (M) (M_y)

Bending moment estimation equation Bending moment estimation equations
at strain gage positions

at center of loading

F{)" F ().
M- F(t)+F () 0'44{

Deflection estimation equation
at center of loading

D.(1) @V, it +5 0+ (DK

M, (t) @FI (t) o_oq M : Bending Moment (Nm)
, F : Force(N)

M2 () @F' (®) 0'16| D : Deflection(m)

M, (t) @F,(t)" 0.2 V :Velocity (m/ 9

MLA(t) @Fr (t)’ 0.12| g:Gravity(m/s?)

a: Acceleration(m/s?)
t:time(s)
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Step 1: Check the Bending moment and Deflection characteristics of leg
- Comparison with a calibration corridor -

500

Calibration Test type: Leg-440M

450 [—* Bending moment is calculated by support forces and support length.

** Deflection is calculated by initial velocity, gravity, and acceleration.

400

350 [

—Leg (FlexPLI 2004)

Corridor (upper)
""" Corridor (lower)
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Check if results are inside
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Deflection** (mm)
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Step 2: Obtain calibration values derived from Strain and Bending moment

relations

500

450 —* Bending moment is calculated by support force and each strain gage position. — ]
** Determine the strain and bending moment relationship for each strain gage from

Calibration Test type: Leg-440M

400  aregression line. —

_. 350
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x 300 e
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5 200
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150
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0.006

0.008

Strain (strain)

0.01

y = 21288x**

y = 20518x**

1y = 20684x**

y = 21035x**

0.012 0.014 0.016

Determine the strain and bending
moment relationship for each strain
gage from a regression line.
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ABSTRACT

A primary function of pedestrian dummies is
biofidelic representation of whole body kinematics. To
assess the biofidelity of a pedestrian dummy, corridors
for the kinematic response of post-mortem human
surrogates (PMHS) tested in full-scale pedestrian
impact tests were developed. Three PMHS were tested
in full-scale pedestrian impact tests using a late-model
small sedan with an impact velocity of 40 km/h. Three
additional tests using the Polar-1l dummy were
conducted in identical conditions to those used in the
PMHS tests.

All impacts were conducted with the PMHS or
dummy positioned laterally at the center line of the
vehicle, in a mid-stance gait position, with the struck-
side limb positioned posteriorly and the upper limbs
placed anterior to the torso. Initially supported by a
harness, each surrogate was released prior to impact
and was unconstrained through a 250 ms interaction
with the vehicle.

Using photo targets mounted at the equivalent
locations of the head center of gravity (CG), top of the
thorax, thorax CG, and pelvis CG, the kinematic
response of the pedestrian surrogates was evaluated
using parametric trajectory data. To account for
simultaneous variability in  multiple kinematic
parameters, boxed-corridors based on a percentage of
trajectory path length were developed from the
trajectory data. Given the significance of head impact
for pedestrian injury outcome, head velocity-time
corridors were also developed.

Comparing dummy response and PMHS corridors,
the Polar-1Il generally replicated the complex
kinematics of the PMHS and demonstrated good
overall biofidelity. Greater sliding up the hood by the
PMHS, and lack of neck muscle tension in the PMHS
have been identified as potential causes for differences
in the length and shape of body segment trajectories.
More testing is necessary to assess the effects
differences in pre-test orientation, surrogate stature,
and clothing will have on surrogate response.

INTRODUCTION

Pedestrians killed in pedestrian-vehicle collisions
represent 65% of all road traffic fatalities worldwide
(World Bank 2001). While the percentage of
pedestrian fatalities is much higher in developing
nations than in industrialized nations, pedestrians still
make up 11%-30% of road traffic fatalities in the US,
the European Union, and Japan (NHTSA, 2003, NPA,
2003, CARE, 2002).

To combat this serious public health problem,
researchers have been developing pedestrian surrogates
like pedestrian dummies and pedestrian computational
models to further understand pedestrian injury
mechanisms and to evaluate the level of safety afforded
to pedestrians by all motor vehicles. Numerous studies
presenting data from pedestrian impact tests with
different pedestrian dummies were published in the late
1970’s and early 1980°s. More recently, most of the
public research regarding the development and
validation of pedestrian dummies has been with regard
to one particular dummy, the Polar dummy.
Development of the Polar dummies began in the late
1990’s by Honda R&D Co., Ltd. in collaboration with
GESAC Inc. and the Japan Automobile Research
Institute.

The first version of the Polar dummy, the Polar-1,
was developed by combining and modifying
components from the Hybrid 11l and THOR dummies
(Akiyama et al. 1999a and 1999b, Huang et al. 1999).
Modifications made to the Hybrid Il and THOR parts
included additional foam in the knee joint flesh, a
compliant element in the tibia, and two additional
joints to the thoracic/lumbar spine to permit more
lateral bending compliance spine. Full-scale tests and
component-level tests were performed to assess the
biofidelity of the dummy (Akiyama et al. 1999a and
1999b, Huang et al. 1999).

Based on the results of computer simulations and
experiments, modifications to the femur, knee joint and
lower extremity flesh were made (Huang et al. 1999).
An additional series of full-scale pedestrian tests was
performed. This new version of the dummy, Polar-1.2,
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provided a more biofidelic response than the Polar-I
version, but additional improvements were required for
biofidelity at vehicle speeds of 32 km/h.

A new version of the dummy, called Polar-1I
(Figure 1), was developed to improve the kinematic
response of the dummy (Akiyama et al. 2001). A new
knee joint (Figure 1) with human-like geometry and a
new flexible tibia were added to improve lower
extremity biofidelity. The shoulder joint was also
modified to decrease the stiffness for motions within
the normal human range. Additionally more
instrumentation was added to obtain kinetic data in the
lower extremity and deflection data in the thorax and
abdomen (Akiyama et al. 2001). Full-scale pedestrian
impact tests were performed on the Polar-11 with six
different sized vehicles to further understand how
differing vehicle shapes affect pedestrian kinematics
(Akiyama et al. 2001 and Okamoto et al. 2001).

;7-*_

.

I 4 ¢

Figure 1. Polar-11 dummy with human-like knee
joint inset. (Akiyama, 2001)

The biofidelity of the Polar dummy has been
evaluated by comparing its response in full-scale
impact tests to the response of PMHS in similar
experiments (Akiyama et al. 1999a and 1999b, Huang
et al. 1999, Akiyama et al. 2001). The experiments on
the PMHS, discussed in Ishikawa et al. (1993), were
performed using a similar, not identical, vehicle as the
full-scale tests performed using the Polar-1I dummy
(Akiyama 2001).

Numerous other studies have documented the
results of full-scale pedestrian impact testing on
hundreds of PMHS. While the previous studies
provide valuable information regarding full-scale test
methodology, many of the tests were performed on
vehicles not representative of the current vehicle fleet
(Kam et al. 2005). Additionally, many of the previous
full-scale impact test studies do not provide kinematics

data in enough detail to permit use of the data in
validation studies (Kam et al. 2005).

Thus, there is a need for additional study of full-
scale pedestrian impact tests on PMHS with late-model
vehicles to develop detailed kinematics data. For
further assessment of the biofidelity of the Polar-II,
full-scale pedestrian impact tests should ideally be
performed using identical test conditions so that the
Polar-1l response can be directly compared to the
PMHS response. The goals of this study are threefold:

o to perform full-scale pedestrian impact tests on

PMHS with late-model small sedan,

e to develop kinematic response corridors for

upper-body trajectories, and

o to evaluate the response of the Polar-1I dummy,

tested using identical conditions as in the PMHS
tests.

FULL-SCALE TEST METHODOLOGY

Six full-scale pedestrian impact experiments were
performed with a small sedan. Three tests were
performed using PMHS and three tests were performed
using the Polar-1l dummy. The test conditions
remained identical in all six tests to minimize
variability in the results and facilitate a biofidelity
evaluation of the Polar-11 dummy.

Sled System

The vehicle used in all six tests was a recent model
small sedan. A scaled dimensioned drawing of the
center line contour for the front of the vehicle is given
in Figure 2. The vehicle was cut in half at the B-pillar
and mounted on a sled fit to the deceleration sled
system at the UVA Center for Applied Biomechanics.
A hydraulic decelerator was positioned at the impact
end of the sled tracks to stop the vehicle at the end of
the surrogate (dummy or PMHS) interaction.

Since the sled tracks at UVA are above ground, an
additional sled was necessary to serve as the ground
level surface on which the pedestrian surrogate (PMHS
or dummy) would be positioned. Thus a small, light
sled was constructed to hold two pieces of plywood
used to simulate the ground surface. Plywood has been
shown to possess frictional characteristics similar to
road surfaces (Kam et al. 2005). This “pedestrian sled”
was positioned before each test in a location that
permitted the vehicle to interact with the pedestrian
surrogate for approximately 250 ms between initial
bumper contact and vehicle deceleration (Figure 3).
For more discussion on why a 250 ms interaction time
was chosen, see Kam et al.(2005).
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Figure 2. Scaled, dimensioned drawing of the front of the small sedan used in all tests in the current study.
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Figure 3. Schematic of full-scale pedestrian impact
test system. Not to scale.

The primary objective of the current study was to
examine only the interaction of the pedestrian and the
vehicle. Secondary contact with the ground, road
structures or other vehicles was not studied. Therefore
an energy-absorbing catching structure was constructed
at the impact end of the sled to catch the pedestrian
surrogate, and lay it softly on an energy absorbing bed.
The purpose of the catching structure was to reduce the
potential to cause additional injuries to the PMHS
during vehicle deceleration.

During the impact event, the vehicle sled was
accelerated to 40 km/h, and it subsequently struck the
pedestrian surrogate. Approximately 50 ms later, the
vehicle impacted and accelerated the pedestrian sled
(Figure 3). By this time, the pedestrian surrogate had
long since relinquished contact with the ground level
surface of the pedestrian sled. About 250 ms after the

vehicle initially contacted the pedestrian surrogate, the
pedestrian sled, now coupled to the vehicle sled,
contacted the decelerator, slowing them to a stop at a
rate of approximately 6 g. At this time the pedestrian
surrogate was lofted forward into the energy absorbing
catching structure (Figure 3). For more information
regarding the UVA sled system, and how it is
configured for full-scale pedestrian collisions, see Kam
et al. (2005).

PMHS Preparation

The criteria used to select the three PMHS (Table
1) used in this study include stature, weight, and cause
of death. Specimens were chosen that had a stature
between 170 and 175 cm, a weight between 50 and 85
kg and a cause of death that didn’t involve traumatic
injury. Pre-test CT scans were used to confirm the
absence of pre-existing fractures, lesions and other
bone pathology in all skeletal structures. All PMHS
were preserved by a combination of refrigeration and
freezing (Crandall, 1994). All PMHS were obtained
and treated in accordance with the ethical guidelines
approved by the Human Usage Review Panel, National
Highway Traffic Safety Administration, and all PMHS
testing and handling procedures were approved by the
University of Virginia (UVA) institutional review
board.

Approximately four days prior to testing, each
PMHS was removed from the freezer and allowed to
thaw at room temperature over a three day period.
Approximately one day before each test, the specimen
preparation began. During preparation, a series of
hardware mounts, used to fix sensor cubes to PMHS
0sseous structures, were fix on each specimen.
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Table 1.

Description of the 3 PMHS used in this study.

Test #/PMHS 1D C-1/196 C-2/191 C-3/220 Average Range
Age at Death/Gender 61/F 70/M 62/M 64 9
Weight (kg) 80.7 54.4 81.6 72.3 27.2
Post-Mortem Stature® (mm) 1727 1701 1752 1727 51
Stretched Stature? (mm) 1870 1785 1859 1838 85
Height Change® (%) 8.3% 4.9% 6.1% 6.4% 3.3%

Ovarian

Cancer/ Cardiac Liver
Cause of Death Pulmonary Arrest Cancer

Edema

1- Height measured post-mortem with each PMHS lying supine.

2- Height measured by scaling a video image of PMHS in pre-test position.
3. Height change is a measure of how much the stature of each PMHS increased by vertically supporting the PMHS by the upper body.

Most notably mounts were installed at the head
near the posterior projection of the head center of
gravity (CG), on the first thoracic vertebra (T1) where
the neck meets the thorax, on the eighth thoracic
vertebra (T8) near the thorax CG, and on the sacrum
near the pelvis CG. Mounts on the head, T1 and
sacrum were used to hold one type sensor cube (44 mm
X 44 mm x 31 mm, 180g), and the one at T8 was used
to hold a smaller sensor cube (21 mm x 21 mm x 15
mm, 13 g).

On the head, the mount was a 52 x 52 mm piece of
3.2 mm thick aluminum plate attached with bone
screws directly to the posterior skull. On T1, the
mount was a “U”-shaped aluminum structure that
straddled the spinous processes of the vertebral column
and bolted directly to the vertebral body of the T1
vertebra. The mount at T8 was simply a deep threaded
bone screw with a 20 x 20 mm 3.2 mm thick aluminum
plate brazed to its head. The mount was screwed
directly into the vertebral body just to the right of the
spinous process. The mount on the sacrum was a 35
mm x 90 mm x 3.2 mm thick piece of aluminum
screwed directly to the sacrum between the second and
third sacral foramen with two bone screws.

The location of the head CG was found by first
marking the Frankfurt planes on each PMHS’ head.
The lateral projections of the head CG were marked at
a location 8.5 mm anterior to the tragion and 25% of
the vertical distance from the Frankfurt plane to the top
of the head above the Frankfurt plane (Robbins, 1983).
The posterior projection of the head CG was marked at
a location determined by bisecting a head exterior
contour that connected the two lateral projections of
the head CG. If the head instrumentation mount could
not be mounted at this location due to skull curvature,
the head instrumentation mount was attached superior
to this point. In these cases, a screw was used to mark
the posterior projection of the head CG.

After preparation each specimen was returned to
the refrigerator until the day of the test. On the day of
the test, the specimen was removed from the

refrigerator to allow the core body temperature to
equilibrate with the room temperature (22 °C + 3 °C)
prior to the test. At this time the sensor cubes were
mounted to the specified locations using screws. The
specimens were clothed in a semi-permeable TYVEK®
shirt and pants interiorly, a cotton/elastic blend shirt
and pants exteriorly, and a new pair of athletic shoes
(Corey, Athletic Works, from Wal-Mart Stores Inc.,
Little Rock, AK).

A wireless data acquisition system (TDAS G5,
DTS, Seal Beach, CA), used to sample the data from
the instrumentation, was padded and inserted into a
cylindrical dry-bag with radius 9 cm and length 32 cm
(3.4 kg with the data acquisition system). The bag was
attached to the PMHS posteriorly over the lumbar
spine using plastic tie-wraps (see Figure 5).

Dummy Preparation

The dummy was prepared as specified by its
developers. The dummy was clothed in the standard
shoes, standard shorts, and all of the flesh and jacket
was positioned appropriately.

The dummy was equipped with similar external
sensor cubes as used on the top of the thorax and pelvis
of the PMHS. On the head however, no external
instrumentation was used. Finally the instrumentation
bag used in the PMHS was mounted to the dummy’s
lumbar area via plastic tie-wraps.

Support

After the dummy and PMHS were prepared, they
were outfitted with harness straps to facilitate
positioning for the test. In the dummy, the harness
consisted of a rope that was tied through the eye bolts
of the shoulders on the dummy (Figure 4). The harness
for the PMHS consisted of two sections of seatbelt
webbing. One longer piece (the shoulder strap) was
directed under the arms of the PMHS anteriorly and
across the posterior thorax. The second seatbelt strap
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was split longitudinally in the middle so that half of the
strap could be positioned under the PMHS chin and the
other half could slip under the occiput (Figure 4).

At this time, the surrogate was hoisted into
position over the pedestrian sled. The harness was then
transferred to the release hardware. It should be noted
that the lengths of the two harness straps used in the
PMHS tests were such that the majority of the weight
of the PMHS was being supported by the shoulder
strap. The head strap is only used to orient the head in
a neutral position prior to the test.

The release hardware consisted of a plate rigidly
mounted to the laboratory roof, with a threaded rod
going through the plate. At the end of the threaded rod,
a tension load cell was attached to determine the timing
of surrogate release (Figure 4). A solenoid release
mechanism, mounted below the load cell, was used to
release the support harness just prior to vehicle impact.

Release Load Cell

Solenoid Release
Mechanism

Shoulder

Eye-Bolt

I Shoulder Strap

e e
Figure 4. Support methods for both the dummy
(left) and PMHS(right). Note that the shoulder
strap used with the PMHS (right) mostly obscures
the head strap. Only half of the split strap can be
seen as it passes under occiput of the PMHS.

Positioning

Data from the pedestrian crash data study (PCDS)
suggest that the majority of pedestrians are struck
laterally with their lower extremities positioned in a
gait-like position (Kam et al. 2005). Thus, all
surrogates in this study were positioned laterally at the
vehicle center line in a mid-stance gait position (Figure
5). Since arm position can potentially affect upper
body kinematics to a level that would reduce the
severity of thoracic and head loading (Kam et al.
2005), the arms were bound at the wrists anterior to the

surrogate. The right wrist was placed farthest from the
body and the left wrist was placed closest to the body
when the wrists were bound. This positions the struck-
side elbow slightly anterior to the thorax and thus
reduces the potential for the arm to affect the upper
body kinematics (Kam et al. 2005).

The height of the dummy, as measured after
positioning in each test, varied between 173 c¢cm and
174 cm. The standing height of each PMHS after
positioning is given in Table 1 as the “stretched
stature”.

Figure 5a. Typical position of the dummy prior to
each test.

Figure 5b. Typical position of the PMHS
immediately prior to each test.
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Test Event

After positioning of the surrogate was complete,
the vehicle sled was propelled down the tracks toward
the pedestrian. The vehicle sled passed an inductive
sensor on the track that triggered the release of the
surrogate between 19 and 26 ms before initial bumper
contact (Table 2). The vehicle speed was recorded
using a similar sensor, and was approximately 40 km/h
in each test (Table 2).

After the vehicle struck the pedestrian surrogate,
then impacted and accelerated the pedestrian sled, and
approximately 200 ms later, both sleds contacted the
decelerator. This caused the vehicle to decelerate, and
pedestrian surrogate to be lofted forward into the
catching mechanism. After the test the wrap around
distance (WAD) to head strike was measured (Table 2).

KINEMATICS MEASUREMENT

Analysis of pedestrian surrogate kinematics during
the impact event were performed using high speed
video images taken from an off-board camera on the
driver’s side of the vehicle during all of the tests. The
camera used to capture the high speed video (Phantom
V5.0, Vision Research, Wayne, NJ) sampled 1024
pixel by 1024 pixel (1.0 mega pixel) images at 1000 Hz
during all of the tests.

The camera’s field of view stretched 3.78 m
horizontally from approximately 30 cm up the tracks
from the positioned surrogate to about 60 cm down
past the tip of the decelerator push rod. The field of
view of the imager was sufficient to permit motion
tracking of all points on each surrogate and the vehicle
from 40 ms prior to initial contact, to the time that the
vehicle began to decelerate. High speed video images
(at 20 ms intervals) from a representative dummy and
PMHS test are given in Figure 6.

Table 2. Vehicle velocity, surrogate release
time and wrap around distance (WAD) to head
strike for all six tests.

Head
Vehicle Release Strike
Test | Velocity Time? (WAD)
# km/h ms mm
? D-1 39.69 -19.6 1930
E D= 40.02 -26.3 1940
a
D-3 39.88 -21.6 1970
177 C-1 39.75 -20.2 2410
I
E C-2 39.56 -25.6 2200
C-3 39.88 -24.7 2320

1-Time zero is defined as the initial contact between the
vehicle's bumper and the surrogate's lower extremity

Photo Targets

Since no external instrumentation mount was used
on the dummy’s head, a quadrant type photo target was
mounted on the dummy’s head at the posterior
projection of the CG for all tests (as determined by the
drawing of the head).

Most of the other photo targets used were
dumbbell-type targets consisting of two 38 mm
diameter table tennis balls, painted in contrasting
colors, mounted at both ends of a wooden rod (63.5
mm in length). Each photo target was fixed to the
outer surface of each sensor cube with a piece of
threaded rod. The dumbbell photo targets were
positioned so that the center of the wooden rod was
directly over the center of the sensor cube (and thus
directly over the center of the mount location) and
approximately 38 mm from the sensor cube’s outer
face (Figure 7).

Dumbbell-type photo targets were mounted to the
sensor cubes on the dummy near the pelvis CG, and at
the top of the thorax (T1). On the PMHS, dumbbell-
type photo targets were mounted to sensor cubes at the
head, T1, and pelvis.

A single 38 mm table tennis ball was used as a
photo target at the thorax CG for both the Polar-11 and
PMHS. In the Polar-I1, a specially designed mount was
installed near the CG of the thorax that permitted the
ball (attached to a plastic tube) to be positioned directly
over the posterior projection of the thorax CG point
(Figure 7). For the PMHS, duct tape was added over
the sensor cube and the ball was attached to the duct
tape with foam tape.

Whenever possible the sensor cube mounted on
the PMHS head was mounted at the posterior
projection of the head CG (permitting the dumbbell
type photo target mounted to the cube to be used to
track head motion). However, when the
instrumentation mount had to be mounted superior to
this point, table tennis ball was screwed directly to the
PMHS skull at the posterior projection of the CG point.
In all cases, all of the targets were rigidly secured to
either the steel structure of the dummy or osseous
structures in the PMHS.

Phototarget Tracking

The motion of all of the photo targets (head CG
projection, T1 or top of thorax, T8 or thorax CG
projection and pelvis CG projection for both the
dummy and the PMHS) were tracked throughout the
impact event (Figure 8). In all cases that the motion of
a dumbbell type photo target was measured, the
motions of both target balls were measured.
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Figure 6a. High speed video images of a typical
dummy test.

The motion of each photo target was measured by
recording the location, in pixels, of each photo target
from high speed video images that were re-sampled at
250 Hz. The time of initial contact between the vehicle
bumper and the surrogate’s lower extremity was
defined to be t=0. The first video analysis frame was
40 ms prior to t=0, at t=-40 ms.

The time of head strike was determined to mark
the end of the time interval of interest for computing
kinematic trajectory data. In each test the time of head
strike was determined by visual examination of the
video data. Since the trajectory data are only sampled
at 250 Hz, the time of head strike was then rounded to
the nearest 4 ms so that it corresponded with an
analysis frame (Table 3). To facilitate accurate head

140 ms
Figure 6b. High speed video images of a typical
PMHS test

120 ms

velocity measurement during head strike, the last video
frame that was digitized was the frame 20 ms after the
head-strike frame (Table 3).

Data Analysis

For the discussion of the methodology used to
analyze the trajectory data, two coordinate systems
must be defined. The frame coordinate system, defined
by the view of the high speed imager, is fixed with
respect to the laboratory. The x and z directions are
defined as the horizontal and vertical axes of the
imager frame, respectively. Positive x is to the right
(the vehicle travels in the negative x direction) and
positive z points down. The motions of all of the photo
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targets were tracked in the frame coordinate system.
The second coordinate system, the vehicle coordinate
system, will be defined later.

To obtain the motion of the center of the
dumbbell-type targets, the x and z coordinates (in the
frame coordinate system) of each ball on the target
were averaged at each sampled frame. Then all of the
parametric trajectory signals (each target had x(t) and
z(t) signals) were de-biased so that each signal’s value
was 0 pixels at the first time step (-40 ms).

Then each of the trajectory signals was converted
to a measurement in mm by multiplying each signal by
3.695 mm/pixel and each vehicle signal by 3.243
mm/pixel. These values for the spatial resolution of
the imager at the surrogate plane and at the driver’s-
side vehicle exterior plane (where the motion of the
vehicle was tracked) were determined prior to the test.
The absence of significant edge effects was determined
because a maximum difference in spatial resolution of
only 0.2 mm/pixel was measured at the edges of the
camera’s field of view.

The filtering convention specified in 1SO/DIS
13432-4 (ISO, 2004) was adopted to smooth the
position data. All signals were filtered with four passes
of the moving average filter given in Equation 1.

_ Xi—l, fcs + 2Xi,fcs + Xi+1, fcs
Xi,f - 4
1.
_ Zi—l, fcs + 2Zi,fcs + Zi+1,fcs
Zi,f - 4
In Equation 1,

e X;rand z;s are the filtered x and z positions, in
the frame coordinate system, at frame i, in
mm, and

®  Xigs and z;gs are the unfiltered (or filtered on
the previous pass) x and z positions, in the
frame coordinate system at frame i, in
mm.

The second coordinate system important to this
analysis is the vehicle coordinate system. The vehicle
coordinate system is defined to be fixed with respect to
the vehicle’s motion. The origin is defined by the x
coordinate of the head CG photo target at the analysis
frame taken at time t=0 ms, and by the z coordinate of
the simulated ground level (the level of the platforms
on the pedestrian sled) (Figure 9). In the vehicle
coordinate system the positive z direction points down
and the frame coordinate system (fixed with respect to
the lab) moves in the positive x direction. It is
important to note that the location of the origin in the x
direction is defined separately in each individual test,

while the location of the origin in the z direction
remains constant from test to test.

Top of Thorax
Target

Thorax CG

\ Target &

Figure 7. Dumbbell-type photo targets. At left, a
dumbbell-type photo target is shown. The image on
the right shows how a dumbbell-type photo target
was mounted to the sensor cube at the T1 location
in the dummy. The single-ball photo target used to
track the thorax CG of the dummy is also shown.

B

Head: Head CG:
Dumbell-Type ~Quadrant-Type

Head CG Point:
Ball-Type

Thorax Top:
Dumbbell-Type

Figure 8. Photo targets used in the dummy (top)
and PMHS (bottom) tests. Note these images are
not at the same scale.

Table 3. Test type, time of head strike, digitized
frame closest to the time of head strike and last
frame digitized for each test in the study.

Time of Head
Head Strike Last
Strike Imager Frame
Test (ms) Frame Analyzed
E D-1 126 128 148
E| b2 126 128 148
a
D-3 131 132 152
1%} C-1 152 152 172
I
E C-2 138 136 156
C-3 144 144 164
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To compute the trajectory signals in the vehicle
coordinate system, the motion of each target had to be
subtracted from the vehicle motion and the origin of
each signal had to be shifted in space to its origin as
defined by the vehicle coordinate system.

The distances between each body segment’s photo
target (and the origin of its trajectory) and the origin of
the vehicle coordinate system in the x and z directions,
sy and s,, were measured in pixels and converted to mm
using the frame taken at t=0.

Equation 2 explains how frame coordinate system
parametric trajectory signals were transferred to the
vehicle coordinate system by subtracting the vehicle’s
motion and shifting the trajectory origin.

X =Sy +(Xi,f — Vi )_(Xo,f —Vyo,f )

).
Z; =5, _(Zi,f Vit )"’ (Zo,f —Viof )
In Equation 2,
e X; z are the x and z coordinates, of each body
segment’s trajectory, in the vehicle
coordinate system, at frame i, in mm,
e Vs Vo are the filtered x and z positions of
the vehicle photo target at frame i, in mm,
® Xof Zos are the filtered x and z positions of
each of the surrogate photo targets at
frame zero (corresponding to time t=0), in
mm, and

Vxos Voof are the filtered x and z positions of
the vehicle photo target at frame zero
(corresponding to time t=0), in mm.
The velocity of the head was calculated by

adopting the methodology used in ISO/DIS 13232-5

(1SO, 2004) and given in Equation 3.

vV, = Xivg = Xig
ti+1 _ti—l 3)
_fia Tl
z,
ti+1 - ti—1
In Equation 3,

oV V,;are the head photo target’s velocity, in
m/s, in the x and z directions at frame i,
and

e f;isthe time, in ms, at frame i.

The resultant of the velocity signal is then
computed by calculating the magnitude of the velocity
vector defined by the parametric components in
Equation 3 at each time step.

cross represents the vehicle coordinate system
origin.

PMHS KINEMATICS

Trajectory data for the head CG, T1, T8 and the
pelvis are given in the vehicle coordinate system
(Equation 2) for the PMHS tests in Figure 10. In each
of the three plots given in Figure 10, the vehicle center
line contour is added for reference. To provide an
indication of the time scale, lines connecting each
segment’s trajectory at 12 ms intervals are also
included. In each test, the trajectory signal is plotted
from time t=0 to the time of head strike (also given in
Table 3). Time histories of head resultant velocity
from each of the PMHS tests are given in Figure 11.

KINEMATIC TRAJECTORY CORRIDORS
Scaling Kinematics Data

To provide a basis for comparing surrogate
kinematics, it is common to scale PMHS response
using a length scale factor. A scale factor is used to
scale the geometry of the PMHS to a reference
geometry. Since one goal of this study is to compare
the kinematic response of the PMHS and the dummy,
the dummy geometry was chosen as the standard, or
reference geometry, to use in scaling the PMHS
kinematics data.
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Figure 10a. Vehicle coordinate system trajectories
for test C-1. The vehicle center line contour is in
black. Purple lines, labeled “12 ms intervals”,
connect body segments at each specified time.
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Figure 10b. Vehicle coordinate system trajectories
for test C-2.

Recognizing that PMHS body-segment lengths
vary slightly from PMHS to PMHS, and the lengths of
the Polar-1l body segments are also slightly different
than those of the PMHS (Table 4), it was determined
that individual scale factors should be used to scale
trajectory data from each body region. Thus twelve
individual scale factors were calculated to account for
the head CG, T1, T8 and pelvis trajectories for all three
PMHS tested. None of the dummy trajectory data were
scaled.
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Figure 10c. Vehicle coordinate system trajectories
for test C-3.
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Figure 11. Head resultant velocity from the PMHS
tests. Note that each signal is plotted from t=0 until
the time of head strike for each particular test.

The distances between each body segment’s photo
target and the origin of vehicle coordinate system in the
z direction, s, were averaged for all of the dummy tests
(Table 4). Using the average values, s, 4, and the same
measurements, from the PMHS tests, s,., twelve scale
factors were developed to scale each of the four
trajectories in each test (Table 4). An example
calculation to obtain the T8 scale factor in test 002,
Aooz.7s, 1S given in Equation 4.

T8

S
rec-2 _ STBZ% =1.0027 (4).

zZ,C
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Table 4. Initial vertical distance of each body segment’s photo target and PMHS scale factors. Only
summary data of dummy target heights are provided due to their similarity. Vertical distances appear as
negative numbers because positive z is defined in the downward direction. All values are in mm.

Height Scale Factors

PMHS

Photo Target Initial Height From Ground Level
Dummy | Dummy
Mean Range || Test C-1| Test C-2 | Test C-3

Head

cG -1705 4 -1811 -1652 -1763
Topof | ) 47q 13 1670 | -1541 | -1663
Thorax
Thorax | 1549 15 1419 | -1345 | -1408

CG

Pelvis

cG -1042 11 -1073 -970 -1060

-All measurements are in mm.

In Equation 4,
ST8 )
. zd s the average of the s, values for the
thorax CG from the three dummy tests, in
mm, and

o 5 %% isthes, value, in mm, for T8 in test
C-2.

The filtered surrogate trajectory data, xj; and zy,
(Equation 1) were then multiplied by their respective
scale factors to obtain the scaled frame coordinate
system trajectories X i and z'is,. It is important to note
that all scaled values are indicated in this study with an
asterisk.

The scaled trajectories, Xi; and z'j;, were then
converted to the vehicle coordinate system (to obtain
x i and z;) using Equation 5.

X = SX/IL +(Xi,f —Vyit )_(Xo,f _Vx,O,f)
* * * * * (5).
Z, = SzﬂL _(Zi’f _szi,f )+ (Zo,f _Vz,O,f )

Since the trajectory of each body region is defined
with two parametric trajectory signals, x(t) and z(t), if
the positions (dependant variable) are scaled, time
(independent variable) must be scaled as well. Since a
different scale factor is used to scale the positions of
each body region, a different scaled time at frame i, t,
had to be calculated for each body region and each test.
When using a length scale factor, as in this case, time
scales the same as length, so t; was multiplied by each
of the scale factors to obtain each of the t’; signals.

Scaled head velocities are calculated using both
scaled position data and scaled time data by again
employing the 1SO methodology (ISO, 2004)
(Equation 6).

PMHS

Range | TestC-1| TestC-2 | TestC-3| Mean | Range
159 0.9415 | 1.0321 | 0.9672 | 0.9802 | 0.091
129 0.8853 | 0.9596 | 0.8893 | 0.9114 | 0.074
74 0.9505 | 1.0027 | 0.9580 | 0.9704 | 0.052

103 0.9707 | 1.0743 | 0.9826 | 1.0092 0.104

* *

* X - X
Vx,i — t|*+1 t*l—l
i+1 ~ i ©)
. Z.-17 '
Vz,i — |*+l i_l
ti+l - ti—l
In Equation 6,

e Vi and V', are each photo target’s scaled
component velocity, in m/s, in the x and z
directions at frame i.

The resultant of the scaled head velocity is
computed by computing the magnitude of the scaled
velocity vector defined by the parametric components
in Equation 6.

Corridor Development

Average Curves Since this study was only
concerned with examining the trajectory data from
initial bumper contact (t=0) to head strike, and the time
data were scaled, the time of head strike had to be
scaled as well. Given that the time of head strike had
already been rounded to the nearest analysis frame, the
time of the head strike frame was scaled. Finally, the
scaled time at head strike, t ', is rounded to the nearest
analysis frame (Table 5).

When each time signal was scaled, the sampling
frequency changed from 250 Hz, to the inverse of the
scale factor, A, multiplied by 250 Hz. Since one scale
factor was developed for each body region in each test,
each scaled time signal had a different sampling
frequency. To facilitate averaging and corridor
development, all of the scaled trajectory and velocity
data were re-sampled, by interpolation at 250 Hz, the
frame at t=0 to t=t's, where . is the lowest time,
t'1s, for each body region (Table 5).
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Table 5. Un-scaled and scaled head strike
frame times for each body segment trajectory in
each PMHS test. The earliest scaled time at head
strike for each body region is also given. All times
are in ms.

Scaled Head Strike
Frame Time t'n

001 002 003 Thse

Un-scaled 152 136 144

Head 144 | 140 | 140 | 140
B T 136 | 132 | 128 | 128
S T8 144 | 13 | 140 | 136

Pelvis 148 | 144 | 140 | 140

-All times are given in ms.

The average scaled PMHS trajectory was
computed by averaging values of each trajectory signal
at each 4 ms time interval.  Averaged scaled
trajectories were computed for the head, T1, T8 and
pelvis. The resultant head velocities from each test
were also averaged to create an average scaled
resultant velocity.

Each body segment average trajectory was fit to a
third order polynomial with parameters o, B, y, and
5 (Table 6 and Equation 7).

" —3 2 —
Z, =ax, +p0X +yx +o (7).

In Equation 7,

— —_

e Xi, and Zi, are the average scaled x and z
components of each body segment’s
trajectory, in mm.

Table 6. Third-order polynomial parameters
for each average scaled PMHS body segment

trajectory.
Head T1 T8 Pelvis
o -1.11461E-08 9.11329E-08 6.64334E-08 -3.63583E-07
ﬁ 1.88378E-04 -1.67628E-05 5.95507E-05 3.51434E-04
v 1.89965E-03 7.69504E-02 1.86501E-02 -5.59884E-02
S -1.70050E+03 -1.48419E+03 -1.34781E+03 -1.03857E+03
R2 0.9997 0.9930 0.9997 0.9765

The average scaled resultant head velocity curve
has too complex curvature to be accurately modeled by
a third (or higher) order polynomial. Thus the average
and standard deviation data were re-sampled with the
minimum number of points necessary to model the
complexity of the signal’s curvature (Table 7).
Average scaled head velocity data are given from t=0
to t=t'psc, Where thsc is the lowest time, t's, for the

head (Table 5). The standard deviation data given in
Table 7 are calculated by taking the square root of the
bias-corrected variance (this contains the “n-1”
correction term in the denominator of the definition).

Corridors Typically response corridors based on
PMHS data are developed by incorporating the
standard deviation of the data into the calculation of the
upper and lower corridor bounds (Lessley et al. 2004,
Viano and Davidsson 2002, and Maltese et al. 2002).
However, due to similarity between the PMHS
trajectories (after scaling) and the number of data sets
(only 3), boxed-standard deviation corridors for PMHS
body segment trajectories were determined to be too
narrow for dummy or computational model
development or validation. Even standard deviation
corridors with a two-standard deviation width were too
narrow (Figure 12).

Table 7. Tabulated average and standard
deviation of the scaled average PMHS head velocity

signal.
Head |[Standard Head |Standard
Time|Velocity |Deviation|| Time| Velocity | Deviation
ms m/s m/s ms m/s m/s

1134 | 0931 || 77 | 1197 | 0825
1120 | 0766 || 84 | 1295 | 0.863
14 | 1124 | 0556 | 91 | 1367 | 0.729
21 | 11.33 | 0491 | 98 | 1396 | 0.829
28 | 11.30 | 0664 | 105| 1393 | 1.162
35 | 1129 | 0745 | 112| 1385 | 1.441
42 | 1136 | 0595 [/ 119| 1393 | 1516
49 | 1134 | 0492 | 126 | 1394 | 1.200
56 | 1123 | 0416 | 133| 1384 | 0.903
63 | 1127 | 0638 | 140| 1291 | 0.869
70 | 1144 | 0753

Because kinematic corridors based on the standard
deviation of the data are too narrow, corridors needed
to be developed for PMHS body segment trajectories
using a different methodology. The corridors would
ideally begin very narrow (because the scaling
procedure forces the origin of all trajectories for each
body segment to the same point), and gradually grow
wider to account for variability in the data as the length
of the trajectory grows.

Thus, kinematic response corridors  were
calculated for the head, T1, T8 and pelvis trajectories
using the average trajectories and the path length of
each trajectory (Equation 8).

S, = ZI: (}j —7;_1)2 +(Zi-210)> ®.

=
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In Equation 8,
e S is the total path length of the trajectory
measured up to frame i, in mm.

PMHS T1 Average
— =-2SDCorridor | |
PMHS T8 Average
-1600 — —2SD Corridor
3 = ===
< 1200 SIS
I XS~
2 N
<
o
©
o -800 A
5]
[a]
N
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0

0 400 800 1200 1600 2000

X Displacement (mm)

Figure 12. Averaged scaled T1 and T8 trajectory
data with boxed-standard deviation corridors using
a two-standard deviation width.

Boxed corridors were then developed using the
path length. Boxed-corridors can be developed by
creating a square around each data point in the curve,
with edges aligned with the coordinate axes, where the
length of the square is equal to 2k. For the current
study, k is some percentage of the trajectory’s path
length. Two pairs of parametric trajectory signals were
calculated to determine the path of the corner’s of the
path length square. The four signals were calculated
using Equation 9.

C;, =xi +KS,
C =X —kS,
_* 9).
C,i =1z +kS
C; =1z —kS,

In Equation 9, C/; gives the x component of the

signal formed by adding the x component of the
average parametric body segment trajectory at frame i

to k percent of the path length at framei. C,,, C/

X! z,i?
C;i provide similar signals. It is important to note

that the wvalues calculated using Equation 8 and
Equation 9 are calculated using the values of the
trajectories obtained from the third order polynomial
equations (Equation 7) defined by the parameters in
Table 6.

By combining the x and z components of the two
pairs of parametric trajectory signals in Equation 9, the
trajectory of each path length square’s corners can be
plotted. Since the path length square is aligned with
respect to the coordinate frame and the trajectory
signals show more x direction displacement than z
direction displacement, the trajectory of two of the path
length square’s corners will be above the average body
segment trajectory and two of the corners’ trajectories
will be below the average trajectory. The upper bound
for each body-segment corridor was chosen to be the
trajectory of the path length square’s corner that
remained farthest above the average curve for the
longest time. The lower bound was chosen to be the
trajectory of the path length square’s corner that
remained farthest below the average curve for the
longest time. Due to the downward concavity of the
average trajectory signals (with +z pointing down), the
kinematic response corridors for the head CG, T1 (or
top of thorax) and T8 (or thorax CG) trajectories were

developed by plotting C;i vs. C,; (for the upper
bound) and C/; vs. C;i (for the lower bound). Since
the pelvis average scaled trajectory is concave upward,
the upper bound of the pelvis corridor was developed

by plotting C;; vs. C;;, and the lower bound was

developed by plotting C ; vs. C,;.

i Any value of k
can be used to develop corridors of varying width for
each body segment’s trajectory. Figure 13 presents
each of the scaled average body segment trajectories
(fit to third order polynomials) plotted with three sets
of corridors for k=4%, k=8% and k=12%.

Kinematic response corridors (Figure 14) were
also developed for scaled head velocity by
incorporating the standard deviation (Table 7) because
it did not create a corridor that was too narrow for
dummy validation. The corridor boundaries for the
head velocity corridor are determined by adding m
standard deviations to (upper bound), or subtracting m
standard deviations from (lower bound), the average
scaled PMHS head resultant velocity at each time step.
Figure 14 provides the averaged scaled PMHS head
resultant velocity curve and corridor boundaries for
m=0.5, m=1.0 and m=1.5 standard deviation corridors.

DISCUSSION

The trajectory analysis discussed in the “Data
Manipulation”  portion  of the  “Kinematics
Measurement” section was performed for both the
PMHS tests and the dummy tests. Dummy trajectory
signals, as calculated in Equation 2 and Equation 3,
provide evidence that the Polar-1l can produce a
repeatable response in a full-scale pedestrian impact
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tests (Figures 15 and 16). Plotting the average PMHS
trajectory signal with the dummy signals provides a
basis for comparison of the dummy body segment
trajectories and PMHS body segment trajectories
(Figure 15). The Polar-1l1 was shown to generally fall
within 10% path length corridors, so the 10% path
length corridors are included in Figure 15.

In comparison of dummy and PMHS trajectories,
one interesting feature is that PMHS trajectories and
dummy trajectories are not the same length. Despite
the scaling procedure, PMHS trajectories are still
significantly longer, typically in the x-direction, than
dummy trajectories. This is also evident in that head
strike in the PMHS tests typically occurred at a much
larger WAD (2410, 2200 and 2320 mm) than in the
dummy tests (1970, 1980 and 1990 mm). Additionally,
the time of head strike in the PMHS tests is, on
average, greater than the time of head strike in the
dummy tests (Table 3). These results suggest that
PMHS specimens traversed longer distances in the +x
direction than the dummy did between initial vehicle
contact and head strike. Further examination of the
video data suggests that this is, at least partially, due to
the fact that the PMHS slides farther up the hood than
the dummy does prior to head strike.
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Figure 13a. Scaled average PMHS head trajectory
(from the third order polynomial with parameters
given in Table 6) with 4%, 8% and 12% path length
corridors and corridor width at head strike.

Two factors seem to influence the amount of
sliding that occurs in each surrogate. Firstly, it was
noted that there was a significantly different damage
pattern on the hood leading edge of the vehicle after a
dummy test than after a PMHS test. Sliding up the
hood by pedestrian surrogates is promoted by the
smooth sloping shape of the hood. One potential

explanation for less sliding with the dummy is that
either the mass, mass distribution, or stiffness of the
dummy thigh and/or pelvis are not totally biofidelic.
Thus a different damage pattern could be caused to the
lower edge of the hood, changing its smooth shape, and
restricting sliding.  Secondly, the PMHS and the
dummy wore different clothing during the tests. It is
further hypothesized that differences in the frictional
characteristics of the standard dummy shorts, and the
cotton/elastic pants worn by the PMHS.
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Figure 13b. Scaled average PMHS T1 trajectory
(from the third order polynomial with parameters
given in Table 6) with 4%, 8% and 12% path length
corridors and corridor width at head strike.
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Figure 13c. Scaled average PMHS T8 trajectory
(from the third order polynomial with parameters

given in Table 6) with 4%, 8% and 12% path length
corridors and corridor width at head strike.
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Figure 13d. Scaled average PMHS pelvis trajectory
(from the third order polynomial with parameters
given in Table 6) with 4%, 8% and 12% path length
corridors and corridor width at head strike.
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Figure 14. Scaled average PMHS head resultant
velocity time history with 0.5, 1.0 and 1.5 standard
deviation corridors.

Greater sliding in the PMHS tests causes increased
length of the body segment trajectories, later head
strike times, and longer WADs to head strike than in
the dummy tests. More testing is necessary to
determine the all of the factors that contribute to
sliding.

An additional reason for differences in trajectory
length and WAD to head strike is that is that the PMHS
head starts farther from the ground level at t=0 than the
dummy. Although the statures of the PMHS, as
measured post-mortem, were between 170 cm and 175
cm, when the PMHS were hoisted over the pedestrian
sled and positioned, their heights had increased to 178
cm to 187 cm. The dummy’s pre-test stature measured

only 173-174 cm. The change in PMHS stature due to
supporting the PMHS by the upper body (5% to 8%) is
due to stretching of the spine under the tension caused
by the PMHS weight.

It was impossible to support any significant
portion of the PMHS weight by the PMHS lower
extremities. Lowering the release mechanism only
caused an increase in flexion at the knee and hip joints
in the PMHS, rather than increasing the load supported
by the lower extremities. Artificially stiffening the
knee and hip joints of the PMHS could have permitted
a small amount of the upper body weight to be
supported by the lower extremities. However, artificial
joint stiffening was not performed because it was
determined that any joint stiffening would ultimately
affect the joint stiffness and range of motion. Thus, no
adjustment for the stretched stature of the PMHS could
be made by attempting to get the PMHS to support its
own weight.
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Figure 15a. Dummy head trajectories with the
average scaled PMHS head trajectory and 10%
path length corridors.

Since it was not possible to get the PMHS lower
extremities to support any of the upper body weight,
some differences in pre-test position between the
dummy and the PMHS arose (Figure 5). Most notably,
not as much anterior-posterior separation between the
knee joints was possible in the PMHS tests as used in
the dummy tests. Another difference in position
between the dummy and the PMHS can be seen in the
angle the dummy’s spine makes with respect to the
ground (lateral picture, Figure 5a). The angle of the
spine in the dummy tests was produced as a result of a
limited range of motion of the dummy hip in extension.
The range of motion was limited due to the orientation
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of the hip and pelvis flesh (without the flesh the range
of motion is greater). The limited range of motion
required the dummy pelvis to be pushed posteriorly so
that the dummy’s feet could be placed on the
pedestrian sled foot plates. This alignment produces a
forward-tilt in the spine.
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Figure 15b. Dummy top of thorax (T1) trajectories
with the average scaled PMHS T1 trajectory and
10% path length corridors.
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Figure 15c. Dummy thorax CG (T8) trajectories
with the average scaled PMHS T8 trajectory and
10% path length corridors.
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Figure 15d. Dummy pelvis trajectories with the
average scaled PMHS pelvis trajectory and 10%
path length corridors.
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Figure 16. Dummy head resultant velocity time
histories with the average scaled PMHS resultant
velocity and 3-standard-deviation corridors.

The effect on surrogate kinematics as a result of
differences in position and differences in height is
unknown. More experiments are necessary to assess
the affect of differences in height and differences in
pre-test orientation on surrogate response.

Despite differences between the response of the
PMHS and the dummy, overall PMHS kinematics were
generally replicated by the dummy. Dummy
trajectories generally fit within 10% path length
corridors (Figure 15). Despite the fact that the PMHS
trajectories are typically longer, there is a significant
difference in the shape of the head trajectory for the
dummy and the PMHS.

Although sliding potentially contributes to the
difference in shape of the dummy and PMHS head
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trajectories, another factor may also contribute to this
difference. Without muscle tension in the PMHS, the
PMHS neck has very little lateral bending stiffness.
The dummy’s neck however is designed to replicate
the lateral bending stiffness of a living human. This
difference is most evident in comparing the high speed
video images from the dummy and PMHS tests shown
in Figure 6. At 100 and 120 ms, the PMHS neck, due
to inertial loading by the head, is under so much
bending that it is in contact with the PMHS left
shoulder (Figure 6b). However, in the dummy tests, at
100 and 120 ms, the dummy’s neck displays much less
bending and the closer to being equidistant from each
shoulder (Figure 6a).

Differences in head trajectory between the dummy
and PMHS are amplified in the resultant head velocity
signals. Dummy head velocity is so different from
PMHS resultant head velocity signals that dummy
resultant head velocity signals barely fit within a three-
standard deviation PMHS corridor. The dummy
resultant head velocity signals begin to deviate from
the scaled average PMHS head velocity around 90 ms.
Further analysis of the video data suggests that inertial
loading by the head begins to overcome the low
stiffness of the PMHS neck around 90 ms. At 80 ms,
the PMHS and dummy heads appear to be in a similar
place with respect to the shoulders, but at 100 ms, the
PMHS neck is under enough lateral bending that the
PMHS head is touching the left shoulder (Figure 6).
Thus differences in the resultant head velocity between
the PMHS and dummy can be at least partially
attributed to differences in surrogate neck stiffness.

Since biofidelic representation of living human
pedestrians is the ultimate goal in surrogate
development, this is an instance when FE modeling
could be used to validate the head/neck response of the
dummy in a full-scale pedestrian impact test. The
motion of T1 could be used as an input to an FE model
that has a validated neck muscle model to determine
the corresponding head motion.

CONCLUSION

Three full-scale pedestrian impact tests with
PMHS were performed with a late-model small sedan
that struck the PMHS at 40 km/h. Three replicate tests
were performed with the Polar-Il dummy. The
kinematics of the Polar-11 and PMHS were analyzed by
extracting planar body segment parametric trajectory
data from high speed video images. A methodology
and the necessary data are provided to develop
kinematic response corridors for PMHS head, T1, T8
and pelvis trajectories. Trajectory corridors can be
calculated based on any k percent of the path length of
the trajectory. The necessary data are also provided to
produce the average and standard deviation corridors

for the scaled resultant head velocity measured in the
PMHS tests.

Overall, the dummy generally replicated the
complex PMHS kinematics and demonstrated good
overall biofidelity. Specifically, dummy head, top of
thorax, thorax CG and pelvis CG trajectories generally
fall within 10% path length corridors. Greater sliding
by the PMHS, and lack of neck muscle tension in the
PMHS have been identified as potential causes for
differences in the length and shape of body segment
trajectories. More testing is necessary to assess the
effects differences in pre-test orientation, surrogate
stature, and clothing will have on surrogate response.
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ABSTRACT

Existing test procedures assessing vehicle
interactions with a pedestrian have generally been
limited to subsystem impactors. The complex
kinematics of vehicle-pedestrian impacts necessitates
test surrogates that possess whole-body response
capabilities. This paper reports on the activities of an
international task group working to develop a
recommended practice for pedestrian dummy
performance. The objective of the task group was to
develop a performance standard for a research
dummy based on existing technology. Potential
applications include the study of pedestrian
kinematics, injury prediction, and the evaluation of
countermeasures  including  active  systems.
Specifications focus on the 50" percentile male for
primarily lateral impacts in the range of 30 knvh to
50 km/h. Development of the specifications included
a detailed review of the literature and evaluation of
existing dummies including the Hybrid 11l and the
POLAR IlI. Based on these studies, biofidelity
priority was given to whole body kinematics, as well
as head, knee, leg, and thoracic impact response.
Biofidelity requirements for whole-body kinematics
were developed from cadaveric impacts with a late
model vehicle. The specification also includes
component response corridors for the head, leg, knee,
and chest. In addition to the biofidelity evaluation,
testing at facilities around the world was performed
to evaluate durability, usability, and repeatability of
existing dummy technology.

INTRODUCTION

Worldwide, pedestrian crashes congtitute the
most frequent cause of traffic-related fatalities.
Improving vehicle design to make automobiles less
aggressive to pedestrians during impact is an
essential component of reducing the frequency and
the severity of pedestrian injuries. Assessing the level
of protection offered by existing and future vehicles
will likely be accomplished by a multi-dimensional
evaluation including full-scale tests, subsystem tests,
and computer modeling.

Currently, the primary evauation tool for
assessing potential pedestrian protection is subsystem
test procedures. Through an evolution of procedures
within the European Enhanced Vehicle-Safety
Committee (EEVC) Working Groups 10 and 17,
experimental test devices have been developed that
represent the head, thigh-pelvis, and lower extremity
(EEVC 2002). Pedestrian protection test procedures
have also been discussed or developed in ISO and
IHRA activities with the resulting procedures similar
to those of the EEVC. In Europe and Japan,
pedestrian protection regulations will be introduced
based on the EEVC procedures and IHRA activities.
Given the complexity of pedestrian kinematics during
vehicle impact, subsystem test procedures alone,
however, are likely insufficient to evaluate the
comprehensive level of protection potentially
afforded by vehicle countermeasures. The
interrelationship of response between successive
contacts of body regions is strongly determined by
the pedestrian and vehicular geometry, the impact
speed, the orientation of the pedestrian, and the
response of previously contacted structures. In
addition, subsystem tests are not effective for
evaluating active safety systems such as pedestrian
airbags or pop-up hood systems. These
countermeasures usually include sensors that detect
pedestrian contact with the vehicle that cannot be
evaluated by subsystem testing. To study and assess
the vast array of vehicle-pedestrian interactions, test
surrogates that possess whole-body response
capabilities, such as a pedestrian dummy, are
necessary. Historically, testing with full-scale
dummies has been hindered by both biofidelity and
durability of the anthropometric test devices. Some of
the problems encountered include propensity to
damage dummy components, difficulty in assessing
phases of impact, and uncertainty of repeatability
(Harris, 1989). Recently, attempts have been made to
develop improved pedestrian dummies including
modifications to the H-l1l (Hattori et. a, 2000), a
modified side impact dummy (Frederikson 2001),
and the Polar Il (Huang et a., 1999; Akiyama et al.,
2001). However, these dummies were independently
designed and used primarily by the developing
organizations without independent assessment or
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review by a broader international community
working on pedestrian safety.

OBJECTIVES

The SAE Pedestrian Dummy Task Group (SAE
PDTG) was established to develop performance, as
opposed to design, specifications for pedestrian
research dummies based on existing dummy
technology.  While the objective of the group was
not to develop or specify a physical device, the task
group realized it was necessary to have a physical
representation of such a dummy in order to assess the
feasibility of meeting the dummy performance
specifications using existing technologies.

Terms of Reference

The performance specification was developed
based on several expected uses including the design
of countermeasures, the evaluation of active systems
(e.g., pop-up hoods and airbags), the validation of
computer simulations, the study of pedestrian
kinematics, the reconstruction of impacts including
crash reconstruction of pedestrian kinematics, the
refinement of component test parameters and
procedures, and the prediction of injury probabilities
for given vehicle, crash, and countermeasure
combinations. In terms of requisite biofidelity for the
dummy, whole-body kinematics were considered the
foremost priority for the anticipated dummy
applications.

While it is recognized that collisions involve
pedestrians of all sizes, it was proposed that
performance specifications for a 50" percentile adult
male dummy be developed as a first step. This
approach stems from the greater knowledge of
biomechanics and existing dummy technologies for
the mid-size male relative to other adult sizes and
children. While not the initial objective, it was
envisioned that additional performance specifications
for other sizes of pedestrian dummies would be
developed in the future based on accepted scaling
procedures. The resulting pedestrian research dummy
performance specifications for existing technology
were based on studies of the following items:

1. An understanding of the frequency and
severity of pedestrian injuries in order to
properly prioritize instrumentation
requirements

2. Anthropometry  requirements including
requirements for size, joint locations, mass,
and mass distribution

3. Biomechanical response requirements for
essential body regions such as the head,
thorax, and lower extremities

4. Instrumentation compatibility to facilitate
the measurement of engineering parameters
known to relate causally to injury

5. Reguirements for dummy durability,
repeatability, and reproducibility

6. Functionality requirements including ease of
usein acrash laboratory environment

7. A survey and evaluation of existing dummy
and sensor technologies with particular
emphasis on dummies currently used in
pedestrian research programs

8. Whole-body kinematics observed in full
scale test vehicle with post-mortem human
surrogates

A brief overview of the studies conducted by the
SAE PDTG isincluded in this paper.

Body Region Priorities

While numerous researchers have evaluated the
frequency and severity of pedestrian injuries, there
exists little consistency among the studies in terms of
the inclusion criteria. Variations exist for the vehicle
types, impact velocity ranges, body region
breakdowns, injury coding schemes, and pedestrian
demographics (e.g., age, gender, size). In order to
determine body region priorities for a variety of
performance specifications including instrumentation
compatibility, component biofidelity, and whole body
kinematics, a detailed review of available field injury
studies was undertaken by the task group. The study
simultaneous evaluated injury frequency, injury
severity, injury cost, injury disability probabilities,
and changing trends in the vehicle fleet. Given the
lack of uniformity among studies, no quantitative
assessment of the archival literature could be
conducted. Therefore, a group of experts reviewed
the available studies and somewhat subjectively
prioritized the body regions (1 = most important, 10
= least important) based on such factors as the
frequency of injury to the body region, the societal
cost associated with the injury, and the probability of
disability. The results of the rankings are shown in
Figure 1. For the most part, the review confirmed
well-known pedestrian injury trends (e.g., head
injuries were the most frequent severe injuries) but
perhaps lesser known observations (e.g., chest
injuries moderately frequent and are associate with
high injury cost) played essential rolesin determining
the body region priorities and instrumentation.
While numerous studies were used to characterize the
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lower limb as the most frequently injured body
region, an examination of the injuries within regions
of the lower limb identified the leg as the most
frequently injured area and the knee as the most
frequently injured lower limb joint. While
historically the thigh was a prominent region of
injury, recent investigations have shown diminished
frequency (Snedeker et al., 2003) with late model
cars.
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Figure 1. Body region rankings based on injury
frequency, severity, cost, and disability.

METHODOLOGY AND RESULTS

Previous studies and publications were reviewed
to identify response and physical parameters
considered necessary for developing performance
specifications for a pedestrian dummy.

Anthropometry

A target set of anthropometric specifications was
determined to ensure that dummies complying with
the document are, in general, representative of the
50" percentile adult male. The geometric, mass, and
mass distribution specifications were defined with the
goal of differentiating between parameters considered
to be critica for pedestrian injury studies (e.g.,
overall standing height and knee height) and those
considered to be non-critical parameters (e.g., elbow
height). The critical parameters require mandatory
compliance while the non-critical factors are
recommended for consideration in the design of
dummies. This approach should result in dummies
that are anthropometrically similar to one another,
thereby facilitating the comparison of data collected
with different dummies, while till not being overly
design restrictive.

Defining the human anthropometry targets was
complicated by the results of human studies being
dependent upon the sample size and the specific
subjects measured and by the fact that not all human

studies contained all of the parameters needed to
define a dummy (e.g., some studies with detailed
dimensional data contained very limited mass
distribution data). In addition, human studies with
body segment data tended to use different body
partition definitions making it difficult to make direct
comparisons. Finally, human anthropometry data are
dependent on the era and geographic location in
which the data are collected. Thus, newer databases
and those that included inherent geographic diversity
were considered the most representative.

For the performance requirements, four primary
references were used as the basis for the dummy
specifications. The U.S. CAESAR data base is a
recent study based on alarge sample size and because
of the diverse ethnicity of the U.S. was considered
representative of the world population (Harrison and
Robinette, 2002). The CAESAR data base provided
a variety of joint locations, and three body region
shape information such as circumferences etc. Other
than overall mass, the CAESAR data set does not
contain any body segment mass or c.g. data. The
AMVO data base was used as a second source for
body segment mass information.

The ManneQuin Pro V8.0 software, which is
based on the 1988 Natick US Army anthropometric
data base provided a complete set of parameters
including overall height, joint locations, body
segment masses, and body segment c.g. locations. In
addition, because the software generates CAD
models of the skeleton, the model could be used to
identify the location of specific joints such as the
C7/T1 interface. This data set could have been used
as the sole source of information for this document,
however the data is nearly 20 years old, and is based
on a survey of U.S. Army personnel which may not
be as representative of the population as a whole.

The PMHS study by Dempster (1955) provided
body segment c.g. locations as a percentage of body
segment length. The Dempster c.g. percentiles were
combined with body segment lengths from CAESAR
(or the Army data when the length was not available
from CAESAR) to provide a second source for body
segment c.g. locations.

A summary of the Army and AMVO mass data
is found in Table 1. A summary of body region
dimenstion data from CAESAR and the Army study
are shown in Table 2. and target values for joint
locations from CAESAR are shown in Table 3.
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Tablel

Summary of body segment mass specifications

Database
Army data AMVO
from
ManneQuin
Pro V8.0
Mass per
dummy Mass per
Body Segment (kg) dummy (kg)
Head 4.4 4.1
Neck 11 1.0
Upper Torso 215 23.7
Lower Torso 135 134
Upper arms (2) 4.0 35
Lower arms (2) 29
Lower
arms/hands (2) 4.0
Hands (2) 11
Thighs (2) 19.6 17.2
Legs(2) 79 7.2
Feet (2) 2.0 2.0
Totd 78.0 76.1
Table2

Summary of body segment dimensions

Body Segment Dimensions

Target Value (mm)

Head Height 240

Head Breadth 154

Head Circumference 576
Head Length 200
Circumference at interscye 1008
Interscye distance 394

Hip circumference 1018
Bi-trochanteric breadth 361
Thigh Circumference 591

Table3
Summary of joint locations
Dummy Whole Body Heights Target Value (mm)

Top of Head 1757
T1 1519
H-Point 940
Knee 492

Ankle 73
Shoulder 1428
Elbow 1110
Wrist 851

Kinematic Response

Given the priority of whole-body kinematic
biofidelity, it was considered essential to evaluate
dummies under vehicle impact conditions.
Kinematic response corridors based on cadaver tests
were considered the most appropriate performance
evaluation tool for pedestrian dummies evaluated
under the same impact conditions. Since most
published cadaver studies did not include the
requisite combination of a late model vehicle, an
identifiable vehicle model to reproduce the tests at
other ingtitutions, and multiple tests to facilitate
kinematic corridors, the decision was made to focus
on recent cadaver tests conducted by Kerrigan et al.
(2005) with a small four-door sedan produced for
sdle in the US or Canadian market. While the
suspension and wheels were removed to facilitate
attachment to a ded system, the remainder of the
vehicle fore of the b-pillar was maintained as was the
total vehicle weight of 1175 kg + 25 kg. The test
impact velocity was 40 + 2 km/h with no vehicle
braking occurring until the pedestrian had ceased to
be in contact with the vehicle. The pedestrian was
oriented laterally with respect to the vehicle in a
relatively upright mid-gait posture. The details and
rationale behind the initial pedestrian orientation and
impact conditions for these tests is described in Kam
et a. (2005).

For assessment of pedestrian kinematics, high
speed video was taken from an off board camera on
the driver’s side of the vehicle during the tests
(Kerrigan et al., 2005). Photo targets were mounted
to the cadaver head, 1* thoracic vertebra, and sacrum
center. The motion of each body segment was
measured by recording the location of each photo
target at 4 ms intervals. The point of head strike,
determined by visual examination of the video data
and confirmed by head mounted accel erometers, was
designated as the end of the interval of interest for
computing kinematic trajectory data. Body segment
velocities were calculated by differentiating the
trajectory data. Since length of individual cadaveric
body segments could vary, it was determined that an
individual scale factor for each body segment of each
cadaver was optima for developing normalized
tragjectories. Corridors were developed using either
the standard deviation of the recorded cadaver time-
histories (e.g., head velocity) or the percentage of the
pathlength traversed by the specific body region
(Kerrigan et a., 2005). For pathlength corridors, it
was felt that the responses shall fall within 10% and
should fall within 5% corridors.
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Component Response Characeristics

While the performance standard has been
developed primarily for latera pedestrian impact
scenarios, it was decided that more proximal body
structures (i.e.,, the chest and head) should have
certain level of multidirectional response biofidelity.
Multidirectional response is necessary to account for
rotation of the pedestrian during the impact event.
This rotational phenomenon is dependent upon initial
orientation of the pedestrian and is described in detail
by Meissner etal. (2004). Lateral and frontal
component response corridors were selected to
ensure the biofidelic response characteristic of the
head and thorax.

Head

Given that most existing pedestrian dummies use
heads from existing frontal or side impact dummies,
the decision was made to use well-established head
response corridors already existing in certification,
calibration, or biofidelity assessment procedures.

Frontal

The head drop test requirement for the Hybrid I11
(H1) frontal dummy (FMV SS Part 572-F) was used
as the biofidelity requirement for forehead impacts
(Figure 2d). This requirement is based on cadaver
drop tests by Hodgson and Thomas (1971). The mean
peak resultant acceleration value of six forehead drop
test was 250 g at 2.71 m/s, which corresponds to a
free fall height of 376 mm. The requirement sets an
allowable variation from the mean value of 10%
(25g) (NHTSA, 2004).
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Figure2a. Frontal head drop test.

Lateral

The head drop test requirement for the
SID/HIN(FMVSS Part 572-M) was used as the
biofidelity requirement for latera head impacts
(Figure 2b). This reguirement was originaly
developed for the BioSID dummy and was also based
on cadaver drop tests by Hodgson and Thomas
(1975). The requirement requires the peak resultant

acceleration measured at the head c.g. to lie between
100 g to 150 g when dropped from a height of
200mm onto arigid surface (NHTSA, 2004).
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Figure2b. Lateral head drop test.

Chest
Given that most existing pedestrian dummies
used torsos from existing fronta or side impact
dummies, the decison was made to use well-
established chest response corridors already existing
in certification, calibration, or biofidelity assessment
procedures.
Frontal
For frontal response, it was decided the thoracic
requirement should match the frontal pendulum
requirement prescribed by Kroell (1976) for a4.3 m/s
frontal pendulum impact to the sternum.
Lateral
For lateral response, the thorax of the dummy
should meet the lateral response requirements defined
by 1SO-9790 (ISO, 1999). This is a 4.3 m/s
pendulum impact to the lateral aspect of the chest.

Lower Extremity

Unlike the more proximal body regions which
experience significant rotations during the impact
event, the lower limbs do not experience a significant
non-lateral bending component when a pedestrian is
initidly struck by a laterally impacting vehicle. An
assessment of pedestrian knee injury patterns
(Teresinski, 2003; Bhalla et a., 2003) suggested that
valgus bending was the most common failure loading
mode for the knee. Pedestrian leg fractures due to
bumper contact were attributed primarily to bending
with shear loading of secondary importance
(Teresinski, 2003). Thus, biofidelity curves were
limited to valgus bending of the knee and latero-
medial three-point bending of the leg.
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Figure 3. Schematic of the test set-up used by Bose et al. (2004) in symmetric valgus 4-point bending testing

of intact human knee specimens.

Knee

The methodology and results of Bose et d.
(2004) were chosen for symmetric valgus four-point
bending of the knee (Figure 3). The angular velocity
of the leg relative to thigh was approximately 1000%s,
determined to be a reasonable knee valgus
bending rate for vehicle impacts in the range of 30
km/h to 50 kmvh. Actuator and support load cells
recorded the forces and moments applied to the knee
specimen. Shear loads and valgus bending moments
were also recorded adjacent to the knee structure
using a multi-axis load cell. These forces were
transferred to the knee joint using rigid body
assumptions, recorded angular and linear
accelerations of the segment between the load cell
and knee, and inertia attributes of the segment.
Ivarsson et a. (2004) scaled the inertialy
compensated moment-deflection responses provided
by Bose et al. (2004) to the size of a 50™ percentile
male knee based on anthropometric femur, tibia, and
patella data. A corridor was then developed around
the characteristic average response using standard
deviation calculations for both the independent
variable (angle) and dependent variable (moment) as
shown in (Figure 4).
Leg

Biofidelity requirements for leg response focused
on three-point bending tests that would generatetibial
bending strain rates characteristic of bumper impacts
at 40 km/h. Kerrigan et al. (2003, 2004) subjected
intact cadaver leg specimens to latero-medial three-
point bending to failure at an approximate deflection
rate of 1.5 m/s. The specimens were simply
supported at a given specified distance from the
proximal and distal ends such that the leg was loaded
a mid-span (symmetric 3-point bending). The
contact force between the impactor and specimen was

determined as the sum of the normal forces measured
by the three-axis load cells at the right and left
supports, respectively. The maximum bending
moment acting on the specimen (right under the
impactor) was determined at each instant in time
during loading as the average of what was calcul ated
from the right and left side support load cell signals.
Specimen deflection was determined from the
impactor displacement with zero deflection defined
asinitial contact between the impactor and specimen.
The force-deflection and moment-deflection curves
from each test were geometrically scaled to the size
of a50™ percentile adult male thigh and leg. Ivarsson
et a. (2004) developed response corridors of
dynamic latero-medial loading for the 50" percentile
male leg (Figure 5).

200 ‘

— Cadaver test

150 7| == Corridor bounds /

Moment (Nm)
[
o
o

™

50 1

15 20

Angle (Deg)

Figure4. Moment-angleresponse corridor for the
50th per centile male knee subjected to dynamic 4-
point valgus bending.
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Figure 5. Moment-deflection corridor for
dynamic latero-medial loading of the leg at mid-

span.

While moment-angle responses were originaly
envisioned, inertial effects introduced complex
bending modes with localized changes in deflection.
Therefore, the decison was made to report a
moment-deformation corridor for the mid-span
position.

EVALUATION OF EXISTING TECHNOLOGY

Early in development of the pedestrian dummy
recommended practice it was decided that there
should be a focus on creating a practice that could be
achieved using existing technology. To this end an
extensive evauation program was conducted to
understand the capabilities and limitation of existing
pedestrian dummy technology. These results were
then used to help determine which requirements
would be critical (must or shall) and which would be
non-critical (recommended or should).

Test Programs

The PDTG sought involvement and participation
by interested parties in the test and evaluation
program for existing technology. It was requested
that anyone wishing to evaluate an existing
pedestrian dummy technology bring that device to the
PDTG. The PDTG aso solicited third party
evauations of the dummies under consideration.
Two devices were submitted for evaluation, the
modified Hybrid |11 and the Honda Polar-I1, although
only the latter was extensively evaluated based on
interest level of the participating parties.

Five organizations participated in testing and
evaluating the existing technology; DaimlerChrysler
(Germany), PSA-Citroen Peugeot (France), Autoliv

(Sweden), Nissan (Japan) and University of Virginia
(USA). A summary of their test programs and brief
synopsis of their finding is included here. Detailed
summaries for each test series can be found in the
documentation of the PDTG Test and Evauation
subgroup.  Several organizations also contributed
reports and data from pedestrian dummy testing that
was not directly part of the PDTG activity.
DaimlerChrysler

The first program to test existing pedestrian
dummy technology within the PDTG was conducted
by DaimlerChryder in Germany. Originally 13 tests
with the Honda Polar-Il were planned, but due to
dummy damage and schedule delays, the test series
was reduced to 8 tests (Table 4), two of which were
discounted due to severe damage at 40 km/h. All
tests were conducted between 30 km/h and 40 km/h
in a lateral impact stance using a Mercedes E-Class
vehicle. These tests showed the importance of initial
positioning for achieving consistent results as well as
demonstrating the influence of arm position on
pedestrian kinematics.

Table4
DaimlerChryder Test Matrix
Arm Configuration | Speed Comments
taped to torso 30 km/h
bound in front 30 km/h
bound to sides 30 km/h
bound in front 40 km/h Not analyzed —
Severe damage
bound in front 40 km/h Not analyzed —
Severe damage
bound in front 35 km/h
bound in front 35 km/h
bound in front 35 km/h

PSA Peugeot Citroen

Originally seven tests with the Polar-Il were
planned with five vehicles at PSA in France, but
upon arrival the dummy was in poor condition and
required substantive repair before testing could being.
As a result of the delayed schedule only four tests
were conducted as shown in Table 5. Each of these
tests was conducted at 40 km/h in a lateral stance
with a different vehicle type for each test. These
vehicles ranged from a small car to an MPV or van.
This series helps to demonstrate the usefulness of
pedestrian dummies in understanding kinematic
impact differences between different vehicle types

Crandall 7




Table5
PSA Test Matrix

Vehicle VehicleModel | Speed
Category
Small Car Citroen C3 40 km/h

Small Family | Peugeot 307 40 km/h
Car
Large Family | Peugeot 407 40 km/h
Car
Van/lMPV Peugeot 807 | 40 km/h
(Citroen C8)

Autoliv

Six tests were conducted with the Polar-II
dummy at Autoliv in Sweden to assess the usefulness
of pedestrian dummies in the development of active
pedestrian protection systems such as pop-up hood
and pedestrian windshield airbags (Table 6). These
tests include one reference test, three active hood
tests, and two airbag tests. All tests were conducted
at 40 km/h in aright side lateral impact configuration
with the hand tied in front and the impact leg
rearward. The vehicle tested was modeled after the
Saab 9-5 large sedan.

It was determined that due to the wrap around
distance of the 50" percentile dummy, not all desired
impact locations could be contacted without
modification of the test setup. In order to impact the
desired head impact locations the ground level of the
dummy was adjusted relative to the vehicle. For
impacts to the hood structures the vehicle was raised
and for contacts to the windshield area the dummy
was raised.

Table 6
Autoliv Test Matrix
Purpose I mpact Vertical
Location Position
Reference Test Hood -95 mm
Centerline
Active Hood Hood -95 mm
Centerline
Active Hood Above Lifter | -180 mm
Active Hood — Late | Above Lifter | -180 mm
Trigger
Scuttle Bag + Active | Low +45 mm
Hood Windscreen
Centerline
A-Pillar  Bag + | A-Pillar +45 mm
Active Hood

Nissan

A series of 16 tests were performed by
Nissan Motor Company in Japan to evaluate the
Polar-Il  and standing Hybrid-1Il  dummies in
pedestrian and bicyclist impact scenarios. These tests
looked at repeatability, variation in impact speed,
variation in hand position and variation in leg
position for the standing pedestrian in alateral impact.
In addition to a typical pedestrian test configuration,
bicyclist tests were conducted with each dummy in
front and lateral impact scenarios.
UVa

In addition to the full-scale cadaveric
pedestrian tests used to create the hiofidelity
corridors for whole-body trajectory, the University of
Virginia conducted a series of tests with the Polar 11
at 40 km/h. These tests were intended to replicate the
cadaver test configuration and help to assess the
ability of existing technology to satisfy the proposed
corridors. This testing is explained in further in the
section detailing whole body kinematics.
Non-PDTG Activities: VRTC, U of Adelaide

Several  organizations which  performed

pedestrian dummy testing outside of the PDTG
activity choose to participate in the task group by
providing feedback, reports, and data from their
testing. These organizations include the NHTSA
Vehicle Research and Test Center (VRTC) in the
United States and the University of Adelaide in
Australia. Both of these organizations did testing to
reconstruct real world crashes using the Polar-II.
These two series help to demonstrate the usefulness
of pedestrian dummy technology in the investigation
and reconstruction of real world pedestrian crashes.
They aso help provide insight into the usability and
durability of existing pedestrian dummies.

Dur ability

Given the potentially severe interaction
between a pedestrian and the exterior of the vehicle
or ground, it is important that a pedestrian dummy
have areasonable level of durability. For the purpose
of the PDTG, it was decided that a pedestrian dummy
should be able to demonstrate durability at a speed of
50 km/h, 10 km/h greater than the target impact
velocity for biofideity assessment. Testing
conducted by several organizations looked at the
durability performance of the Polar-11 as an example
of existing technology. Damage was noted in several
test series dependent upon vehicle model and impact
configuration.

In the first test series, conducted at
DaimlerChryder, their test engineers concluded 40
km/h impacts were too severe for the Polar-11 and
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evaluation was limited to 35 km/h for the remainder
of their test series. In these 40 km/h tests the dummy
sustained broken tibia components as well as damage
to some sensors and data acquisition unit components
from both vehicle and ground contact. PSA found
the dummy to be in poor condition upon initial
inspection and made extensive repairs before
beginning their test series. In their four tests at 40
km/h they found that overall durability of the dummy
was good, but some improvements were need for the
wiring layout to avoid sensor cable damage. Nissan
also found some concern for the routing of sensor
wires and encountered shoulder damage when the
dummy’s hands were tied behind its back. Tests at
Autoliv and the University of Virginia found little
concern for durability of the dummy in 40 km/h
impacts. Tests conducted by other organizations also
identified some minor durability concerns at 40 km/h,
but generally found the damage was acceptable for
the severity of impact that was experienced. In
addition to the test series described, Honda R&D
conducted a test at 50 km/h to confirm the whole
body durability requirement prescribed in the
standard. In this test there was minimal damage to
the dummy and therefore it was concluded that a 50
km/h impact with a small passenger car is an
achievable requirement for a pedestrian dummy.

Usability

In terms of usability, or ease of use, there was a
general consensus that existing pedestrian dummies
such as the Polar-11 are generally easy to use with a
few key exceptions. Most significant is dummy
positioning.  Since the Polar-Il dummy cannot
support its own weight in a standing position, the
dummy needs to be suspended which can make it
difficult to achieve a consistent initia position.
Considering the importance of initial position for
dummy kinematics, it was determined that the
standard should include extensive positioning
guidelines for the whole body kinematic test
requirements. Other usability items that came up
were related to the data acquisition system damage
and repair of damaged dummy components. Most of
the data acquisition concerns were related to
integration for use in individua test labs and
damaged cabling during testing. Regarding the repair
of dummy components the most significant issue was
the availability of replacement parts. Since the Polar-
Il is «till a prototype device, spare parts are not
always available and lead times can be long.

TEST RESULTS/REPEATABILITY

Repeatability performance of the Polar-1l was
evaluated in test series conducted by both the
University of Virginia and DaimlerChryder. In each
of these series, one vehicle model was used for
multiple tests.

During the course of the biofidelity evaluation at
UVA, a series of three dummy tests was conducted
with the Polar-11 positioned in same initial orientation
to assess the kinematic response biofidelity. Film
analysis of the three tests showed that very consistent
results were obtained for the head, T1, and pelvis
trajectories. The head trgjectory response graph is
shown in Figure 6 as an example. Figure 7 and 8
demonstrate repeatability of sensor responses during
repeated tests at the same impact conditions.
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Figure 6. Polar-Il head trajectory response
repeatability from UVA testing

For the three tests with varied arm positions, the
results of these two test series indicate that achieving
a repeatable whole body trgjectory is a reasonable
response target for existing pedestrian dummy
technology. The response, however, is dependent
upon initial positioning of the dummy and can be
greatly varied by changes in arm position, leg
position, and orientation. Figure 9 depicts the tests
conducted with variation only in the position of the
upper extremities. The results indicate the sensitivity
of proximal responses (e.g., the head) to more distal
contacts, in this case the upper extremities. While
interaction of this type would likely occur in actual
pedestrian contacts with the same impact conditions,
repeatability of results will require standardized
procedures.  Therefore, the pedestrian dummy
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standard will include detailed test procedures and positioning data.
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Figure 7. Polar-11 head acceleration response repeatability testing at 35 km/h. (Courtesy of Daimler Chrysler).
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Figure 8. Polar-I1 head acceleration response variation with arm position changes at 30 km/h. (Courtesy of
Daimler Chrydler).

Figure9. Polar-I1 whole body kinematic response variation with arm position changes at 30 km/h. (Courtesy
of DaimlerChrysler).
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Anthropometry

The ability of existing pedestrian dummy
technologies to comply with the proposed
anthropometry targets was evaluated by comparing
Polar Il measurements with the proposed targets.
Tables 7 and 8 show the proposed target values, the
Polar I measurements, and the percentage deviations.

Table7
Comparison of body segment dimensional tar gets
and the Polar 11
Body Segment Dimensions Target Value (mm) | Polar Il (mm) | % Deviation
Head Height 240 237 1.3%
Head Breadth 154 157 -1.9%
Head Circumference 576 586 -1.7%
Head Length 200 200 0.0%
Circumference at interscye 1008 1005 0.3%
Interscye distance 394 356 10.7%
Hip circumference 1018 1038 -1.9%
Bi-trochanteric breadth 361 378 -4.5%
Thigh Circumference 591 548 7.8%
Table 8
Comparison of dummy height targetsand the
Polar 11

Dummy Whole Body Heights | Target Value (mm) | Polar Il (mm) | % Deviation
Top of Head 1757 1750 0.4%
T1 1519 1439 5.6%
H-Point 940 906 3.8%
Knee 492 489 0.6%
Ankle 73 65 12.3%
Shoulder 1428 1426 0.1%
Elbow 1110 1130 -1.8%
Werist 851 864 -1.5%

Kinematic Response

In an effort to assess whole-body response of existing
dummy designs, the Polar-II dummy was evaluated
in impact conditions comparable to those used to
develop the cadaver kinematic corridors (Kerrigan et
al., 2005). Specifically, the pedestrian dummy was
oriented to approximate the pre-impact body
orientation of the cadavers. All vehicle conditions
including impact speed were maintained. To
facilitate body region specific response comparisons
with the cadaver corridors, photo targets were affixed
to the head c.g., upper spine, chest c.g., and pelvis c.g.
Identical film analysis procedures were employed for
the cadavers and dummies. The resulting Polar-11
responses were compared with the cadaver corridors
and the resulting responses are shown in Figures 10-
13. Using 10% path length definitions of corridor
width, al Polar-1l responses with the exception of
head velocity-time histories were contained in the
PMHS corridor bounds. Using the standard deviation

corridor for head velocity, however, the head
velocity-time history did not fall within the corridor.
This suggests that existing technology does comply
with the mgjority of standard requirements although
additional refinements may be necessary to satisfy all
corridors.
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Figure 10. Polar Il head response relativeto
cadaver corridors.
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Figure11. Polar |1 head velocity responserelative
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Figure 13. Polar Il pelvis response relative to
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The 5% corridors have also been included in the
recommended practice to provide future design
targets for refinement of the dummy components. In
terms of satisfying the pathlength requirements, the
PDTG envisions requiring (i.e., shall) compliance at
the 10% corridor level while recommending (i.e.,
should) compliance at the 5% level.

Component Response

Head

The Hybrid 111 head is used for both the Hybrid
11 and Polar 1l pedestrian designs. Therefore, five
frontal drop tests of the Hybrid Ill head were
conducted in accordance with the required test
procedure. Little variability was observed with
minimum and maximum values of resultant head
acceleration of 267 g and 270 g respectively. In
addition, all resultant accelerations were within the
required corridor of 225 to 275 g.
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Figure 14. Frontal drop tests acceleration results
and corridors.
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Figure 15. Lateral drop tests acceleration results
and corridors.

Chest

Five 4.3 m/s pendulum tests were conducted
to evaluate the Polar-1l for the proposed lateral
thoracic biofidelity requirement. A very repeatable
response was observed in the five tests and it was
demonstrated that the corridor can be achieved using
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current technology (Figure 16). This dummy is not
configured to measure lateral spine acceleration at T1,
so the 1SO-9790 lateral spine acceleration-time
corridor was not evaluated.

Frontal pendulum tests were not conducted using
the Polar-Il because this dummy is not currently
instrumented to measure anterior-posterior chest
deflection. However, as the Polar-11’s rib structure is
a modified version of the Thor dummy it is
postulated that their will be some acceptable level of
biofidelity in this mode.
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Figure 16. Lateral thoracic response biofidelity of
Polar-I1.

L ower Extremity
The Polar 1l lower extremity was evaluated
using procedures identical to those of the PMHS tests
used to develop the biofidelity corridors. A more
detailed discussion of these tests can be found in
Takahashi et al. (2005).
Knee

Three dynamic four-point bending tests of the
Polar-11 knee were conducted. Test results show that
the moment-angle characteristics of the Polar knee
are within the corridor established from PMHS test
results.

Leg

Three replicate dynamic three-point bending
tests were conducted with the Polar-11 tibia. Moment-
deflection and moment-angle characteristics were
compared with corridors made from PMHS test
results. Both characteristics amost fall within the
corridors. These results show that the Polar tibia
satisfies the biofidelity requirements for the leg.
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Figure 17. Moment-angle characteristics of Polar-
Il knee and corridors for corresponding cadaver
tests.
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Figure 18. Moment-deflection characteristics of
Polar-Il leg and corridors for corresponding
cadaver tests.

CONCLUSIONS

The SAE PDTG has developed a performance

standard  for  specification  of minimum
anthropometric, kinematic, and response
requirements of a pedestrian dummy. EXxisting

hardware has been shown to be capable of achieving
the majority of requirements at both a globa (i.e,
whole body kinematics) and component level (i.e.,
specific body region biofidelity). The goal of the
SAE PDTG is to have the standard completed by
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June 2005. Therefore, while the intent of the PDTG
in specifying performance targets will remain
unchanged, many of the precise tolerances on these
requirements should be considered preliminary.

DEFINITIONS

PMHS — post-mortem human subject

PDTG — Pedestrian Dummy Task Group

SAE - Society of Automotive Engineers

NHTSA - National Highway Traffic Safety
Administration

VRTC - Vehicle Research and Test Center

UVA — University of Virginia

PSA — Citroen Peugeot
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ABSTRACT

In most countries pedestrians and other
vulnerable road users form a significant proportion
of all road user casualties. Research has shown
that measures to improve car design, to mitigate
pedestrian injuriesin collisions, can be very
effective in reducing the number of fatalities and
seriousinjuries. Therefore EEV C Pedestrian
Working Groups (WGs 7, 10 and 17) have worked
since the 1980’ s to produce test methods and
criteria. Recently the European Parliament and
Council approved a Directive, which reflects the
EEVC WG17 test methods (in two stages), to
require new cars to provide pedestrian protection.

Most test tools and procedures can be
improved, as can be seen for example by the
ongoing process of developing new and improved
vehicle occupant dummies and their associated test
procedures. The IHRA Pedestrian Safety Working
Group (with input from EEVC WG17) and others
are all contributing to this process by building on,
and expanding the current test methods.

This paper discusses the way forward for the
next generation of pedestrian test methods. It
includes discussion of the options to increase the
number of vehicle types and protected areas and to
protect at higher speeds. Possible improvementsto
the test methods and tools, such as adding an upper
body mass and flexible bones to the legform
impactor, refining the impact conditions, and
testing with a combination of dummy and
subsystem tests, are also discussed.

INTRODUCTION

Pedestrians and pedal cyclists form a significant
proportion of all road user casualties in most
countries. There are two complementary ways of
improving this situation: by preventing or reducing
the severity of the collision and by making vehicles
lessinjuriousto pedestrians in accidents; ideally
both of these should be used together. The EEVC
Pedestrian Working Groups WGs 7, 10 and 17
have been working since the 1980’ s on the second
of these two measures and have produced test
methods and criteria suitable for devel oping and
testing safer vehicles. Recently the European
Parliament and Council approved a Directive (with
two stages), which reflectsthe EEVC WG17 test

methods, to require new carsto provide protection
for pedestrians (vulnerable road users).

Most test tools and procedures can be
improved, as can be seen by the ongoing process of
developing new and improved vehicle occupant
dummies and their associated test procedures, for
example the THOR and World SID dummies. For
pedestrian protection the IHRA Pedestrian Safety
Working Group (IHRA PSWG) and others are all
contributing to this process by building on and
expanding the current test methods.

Following completion of their primary task of
developing pedestrian test methods, EEVC
WG17's new mandate includes providing a
contribution to the work of the IHRA PSWG.
Although WG17's mandate does not include a
comprehensive programme of improving and
expanding their test methods they are well placed
to provide some guidance on the options and best
ways that this could be achieved.

This paper discusses the way forward for the
next generation of pedestrian test tools and
methods.

OPTIONS FOR ASSESSING OR REQUIRING
PROTECTION

The pedestrian protection provided by a vehicle
can be assessed by using suitable test methods and
appropriate injury risk curves for theinjury
parameters recorded by the test tools. If these are
combined with suitable protection performance
criteria, then it can be used in aregulation to
reguire minimum standards of pedestrian protection
asisthe case with the EU Directive. It should be
noted that the tests methods devel oped by WG10
and later refined by WG17 were, at the request of
the European Commission, developed to be
suitable for usein aregulation to require
manufacturers to make vehicles with pedestrian
protection.

Typesof Test

Physical dummies. Test methods making use
of physical pedestrian dummies might initially
appear to be the most obvious test tool for
assessing a car’ s pedestrian protection. Provided
that the pedestrian dummy or dummies used have
appropriate properties such asjoints, etc. and
instrumentation then every contact likely to cause
serious or fatal injuries can be assessed from
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bumper contact through to head impact. Statureis
the most important variable for head impact
location inreal life. Therefore, if the test method is
intended to assess the whole area of a car that could
be involved in a head impact, then a family of
pedestrian dummies of different statures would be
required. For the head impact area, aswell as
having to test each vehicle with this family of
dummies, a number of tests would be required with
each dummy at increments across the width of the
car. Inaddition apedestrian’s stance and direction
of motion will influence the nature and severity of
each stage of the accident. For example in one case
the shoulder might make first contact reducing the
severity of the head impact but in a second case the
kinematics might be such that shoulder contact is
minimal giving a more severe head impact.
However, some form of worst case setting of the
dummies stance might overcome the need to
reproduce thisrange in full. Nevertheless, even if it
was decided that only one stance was necessary a
dummy based test method require that a suitable
family of dummies be developed and it would need
avery large and expensive test matrix to be carried
out for each car model to assess the protection
provided.

Sub-system tests. Asdiscussed above, test
methods using impacts between the physical car
and a pedestrian dummy have a number of
disadvantages for use in aregulatory type test.
Sub-systems tests have the following advantages
over testing with dummy tests:

*  They can easily be used to test the whole
arealikely to strike pedestrians.

»  They can be aimed accurately at selected
danger points.

»  They give good repeatability.

* Thetestscost lessto perform.

*  Thetest requirements are ssimpler to
design and to model mathematically.

*  They can be more easily used in
component development.

» Thetest severity can be adjusted (e.g. by
energy cap) to take account of practical
design limitations.

On the other hand, although sub-system tests
solve many of the problems of aregulatory test
based on physical dummies, they also introduce
their own problems:

* They are asimplification of the real
situation.

»  Appropriate test conditions and test areas
must be provided for each sub-system test.

» Thetest conditions, test areas and any
associated mark-up rules, look-up graphs
or tables may become inappropriate with
time, if vehicle styling goes outside the
range considered or anticipated by their
authors.

M athematical modelling of pedestrian (or
impactors) and car. There are at least six
potential or already established uses for
mathematical modelling for pedestrian protection:

1. To determine generic sub-system tests'
impact conditions; these can be expressed
with in atest method in look-up graphs or
tables.

2. Interactively within atest method to
determine impact conditions appropriate for
the specific vehicle under test; this should
be for both the shape and stiffness of the
vehicle under test (not just shape as both
will influence subsequent contacts).

3. Asacompletely virtual vehicle and
pedestrian test approval tool.

4. Toserveasavehicledesignand
development tool for new modelsfor:

a. pre-development and concept studies

b. definition of design guidelines and styling
fix points

¢. determining and refining the energy
absorption performance of the vehicle
body parts in the pedestrian impact area.

5. To examine the effects of measures to meet
the test requirements under a wider range of
accident situations to identify and rectify
any inadvertent negative effects.

6. To determine whether deployable protection
devices work asintended, e.g. for a pop-up
bonnet system the kinematics and timings
for arange of vehicle impact speeds,
pedestrian statures and motion.

For point one above, this has the advantage that
the experts devel oping the test method would be
best placed to determine whether the simulation
results are appropriate. It isimportant to reflect in
the vehicle model the level of pedestrian protection
likely to be found in the real vehicles that the
method is intended for. For example the EEVC
test methods were developed for approving
vehicles with pedestrian protection and therefore
the simulated car used to determine the bonnet
leading edge test energies used afamily of generic
carsthat had a pedestrian friendly bumper and
bonnet leading edge. If instead the sub-system test
results were intended for comparing with the real
life bonnet leading edge injuries found with current
cars, then the car model would need to represent a
car with current levels of pedestrian protection.
Thisis because, for example, a more violent
bumper impact might reduce the severity of the
bonnet leading edge impact.

Point two, above, might be achieved with a
relatively simple pedestrian and car model asit will
only have to produce redlistic kinematics. Point 3
would require sophisticated finite element models
of the pedestrian (or the pedestrian sub-system
impactor) and of the car being assessed. Both the
software and a protocol for these two uses would
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need to be included in the test method to give
consistent results. Alternatively, a series of
validation corridors for both the pedestrian and car
model could be provided against which the
performance of any proposed or improved model
could be judged. Provided that these validation
corridors were appropriate a score system could be
used to accept or reject proposed models.

For point four both the models and the levels of
validation of them would be the chosen by the
manufacturer and they could balance their
confidence in the simulation results with an
appropriate level of physical testing of materials,
components and prototype vehicles.

Point five might again be at the manufacturers
discretion to cover their ‘due care’ responsibilities
to identify and rectify solutions that pass the test
but might be dangerousin real life (unsatisfactory
solutions that the test methods or test tools are
insensitive to).

For point six, both the validation of the
pedestrian and vehicle models and the range of
impact situations (vehicle speed, pedestrian stature,
etc.) smulated would have to be sufficient to
satisfy the approval authorities that the system will
work as intended.

Combination of test methods. Features of the
three main types of test listed above can be used in
combination to find a‘best’ test method solution.
One example isthe EEV C upper legform to bonnet
leading edge sub-systemstest. The upper legform
to bonnet leading edge sub-system test is designed
to assess the aggressiveness of the bonnet leading
edge in car to pedestrian impacts, which is highly
dependent on the vehicle shape. Thisis because
the impact velocity and effective mass of the parts
of the pedestrian (typically thigh and / or pelvis)
impacted by the bonnet leading edge vary with
vehicle shape. Therefore, for thistest the impact
conditions were derived from a combination of
tests between physical pedestrian dummies and
instrumented car(s) and results of mathematical
simulations of pedestrian and car. These results, in
the form of look-up graphs, are included in the test
method and are used to select the impact conditions
appropriate for the shape of the car under test. This
method has the advantage that the experts
developing the test make an informed judgment on
the best data to use; avoiding the need to use
mathematical modelling or testing with a physical
pedestrian dummy interactively within the test
method. A proposal to update the energy look-up-
graph was recently made, based on the results of
simulations using a more biofidelic pedestrian
model and an improved pedestrian friendly family
of car shapes (Lawrence et al., 2004). The
pedestrian and car models can be seenin Figure 1
and Figure 2 respectively and the updated energy
look-up graph can be seen in Figure 3.

Figure 1. Thefinite element biofidelic
pedestrian model.

Figure 2. The adjustable-shape pedestrian
friendly car and pedestrian models.

Recently the IHRA Pedestrian Safety Working
Group have adopted a similar method for their head
test procedure where the results of mathematical
modelling of impacts between pedestrian and a
range of car shapes have been used to produce
look-up tables for the headform test conditions
(velocity and angle) depending on the shape of the
car under test.
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However, other combinations might be
considered. One option might be to use a physical
pedestrian dummy to test the bumper and bonnet
leading edge and a sub-system headform test
method for the bonnet top, windscreen and
windscreen frame. Alternatively, a more complex
sub-systems impactor might be developed to test
both the bumper and bonnet |eading edge in one
test. Thismight consist of aleg or legsand a
simplified hip and upper body mass. With suitable
instrumentation on the leg (tibiaand femur), knee
and hip this might be used to assess all vehicles
except those with very high bonnet leading edges.
However, one advantage of a sub-systems test
approach is that the impactor can be repeatably
propelled into the car. Any increase in the weight,
number of impactor components and number of
joints would make the task of impactor propulsion
increasingly difficult. Nevertheless, such a
combination impactor should have the advantage of
responding to the actual shape and stiffness of the
vehicle under test.

Scope of Tests

The potential for regulatory pedestrian
protection measures to reduce the number of
pedestrian and vulnerable road user casualties will
be dependent on the proportion of accident
situations (vehicle types, protected areas and
speeds) where effective protection is provided.
Thisin turn is dependent, amongst others things, on
the:

. Number of vehicle types required to

provide protection

. Number of accident scenarios covered

. Level of protection required

»  Speed range in which the protectionis
effective

Obviously asthe above are increased the larger the
proportion of casualties that can be saved.
However, to be both feasible and cost effective
some limitations are likely to be required.

Vehicle types most frequently involved in
pedestrian accidents can be found from accident
data. Figure 4 shows the distribution of pedestrian
casualtiesin Great Britain by type of vehicle.

Other vehicletypes

0
Vans & goods 1%

wehicles 16%

Buses & coaches 8%

Cycles 4%

Cars 71%

Fatalities

Vans & goods

Other wehicle types
vehicles 7%

1%

Buses & coaches 5%

Cycles 5%

Cars 83%
Serioudly injured casualties

Figure 4. Proportions of vehiclesinvolved in
fatal and serious pedestrian accidentsin Great
Britain (1997-2001)

An analysis such as this can be used to help
focus protection efforts on the vehicle types with
the most potential to reduce the number of
casualties; however, the number of vehicles within
each sub-division of the fleet would influence the
costs. For highly motorised countries the
distribution shown in Figure 4 may be appropriate,
but for less highly motorised countries the
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distribution might be very different so that the
vehicles types covered by atest method should
ideally be tailored to the countries for whichitis
intended. From the Figure 4 it can be seen from
GB accident data that the car should have the first
priority in terms of reducing casualties, however,
including other vehicle types would further
increase the potential savings. Ideally adetailed
break-down of accident data for each country
covered by the test methods, should be used to
identify which vehicle categories it would be most
effective to target.

The accident scenarios covered. Test
methods, tools and protection criteria can be
developed for a number of accident scenariosto
require protection on the vehicle including:

e restricted front - with some restrictions or
exemptions based on feasibility or cost
concerns. Note that the mandate for the
EEV C test methods deliberately excluded
the ‘A’ pillars dueto feasibility concerns,
however, new technology such as air bags
may soon make protection in this area
practical

e whole front —including the windscreen,
dashboard top (can be hit by going
through the windscreen) and the
windscreen frame, including the * A’
pillars

e side-swipe, which often resultsin direct
contact between the head and the ‘A’
pillar

e  rear —reversing, running over, crushing
against walls or pedestrian or cyclist
running into the rear of the vehicle

A detailed break-down of accident data could
be used to identify which vehicle types and
accident scenarios it would be most effective to
target for improved test methods. Fortunately the
EU pedestrian protection Directive is expected to
have significant benefits and these should be taken
into account when trying to decide future priorities.
As previously noted, ideally, the accident data used
should be for the countries covered by the test
methods. Nevertheless an indication of the vehicle
types and accident scenarios to be targeted can be
obtained from the analysis of accident data from
Great Britain illustrated in Figure 5. Also included
are the estimated savings that will ultimately result
from the protection provided by Phase Two of the
EU Directive.

Vans & goods

wehicles, rest 6% Other vehicletypes
Vans & goods 1%

wehicles, front 10%

Buses & coaches,
rest 2%

Buses & coaches,
front 6%

Cycles, rest 1%

Cycles, front 3%

10% Cars, front, nat
'saved 53%
Cars, front, 'saved' #

8%

Fatalities
Vans & goods Vans & goods
Buses & coaches, _ vehicles, front 3% wehicles, rest 3%

Other vehicle types
1%

Cycles, rest 1%
Cycles, front 4%

Cars, front, not
‘saved' 41%

Cars, front, 'saved #
17%

Seriously injured casualties

#TRL estimate of the proportion of current casualties that could
be prevented if all cars meet the EEVC WG17 2002
requirements

Figure5. Proportions of vehiclesinvolved and
impact directionsin fatal and serious pedestrian
accidentsin Great Britain (1997-2001).

Protection criteria along with appropriate test
methods and tools can be applied to each test area
to:

* saveaspecific proportion of the
population taking into account the normal
variation in strength found in the
population. The EEVC protection criteria
are intended to save about 80 percent of
the population at the test speed (note that
different criteria may be used in phase two
of the Directive). Reducing theinjury risk
would increase savings but would make
protection more difficult and expensive,
increasing it would have the reverse effect,
for example seein Figure 6 the injury risk
curve used by EEVC WG17 to select their
head injury protection criterion.

* savethe morefrail or elderly population

» save specific life threatening injuries
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e savedisabling injury or those that reduce
quality of life

*  require protection for different pedestrian
body regions contacting the same area due
to acombination of variation in pedestrian
stature and / or vehicle size. For example:
child femur to normal bumper, adult femur
to high bumper and child pelvis, abdomen,
chest or head to bonnet |eading edge

100

90
80
70 /
60

50
40
30

20

Life-threatening brain injury risk (%)

0 500 1,000 1,500 2,000 2,500 3,000
HIC 15

Figure 6. Exampleof injury risk curvefor life-
threatening brain injury, derived from Mertz,
1993.

Protection speed can be selected to save the
desired proportion of accident casualties using data
found in detailed accident studies. It should be
noted that this protection or vehicle speed is not
necessarily the same as the sub-system test speed,
as pedestrian kinematics can cause body partsto
impact at higher or lower speeds than the initial
vehicle speed. The cumulative impact speed
distributions found from the IHRA pedestrian
accident dataset can be seenin Figure 7. The
number of casualties that could potentially be saved
by a selected protection speed is dependent on a
number of factors including the proportion of
injuries caused by the tested areas, the injury risk
chosen for the protection criteria and the degree of
bottoming out of vehicle deformation at speedsin
excess of that used inthetest. Nevertheless, itis
likely that the simplified assumption that al current
injuries caused by parts of the car that will be
protected in future will be saved in accidents up to
or slightly in excess of the protection speed will
produce a reasonable estimate of the potential
savingsin casuaties. Using this assumption the
potential injury reduction can be estimated from the
IHRA pedestrian accident dataset or similar
accident data for cars without pedestrian protection.

— Fatal
= Serious

Cumulative frequency (%)

AR
iy R ol
1013 / r JJ:

B b
0 10 20 30 40 50 60 70 80 90 100

Impact Speed (km/h)

Figure7. Cumulativeimpact speed distribution,
from the IHRA pedestrian accident dataset, by
casualty severity, with valuesfor specific vehicle
speeds

IMPROVEMENTSTO TEST METHODSAND
TOOLS.

For regulatory use it isimportant that the test
methods and tools are simple, accurate, repeatable
and robust. To achieve this normally requires some
simplification and compromise in reproducing the
accident conditions in both the test method(s) and
tool(s). Ideally when these test methods and the
chosen protection criteria are applied to vehicles
this simplification and compromise will result in
the overall improvement in safety intended.
However, if inappropriate, they will fail to provide
the protection intended. A further problem for test
methods is that the design, technology and styling
of vehicles are constantly changing. Thereforeitis
important that the test methods are insensitive to
such changes or that they are regularly reviewed.

Considerable effort has been expended by the
EEV C expertsin developing the current test
methods and tools. Therefore in future it may be
better to capitalise on this existing knowledge by
refining and improving these test methods and tools
rather than developing alternatives.

Inrea life each pedestrian accident is uniquein
some way <o that there are an almost infinite
number of real accident situations. Thereforefor a
regulatory test some simplifications and reduction
in scope are necessary. To provide the best cost to
benefit ratio care must be taken to make sure that
these ssimplifications and reduction in scope are
reasonable, whilst providing the best savings; this
optimum compromise is referred to asa
‘reasonable worst case’ in this paper. These
simplifications can take a number of forms, from
limiting the protection speed, selecting protection
criteriato protect all but the weakest and focusing
on vehicle types and vehicle parts most frequently
involved.
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Sub-Systems Tests

Sub-systems tests are intended to produce a
simplified representation of each phase of a
pedestrian accident. Not only does this method of
an individual test for each contact produce asimple
and repeatable procedure, but it also has the
advantage that they can be used to represent a
whole range of accident situations, with alimited
number of tests and tools. For example, two
headform procedures can be used to test the whole
bonnet top area. Provided that the test method
represents an appropriate ‘ reasonable worst case’
then measures to meet the test requirements will
provide effective protection in alarge number of
real life accident scenarios, including a range of
pedestrian statures, pedestrian crossing speeds and
directions, vehicle speeds, directions of travel and
vehicle types that would reguire an unfeasibly large
programme of tests were the vehicle to be tested
with afamily of pedestrian dummies.

I mprovements to sub-systems test may well
come from:

»  Improved understanding of accident
scenario and injury mechanisms, to select
more appropriate ‘ reasonable worst case’
test conditions and worst case injury
types, for representation in the test
methods. For example for the bumper,
there are a number of potential injury
mechanisms depending on the pedestrian’s
stature and the shape and stiffness of the
vehicle. Theinjuries caused by the
bumper are typically to the tibia and knee
for the adult, and for the child they can
also include the femur and pelvis. An
improved understanding could confirm or
adjust the current EEV C conclusion that
the adult leg is more vulnerable to injury
than the child leg, from the bumper, which
was their rationale to ssimplify the test by
just having an adult test tool.

*  Improved understanding of the impact
conditions at each main point of contact
which might be found from accident data,
Post Mortem Human Surrogate (PMHS)
tests and computer simulations.

»  Taking into account the effect of saving
initial injuries on subsequent impacts. For
exampl e protection measures that save
tibia fractures and knee joint injuries could
influence the nature and severity of
subsequent injuries such as the head
impact. (Asthiscannot be found from
analysing accidents for current cars,
computer simulation would probably be
the most suitable method. It wasfor this
reason that a pedestrian friendly bumper
was included in the simulated car shapes

used to derive the EEV C upper legform
test energies.)

e Taking advantage of areas where higher
protection is considered feasible by
specifying lower injury risk protection
criteriato protect more of the population,
and / or by protecting at a higher speed.
These can revert to lower levels where
protection is more difficult.

»  New and improved biomechanical datafor
both injury risk and impactor properties
(including those derived from
mathematically models or from accident
reconstructions for properties difficult to
mesasure directly or where live
characteristics such muscle tension, blood
pressure, etc. are deemed important).

e Sensitivity analysis - to find limitations of
current tools and identify what type of
improvements are needed. For example,
would the legform impactor be improved
by the addition of an upper body mass for
high bumpers and would it encourage
more appropriate protection measures if it
had flexible bones?

e Expanded test areaand / or vehicle types
and protection of more pedestrian body
parts. These might include child femur
and pelvis and adult and child abdomen
and chest.

*  Work by others— IHRA, 1SO, JARI, etc.

»  Feedback from the performance of new
cars that meet the requirements of phase
one or phase two of the EU Directivein
real life pedestrian accidents to identify
any remaining problem areas. The results
of good and poor monitoring test results
could be used for exampleto seeif they
result in different injury patterns.

Combined ‘Dummy’ and Sub-Systems Tests

One of the advantages of using a pedestrian
dummy or dummiesin atest method is that they
can take account of both the shape and stiffness of
the car under test, within their biomechanical and
instrumentation limits, as the impact progresses.
Therefore, they are more likely to be insensitive to
changes likely to occur over timein vehicle styling,
engineering and body construction. However, as
discussed previoudly, for the head contact a dummy
based test method would require an unfeasibly
large programme of tests where the vehicle was
tested with a family of pedestrian dummies. A
further disadvantage of testing with dummiesis
that, unlike sub-system impactors, it is probably not
feasible to propel them into the car in arealistic
and repeatable fashion. Nevertheless, it is possible
that some combination of dummy and sub-system
testing could be devised to take advantage of the
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benefits of these two methods whilst avoiding their
disadvantages. This might involve testing the
bumper and bonnet leading edge with an adult
dummy and possibly with a second smaller dummy
to represent the most at risk smaller stature,
combined with a child and adult headform sub-
systemtest. A further simplification of thisidea
might be to use an impactor that represents a cut-
down dummy, with a simple mass representing the
torso of the pedestrian with instrumented pelvis and
with asingleinstrumented leg attached. It might
be feasible to propel a cut-down dummy into a
stationary car, thus overcoming a further
disadvantage of testing with dummies.

DISCUSSION AND RECOMMENDATIONS

Physical pedestrian dummies might initially
appear to be the most obvious test tool for
assessing a car's pedestrian protection. However,
real life pedestrian accidents have alarge number
of variables which can make dummies less
appropriate. In addition pedestrian dummies are
likely to give poor repeatability and reproducibility
because they are subjected to far more violent
impact situations with larger motions than occupant
dummies. Therefore they will be more sensitive to
differencesin the interactions of the many
components that make up a complete dummy. Any
inadvertent variations in setting the initial
conditions, such as the dummy’s stance, will asthe
impact progresses have an increasing influence on
the impact severity and position on the car of
dummy body parts.

It can be concluded that it would be very
difficult to produce a suitable family of dummiesto
test the whole area of a vehicle that could be
involved in ahead impact in real life. Amongst
other problems each stature would have to meet
different biomechanical requirements to reproduce
real life. For example, for good head impact
kinematics, the correct flexibility of the torso and
neck will be more important for a child hit high on
the body by the front of the vehicle whereas for an
adult, the legs and hips might be more important.
In addition, using a family of dummiesto test the
whole area of avehicle that could be involved in
real life accidents would require atest programme
of unacceptable size. Thereforeit isreasonable to
conclude that a test method to test all the areas of a
vehiclelikely to injure pedestriansin real life,
based on physical dummies, would not be feasible.
However, dummies will continue to be very useful
for research and for testing the performance of
deployable protection measures such as pop-up
bonnets.

Dummies have the advantage that they can
respond to both the shape and stiffness of the
vehicle under test as the impact progresses. In this
way, provided that they are sufficiently biofidelic,

impacts with the bumper will correctly affect the
nature of the subsequent impacts with the bonnet
leading edge and following that with the bonnet top
or windscreen. However, if it isrequired to test in
arealistic way avehicle that would cause injuries
in the initial stage of the contact, then the
biofidelity requirements for the dummy would have
to include frangible bones and joints, etc. Thisis
because it is very likely that injuries such asa
broken tibia or femur would influence the
kinematics and impact conditions of subsequent
contacts. Obviously this would not be necessary if
used to test vehicles with adequate pedestrian
protection.

For pedestrian protection, sub-systems test
methods offer many advantages over dummies.
However, by their nature, the impactors are a
simplification of rea life and their impact
conditions must be specified, unlike in a pedestrian
accident where the nature and severity of the
individual contacts are afunction of the accident
circumstances and the shape and stiffness of the car
involved. Therefore great care should be taken to
ensure that the simplifications and impact
conditions are appropriate when devel oping sub-
system test methods. To provide protection to the
selected proportion of the pedestrian population
requires appropriate protection criteriato achieve
the intended injury risk and impact conditions for
the selected ‘reasonable worst case’. The IHRA
Pedestrian Safety Group have, for example, carried
out a programme of mathematical simulations to
find the head impact velocity for arange of vehicle
shapes. However, the IHRA study produced a
wide range of results for the same nominal impact
situation, because they used three different models
which introduced different types of variation. If it
is assumed that these variations reflect real life,
then taking an average of these values would
provide protection in only about 50 percent of real
accidents at the intended protection accident speed.
This demonstrates the need to select a ‘reasonable
worst case’ and carry this through every aspect of
developing sub-systems tests (it is for this reason
that IHRA & so give the standard deviation of their
results).

Care should be taken when using injury trends
from current carsto set priorities for reducing
specific injury types, because such targeted
protection could just result in transferring injuries
to another part of the body. For example, early
work on pedestrian bumpers, where only the
stiffness and not the shape was modified, were
found to save lower leg fractures at the expense of
increasing knee joint injuries. Knee joint injuries
are more likely to result in disablement. Itisfor
this reason that the EEV C legform impactor and
protection criteria are intended to protect against
both lower leg fractures and knee joint injuries,
despite the fact that injury trends for current cars

Lawrence Page8



would give first priority to preventing lower leg
fractures.

Another disadvantage of sub-system test
methods is that they do not automatically take
account of the shape and stiffness of the car under
test. Instead the impact conditions for each
impactor have to be specified in the sub-system test
method. These impact conditions can be found
from the results of real or simulated pedestrian
impacts using arange of car shapes. If thetest
methods are intended to be used to approve
pedestrian safe cars, then the cars used to derive the
sub-system test impact conditions must also be
pedestrian friendly, as with the EEV C test methods.
If thisis done then the impact conditions will only
become inappropriate if significant changes are
made to vehicle shape, styling, engineering and
body construction methods in the future.

The possibility of using a cut-down pedestrian
dummy or alegform impactor combined with an
upper body mass has been mentioned previously.
Currently the IHRA Pedestrian Safety Working
Group are carrying out research to see if and when
alegform impactor needs an upper body mass for
testing high bumpers. They are also producing a
specification for alegform impactor with flexible
leg bones. JARI has already developed a prototype
flexible legform which is likely to meet or be able
to be made to meet this specification. If thisor a
similar impactor were to be combined with a
suitable upper body mass and instrumentation then
it might be suitable for testing both the bumper and
bonnet leading edge. Such an arrangement would
have the advantage of automatically adjusting to
the shape and stiffness of the car under test.
However, adding a suitable upper body mass with
appropriate instrumentation will be a complex task
requiring further research and development effort.

Clearly the flexible ‘bones’ in the JARI legform
have the potential to significantly improve the
biofidelity, however, they increase the complexity
of the tool and may well have negative implications
for robustness or accuracy. The suitability of the
JARI prototype legform for use as aregulatory tool
in terms of repeatability, robustness and
instrumentation accuracy has yet to be assessed.

Many of the options to improve the current sub-
system test methods have been discussed; of these
it isthought best to concentrate on improving the
current test tools and methods to make them more
biofidelic and realistic, and on developing new test
methods and test tools for other parts of the vehicle
or other parts of the pedestrian’s body. However, if
they are intended to be ultimately used ina
regulation then these improvements should not be
at the expense of repeatability, accuracy of
measuring injury risk and robustness of the method
and test tools.

Mathematical simulation of the human and the
car have alot to offer in developing pedestrian test

methods and cars to meet them. Inthe EEVC
pedestrian test methods, mathematical simulation
has been used by appropriate experts to derive
impact conditions for the sub-system testsin the
form of test conditions and look-up graphs. Inthe
future, a more direct inclusion of mathematical
models in regulations is thought to be valuable. In
afirst instance this could be to derive vehicle
specific test conditions. However, WG 17 has
concerns about the feasibility of specifying the
necessary expertise needed for this kind of
modelling within arobust procedure.

Itisthe view of WG17 that the current
standards of simulation and data for validating the
models are not yet suitable for virtual approval
methods to replace physical testing.

The potential for pedestrian protection
measures to reduce the number of pedestrian and
vulnerable road user casualties can be improved by
widening the scope or increasing the level of
protection required. It can be seen from the datain
Figure 5 that casualties not saved by the EU
Directive, in impacts involving the front of cars,
form the largest remaining group of vulnerable
road user casudtiesin GB.

It isimportant that improved test methods be
targeted not only at the largest group of casualties
but also take into account the costs and feasibility
of providing protection. It might be argued that
because the EU Directive has aready made the
‘easy savings for the car front it would be more
effective to target a new vehicle type. Although
there is some truth in this argument there is some
scope to further improve the car front by providing
protection on the windscreen frame and, for
vehicles with very short bonnets, on the roof. It
can also be seen from this Figure that accidents
where the first contact isto the side or the rear are
relatively small in number compared with those
where the first contact isto the front. Because of
this, including these accident scenarios should
probably be given alower priority. Nevertheless,
many of the pedestrians struck first by the side of
the vehicle are likely to receive seriousinjuries
from the ‘A’ pillars or upper windscreen frame, in
afrontal direction, asthey fall or bend over the
vehicle. Therefore frontal protection to the
windscreen frame may also provide protection for
many of these cases. Althoughitiscurrently
thought not to be feasible to provide significant
protection on the ‘A’ pillars, protection on the
upper windscreen frame and adjacent glass and on
the roof of short bonneted vehiclesislikely to be
feasible and this might provide further worthwhile
savingsin casualties. Protection measures for ‘A’
pillars are under development (air-bags), although
reliable pedestrian pre-impact sensor trigger
systems for such devices are thought to be some
yearsaway. However, the availability of a suitable
method for testing ‘A’ pillars would help the
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development of ‘A’ pillar airbags and possibly the
provision of low speed protection through * A’
pillars having some local deformation capability.
The datain Figure 5 also suggest that it would be
worthwhile to develop test methods for the fronts
of buses, coaches and goods vehicles, and itis
suggested that this should be the next priority.

Increasing the standard of protection required to
protect alarger proportion of the population would
obviously increase the potential savings. The
current injury risksin the EEV C protection criteria
are aready low, so the benefits would be
comparatively low. A typical injury risk curveis
givenin Figure 6, and it can be seen that it flattens
out at low injury risks; therefore the protection
required would have to be increased significantly
with associated feasibility and cost issues.
Therefore it is recommended that protection
measures be kept at an injury risk of about 20
percent, because reducing them further would give
little benefit at high cost. Preventing life
threatening injuriesis obviously the first priority
when selecting protection criteria, but quality of
lifeisaso important. Therefore, priority should
also be given to preventing injuries that are
detrimental to quality of life, such asinjuriesto
joints likely to result in diminished mobility, or
injuries likely to result in mental impairment.

It can be seen from Figure 7 that the potential
savings from pedestrian protection measures
increase disproportionately with increased vehicle
impact speed; therefore ideally a high test speed
would appear attractive. However, the crush depth
in the vehicle required to provide protection also
increases disproportionately with speed. There will
be practical limits on the depth of crush that it is
feasible to providein avehicle. Although the rules
of physics can be used to estimate the crush depths
required to meet the protection criteria at any
selected test speed, it isvery difficult if not
impossible to obtain consensus on what isthe
highest speed at which it is feasible to provide
protection. Thisis because the judgment depends
on the perceived practical limits of the materials
and construction methods used to make vehicles
and what costs and functional and aesthetic
compromises are deemed acceptable, by vehicle
manufacturers and ultimately by society. However,
new technologies such as airbags and pop-up
bonnets, which provide extra crush depth by
deploying during or just before pedestrian impact,
may increase the ‘feasible’ speed. Ultimately, the
speed selected for protection measuresis a choice
for society or their political representatives,
however, it must remain within what is practical to
provide in terms of vehicle crush depth. Itis
recommended that the approach of the IHRA group
is adopted for this, where impact conditions for a
range of speeds up to 50 kmvh are being provided,

so that the final decision can be made by the
appropriate authorities.

CONCLUSIONS

1. Testing with physical pedestrian dummies
might initially appear to be the most obvious
test tool for assessing a car’ s pedestrian
protection, but there are a number of good
reasons why this would be an impractical
method when the wide range of variables that
occur inreal life accidents are taken into
account. However, dummies will continue to
be very useful for research and for testing the
performance of deployable protection measures
such as pop-up bonnets.

2. For pedestrian protection, sub-systems test

methods offer many advantages over dummies.
However, great care should be taken to ensure

that the simplificationsin the test methods and

tools are appropriate.

3. The possibility of using a cut-down pedestrian

dummy or alegform impactor combined with
an upper body mass for assessing the bumper
and bonnet leading edge in one test or for
testing vehicles with high bumpers has been
discussed. It isthought that this method offers
some advantages, provided that it isfound to be
feasible to propel such alarge impactor.

4. One of the disadvantages of sub-system test

methods is that the impact conditions for each
impactor have to be specified in the test
method. These impact conditions can be
obtained from the results of real or simulated
pedestrian impacts using appropriate vehicles.
Therefore if the test methods are intended to be
used to approve pedestrian safe cars, then the
cars used to derive the sub-system test impact
conditions must also be pedestrian friendly, as
with the EEV C test methods.

5. ltisrecommended that future research be

concentrated on improving the current test tools
and methods to make them more biofidelic and
realistic, and on developing new test methods
and test tools for other parts of the vehicle and
other areas of the pedestrian’s body.

6. To provide protection to the selected proportion

of pedestrian accidents requires impact
conditions that represent the selected range of
accident scenarios or the worst case within that
range as well as appropriate protection criteria.

7. Considerable effort has been expended by the

EEV C expertsin developing the current test
methods and tools. Therefore in future it may
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10.

11.

12.

13.

14.

15.

be better to capitalise on this existing
knowledge by refining and improving these
methods and tools rather than developing
alternatives.

Care should be taken when using injury trends
from current cars to set priorities for protection
to reduce specific injury types, because such
targeted protection could result in transferring
injuries to another part of the body.

Mathematical simulation of the human and the
car have alot to offer in devel oping pedestrian
test methods and cars.

Mathematical simulations have been used by
experts to specify impact conditions for the
EEVC sub-system tests. In the future, a more
direct inclusion of mathematical modelsin
regulations is thought to be valuable. However,
WG 17 has concerns about the feasibility of
specifying the necessary expertise needed for
this kind of modelling within a robust
procedure.

It isthe view of WG17 that the current
standards of simulation and data for validating
the models are not yet suitable for virtual
approva methods to replace physical testing.

There is some scope to further improve the car
front by providing protection on the windscreen
frame and, for vehicles with very short bonnets,
on the roof.

The availability of a suitable method for testing
‘A’ pillars would help the development of ‘A’
pillar airbags and possibly the provision of low
speed protection through ‘A’ pillars having
local deformation capability.

It would be worthwhile to develop test methods
for the fronts of buses, coaches and goods
vehicles, and it is suggested that this should be
the next priority.

The potential savings from pedestrian
protection measures increase disproportionately
with test speeds in excess of those currently
being considered; however, the crush depth
required to provide protection also increases
disproportionately with speed. Itis
recommended that impact conditions for a
range of speeds are provided in any new test
methods, so that the final decision can be made
by the appropriate authorities. However, the
speed ultimately selected must remain within
what is feasible to provide in terms of vehicle
crush depth.

16. It isrecommended that protection measures be
kept at an injury risk of about 20 percent,
because reducing them further would give little
benefit at high cost. Preventing life threatening
injuriesisthe first priority but priority should
also be given to preventing injuries that are
detrimental to quality of life, such asinjuries
likely to result in diminished mobility or mental
impairment.
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ABSTRACT

Pedestrian safety is one of the most demanding
topics in vehicle safety in Korea. Although the total
numbers of deaths and injuries have continuously
decreased year by year, the pedestrian is still a major
source of traffic victims. Among 240,832 cases (total
traffic accidents), 37% (89,443) was pedestrian
involved accidents in 2003. Last year, 50% (3,594
fatalities) of all traffic accidents that related fatality
(total 7,212) was vehicle-pedestrian type accident in
Korea. Among them, numbers of deaths in pedestrian
age under 6 were 142 with 13,528 injured children.

In 1999,
Construction and Transportation, launched a research

Korean government, Ministry of
project to develop a proper solution on pedestrian
protections from vehicle related accidents. The project
also included the evaluations of current existing test
methods, i.e. EEVC type test and IHRA type test, and
the possibility of harmonization with these test

methods.

The main objective of the presented method is to
develop the adequate dynamic test procedure and
injury assessment criteria. The current all existing
passenger vehicles of the front shape were measured
and categorized into three groups according to ITHRA
recommendation, and the effect of vehicle shape on
pedestrian kinematics was investigated to define the
head impact speed, head impact angle and WAD with
the various impact speeds and walking postures as the

test procedures. In this paper, JARI pedestrian

computer model, TNO MADYMO computer model
and FEM H-model were used to configure and
compare the pedestrian dynamic behaviors during the
various impact events. With head impact tests and
simulations, the design feasibility, lead times for auto
industry and suitable injury criteria were investigated.

Based on the research, Korean government will
extend the KNCAP on new vehicle’s pedestrian
impact test to evaluate how vehicle front structure
is pedestrian friendly. With careful study on the
results of NCAP, after that pedestrian regulation
will come into effect within 2 or 3 years later.

ASSESSMENT OF PEDESTIRAN RELATED
TRAFFIC ACCIDENTS IN KOREA

Late 80’s when Korea rapidly increases of use
the automotive as a personal transportation means,
the traffic related accidents were inevitable.
Early ’90, over the 13,000 valuable lives killed by
Until 1997, the
number of persons killed each year in the traffic
accidents is about 10,000 and more than 300,000
peoples were injured though it has shown a

the vehicle related accidents.

decreasing trend. Casualties who were involved
with vehicle to pedestrian related accidents were
approximately up to 50% of the total traffic related
death in 2003 and unfortunately the rate is still
increasing year after year.

Based on the police reports, total traffic accident

fatality was 7,212 and vehicle to pedestrian type
accident’s fatality was 3,595 including fatality of
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occupants on vehicles. In terms of pure pedestrian,
the death was 2,896. It is 40.2% of all traffic
accident fatality. The injured pedestrian was 53,069
while total traffic injured person was 376,503. The
pedestrian injured rate was 14.1%. The main reason
why the fatality is so higher than injured rate is that
the pedestrian is relatively weak compared with the
stiffness of vehicle outer structure surfaces. In order
to reduce the number of victims from traffic
accidents, the Ministry of Construction and
Transportation (MOCT) has been investigated
adoption of regulation for pedestrian protections
from vehicles. During last 3 years of research works,
studied characteristics of domestic environments of
pedestrian along with pedestrian related traffic

accidents investigations.

Trends of Traffic Accidents Patterns

Since 1990, 48% of all accumulated police
reported fatality accident data (1990-2003) was a
vehicle-pedestrian crash type accident as shown in
Table 1 and Fig. 1. Each year’s data is shown in Fig.
2. This is the largest accident type cause the death
during the accidents. The total reported data exceed
3 million accidents. In fatality, the second accident
type was a vehicle-pedestrian accident. It was about
36%
accidents is the largest. The remaining 4% of total
accidents was vehicle only involved accident and
vehicle only accident’s fatality is about 15%.

of total accidents while the total case of

Table 1. Trends of Traffic Accidents Periods of 1990 — 2003 in Korea

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

Accidents Deaths Accidents | Deaths | Accidents | Deaths | Accidents |Deaths | Accidents | Deaths
1990 110,513 4,442 133,282 6,441 11,395 1,376 113 66 255,303 12,325
1991 118,897 4,805 136,941 6,952 10,036 1,609 90 63 265,964 13,429
1992 125,006 4,455 122,951 5,802 91,39 1,321 98 62 257,194 11,640
1993 133,587 3,947 117,431 5,241 97,98 1,159 105 55 260,921 10,402
1994 149,899 4,204 105,261 4,641 10,859 1,194 88 48 266,107 10,087
1995 146,783 4,315 91,395 4,564 10,603 1,378 84 66 248,865 10,323
1996 166,677 5,390 87,292 5,070 11,037 2,160 46 33 265,052 12,653
1997 162,085 4,981 74,144 4,458 10,192 2,134 31 30 246,452 11,603
1998 158,732 3,593 70,631 3,495 10,318 1,949 40 20 239,721 9,057
1999 190,437 3,788 74,527 3,692 10,943 1,855 31 18 275,938 9,353
2000 206,971 4,208 72,932 3,890 10,569 2,135 9 3 290,481 10,236
2001 185,207 3,258 65,898 3,243 9,466 1,590 8 6 260,579 8,097
2002 164,334 2,808 59,271 3,201 7411 1,207 10 6 231,026 7,222
2003 141,841 2,197 89.443 3,595 9,531 1,416 17 4 240,832 7,212
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Figure 2. Accident type distribution of fatalities in Korea

Pedestrian Accident Patterns by Age Group

As shown in Table 2, 44.6% of pedestrian death
is over 61 years and older people. Their total death
is 1,291. Among them, 724 deaths are over 71 and
years older elderly peoples. The statistics of
casualties standardized by population distribution
by age or those of fatalities by age indicate that the
rate of meeting with accidents or being killed in
such accidents increases among pedestrians at age
61 and over. Fatality of child (less than 14 years
old) is 9.5% (274 death). However in terms of
injured case, 24.8% (13,181 injured child) of all
pedestrian injured cases is less than 14 years old
child. Elderly people’s injured rates are less than
10% (61-70 years old: 9.8%, over 71 years and
older: 6.6%). It may be due to the different

characteristics of biomechanics behaviors during
crash.

As shown in Figure 3, pedestrian casualty (both
death and injured) per 10,000 populations, injured
over 61 years and older is the largest group with
158.6 persons. The ratio is more than 2 times of
those of 20 years old age group. Fatality ration of
people s per 10,000
populations while 21 — 30 years old group’s ration

elder 24.3 persons
is less than 1.8 persons. This indicates killed rate
of elder pedestrian is more than 13 times of those
of 21 — 30 years old group. This indicates that, the
more elderly peoples in near future, the more
pedestrians are likely to meet with accidents.
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Table 2. Pedestrian fatality and injury by age group in 2003

14
Total . 15-20 21-30 31-40 41-50 51-60 61-70 71 over N/A
ess
274 54 141 279 429 400 567 724 28
Death 2,896
9.5%) 1.9%) (4.9%) (9.6%) (14.8%) (13.8%) | (19.6%) | (25.0%) (1.0%)
. 13,181 3,528 6,768 6,729 7,850 5,618 5,202 3,527 666
Injured 53,069
(24.8%) (6.6%) (12.8%) | (12.7%) (14.8%) (10.6 %) (9.8%) (6.6%) (1.3%)
( Death ) !:l Death —@—TInjured ( Injured )
25 200
1586
201 1356 =4 L 150
16:
879 235 100
10 1 G
| - 50
2 [ﬁl 13
0 —1 L 0
14 Less 15-20 21-30 31-40 41-50 51-60 61 Over

(person) —®—\Vehicle Occupant —®—\otorcycle Occupant

Fig. 3. Age group pedestrian death and injured rates per 10,000 populations in 2003
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Fig. 4. Age group accident type death rate per 10,000 populations in 2003
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Figure 5 show that the percentage of injured
parts of traffic accidents involved persons who
had experienced at least hospitalized 2 or 3 days.
Up to serious injured cases, the incidence of
injury is the most frequently observed in the

lower leg and necks, followed by head.

In the fatal accidents, injury to the head is the
major cause of death (64%), followed by lower
legs (11%) and neck (9%). The body of injured
occupant in the vehicle is shown in Figure 5.

0 Head @ Neck O Chest O Abodminal B Arm @ Upper_Leg B Lower:leg | (@ Head @ Neck O Chest O Abodminal @ Arm @ Upper_Leg B Lower_leg |

8%

4% 5%

Fig. 5. Injured body parts and Fatality caused main severely injured body parts in pedestrian

RESEARCH AND RULE MAKING

ACTIVITIES

This accidents data analysis indicates that
significant improvement of vehicle safety
performances are needed to protect the
pedestrians during the accidents. In order to
reduce number of fatalities, especially from the
vehicle, the Ministry of Construction and
Transportation (MOCT) has been seriously
considered adoption of pedestrian protection
regulations. Recently MOCT of Korea
launched special task team for pedestrian
researches. This research group studied the
patterns of Korean pedestrian accident, and
injury as well as survey of existing test methods
for feasibilities and international harmonization
as shown in Figure 7.

v

Accident Analysis
= m

=1

Collision speed

Pedestrian Collision Trajectory

4

A= dal
I
Impact speed Impact angle

Pedestrian Injury Analysis

5 g
o

==

Fig. 7. Scheme of research procedures

Feedback for Decision Making

Pedestrian Kinematics During Vehicle Impacts

Figure 7 shows two pedestrian models
currently used for the simulation study. These are
JARI, and TNO pedestrian models that already
validated by TNO and IHRA (JARI) with
comparing results from their computer
simulations and published PMHS (Post Mortem
Human Subject) tests.

According to IHRS recommended simulation
procedures, a parameter study was conducted to
understand the influence of pedestrian size,
waling position, vehicle shape, vehicle stiffness,
and vehicle impact speed onto the pedestrian
impact condition such as head impact velocity,
head impact angle, and head impact location
(Wrap Around Distance: WAD). THRA’s three
walking position WP1, WP2, and WP3 were used
for the parameter study as well as a standing
position with 40kph vehicle impact speed.

TNO Dummy JARI Dummy

Fig. 7. Pedestrian Models (AM50)
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Two different vehicle stiffness, IHRA’s hard
and friendly, was used, and the definition of the
head impact velocity and the head impact angle
and the definition of the head impact velocity and
the head impact angle are illustrated in Figure
8.

Force(kN)
20
Vehicle stiffness
15
~ ST1 (Hard)
10 ST2 (Friendly)
5
max. 4kN
0 1 1 1
0 0.05 0.1, 0.15 0.2
Penetration(m)

Vag =+ Vax” + Ve,

o= arctan(hj
VRX

Vix : Relative head velocity against vehicle (X)
Vg7 : Relative head velocity against vehicle (Z)
Vir : Head Impact Speed
- Resultant of relative head velocity against vehicle -
o : Head Impact Angle
- Obtain from Vyy and Vy, ratio -

Fig. 8. Pedestrian simulation conditions

Vehicle Shapes in Different Categories

Based on the IHRA and WP29 W/G studies, front
shape of passenger car was investigated and
categorized into three groups, Sedan, SUV and 1-
Box, so that the effect of vehicle front shape on the
pedestrian impact was studied with computer
simulations focusing on the head impact velocity,
head impact angle, WAD (Wrap Around Distance)

and head effective mass.

Figure 8 shows the car front shape corridors for
the three groups obtained from current Korean
production cars with overplots of IHRA’s results.
The measured corridors of domestic vehicles are
fall into the results of IHRA measures. However the
hood angle of one 1-BOX vehicle is less than 30

degree. This means that even though intended
design and purpose of vehicle was 1-BOX vehicle,
the test procedure will be followed by SUV vehicle
mislead the

category. It will government’s

pedestrian protection policy and the level of

protections.

Comparison of Sedan Corridor

B [HRA/Japan Definition

Sedan: Bon. Angle < 30 ' & LEH - 835mm

. Korea THRA/Japan
Classification
Lower | Upper | Lower | Upper
BL(mnm) 122 175 127 127
BCH(nm) 431 479 435 516
LEH(nm) 656 849 565 839

Bon. Length(mm) 1099 895 1200 635

Bon. Angle( ) 13 19 11 18

Win. Angle( ') 29 32 29 40

——— KOREA Sedan Corridor
= IHRA/Japan Sedan Corridor

Comparison of SUV Corridor

B IHRA/Japan Definition
SUV: Bon. Angle = 30 * & LEH

835mm

e Korea THRA/Japan
i Lower|Upper |[Lower |Upper
BL(mm) 182 | 165 195 195
BCH(inm) 640 | 647 544 736
LEH(nm) 939 | 1050 | 832 | 1168
Bon.
77 3 3 | S44
Length(mm 10 1132 | 102 844
Bon. Angle( ') | 14 9 11 | 85
Win. Angle( ') | 39 | 51 | 36 | 43
—— KOREA SUV Corridor
= IHRA/Japan SUV Corridor
- = B THRA/Japan Definition
Comparison of 1 BOX Corridor 1 Box: Bonnet Angle >30
1 Korea THRA/Japan
H Classification
H Lower | Upper | Lower | Upper
BL(mm) 166 189 188 188
BCH(mm) 521 601 448 704
LEH(@mm) 970 989 864 | 1144
Bon.
521 129 361 157
Length(mm) N N
Bon.Angle(') | 28 | 47 | 40 | 40
Win. Angle(') | 32 | 43 | 30 | 46

KOREA 1 BOX Corridor
= IHRA/Japan 1 BOX Corridor

Fig. 8. Three vehicle categories 2-D
front shape corridors from domestic vehicles

Pedestrian Trajectory Simulation Results

As shown in Figure 9, it is clear that the
pedestrian size and the vehicle category affects to
the head impact condition, especially for the head
location, and head velocity.

impact angle,

Youn




Compared with JARI and TNO model, however the

simulations were influenced by pedestrian—vehicle Head impact angle
contact locations, contact characteristics, and upper 0 gy A .
. . . go |-uE B AT el i | S
arms interference with vehicle and body parts of ~o |0 A A, A & L —
@ B Ly 11T ] [ I | © box _jari
dummy, 3 60 #5 ‘A & "‘ ’.‘ ry ....‘\i n =] L @ box_madymo
;5,’50 :'6 st ﬁ:".&: i "é: "A "ok A sedan_jari
%40 4 .'- L} 'E. | 6. Asedan_madymo
. = = L] [} e
In general, the head contact locations, WAD are o % ¢og N0 am o ML J2t
<« 20 Wsw_madymo
similar, but impact velocity and angle are shown 10
. . 0
some discrepancy for adult pedestrian model. In 6 o 5 0 155 0w B N B M
years old child model case, JARI and TNO model Vehicle Model
show the consistent results both in speeds and
angles. This is due to the relatively small body that Fig. 11. Results of Head impact angle with JARI
contact with striking vehicle with initial stage of and TNO models( A50)
crash.
WAD of adult model
3000
2200 E - i ] L e W ih.." :j:\:;l;:o_box
00 [Seie: (o Bte- et i od 1 s B i Jari_sedan
g :313"‘ " .ﬁ‘n ‘3.‘0‘ :g.A aa M : Yy A madymo_sedan
N I 4 & ® jari_suv
1 700 1500 ’* . é‘ i ® madymo_suv
A i
1000 E +
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
- Vehicle Model

Fig. 12. Results of head impact WAD with JARI
and TNO models( A50)

Evaluation of Existing Head Impact Test
methods with Simple Hood Structure Model
Fig. 9. Sedan type vehicle simulation The EEVC performed several studies and
results with JARI and TNO models( A50 and 6Y) proposed various recommendations on test
methods to assess pedestrian protection. The
test methods should be based on sub-system
tests, essentially to the bumper, bonnet leading

Head impact speed

Ll edge and bonnet top surface. The test methods
R :z . T should be considered to evaluate the performance
ﬁ Pt b, madyiio of each part of the vehicle structure with respect
%5" B Asedan jai to both child and adult pedestrians, at car to
g :z o ..‘:' o hae ::zjjl;ﬁmadymo Pedestrian impact speed (.)f 40 km/l.l with fixed

0 ® WU madymo impact angle for all applicable vehicles. (adult:

1: N 60 ° with 4.8 kg mass, child: 50 ° with 2.5 kg

0 5 0 15w z; 3‘0 ;5 4‘0 mass)
Vehicle Model
However, according to finds from IHRA study,
Fig. 10. Results of head impact speeds with Japan announced their new pedestrian regulation
JARI and TNO models( AS0) for head protection in both adult and child. IHRA
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approach is quite different that based on the
observations from real world accidents. The
starting point is different frontal shapes must
influence the kinematics of occupant which leads
specific head impact velocities and impact angles.

Japan’s regulation based on the IHRA’s results
is same impact speed both child (mass: 3.5kg)
and adult(mass:4.5kg) with 32kph. But the
different vehicle categories have different head
impact speeds. 65 °/ 90 °/ 50 ° (sedan/SUV/1-
BOX) for adult, and f65 ° / 60 ° / 25 °
(sedan/SUV/1-BOX) for child.

UNECE/WP29 is wunder discussion for
harmonization between EEVC and IHRA test
method and injury criteria.

Meanwhile, NHTSA proposed the most sever
head impact conditions. To maximum protections,
the impact angle should be perpendicular to the
maximum

bonnet surface that leads the

penetration of head into the bonnet surface.

In our study, three different test methods were

evaluated using computer simulation with a hood
of common passenger vehicle. To eliminate the
interference of engine block structure, only hood
was modeled with proper boundary conditions.
As shown in Figure 13, 2.5kg or 3.5kg child head
form was impacted center of hood with three
different test conditions (EEC, IHRA and
NHTSA)

Fig. 13. Child head form impact model

Table 3 Comparison with three different child head impact test methods

40km/h 35km/h 32km/h
2.5kg 3.5kg 2.5kg 3.5kg 2.5kg 3.5kg
50° 1.00 0.79 0.77 0.63 0.64 0.53
65° 1.14 0.90 0.90 0.72 0.75 0.60
90° 1.18 0.92 0.91 0.73 0.77 0.61
\Dso° Bgs5 E|90°\ O50" Be5" 090
1000.00 800.00
800.00 600.00
600.00 ]
400.00 400.00
200.00 200.00
0.00 0.00
40km/h 35km/h 32km/h 40km/h 35km/h 30km/h
a) 2.5kg b) 3.5kg

Fig. 14. HIC of Child head form impact simulations
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ECONOMIC APPRAISALS AND FUTURE
PLANS

During the research, it must be make sure that the
establishment of rule-making activities achieved
proper number of lifesaving effects assuming that it
is introduced and that all the vehicles concerned are
replaced with vehicles complying to the regulation.
Target Population is estimated for each of the age
groups as following variables.

- Pedestrian head injury ratio (Pha)
- Death ratio of the head injury accidents (Pdhk)
- Ratio of the pedestrian accidents under 40kph

[PVd40]

- Ratio of injury over HIC 1000 [H1000,d]

Benefits are estimated using target population
and social costs for the life savings and incident
injury reduction. Social costs [Cda] are estimated
using accident compensation cost for the car
insurance. The benefits are calculated by the
following equation.

B),=Cu D, Dy Pira PVaso Hiooou

The estimate used the traffic statistics of 1999
and took into account passenger cars with 3500 kg

or less in gross vehicle weight (the weight range of
trucks being different from that of the regulation).
The injury reference value was set to HIC 1,000.

Scenarios and Constraints of
L the Analysis

. =

Collect and Analyze Accident Data

¢ 4

" ( Estimate Cost of Life |
F.S“mate Target PUDU|EI|0H Savings and Injury

l | Hilucﬂan

Estimate Annual Benefit and Cost
of the Pedestrian Safety Equipment

- B

Estimate cost of the Vehicle Safety
Equipment for Pedestrian Head
Protection

. B

Asses Cost Benefit Ratio

®

Fig. 15. Scheme of economic appraisals

‘ Stage 1 ‘

‘ Stage 2 ‘

2004

[ 2006 | [ 2007 |[ 2008 | After 2009

From 1996 Euro-NCAP

|
2003 J-NCAP (Head)

Head, Leg Rule Apply
|
Since 90 R&D Start Leg Rule and Criteria Study |
Head Rule Apply

After 2010
9 Leg Rule may
Applicable

K * Head R&D Start * Leg R&D Start
o * Head Rule Study ¢ Leg Rule Study
IE MOCT Rule-making (Head) _4 _“'-M-?.CT (Legl) > ‘09 Hrf:: Rule
A MOCT NCAP Study (Head) K-NCAP (Head) Applicable
\_-_______-___/
1990°s 2003 | 2004 | 2005 | 2006 [ 2007 [ 2008 | After 2009

Fig. 16. Milestone of pedestrian protection rule-making activities
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Fig. 17. Expected reduction of pedestrian related fatalities with enhanced rule-making activities

As a member of both on 1958 and 1998
agreements, Korea will continuously work for
international harmonization. An informal group,
GRSP/PS was organized under ECE/WP29/GRSP
for establishing a Global Technical Regulation for
pedestrian safety. According to its Terms of
Reference, the informal group plans to finalize its
written justification by the middle of 2005 and its
complete and detailed recommendation by 2005 for
a head protection regulation and a leg protection
regulation.

Accordingly, Japan plans, respecting the
discussion to be held in this Informal Group to the
maximum, to introduce also a regulation for leg
protection, while working for the harmonization of
head protection regulations.
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ABSTRACT

As for a Global Technical Regulation (GTR) legform
impactor, which is discussed at the United Nations
ECE/WP29/GRSP, a flexible pedestrian legform
impactor (Flex-PLI) and a rigid legform impactor
(TRL-LFI) isproposed. However, asfor the Flex-PLI,
evaluation test for its repeatability and reproducibility
has not been confirmed. Besides, its advantage over
the TRL-LFI must be demonstrated in full-scale vehicle
tests.

In this research, sveral kinds of loading tests were
conducted to the Hex-PLI, and its favorable
repeatability and reproducibility was confirmed.
Besides, vehicle tests were performed using the
FlexPLI and the TRL-LFI, and the Flex-PLI
demonstrated its higher biofidelity and load
measurability in full-scale vehicle tests.

INTRODUCTION

The Ministry of Land, Infrastructure and Transport of
Japan (FMLIT) has been studied for a domestic
regulation aimed at moderating the injury severity of
pedestrians in the event of a collision with a motor
vehicle. As a result the Japanese Pedestrian Head
Protection Regulation was issued in April 2004. This
regulation requires vehicles to have a pedestrian head
protective structure, and applicable to new-model
vehicles which is put on a sale in September 2005
onwards.

To further advance the pedestrian protection
performance of vehicles, JMLIT is participating in the
activity to develop the Global Technical Regulation
(GTR) on the pedestrian head and lower extremity
protection in view of adopting it into Japanese
legislation. That is currently in the drafting stage at the
United Nations ECE/WP29/GRSP. However, as for the
GTR for the lower extremity protection, two different
legform impactors - a rigid legform impactor
(TRL-LFI) [1] and a flexible pedestrian legform
impactor (FlexPLI) [2] - have been proposed.

Figure 1 shows the overall design of TRL-LFI. Because

of the TRL-LFI employs rigid units in the place of
human bones, this legform impactor cannot reproduce
the bending responses of human bones under impacts.
The knee of TRL-LFI also differs from the human knee
in consisting of metalic bending plates and shear
springs instead of the ligament restraint structure of the
human knee. The TRL-LFI is therefore considered to
exhibit a low biofidelity in both structure and
deformation characteristics [3][4].

Figure 2 shows te overal design of Flex-PLI. This
legform impactor incorporates bendable units to
simulate the human lower extremity bones bending, so
that the biofidelity of Flex-PLI isconsidered ashigh[2].
In addition its knee structure was developed to equate
the human ligament restraint structure and exhibits
deformation characteristics equivalent with those of the
human knee under impacts [2].

The measurement items of TRL-LFI are listed in
Figure 3. Thislegform impactor has three measurement
items around its knee, but no other items are present
anywherein the lower extremity structure.

On the other hand, as shown in Figure 4, the Flex-PLI
has a total of 15 measurement items enabling load
measurement in most of thelower extremity portions.

From the above comparisons, it can be stated that the
Flex-PLI is more suitable for the formulation of an
appropriate pedestrian lower extremity protection
regulation because of its higher biofidelity and more
detailed measurability in extensive portions of the
lower extremity. However, to utilize Flex-PLI in actual
regulation  enforcement, its repeatability and
reproducibility must be verified. Besides, its advantage
over the TRL-LFI must be demonstrated in full-scale
vehicle tests.

The present study was conduct ed sectional loading test
and vehicle test using a FlexPLI (ver. 2003) unit in
order to verify its repeatability and reproducibility.
Additionally, avehicle test employinga Flex-PLI and a
TRL-LFI was carried out to verify the advantage of
Flex-PLI over TRL-LFI.
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Figure 1. Overall design of TRL-LFI.
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Figure 3. Measurement items of TRL-LFI.
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Figure 2. Overall design of FlexPLlI.
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Figure 4. Measurement items of

FlexPLI.
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METHODOLOGY

Sectional Loading Test

The methodologies of the sectional loading tests are
summarized in Figures 5 to 7. The thighs (Products
Nos. 1, 3, 4), legs (Products Nos. 2, 4, 6), and knees
(Products Nos. 2, 4, 5) of FlexPLI for the tests were
randomly selected.

VehicleTest

The setup of the vehicletest is shownin Figure 8. This
vehicle test was conducted to utilize the subsystem test
method [ 1] which is propelling the legform impactor to
the vehicle.

Ram (Mass: 67.8kg, Initial impact speed: 1.0 m/s)

Support end
(R=75mm)

Support length (L=360mm)

Figure 5. Sectional loading test set up for thigh (FlexPLI).

As shown in Figure 9, a sedan was used as the test
vehicle. The impact point was located 200 mm to the
left of the vehicle's center line as seen from the driver's
seat. The test vehicle and the horizontal position of the
impact point were selected randomly.

The legform impactor propulsion system, compressed
gas type, is shown in Figure 10. In this vehicle test,
Flex-PLI1 and TRL-LFI were each cdlided into the test
vehicle at an initial impact speed of 11.1 m/s using the
propulsion system.

Ram (Mass: 67.8kg, Initial impact speed: 1.0m/s)

- i
Loading face (R=25mm)

B -
-~

Support end
(R=75mm)

Load cell

Support length (L=320mm)
I 1

Figure 6. Sectional loading test set up for leg (FlexPL1).

Ram (Mass: 74.5kg, Initial impact speed: 1.4m/s)

Loading face
(R=7mm)

£~ Support end
(R=75mm)

Figure 7. Sectional loading test set up for knee (FlexPL1).
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Propulsion system

Free fright _ | (compressed gas type)

Figure 10. Legform impactor propulsion system.
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RESUTLS

Sectional Loading Test

The deflection characteristics of the thigh and leg of

Flex-PLl against repeated loading are reported in

Figures 11 and 12. Both the responses of the thigh and

leg remained highly constant throughout more than 20

times of loading.

Results on the reproducibility of the thigh, leg and knee

of the Flex-PLI are described in Figure 13 to 15. Each
of these FlexPLI sections exhibited highly uniform
load responses among the three discrete units tested.

500

450 k —Thigh 4 (test: 1)
—Thigh 4 (test: 5)

400

=Thigh 4 (test: 10)
350 Thigh 4 (test: 15)
Thigh 4 (test: 20)

Thigh 4 (test: 25) V4
I~ * Thigh 4: Flex-PLI 2003 /
| (Product Nos. 4) /,’.//
4

Moment (Nm)
P P N DN W
o Uu o u
o O O O
T T

a
o
T

o
3
|
|

0 10 20 30 40
Deflection (mm)
Figure 11. Repeatability test results for thigh

(Flex-PL1).
500
450 | —Leg 2 (test: 1)
—Leg 2 (test: 5)
400 r " Leg 2 (test: 10+) é
350 1 Leg 2 (test: 15+) ;
£ L Leg 2 (test: 20)
:z: 300 Leg 2 (test: 23) //
S 250 [ *Leg 2: Flex-PLI 2003
g 200 (Product Nos. 2) /
=
150 ,
100
50 |
0 t==t= 1
0 10 20 30 40

Deflection (mm)
Figure 12. Repeatability test results for leg (FlexPL1I).

500
450 —Thigh 1 (test: 1)
Thigh 1 (test: 2) ys
400 r —Thigh 3 (test: 1) '
Thigh 3 (test: 2)

=Thigh 4 (test: 1)
Thigh 4 (test: 2)

0 [ *Thigh 1, 3, 4: Flex-PLI 2003

(Product Nos. 1, 3, 4)

W
S O
S o

T T

Moment (Nm)
N N W
o o
o

150
100
50 1 7
B _j/
0 b \ \
0 10 20 30 40

Deflection (mm)
Figure 13. Reproducibility test results for thigh

(Flex-PLI).
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Leg 2 (test: 2)
400

—Leg 4 (test: 1)
Leg 4 (test: 2)
—Leg 6 (test: 1)
Leg 6 (test: 2)

[ *Leg2, 4,6 :Flex-PLI 2003
(Product Nos. 2, 4, 6)

w
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Figure 14. Reproducibility test results for leg
(Flex-PLI).

800

—Kbnee 2 (test: 1)
700 .

Knee 2 (test: 2)

—Knee 4 (test: 1)

Knee 4 (test: 2)

—Knee 5 (test: 1)

Knee 5 (test: 2)

[ *Knee 2, 4, 5: Flex-PLI 2003
(Product Nos. 2, 4, 5)

D
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T

Moment (Nm)
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o o o
T T
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Knee angle (deg.)

Figure 15. Reproducibility test results for knee
(Flex-PL1).
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VehicleTest

The behaviors of Flex-PLI and TRL-LFI observed in
the vehicle test are illustrated in Figure 16. The
time-segquence photos clearly show that all the sections
of FlexPLI bend in a collision with a vehicle, while
the TRL-LFI bends only at its knee under an impact.

The impact waveforms measured by FlexPLI and
TRL-LFl are givenin Figures 17 and 18. The Flex-PL I
allows measurement of load conditions in detail

Flex-PLI

Oms 10ms

throughout the lower extremity, but the TRL-LF
measures load conditions only around the knee.

The results of the vehicle test on the repeatability of
Flex-PLI are reported in Figure 19. The FlexPLI
exhibited an excellent stability of responsesto repeated
collisionswith the test vehicle.

20ms 30ms

Figure 16. Vehicle test results (Kinematics).
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Figure 17. Vehicle test results (FlexPL1 waveforms).
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Figure 18. Vehicle test results (TRL-LFl waveforms).
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Figure 19. Vehicle test results
(Repeatability test, maximum values).
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DISCUSSION

In the present study a sectional loading tests were first
conducted on the thigh, leg and knee sections of the
FlexPLIl. The results confirmed that al the lower
extremity sections of FlexPLI have favorable
repeatability and reproducibility characteristics.

The next, a vehicle test was performed to compare the
Flex-PL| and the TRL-LH in collisions with a vehicle.
The results indicated: 1) the Flex- PLI responds with a
higher biofidelity in a collision as compared to the
TRL-LFI, 2) the FlexPLI enables measurement in
greater detail than does the TRL-LFI, and 3) the
Flex-PLI demonstrates an excellent repeatability in
vehicle tests.

Itistherefore hoped that |aboratories in many countries
will conduct verification tests on FlexPLI so that a
GTR for pedestrian lower extremity protection can be
formulated assuming the use of FlexPLI legform
impactor.

CONCLUSIONS

In the sectional test of the present study, it was
confirmed that the thigh, leg and knee of Flex-PLI
al exhibit a favorable repeatability and
reproducibility.

In the vehicle test comparing the behavior of
Flex-PLI and TRL-LFI, it was verified that the
Flex-PL1 has a higher biofidelity and enables
measurement in greater detail .

In the vehicle test on Flex-PLI, an excellent
stability of responses to repeated loading was
confirmed.

It is hoped that laboratories in many countries will
conduct verification tests on FlexPL| so that a
GTR pedestrian lower extremity protection can be
formulated assuming the use of Flex-PLI legform
impactor.
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ABSTRACT

A pop-up hood system has been developed to
reduce the severity of head injuries to pedestrians in
pedestrian-to-automobile accidents.

The system employs sensors located on the
bumper to detect impact with a pedestrian. If an
impact occurs, a signal is sent to an actuator to raise
the rear portion of the engine hood approximately
100mm. This provides a space between the engine
and other hard components and the hood, resulting in
reduced pedestrian head injuries.

Previous studies have mainly employed
headform impactors to evaluate the head injury
criteria (HIC) values for pop-up hoods.

This report describes studies of the effect of the
pop-up hood on injury parameters and kinematics
using the POLAR pedestrian dummy.

The effectiveness of the pop-up hood system was
confirmed by the significant reduction of HIC values
in impact tests using the POLAR dummy.

INTRODUCTION

There are approximately 2,300 pedestrian
fatalities annually in Japan, accounting for roughly
30% of all traffic fatalities. (1) In the EU this figure
is approximately 7,000 fatalities (20%) (2), and in the
USA approximately 4,700 fatalities (11%) (3).

The most frequent area of injury, in pedestrian

fatalities, is the head in approximately 60% of the
cases (2), and the vehicle area causing these injuries
most often is the hood. (4) To reduce the number of
pedestrian fatalities, countermeasures can be taken to
help reduce the severity of head injuries caused by
the pedestrian’s head impacting the hood.
As means of helping reduce pedestrian head injuries,
Honda has adopted impact-absorbing structures in
the hood, link type hinges, pyro-actuators and
sensors in the front bumper.

Honda has developed a pop-up hood that
provides a space in the engine bay by lifting up the
hood at the time of collision, thereby helping reduce
the severity of a pedestrian’s head impact with the
hood.

Previous studies of pop-up hoods have reported

Head Injury Criteria (HIC) evaluations according to
tests using headform impactors. (5)

The purpose of this paper is to evaluate the
effect of the hood pop-up action on dummy
kinematics and on HIC, using pedestrian dummies
(6).

The research includes the following:
1) Calculations of contact time of the pedestrian’s
head with the hood using a computer simulation

2) Setting the device operation time
3) The pop-up hood system
4) Test confirmation of the deployment time

5) Confirmation of dummy kinematics and injury
values, through pedestrian dummy tests

CALCULATIONS OF CONTACT TIME OF
THE PEDESTRIAN’S HEAD ON THE HOOD

Figure 1 shows the simulation model. Each part
of the dummy model body is expressed as ellipsoid
elements. (7) The dummies used were C6Y, AFO05,
and AMS50. The dummies represent pedestrians
impacted from the side while crossing a road. The
hood edge height in this vehicle model was
approximately 670mm.

Figure 1. Simulation model of dummy crash.
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The impact speed was set at 40km/h, and the
location of the impact was the center of the vehicle.

The height of each dummy model and the time
to collision of the head with the hood, obtained
through the simulations, are given in Table 1.

The shorter the height, the shorter the head
contact time with the hood. With C6Y, the contact
time was 63ms under this simulation condition.

Table 1.
Dummy’s height and head contact time.
CoeY AF05 | AM50
Height 1.15m | 1.52m | 1.77m
Head contact tine | 63ms | 97ms | 140m s

SETTING THE DEVICE OPERATION TIME

Based on the results of C6Y’s simulation, the
target device operation time was set at 60ms or less
in this study so that the device completes its
operation faster than the time between the
pedestrian’s leg contacting the bumper and the
pedestrian’s head contacting the hood.

POP-UP HOOD SYSTEM
As shown in Figure 2, the pop-up hood is

composed of a sensing system and hood lifting
elements.

Link type hood hinge

Hood J

Pyro
Actuator

Bumper sensor ECU

Figure 2. Pop-up hood system.

Sensing System

As shown in Figure 3, sensors are located on the
structure in front of the bumper beam, in areas that
deform due to collisions with pedestrians.

Accelerometers are used for the bumper sensors.
Bumper sensors detect collisions with an object of a
weight equivalent to that of a pedestrian.

The ECU located inside the cabin judges the
need for device operation, according to collision
signals from the bumper sensors, and vehicle speed
information.

Bumper beam

aw /
Accelerometer

Figure 3. Sensing system.

Hood Lifting Elements

As shown in Figure 2, the hood lifting elements
are actuators, hood hinges, and the hood. A
pyro-actuator has been adopted so that the hood lifts
rapidly. The actuator is composed of a micro gas
generator and a shaft, as shown in Figure 4.

Shaft

X

Micro gas
generator

Figure 4. Pyro-Actuator.

The hood hinge adopted is a link type hinge, as
shown in Figure 5. The link hinge is composed of an
upper bracket, lower bracket, arm A, arm B, three
pivots, and a pin.

According to an ignition signal from the ECU,
gas from the micro gas generator raises the shaft. The
shaft shears the hood hinge pin, lifting the rear
portion of the hood approximately 100mm, thereby
providing a space between the hood and the hard
components under the hood, such as the engine.
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Before operation

After operation

Upper bracket

Arm B

Pivot

Lower bracket

Figure 5. Hood hinge of link type.

TEST CONFIRMATION OF THE
DEPLOYMENT TIME

The setup for the hood lift operation testing is
given in Figure 6. The actuators were placed near
the hood hinges, one each on the left and right sides.
The actuators were operated by an ignition signal,
and the time until the hood has been lifted 100mm
was measured.

Figure 6. Setup for hood lift operation testing.

As the target device operation time was equal or
less than 60ms, as noted above, the target
deployment time was set at 30ms or less in this study,
excluding the sensing time.

Figure 7 gives the test results. With the adoption
of the pyro-actuators, a hood lift time of no more
than 30ms was confirmed.

Do
o
o

= 150
£
éloo AL' e
= 50 /
_z/
0 5 10 15 20 25 30 35

tme @s)
Figure 7. Results of hood lift operation testing.

CONFIRMATION OF DUMMY KINEMATICS
AND INJURY VALUES,
THROUGH PEDESTRIAN DUMMY TESTS

In order to confirm the effect of the hood lift
operation on dummy kinematics and on injury values,
impact tests were performed using a pedestrian
dummy. The test conditions and setup are shown in
Figure 8.

Figure 8. Setup of Pedestrian dummy test.

Tests were conducted both with and without
operation of the hood lift device. The pedestrian
dummies were set to receive a collision impact from
the side. The dummy’s arms were in front, and both
wrists were tied together with rope. High-speed
digital cameras were set in order to record the
kinematics of the dummies during the collisions. The
impact speed was 40km/h, and the impact location
was the center of the vehicle.

Figure 9 shows the test results of the dummies’
head and chest trajectories, both with and without the
hood lift device operation.

Large differences in head and chest trajectories
against the vehicle were not seen when comparing
results with and without hood lift device operation.
The hood lift actuator operated approximately 15ms
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after collision, and the time until the hood to be
completely lifted was approximately 45ms.
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Figure 9. Head and chest trajectories with
pop up hood compared to standard hood.

Figure 10 shows the dummy’s resultant head
speed against the vehicle, both with and without the
hood lift device operation. The head speed rises from
approximately 70ms, when the head starts to swing.
The resultant head speed starts to lower from
approximately 120ms when the shoulder and hood
contact. The time of head contact with the hood was
approximately 130ms.

It was confirmed that this system supports the
hood up during the dummy’s torso impacts the
vehicle, until its head impacts with the hood.

Large difference in head speed against the
vehicle was not seen when comparing results with
and without hood lift device operation.

60

10 e AL

20 H == Pop up hood
— Standard hood

O 1 1 1
0 50 100 150 200
Thme (s)

Figure 10. Head resultant speed.

Head speed km /h)

Table 2 gives the wrap around distance (WAD),
the speed at which the head impacts the hood, and
the HIC value, both with and without the hood lift
device operation.

Table2.
Test results of pedestrian dummy impact with
pop up hood compared to standard hood.

WAD |[Head mpactspeed] HI
Pop up hood | 1910mm 34km /h 926
Standard hood| 1910mm 35km /h 1353

Comparing the test results with the hood lift
device operation and without its operation, the wrap
around distance was the same. At the moment of
head-hood contact, there were no great differences in
head impact speeds.

There was an approximately 30% reduction in
HIC values with the use of the pop-up hood system.

It is believed that increasing the space between
the hood and the hard components under the hood, by
lifting the hood, helps reduce the severity of the head
contact with the hard components under the hood,
thereby reducing HIC values.

CONCLUSIONS

C6Y’s head contact time with the hood was
determined through simulation, and a target device
operation time was set at 60ms or less.

Giving due consideration to the sensing time,
the target deployment time was set at 30ms or less in
this study.

A pop-up hood system was developed,
composed of bumper sensors, link type hinges, and
pyro-actuators. The device operation was confirmed
through tests.

Furthermore, pedestrian dummy tests were
conducted, confirming the effect of the hood lift
operation on dummy kinematics and on injury
values.

The findings are as follows:

1) The hood lift time was within the targeted time of
30ms. With the adoption of pyro-actuators, a rapid
operation speed was actualized.

2) Comparing the test results with and without the
hood lift device operation, there were no great
differences in dummy trajectory, or in head impact
speed. And the wrap around distance was the same.
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3) The effect of the pop-up hood system was a HIC
reduction of approximately 30%, and this was
confirmed through pedestrian dummy tests.
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ABSTRACT

Pedestrian protection has come up to an important
issue. The European Community (EC) has released
a draft law, which mandates manufacturers to
increase pedestrian safety. This law consists of two
phases, beginning in 2005 and 2010 respectively.
To face up with present and future challenges, the
Bosch roadmap of Electronic Pedestrian Protection
(EPP) provides three sensor system generations: a
contact sensor system (EPP1), a system combining
contact sensors and ultrasonic sensors (EPP2) and a
system combining ultrasonic sensors and video
sensors (EPP3). In this paper, we focus on EPP2
and EPP3.

EPP2 uses synergy effects with ultrasonic systems
(e.g. the parking aid) that are well-established on
the market, in order to enhance the classification
performance. In the EPP2 system, the ultrasonic
sensor subsystem generates a feature vector which
carries ultrasonic as well as geometric properties.
This feature vector is combined with that of the
contact sensor subsystem, which gives information
about the mechanical object properties “stiffness”
and “impact energy” of the object. The combination
of the feature vectors leads to an improved and
robust classification, allowing the use of an
irreversible actuator.

In the EPP3 system, the video subsystem
accomplishes pedestrian recognition in a mid-range
ahead of the car and, if necessary, initiates a driver
warning (acoustic, optical). Video-based pedestrian
recognition is achieved by contour analysis, while
tracking of pedestrians is carried out by applying an
extended Kalman filter to active-shape represent-
tations of pedestrian contours. Any time the video
subsystem predicts a pedestrian to enter the ultraso-
nic field-of-view, information concerning direction
of movement and velocity of the respective
pedestrian plus an estimate of the time-to-impact is

transferred from the video subsystem to the
ultrasonic subsystem. The main task of the
ultrasonic subsystem is to verify or reject the hypo-
thesis of pedestrian presence delivered by the video
subsystem.

INTRODUCTION

The year-2000 White Paper of the European
Commission [1] states the target of halving the
number of traffic fatalities on European roads until
the year 2010. In November 2003, a European
directive envisioning the protection of pedestrians
and other vulnerable road users was passed [2].
This directive is made up of two phases becoming
effective in 2005 and 2010 respectively. Models of
new car platforms will then be type-approved only
if they pass defined component tests with
headform- and legform-impactors.

For several car types, the requirements can be
fulfilled with passive solutions (e.g. energy-
absorbing structures at a car’s front end). However,
there are many models where active systems
containing a sensing unit as well as an actuator
element (e.g. an active hood — also called pop-up
bonnet) are necessary.

Active protection systems based on contact sensors
are able to fulfil the use-case tests that are defined
by legislation. Nevertheless, the discrimination of
use and misuse cases represents a challenge due to
the real-world diversity of human beings and
“misuse” objects (e.g. animals or pillars) occurring
in the surroundings of road traffic. Even though this
aspect is not encompassed by the EC directive, it is
of prime importance with respect to customer
satisfaction. Therefore, it is reasonable to think of
systems containing remote-type sensors.

According to Figure 1, the Bosch roadmap of
Electronic Pedestrian Protection (EPP) provides —
besides the contact sensor system (EPP1), which
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EPP3
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Figure 1: Bosch Electronic Pedestrian Protection
roadmap.

will enter the market in 2007 — two further
generations of interlocking sensor systems: a
system combining contact sensors and ultrasonic
sensors (EPP2) and a system combining ultrasonic
sensors and video sensors (EPP3). In this paper, the
focus lies on the latter two of these EPP system
generations.

ELECTR. PREDESTRIAN PROTECTION 2

Motivation

Figure 2 shows a sketch of the EPP2 system. This
system is composed of two subsystems: a contact
sensor system (EPP1) and an ultrasound sensor
system. In order to gain synergies by use of an
existing ultrasound sensor system, the ultrasound
sensors can also be used for e.g. a parking aid
system.

The combination of the contact sensor system with
an ultrasound sensor system leads to three main
benefits:

A) The object features obtained from the
ultrasound sensor system are based on the
reflection behaviour of the object and are thus in
general independent from the mechanical object
features “effective mass” and “stiffness” obtained
by EPP1. These additional object features lead to
an improvement of the object classification.

B) The measured relative velocity v, is a
beneficial information for the EPP1 algorithm: The
use of the relative velocity instead of the vehicle
velocity improves the estimation of the relative
mass of the object.

C) The estimated time-to-impact can be used for a
faster safing functionality of the contact sensor
system — in particular in the case of slow objects
with a low acceleration signal.

uss:

Threshold

US-Pulse
o

yss—USS, Physical
AS AS %
usi- | ] .HSS a measurement

1D-Tracking EPP1
Control
Unit "
= 2D-Tracking signal
5 processing
e Object features ™
s v/ Object features
& - 204 o . w
K eature - Ve signal feature e e
Contact sensor system
Classification: Pedestrian?
—

Yes/No

Figure 2: Sketch of the EPP2 system.

Contact Sensor Subsystem

The contact sensor subsystem EPP1 is based on
acceleration sensors, which are placed in the
bumper cover. This allows to measure the object
impact in a very early stage of the collision (within
10-15ms after the first contact). From the
acceleration signals mechanical object features —
the effective momentum as well as the object
stiffness — are inferred. Additionally, EPP1 uses the
velocity information of the vehicle in order to
estimate the effective mass of the object from the
effective momentum.

Ultrasound Sensor Subsystem

In order to gain synergy with an existing ultrasound
sensor system, we use standard Bosch generation-4
ultrasound sensors (USS4), which are in the market
for e.g. the parking aid system. The sensors are
located at the positions driven by the parking aid
requirements. The USS4 provides a digital signal,
which is obtained from the received analogue
ultrasound echo by comparison with a threshold.
The USS4 has a detection range of about 0.25m to
3m (related to a 7cm-tube).

The ultrasound sensors operate synchronized in
parallel mode at which the time between two
transmitted pulses is chosen stochastically. This so-
called “stochastic coding” enables to use shorter
cycle times down to 20ms even for large detection
ranges and improves the robustness regarding
external ultrasound systems [3]. Furthermore, the
robustness regarding electromagnetic compatibility
and ultrasound of other ultrasound systems is
improved. Finally, this method allows to assign the
received pulse to a transmitting and receiving
sensor, i.e. to split-up the signal into direct and
cross echoes for each sensor (see Figure 3).

The algorithm consists of three modules: a module
for the estimation of the mechanical object features,
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Figure 3: For a set of n ultrasound sensors s;,
..s8y, direct echoes (d;,d,) and cross echoes
(Ki12,kan,K3,) are measured. The stochastic coding
enables an assignment of the measured echoes to
a transmitting and receiving sensor, i.e. to a
direct echo d;; or cross echo k;;.

a module for the estimation of the ultrasound object
features, and a module for the fusion of both
subsystems (see also Figure 2).

The module for the estimation of the mechanical
object features is mainly given by the EPPI
algorithm. For a detailed discussion of the contact
sensor system and the corresponding algorithm be
referred to [4].

The module for the estimation of the ultrasound
object features is based on tracking algorithms, in
consideration of the stochastic coding , which
provides a list of radial distances and velocities for
each channel

The module for the estimation of the ultrasound
object features is based on a stochastic coding
algorithm which provides a list of one-dimensional
object tracks for each channel, i.e., direct echoes d;;
and cross echoes k; (cf. Fig. 5). On basis of these
object tracks ultrasonic object features as well as
the variation of these features are estimated. Thus,
for every object track a feature vector is obtained,
which corresponds to the ultrasound properties of
the concerning object.

The third module uses both the feature vector of the
contact sensor subsystem and the feature vector of
the ultrasound sensor subsystem. Using the
estimated time-to-impact of the object, the
ultrasound feature vector is assigned to the related
impact feature vector. Based on these two feature
vectors a classification of the object is performed.
Due to the fact that the one feature vector is
correlated to the mechanical properties like
stiffness and effective mass and the other feature
vector is correlated to the ultrasound scattering
behaviour — which is in general independent from

Impact velocity by Country
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Figure 4: Cumulative frequency of accidents in
dependency on impact speed. In the range of 20-
50 kph (shaded area) most of all severe injuries
occur.

system in order to calculate the effective mass from
the measured effective momentum. This leads to an
improved classification in cases where the velocity
of the object is large and thus cannot be neglected
by the calculation of the effective mass. The time-
to-impact is needed in order to assign the right
object track — and the right relative velocity — to the
impact signal of the contact sensor subsystem.
Moreover, the knowledge of the time-to-impact
allows to reduce the thresholds of the safing path of
the contact sensor algorithm. This leads to shorter
decision times, in particular in cases where the
object is slow and the signal as well as the safing
signal is small.

Velocity range

EPP2 is designed for a velocity range of 20—
50 kph. This velocity range is founded on
statistical investigations, which show that at
velocities lower than 20 kph slight injuries occur
and an activation of protection systems is not
necessary. For velocities faster than 50 kph, the
impact energy is that large that an activated
protection system does not significantly increase
the chance of survival. Nevertheless, a velocity
range of 20 — 50 kph covers a very large amount of
accidents resulting in severe injuries (cf. Figure 4).
In order to investigate the influence of the velocity
on the performance of the ultrasonic system,
collision tests with a test car and a cube at
velocities from v =10-40kph were performed.
The results shown in Figure 5 demonstrate the
functionality of the system in the required velocity
range.
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Figure 5: Object tracks for velocities from 10kph (upper left) to 40kph (lower right). Even at 40 kph the
cube was detected at 3.5 m and a stable object track was obtained. Note: for lower velocities the object

was detected at a distance of 4 m.

ELECTR. PREDESTRIAN PROTECTION 3

Motivation

Stricter pedestrian protection requirements — as are
currently under discussion for phase 2 of the EU
legislation [1] — may necessitate to initiate an
actuator deployment prior to the impact (e.g. the
extended lifting of an active hood in order to
provide sufficient deformation space between the
deformable hood and non-deformable aggregates
beneath it).

Video technology has a
detection range in comparison to stand-alone
ultrasound systems and possesses a high potential

significantly longer

with respect to the classification of pedestrians and
other vulnerable road users [5,6]. Since video
sensors for traffic applications are commonly
mounted behind the front window, a video-based
observation of entire pedestrian contours is feasible
for distances greater than approximately 4 meters
ahead of the front bumper. However, to have an
enlarged detection range also covering small
distances ahead of the car, a combined approach to
pedestrian detection made up of video and
ultrasound sensors is proposed.

System task

The task is to reliably detect impending collisions
with pedestrians, to give a warning (acoustical,
optical) and, if necessary, to trigger an actuator
(e.g., an active hood) as early as possible before a
contact of a pedestrian with the car front occurs.

Video subsystem
In our combined approach, video technology carries
out the detection of objects, the classification of

detected objects with respect to the classes
“pedestrian” and “non-pedestrian” as well as the
tracking of pedestrians.

Video-based pedestrian detection and classification
is achieved by contour analysis [7], while the
tracking of pedestrians is carried out by applying an
(8]
representations of pedestrian contours [9].

Any time the video subsystem predicts a pedestrian

extended Kalman filter to active shape

to enter the ultrasonic field-of-view, information
concerning direction of movement and velocity of
the respective pedestrian plus an estimate of the
time-to-impact is transferred from the video

subsystem to the ultrasonic subsystem.

Ultrasound subsystem
The ultrasound subsystem provides
verification of the pedestrian data received by the

for a

video subsystem. Moreover, it predicts collision
parameters — in particular the time to impact, the
closing velocity (i.e., the velocity of the pedestrian
relative to that of the car at the beginning of the
collision) — and triggers the actuator(s) — see Fig. 6.

System prototype

As shown in Figure 3, we have equipped a test
vehicle with a stereo-video subsystem and a four-
channel ultrasound subsystem.

The cameras of the video subsystem contain high-
dynamic-range CMOS imagers with a resolution of
512x256 pixels. Video-based pedestrian recognition
is accomplished in a range of up to 25 m ahead of
the bumper at aperture angles of 50° horizontally
and 35° vertically.
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Figure 6: Basic principle of electronic

pedestrian  protection using video and
ultrasound sensors.

Predictive information is transferred via CAN bus
from the video subsystem to the ultrasonic
subsystem. For details concerning the ultrasound
system part, refer to the section above discussing
the EPP2 system.

In comparison to EPP2, EPP3 provides a significant
gain with respect to the forewarn time. According
to our experiments, for a closing velocity of 30 kph,
a final decision concerning the triggering of an
actuator can be taken 150-200ms (i.e., 1-2m) before
the actual beginning of a collision.

First preliminary test results confirm the feasibility
of the chosen system approach. However, possible
solutions regarding the handling of night-time
situations, of partly occluded pedestrians and of
groups of pedestrians have to be investigated in
more detail.

Envisioned time of market introduction

Referring to the EPP roadmap in Figure 1, three key

reasons can be given for a market introduction of

EPP3 in the next decade:

a) Legislation:
Stricter protection criteria are to be expected in
the European Union from quarter 4 of the year
2010 when phase 2 of the EC directive will
become effective.

Video sensor
detection up to 020m

Ultrasound sensors b
detection up to 04m

Figure 7: Positioning of video and ultrasound
sensors in the EPP3 prototype.

b) Technological and  functional maturity:
Video-based safety applications are yet to be
introduced to the market. According to press
announcements of several car manufacturers
and suppliers, this will be done within the next
five years.

¢) Price/ Costs:

Customers are price-sensitive. This is of
particular importance for pedestrian protection
systems, as these do not involve a direct benefit
for the buyer and driver of a car. Price and cost
degradation without sacrificing performance
are expected to be sufficient in approximately
five years. Synergies between safety and driver
assistance will support the required degradation
process.

CONCLUSIONS

On the basis of system prototypes set up in test
cars, we could demonstrate the feasibility of
combined sensor systems for the task of electronic
pedestrian protection.

By use of sensor system fusion, the pedestrian-
recognition performance can be increased and
plausibility can be guaranteed.

However, due to current technological limitations
and complexity of real-world scenarios, it will take
approximately three to five years time until first
system generations based on remote sensors appear
on the market.
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ABSTRACT

In Europe & Japan, new legislation will come
into effect from autumm 2005, which aims to
reduce the number of pedestrian fatalities and
serious injuries .

These pedestrian protection legal requirements are a
new challenge for the automotive industry, deeply
influencing front end styling, package, design & the
complete development process. In the pedestrian
tests for Type Approval, free-flying head, upper &
lower leg impactors will be propelled aginst the
vehicle front end. The vehicle must absorb these
low impact energies by means of a “pedestrian-
friendly soft nose”, to ensure acceptable injury
values. The size & shape of the pedestrian
protection test impact areas are largely determined
by the exterior styling theme.

When satisfying pedestrian protection, other vehicle
requirements, e.g. insurance classification, panel
dent resistance of diverse panels, high speed crash
and hood slam tests must also be fulfilled. During
vehicle development, all these loadcases must be
balanced to produce the best possible vehicle.

The new Opel ZAFIRA 11 is General Motors” first
car worldwide which will provide a “soft-nose
design” to comply with the new legal requirements
in Japan and Europe Phase 1. The ZAFIRA will be
launched in spring 2005.

In the new ZAFIRA 11, specially developed passive
deformation elements absorb impactor energies.
Other components may collapse to decrease
stiffness and increase deformation space. The light-
weight thin steel hood is designed to ensure
decreased acceleration values for the head
impactors together with homogenous hood
stiffness. In the lower bumper fascia area, a spoiler
improves the lower leg impactor kinematics by
reducing knee bending.

This presentation shows the Opel ZAFIRA s
pedestrian protection measures and reports on
Opel’s experience gained in making a car more
pedestrian-friendly.

INTRODUCTION

Major changes to current vehicle fronts are
required to satisfy the proposed (and differing)
legal requirements in Europe, Japan and possibly
other countries, as well as to achieve a good Euro
NCAP pedestrian rating. The aim of the legislation
is to further improve pedestrian protection.

The Opel ZAFIRA II

The Opel ZAFIRA is a mass production
family car in the minivan segment, see Figures 1a
and 1b. It is a seven-seater with a highly flexible
interior and seat system

This is a very important vehicle in the General
Motors Europe / Opel product portfolio and is one
of the top selling vehicles in Europe in its class.
Therefore, it is a significant step for the ZAFIRA 11
to be made compliant with Japan and EU Phase 1
pedestrian regulations.

Figure 1a. The new Opel ZAFIRA II: a seven
seater with a highly flexible seat concept.
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Figure 1b. The new Opel ZAFIRA II

The ZAFIRA 11 is the first vehicle for Opel,
and indeed for General Motors, to be compliant
with the EU Phase 1 pedestrian protection
requirements. Hence, its development was a
considerable challenge for the General Motors
Europe International Technical Development
Center.

This paper will discuss the challenges and the
solutions in some technical detail.

1. Main Legal Requirements and Consumer
Tests

The forthcoming legal and Euro NCAP
requirements define impacts by free-flying
pedestrian impactors — heads of various sizes, lower
leg, upper leg — against the vehicle front.

1.1 Head Impact Definition

The HIC (Head Injury Criterion) is the only
criterion for legal and consumer head impact tests,
see equation (1):

)

ja(t)dt} | (t, —1,)} (D

t2 - tl A

HIC := max {

The EU and Japan have different head impactors
and impact speeds. For both the EU and Japanese
Phase 1 legal requirements, directives 2003/102/EC
[1] and TRIAS63 [2] respectively, the pass criteria
for head impact are as follows:

e HIC<1000 for 2/3 of the impact area
® HIC<2000 for 1/3 of the impact area

In addition, the EU Type approval includes adult
head impact tests against the windscreen, which are
for monitoring purposes. The EuroNCAP
(European consumer) tests [3] for adult head are for
impacts against the hood and other components e.g.
windscreen, A-pillars, fenders.

1.2 Remaining Impact Definitions
In addition to the above head impactor tests,

the EU Type Approval and EuroNCAP each
specify impactor tests for the lower leg and the
upper leg, with the upper leg Type Approval tests
being for monitoring purposes. There are no upper
or lower leg tests for Japan.

1.3 Summary of EU and Japan Legal
Regulations

The definitions of the aforementioned EU and
Japanese Type Approval tests are summarised in
Figures 2 and 3:
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Figure 2. Main EU Legal Requirements
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Figure 3. Main Japanese Legal Requirements

1.4 Summary of Euro NCAP Pedestrian Tests
The definitions of the Euro NCAP (European
consumer) tests, together with the upper and lower
limits for zero-maximum points, are summarised in
Figure 4:
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Figure 4. Euro NCAP Tests
2. Difficulties and Aims

Pedestrian protection basically requires the
following principals:

1. Making available sufficient deformation space,
so that the kinetic energy of the impactor or
pedestrian can be absorbed

2. Making the vehicle structure in these
deformation zones softer so that the necessary
deformation can occur

The following pedestrian loadcases were
considered for the ZAFIRA II development:

® 3.5kgISO Child Head @ 35 kph
(EU Legal Phase 1)

® 4.8 kg Adult Head @ 35 kph
(Monitoring EU Legal Phase 1)

® Lower Leg @ 40 kph
(EU Legal Phase 1 and Euro NCAP)

® Upper Leg @ 700J
(Monitoring EU Legal Phase 1)

® 2.5 kg Child Head @ 40 kph
(Euro NCAP)

® 4.8 kg Adult Head @ 40 kph
(Euro NCAP)

® 3.5 kg Japan Child Head @ 32 kph
(Japan Legal Phase 1)

® 4.5 kg Japan Adult Head @ 32 kph
(Japan Legal Phase 1)

In developing pedestrian protection, it is necessary
to frequently check that other vehicle loadcases and
requirements are fulfilled, including:

® Low speed insurance classification test (soft
nose design can lead to higher damage, hence
higher repair costs)

® ODB crash (hinge integrity)

Hood stiffness (torsion, bending, ..)
Hood dent resistance

Hood slam durability

Hood flutter under aerodynamic loading

Hood hinge stiffness (lateral stiffness, hood
opening and gas spring load)

Hood bumpstop bracket stiffness/ strength
Fender brackets stiffness/ strength

Fender stiffness

Vehicle development always requires optimizing
and balancing a wide range of requirements to
obtain the best possible vehicle. However, this
balance is more difficult for vehicles which are
pedestrian compliant.

3. Development Timing and Process

In the lean General Motors Europe development
process, “Structure Car” prototypes (to check the
basic car structure for performance) have been
rendered unnecessary because of current simulation
capabilities. However, since pedestrian protection is
a new requirement, it was decided to build a
prototype front end buck, the “Architectural Mule
Upgrade”, to examine the new ZAFIRA 11
properties, styling, package and design.

Therefore, in an early project phase, the CAE team
was able to use test results to check the
effectiveness of the pedestrian protection measures
and concepts and to verify the previously non-
validated pedestrian CAE models. This hardware
phase reduced development risks and avoided high
costs for late changes .

The development timing for the ZAFIRA 1I is
shown in Figure 5 below:
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Figure 5. Development Timing

The development process was mainly CAE-
driven, with multi-disciplinary teams to manage
challenges and cross-functional interfaces.
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4. Influence on Front End Styling and Package

The requirements for pedestrian protection had
a considerable influence on the ZAFIRA II front
end styling, front end package and body structure
design, see Figure 6:

Figure 6. Front End Styling Influence

The styling of the ZAFIRA II shows several
changes and optimizations, which were necessary
to make the car compliant with EU Phase 1:

1. Increased bumper overhang to implement
deformation elements in front of bumper
beam

2. Increased hood height to ensure

deformation space

Optimized headlight styling

4. Optimized windscreen front edge sweep to
implement new cowl system for pedestrian
protection

5. Cab-forward windscreen and A-Pillar
position to stylistically compensate for
increased hood height and increased
bumper overhang

6. Moved forward lower bumper fascia area
to control lower leg kinematics

hed

5 Lower Leg Design in Opel ZAFIRA 11

5.1 Design Overview

The main requirements for pedestrian lower leg
protection are to minimize the knee bending angle
and the tibia acceleration of the lower leg. If the
lower leg acceleration and bending requirements
are satisfied then, in practice, so is the shear
displacement.

There were two key elements implemented in
the Opel ZAFIRA 1I for pedestrian protection:
e Energy-absorbing components
e A system to control the leg kinematics

The following measures have been developed for
lower leg protection, see Figure 7 and the
associated list below:

Figure 7. Lower Leg Impact Design

1. Optimized low-density pedestrian
protection foam in front of a stiff
aluminium bumper crossmember to absorb
the impact energy, together with sufficient
deformation space to avoid the impactor
hitting the stiff, aluminium bumper
crossmember or the foam bottoming out.

2. Optimized and elongated upper bumper
support to stabilize the bumper fascia and
to avoid the support being pushed
backwards with bottoming out.

3. Interface bracket to firmly mount the
Lower Bumper Stiffener to the front axle
tube.

4. Optimized, ribbed, plastic lower bumper
stiffener, firmly mounted to the chassis
and bumper fascia, to control the leg
kinematics by reducing knee bending.

Figures 8 and 9 illustrate the lower leg kinematics
and performance:

Figure 8a. Lower Leg Kinematics in Opel
ZAFIRA 1II: Section through Center Line at
Time =0
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Figure 8b. Lower Leg Kinematics: Section
through Center Line at Time = Rebound

Speed: 40 kph
Angle:  ©°

Figure 9. Lower Leg Kinematics, Acceleration
and Knee Bending for the Opel ZAFIRA I1

5.2 Benefits:

e Enables compliance with EU Phase 1
requirements (in advance of this law coming
into effect)

Optimized energy absorption capabilities
Controlled lower leg kinematics

Minimised knee bending angles

Minimised tibia accelerations

Minimised shear deformations in knee

6. Head Impact Design in Opel ZAFIRA 11

6.1 Design Overview

To achieve the desired pedestrian head impact
performance required considerable changes to the
previous ZAFIRA I hood and the associated
components. The main principles of the head
protection design were:

® Optimized energy absorption capabilities

® Deformation space provided by optimized
engine bay package and diverse deformable
systems

The main elements of this design for head impact
are illustrated in Figure 10 and listed below:

Figure 10. Overview ZAFIRA II Design for
Pedestrian Head Impact

1. Thin steel hood with homogeneous, optimized

“muffin tin” design for the hood inner panel

Cut-out hood flange

Thin steel fender with optimized cut out design

Lowered brace wheelhouse

Deformable hood hinge

with cranked beam integrated fender bracket

rear

Deformable fender bracket front

Deformable bumpstop bracket outer

Deformable bumpstop bracket inner

Deformable multi-part plastic cowl system

0. Plastic service panel with planned fracture
points under pedestrian impact loading

11. Lowered front upper and front side

Nk

=0 20N

6.2 Benefits:

¢ Enabled fulfillment of EU Phase 1 and Japan
requirements (in advance of these laws coming
into effect)

e  Sufficient deformation space available to
enable absorption of impact energy

®  Avoidance of hard points which could worsen
head impact injuries.

Minimised head accelerations
Minimised HIC values

This performance is illustrated in Figure 11:
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Figure 11. Head Impact Performance for Opel
ZAFIRA 11

6.3 Hood Design

The ZAFIRA 1I has steel inner and outer hood
panels, which are of lower gages than the ZAFIRA
1, to enable softer deformation behaviour under
head impact. The hood was designed to have
homogeneous stiffness for more uniform head
impact characteristics, with an optimized “muffin
tin” design for the hood inner panel.

This new concept has a further advantage: in
addition to the benefits for pedestrian protection,
the ZAFIRA II hood has lower mass than the
ZAFIRA 1, due to the thin steel design. This is
summarised in Figure 12 and Table 1 below:

hood outer

hood inner

Figure 12. ZAFIRA 11 Hood

ZAFIRA 1 ZAFIRA 11 ZAFIRA 11
Mass Saving
Hood outer 0.8 mm 0.6 mm 26 %
panel gage
Hood outer 0.7 mm 0.5 mm 18 %
panel gage

Table 1. Mass saving for ZAFIRA II Hood
compared to ZAFIRA 1

Some aspects of the pedestrian measures in the new
ZAFIRA II will be discussed in more detail below:

6.4 Hinge Design

The hinge area is of particular interest when
designing for head protection, because of the high
stiffness in this region. The hinge area was part of

the 1/3 zone with HIC < 2000, as it was not feasible
to reduce the HIC to 1000 in this area.

The new hinge design for the ZAFIRA II is shown
in Figure 13 and summarised below:

1. The body-side hinge part deforms easily in
planned folding, absorbs energy and reduces
the impactor’s acceleration.

2. The cranked beam integrated fender bracket at
the rear deforms downwards, absorbs energy
and softens the fender behaviour to reduce the
impactor’s acceleration.

3. The hood-side hinge part bends slightly and
transfers vertical loads into the pivot point.

Figure 13. ZAFIRA II Hinge

The development of the hinge design involved
balancing different requirements:

® Pedestrian protection for head impact
(structure must collapse, with low vertical
stiffness)

Hinge lateral stiffness

Fender stiffness (vertical and lateral stiffness
targets, with no plastic deformations allowed)

® High speed front impact (hinge integrity must
be maintained to prevent hood intrusion into
the windscreen)

® Insurance test (minimal hood translation,
rotation and plastic deformation)

® Hood opening (end stop to prevent the hood
opening too wide)

®  Body shop assembly (tolerance balance,
height adjustability)
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To optimize the hinge for pedestrian head impact,
while still satisfying the other requirements, the
following measures were developed, see Figure 14:

1. Increased material thickness to improve lateral
hinge stiffness.

2. Turned edge on hood-side hinge part to
increase buckling strength in low-speed
insurance classification test (less hood rotation
and translation).

3. Turned edge on body-side hinge part to
increase buckling strength in insurance test
(less hood rotation and translation).

4. End stop to prevent the hood being opened too
wide.

5. Fold initiator for easy deformation in head
impact loadcase.

6. Cranked beam integrated fender bracket rear
to deform downwards in head impact loading.

Figure 14. The ZAFIRA Hinge Optimized for
Pedestrian Head Impact

6.5 Fender and Bumpstop Design

The fender and bumpstops are also usually difficult
areas for pedestrian head protection, because of
their high local stiffnesses. The ZAFIRA II has
energy-absorbing brackets in this region which
were optimized for head impact and other
requirements.

The main design measures for the ZAFIRA 11
system are listed below and illustrated in Figure 15:

1. The fender brackets deform downwards, absorb
energy and enable reduced head accelerations
(see rear fender bracket in Figure 13 and front
bracket in Figure 15).

2. The bumpstop brackets also deform to absorb
impact energy and reduce head accelerations.

3. The fender (blended out of the picture) is made
of thinner steel than in ZAFIRA 1, to help
reduce the stiffness in the region, but it remains
sufficiently stiff to withstand normal service
requirements.

Figure 15. The ZAFIRA II Fender and
Bumpstop Brackets

Impact on Insurance Classification/ Repair
Costs

7.1 Overview of Insurance / Repair Costs

When developing pedestrian protection
measures, other loadcases must always be
considered, in particular the low-speed insurance
classification test. The main reason for this is the
inclusion of a deep, low density foam (30 g/I)
positioned in front of the aluminium bumper
crossmember, laterally across the vehicle, see
Figure 16 :

Figure 16. Vehicle front, with and without
pedestrian leg impact protection: positioning of
low-speed energy absorption system in relation
to key components

For styling reasons, the vehicle cannot simply
be elongated, by putting the pedestrian foam in
front of the low-speed energy absorption system.
Therefore, in the ZAFIRA 1I, the headlights, hood,
etc have been moved forward to achieve a stylish
and dynamic appearance. These components are
much further forward than usual with respect to the
low speed-energy absorption system and hence the
risk of their being damaged is much higher.
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Additionally, the pedestrian foam reduces the
efficiency of the low speed energy absorption
system, so that in the insurance test, the barrier
intrusion is higher. Hence, without further
measures, the vehicle damage and the repair costs
would increase, which would worsen the insurance
classification.

To compensate for the effects of pedestrian
protection, several measures were implemented in
the Opel ZAFIRA 1I, some of which are shown in
Figure 17 and listed below:

Figure 17. Front End Design to Compensate for
Pedestrian Protection

1. Shear-stiff fender bracket to avoid the fender
being pushed into the front door

2. Capture bracket to prevent the headlight being
pushed outwards into the fender

3. Bolted upper and lower radiator brackets with
load limiter

4. “Pushing bracket” for Lower Bumper Stiffener
to improve radiator kinematics

5. Hood hinge measures (see section 6.4 and
Figure 13) to decrease hood rotation and
translation, hence avoiding paint damage to the
fender on the non-impacted side

7.2 Benefits:
Low front end damage

Minimised effect of pedestrian protection on
insurance classification

Reduced risk of radiator leakage
Reduced spare part and labour costs
Simplified repair after crash

Improved insurance classification

The performance of the ZAFIRA II in the front
insurance test is illustrated in Figure 18:

Speed: 15 kph
Angle: 0°
Offset: 4
Barrier: rigid

Figure 18. Insurance Test Front Impact
Performance of the Opel ZAFIRA 11

8. Influence on Hood and Fender Stiffness

8.1 Stiffness in Upper Fender Region

The soft fender attachments meant that the vehicle
had to be further developed for additional
loadcases, which conventional vehicles (without
these advanced pedestrian protection measures)
would automatically fulfill.

For example, during production assembly and later
during servicing or repairs, a mechanic would
probably lean on the fender when working on the
engine compartment, see Figure 19. Additionally,
anybody might lean against the fender or push the
vehicle from the fender. Under these loadings, no
unacceptable elastic or plastic deformations should
occur.

Figure 19. The Opel ZAFIRA II Fender:
expected loading under maintenance / repair
work
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Accordingly, the geometry and dimensions of the
fender brackets were balanced and optimized
between these loadcases and the pedestrian
protection requirements.

It should be noted that this fender region could only
satisfy HIC < 2000, not HIC < 1000.

Among other measures, this balance was achieved
by making use of the material properties of mild
steel: The low yield point of the mild steel fender
brackets enables higher material thicknesses and
therefore higher elastic stiffnesses for the linear
elastic loadcases, while the brackets readily deform
plastically under pedestrian head impact.

8.2 Hood Stiffness

The thin steel hood caused problems with the
buckling and polishing strength of the hood outer
panel. In particular, it was necessary to ensure that
the front surface of the hood, where someone might
press to close the hood, did not buckle under this
type of loading.

To prevent such buckling and to support / stiffen
this hood front area, the following measures were
implemented, see Figure 20 and the list below:

1. Three tabs were formed on the hood inner
panel and bonded to the hood outer

2. A small adhesive strip, applied by robot, was
added to the undersurface of the hood outer
panel.

Figure 20. Thin steel hood of the Opel ZAFIRA
11

With these measures, a balance was found to ensure
good pedestrian protection performance and to
allow weight reduction. The area-specific mass (the
ratio of mass to area) of the hood was improved by
11% compared to the ZAFIRA 1.

8.3 Hood Bumpstop Brackets
The bumpstop brackets were dimensioned to
achieve the following requirements:

® Deformation under pedestrian head impact
Compliance with fatigue and durability targets

No plastic deformation with the hood slam test,
see Figure 21:

Figure 21. Hood Slam Test Performance

8.4 Hood Flutter

At high speeds, high aerodynamic loads are
produced on the thin steel hood structure which
may cause the hood trailing edge to flutter. To
prevent this flutter, the entire rearmost “muffin tin”
row of the hood inner panel was bonded to the outer
panel.

9. CAE and Test Activities

Pedestrian protection measures for the new Opel
ZAFIRA II were developed and optimized by
means of detailed CAE modelling and then verified
by an extensive test program at different stages.

9.1 CAE Challenges
Pedestrian CAE has particular difficulties compared

to CAE for “standard crash”, i.e. impact with a
barrier or another vehicle:

®  Since the kinetic energy is only about 1% of
that in a typical barrier impact, the degree of
CAE accuracy and refinement required is even
higher than that for standard crash.

® The accuracy required for head impact
simulation is even higher for two reasons
caused by the HIC definition: the acceleration
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is raised to the power of 2.5 and the HIC time
window is very sensitive to the curve form.

® Pedestrian injury is often heavily influenced by
either very small components, e.g. screw heads,
or components made from plastic or rubber,
e.g. cowl, headlights, hoses. Such components,
which do not play a significant role in standard
crash, are therefore not normally present in
their CAE models, or are not modelled in such
detail.

® [t is very difficult to obtain adequate material
data for important non-metallic materials,
particularly plastics, which are often
anisotropic, heavily strain rate-dependent and
susceptible to fracture.

® Material fracture of plastic components, e.g.
cowl, headlights, may significantly affect local
behaviour. However, such fracture is difficult
to predict reliably and simulate, even when
suitable material test data is available, since the
material laws and algorithms in the commercial
crash codes are not fully adequate for this.

® Pre-stressing of critical components, e.g. of the
hood outer, may affect behaviour and this is
also very difficult to simulate, particularly
when performing a large number of
simulations under time pressure, as is the case
during vehicle development.

® The behaviour of some components, such as
hood and fender, are particularly influenced by
the forming process, which should be included
within the CAE modelling.

9.2 Test Challenges

As with CAE, pedestrian impact brings additional
problems compared to standard crash. Test
variability (most importantly, the injury values),
particularly for leg impact, is higher than for
standard crash, since there are a large number of
sensitive parameters — all interacting - which can
significantly affect the behaviour:

® Variables within the impactor itself, such as the
knee ligament and the foam “flesh”
characteristics for the leg impactor and the
rubber skin for the head impactors.

® Allowed tolerances within the test setup, for
positioning, speed, angles etc.

® Thickness, geometry and material tolerances
for prototype parts together with hand-built test
bucks during the vehicle development further
increase the variability, particularly since
prototype materials can be very different to
production ones.

9.3 CAE and Testing during Development
Pedestrian simulation requires a sophisticated
integrated model, i.e. detailed modeling of both the
pedestrian impactor and the vehicle, together with
the complex vehicle / impactor interaction. Thus,

the FE model must contain both the pedestrian
impactor and the relevant parts of the vehicle front.

The ZAFIRA II pedestrian protection CAE model
consisted of the complete vehicle front, containing
all components from bumper to A-pillars and
windscreen, including the relevant engine bay
components and structure.

Model details for pedestrian CAE:

®  Approximately 450,000 elements for the
vehicle front

®  All components within the expected
deformation zone were modelled accurately,
meshed exactly on the CAD data, with full
geometric, material and kinematic properties

o Key components were modelled in particular
detail, with 2-5 mm element length and strain-
rate dependent material properties, e.g. the
complete hood, hinge, lock, bumpstops, upper
fender, fender brackets, cowl, service panel,
wiper system, headlights, lower bumper
stiffener, bumper fascia, bumper foam.

® Data was obtained from dynamic material tests
for important plastic components, such as the
fascia, grill, lower bumper stiffener, headlights
etc.

This vehicle pedestrian CAE model, with the most
important components highlighted, is shown in
Figure 22:

Figure 22. The ZAFIRA CAE Model for
Pedestrian Simulation: section through center
line. Key components are shown as red.

A large number of different impactor positions
were simulated to predict injury values for the legal
and EuroNCAP head and lower leg impacts, as well
as to develop optimisation measures.

Figure 23 illustrates the number of impact positions
for the different pedestrian loadcases:
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Figure 23. The ZAFIRA II Pedestrian Impact —
Key Points (White) Investigated by CAE

The very large number of impact positions
necessary to determine the legal and Euro NCAP
status at each stage placed very heavy demands on
CAE manpower and CPU, as well as on the team
performing the hardware tests. The creation of
CAD data for all the different impact areas also
required considerable CAD experience and
detailled understanding of the complex impact area
definitions for the different requirements.

Pedestrian CAE validation is difficult and critical
hardware tests must be repeated to obtain reliable
results.

Therefore, extensive hardware concept
confirmation at a number of stages is vital for
pedestrian protection development. The critical
impact positions for the ZAFIRA II were later
validated by hardware tests at 3 stages:

1. Pre-concept studies
Architectural Mule Upgrade (to check basic
concepts and architecture for pedestrian
protection)

3. Integration Car (to confirm production-near
concepts)

4. Validation Car (final confirmation before
production car and also for Type Approval)

Opel has installed a sophisticated setup including
the BIA pedestrian testing equipment, to perform
all legal and NCAP pedestrian tests in-house at
Ruesselsheim, Germany.

SUMMARY / LESSONS LEARNED DURING
ZAFIRA 11 DEVELOPMENT

The ZAFIRA II has achieved pedestrian
compliance in advance of future legislation, while
achieving a dynamic vehicle styling. With this, its
first vehicle to be compliant with pedestrian Phase
1, General Motors Europe has taken an important

step in pedestrian protection and gained
considerable knowledge for future vehicle
development:

® There are considerable difficulties in the
integration of pedestrian protection into a
vehicle without sacrificing other normal in-
service requirements.

® Pedestrian protection has a significant effect on
other loadcases e.g. low-speed insurance,
fender stiffness, hinge stiffness, hood slam etc.

® Pedestrian development affects most areas of
vehicle development. Hence, an experienced
multi-disciplinary team, drawing from many
departments, such as the ZAFIRA development
team at Opel ITDC, is essential. Of particular
importance is the close cooperation between
simulation, test, design and styling. Pedestrian
protection is very sensitive to styling and
package changes.

® The CAE confidence level is insufficient to
reliably predict results at all the necessary
impact positions. However, CAE is an essential
tool in developing pedestrian measures,
enabling the development team to understand
and analyse the vehicle structural behaviour in
detail.

® CAE front-loading avoids late and costly
design change.

® Non-metallic materials play a significant role
in pedestrian impact behaviour and it is very
difficult to obtain sufficient data for CAE, e.g.
anisotropic, strain-rate dependent stress-strain
curves for plastics”’, with fracture criteria.

® Significant pedestrian development without
hardware is currently impossible. Due to test
variability and CAE limitations, extensive
hardware tests (requiring expensive prototype
builds) are necessary for concept confirmation,
or to indicate non-compliant areas well before
starting the production tooling.

® There is often high test variability for
pedestrian impact tests; hence tests at critical
impact positions must be repeated at least once
for reliable results.

® The selection of impact positions must be made
separately for the different pedestrian
impactors and speeds and must also be updated
after each relevant styling or package change.
The creation of CAD data for the different
impact areas, especially for head impact, is
very complicated, requiring detailled
knowledge of the different impact area
definitions and extensive checking.

® The large number of impact positions and the
different pedestrian loadcases for the EU,
Japan and Euro NCAP created a tremendous
additional volume of work for the CAE and
test engineers, which required very substantial
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manpower, CPU and hardware resources to
complete.

®  With simulation front-loading, the ZAFIRA II
has been successfully developed to comply
with Japan and EU Phase 1 pedestrian
requirements, in advance of legislation coming
into effect.
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[1] European Directive 2003/102/EC
[2] Japanese Directive TRIAS63
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DISCLAIMER

This presentation is solely provided for the
purpose of scientific discussion of the main tasks
and concepts in order to implement national and
international legal requirements related to
pedestrian protection efforts in automotive
engineering. This presentation explicitly does not
cover all and any engineering and design issues
around Pedestrian Protection efforts; it is not to
be construed to being an engineering manual, to
provide any specific or ultimate solution nor to
represent a certain engineering decision by
Adam Opel AG., its subsidiaries and affiliates
and / or any reasons for such decisions.
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Abstract

In Japan, pedestrian accidents account for about 30%
of traffic accident mortality. Head injuries are 60% of
the cause of death in pedestrian accidents. Therefore,
the pedestrian head protection performance test using
adult and child head impactors has been conducted in
J-NCAP since 2003.

The testing method was created based on the Japanese
laws and regulations and proposals made by IHRA
pedestrian WG. However, taking into consideration the
distribution of the head impact positions for vehicles in
the accident data, the impact area was extended to the
windshield section (windshield, A-pillar, roof front
edge, etc.). In addition, in order to cover a larger
number of accidents, the impact velocity of the head
impactor was set at 35 km/h, approximately 10%
higher than the legal requirement.

The evaluation method was created based on the
Euro-NCAP method. In order to more minutely
evaluate the vehicle safety performance, the number of
areas was increased in comparison with that used in
Euro-NCAP. Moreover, in order to clearly evaluate the
difference in the vehicle safety performance, a sliding
scale was adopted to convert the injury values ranging
from HIC650 to HIC2000 to the score. A vehicle is
evaluated according to a 5-stage evaluation system
from the total score of all the areas. In the 5-stage
evaluation system, each stage was determined based on
the AIS4 injury probability.

In 2003, 19 vehicles were tested, and 4 vehicles were
tested in the first half of 2004. The distribution of the
evaluation results classified as levels 1 to 5 (the higher
the level, the better the pedestrian protection
performance) indicated that 7 vehicles were at level 3,
13 vehicles were at level 2, 1 vehicle was at level 1,
and none for levels 4 and 5. In general, the HIC value
was higher in the section close to the side of the vehicle
and the window frame.

Analysis of Pedestrian Accidents

In order to understand the actual situation of pedestrian
accidents in Japan, the accident data was analyzed.

Occurrence of Pedestrian Accidents
Figure 1 shows the distribution of the number of
casualties and fatalities from automotive accidents that

occurred during 2001 in Japan ',

964
0%

176819
15%

Number of casualties
1,180,955

183043
15%

Figure 1 Number of casualties and fatalities from automotive
accidents (ITARDA: 2001 Statistical Yearbook on Traffic
Accidents)

Pedestrian accidents account for 7% of the total in
terms of casualties, which are comparatively minor.
However, in terms of fatalities, they occupy nearly 30%
of the total or more than 2,400 persons only next to the
fatalities while riding in vehicles.

Figure 2 shows the mortality
fatalities/number of casualties) by state.

(number  of
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Mortality (%): (Number of fatalities/Number of casualties x 100)
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0
Two-wheeled vehicle Bicycle Walking Other

Figure 2 Mortality by state (ITARDA: The 2001 Statistical
Yearbook on the Traffic Accidents)

Automobile

The mortality of pedestrians is the highest at nearly 3%,
or about 6 times as high as the counterpart for while
riding in the vehicle.

Therefore, judging from the fatalities and the mortality,
we can understand that we need protective measures
for pedestrian accidents.

Table 1 indicates the distribution of the types of
vehicles involved in the pedestrian accidents.

Death Serious injuries Minor injuries

Gersons) | (38) | (persons) | (96) | (persoms) | (9%)
Large passenger vehicle  Bus 12 08 37 0.4 284 05
Microbus 5 03 19 0.2 100 02
rdinary passenger vehicle 1Box] 116 62 061 56 3023 0g
Sedan] 745 400 4576 45.6 24680 476
RV 87 47 322 3.2 1567 30
Light vehicle Sedan 125 6.7 920 9.2 4422 85
Others 18 10 157 1.6 749 1.4
Trailer 17 7 04 16 0.2 37 0.1
T<x=1T 0 00 3 0.0 3 00
=Tt 0 00 3 0.0 6 00
Dump truck  8t= 26 14 57 0.6 100 02
<8t 17 09 49 0.5 118 02
Truckmizer St= 5 03 9 0.1 7 00
<8t 1 01 4 0.0 14 00
TanTruck St= z 01 7 0.1 1 00
<8t 3 02 7 0.1 9 00
Truck 20t= 30 16 43 0.4 85 02
8t=x<20t 46 25 80 0.8 162 03
Tt= 8t 74 40 134 1.3 448 09
35t<x< Tt 68 37 264 2.6 1283 25
28t<x=35t 46 25 147 15 628 1.2
=28t 68 37 267 2.7 1480 29
Light van 42 23 239 2.4 1352 26
Lighttruck  Lightvan 49 28 329 33 16338 30
Others 181 97 780 7.8 3807 73
Motorcycle  NMotor bicycle 23 12 537 5.8 4220 81
Motoreyele 57 31 400 4.0 1506 29
Others 8 04 19 0.2 147 03
Total 1861 1000 10036 100.0 51800 1000

Table 1 Distribution of vehicle types involved in accidents

The state of the distribution shows that most accidents
were caused by sedans of standard size accounting for
40% of the total vehicles. When vehicle types (in bold
font) subject to the test method under the Japanese
regulations are included, they account for 77 %.

Analysis of Types of Injuries

Figure 3 shows the regions of injury by the level of
pedestrian injuries cited from the general data held by
ITARDA for 1993 to 2000\

Component ratio (%)
151,518 cases
0.3%

122,875 cases

24,396 cases

4,247 cases
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0

Death

Figure 3 Pedestrian regions of injuries (ITARDA: The 2001
Statistical Yearbook on the Traffic Accidents)

Total Minor injurics _ Serious injurics

Legs have the highest ratio for serious injuries,
accounting for over 50% of the total regions of injuries.
On the other hand, in the case of fatalities, the legs hold
a small ratio while heads occupy 60%. Compared with
the fatalities, serious injuries involve a greater number
of cases. Therefore, to take measures for a number of
serious injuries, it is necessary to reduce injury to the
legs. Conversely, we find that a reduction of head
injuries is necessary as the measures for reducing
fatalities, which have fewer cases but of a more serious
level of injuries.

Figure 4 shows the cumulative percentage of the
vehicle impact velocity involving the pedestrians’ death
and serious injuries cited from the ITARDA data of
accident cases for 1993 to 2001. The data covers only
those subject vehicles, excluding large trucks, whose
impact velocity at the accident could be estimated.

Cumulative component ratio (%)
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Impact velocity (km/h)
Figure 4 Cumulative percentage of vehicle impact velocity
involving death and serious injuries of pedestrians
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The Japanese legal test method sets the impact
conditions by setting the vehicle impact velocity at 40
km/h. The figure shows that approximately more than
60% of the traffic accidents occurred at this velocity. If
the impact velocity is raised by 10% to 44 km/h, the
coverage ratio of the accidents rises to 70%
approximately.

Analysis of Head Impact Position

Figure 5 shows the pedestrian head impact positions at
different impact velocities of the vehicles causing the
accidents. The velocity range was classified into 3
levels of under 30 km/h, 30 to 50 km/h, and over 50
km/h in consideration of the vehicle impact velocity
(40 km/h) expected in the head impact test.

O AIst12
Anisss
W ass6

(a) Under 30 km/h (b) 30-50km/h (c) Over 50 km/h

Figure 5 Head impact position for bonnet type vehicles

In the case of a vehicle impact velocity of under 30
km/h, minor injuries of AIS1 or 2 frequently occur
except in the vicinity of the edge of the bonnet where
injuries of AIS3 and over occur.

In the case of a vehicle impact velocity of 30 to 50
km/h, injuries of over AIS3 tend to occur at the edge of
the bonnet, near the strut tower, and in the vicinity of
the window frame and A-pillar.

In the case of the vehicle impact velocity of over 50
km/h, the percentage occupied by minor injuries of
AIS1 or 2 drops and the higher level of injuries tend to
occur near the center of the bonnet and at the
windshield.

Setting of Test Method

The test method was set based on the actual condition
of Japanese traffic accidents and the examination
results of related matters domestic and overseas. As
shown in Figure 3, Japanese data on the pedestrian
accidents indicates the head as the top region of
injuries causing the pedestrians’ fatalities, while
serious injuries mostly occurring to the leg region. On
the other hand, regarding the discussion on the test
method for the head, examinations have been almost
completed with [HRA and the Japanese test method
based on it. Regarding the leg region, however,
discussion still goes on.

Under the circumstances, while the J-NCAP pedestrian

protection performance test is intended to reduce
injuries of both the head and leg regions, it has been
decided to conduct tests on the head for the time being
since this region has acquired consensus domestically
and overseas.

In the current test method, specifications for the
impactors (165 mm in diameter and 3.5 kg in weight
for a child and 165 mm and 4.5 kg for an adult), child
and adult ranges of impact (WAD 1000 to 1700 mm for
child, and WAD 1700 to 2100 mm for adult), setting
procedures for impact area, etc. were determined based
on the test method described in the Japanese
regulations. The following modifications were made,
however, to understand the vehicle safety performance
more in detail and clarify the performance difference
among the vehicles.

Adult head impactor
(4.5kg)
Child head impactor
(3.5kg)

WAD 1700~~2100mm

Qi
-

)\=

Figure 6 Test method under Japanese regulations

WAD 1000~~1700mm

‘Wrap Around Distance

(WAD) ~_

Impact Area

As it is thought effective to improve the head

protection performance of the vehicle in these positions,
J-NCAP specifies the impact range to be between
WADI1000 to 2100 in principle and includes the
windshield and window frame in the impact area,

which was excluded by the Japanese legal test method.
In addition, it made the following examinations of the
impact area according to this precondition.

Examination of Rear Edge of Impact Area
The rear edge of the impact area shall be WAD 2100

mm.
The rear section was not included in the impact area
because no injury cases were reported as caused by the
roof although the accident data has some cases of
injuries by the roof edge. Incidentally, Euro-NCAP'*!
and other test methods call for no roof test, and there
exists no impact condition to which an international
consensus has been obtained.

The boundary between the roof and windshield is
defined as the line in the latitudinal direction of the
vehicle consisting of the contact points between the
line inclined at 75° rearward from the vertical line and
the top of the window frame in the vertical section
parallel to the longitudinal axis of the vehicle.
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Figure 7 Boundary between roof and windshield

Examination in vertical direction

In a vehicle having an almost flat-formed front, WAD
and the pedestrian height roughly coincide, but it is
thought that pedestrians having a height of 2100 mm
are rare. Moreover, if impacted by such a vehicle, it is
hard to think that the head impact position shifts
upward. Therefore, it was necessary to examine a
limitation in the direction of height. Accordingly, it
was decided to make the vehicle height of 1900 mm as
the rear edge of the impact area as adopted by IHRA.

1900m m
Lﬂ“h/—\
O Illur

Figure 8 Limitation of height of impact area

Examination of Leading Edge of Impact Area

It is decided to make the front edge of the impact area
to be WAD1000 mm. In addition, the same method
will be used for setting the bonnet leading edge
reference line as defined by the test method under the
Japanese laws and regulations.

WAD1000mm

Figure 9 Leading Edge of Impact Area

Examination of Leading Edge pf Impact Area
Regarding the evaluation of the sides around the bonnet,
if impact is given to a sharply slanted section such as
the fender, the impactor may show a sharp behaviour in
the latitudinal direction that is impossible with a human
body, possibly preventing proper evaluation. Moreover,
it is likely that the impactor would be damaged after
rebounding. In this respect, the longitudinal line
(bonnet side reference line, Figure 10) along which the
fender inclines inward at 45° is defined. The line
entering inward from this line by half of the diameter
of the impactor (82.5 mm) will be the side edge of the
impact area (Figure 11). Regarding the surrounding of
the windshield, the A-pillar is included in the impact
range.

Figure 10 Bonnet side reference line
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Bonnet side reference linc Bonnet side reference line

Impact area side edge
Impact area side edge

Figure 11 Bonnet impact area side edge

Impact Speed and Angle

Regarding the impact conditions, the vehicle impact
velocity was set to 44 km/h, 10% higher than the
Japanese legal test method requirement. This velocity
setting raises the coverage ratio to approx. 70% (Figure
4) in the accidents causing fatalities and serious injuries
of pedestrians.

Tables 2 and 3 outline the recommended impact
conditions for adult and child impactors by IHRA. We
have set the impact condition as follows based on this
data:

Tar Wpactspeed
Shape e 30kn /h ————
Comilor ead i pact vebc ity ead i pact ang
Gam /h) eg.
Bonnet Windshield | BLE/Grile Bonnet Vidshildl | BLE/Grile
Sedan+ | 216 +/- 30 ne nc .1 +/- 08 ne e
Suv 213 +/- 12 ne 213+/-60 | 556+/-55 ne 260 +/- 75
one box | 201 +/- 06 ne 219+/-51 | 475+/-28 ne 203 /- 80
Tar Wpactspeed
Shape - - 40km /h -
Shape Mead W pact vebo iy Tead i pact angk
G /h) deg)
Bonnet Vidshill | BIE/Grilb Bonnet Vadshill | BLF/Grle
Sedan + | 300 +/- 40 e e 6.0 +/- 63 ne e
Suv 272 +/- 16 ne 320+/-36 | 592+/-26 ne 225 +/- 42
one box | 276 +/- 08 ne 332+/-32 | 498+/-18 ne 1744/~ 61
Tar mpactspeed
Shape - - 50km /h .
Ohape Tead W pact vebe iy Tead n pact angk
&m /h) deg)
Bonnet Vidshill | BLE/Grike Bonnet Wndshiel | BLE/Grilk
Sedan + | 385 +/- 50 e e 652 +/- 65 ne ne
Suv 340 +/- 15 ne 445+/-10 | 619+/-38 ne 18.1 +/- 38
One box | 360 +/- 05 ne 465+/-20 | 474+/-21 ne 148 +/- 36

nc:No contact, *' Chil headform n pact test conditions,
Lirear ntemretatbn to be used to detem he inpact conditins for -betveen speeds if reauied.

Table 2 Impact conditions for child impactor

Tar mpact speed
§ 30kn /h
Shape Tead mpactveboly Tead i pact angk
orrror lan /h) (deg)
Bonnet Whdshiedl | BLE/Grile Bonnet Whdshield | BLE/Grile
Sedan + | 23.7 +/-60 | 213 +/-54 ne T83+/-56 | 488+/- 9.9 ne
suv 264 +/- 36 ne ne 738 +/- 215 ne ne
0 ne box nc 204 +/-36 nc nc 551 +/- 104 ne
Car mpact speed
; 40kn /h
hape Tead mpact vebely Toad 7 pact angk
omrer an /h) (deg)
Bonnet Windshied | BLE/Grile Bonnet Wndshied | BLE/Grile
Sedan + | 304 +/-72 | 352+/-68 ne 660 +/- 140 | 384 +/- 109 ne
suv 308 +/- 88 ne ne 76.7 +/- 222 ne ne
0 ne box nc 29.6 +/-3.2 nc ne 473 +/-96 ne
Tar mpact speed
Shape S0k /h
H Head mpact vebcity Head i pact angle
Corrilor tan /h) deg)
Bomnet T indshiell | BLE/Grilk Bonnet Widshiell | BLE/Grile
Sedan + | 375 +/- 95 | 465 +/- 11.0 ne 568 +/- 115 | 335 +/- 113 e
suv 395 +/- 11.0 ne ne 735 +/- 252 ne ne
0 ne box ne 430 +/-60 ne ne 384+/- 123 ne
*he:iNo contact, ™ Adult headform in pact test conditions,

X[ hear iiterpretation to be used to detem e in pact conditbns for i-betv een speeds if required.

Table 3 Impact conditions for adult impactor

Test Conditions for Bonnet

Observation of the head impact velocity data at the
vehicle impact velocities of 40 km/h and 50 km/h in
Tables 2 and 3 indicates a tendency where the head
impact velocities tend to be 80% or slightly less of the

vehicle impact velocity. Therefore, if the vehicle
impact velocity is set at 44 km/h, the desirable head
impact velocity would be 35 km/h being approximately
80% of the vehicle impact velocity.

Moreover, when the head impact angles are observed at
vehicle impact velocities of 40 km/h and 50 km/h, no
major difference is observed except with the adults for
sedans. Even in the case of the adults for sedans, the
impact angle is presumed to be between 62 and 63°.
Consequently, the head impact angle should desirably
be tested under the same impact conditions as the legal
Japanese test method.

Test Conditions for Windshield And Wind Frame
IHRA defines no boundary between the bonnet and
windshield. In the case where the head of a pedestrian
comes into contact with the vicinity of the lower edge
of the windshield, the impact may be similar to contact
with the bonnet. Therefore, the impact conditions for
the bonnet will be applied to the impact that is made to
the lower edge of the windshield.

Regarding the area from the center of the windshield to
the upper edge, impact conditions will be set based on
the recommended impact conditions for the adult. The
estimated head impact velocity at the vehicle collision
speed of 44 km/h will be 34 to 40 km/h according to
the data for the head impact velocity to the windshield
of the vehicle having impact velocities of 40 km/h to
50 km/h in Table 3. This head impact velocity tends to
be slightly higher than the impact velocity to the
bonnet. However, considering that the velocity range is
great as a whole under the recommended impact
conditions of IHRA, and that it is difficult to take
measures for the sides of the vehicle with the window
frames, a desirable impact velocity would be 35 km/h
the same as for the bonnet.

The impact angle will be the rounded off value of the
angle specified in the impact conditions recommended
by IHRA. The same angle of 40° as sedans will be
specified for SUVs since no data is available for the
latter.

With some of small vehicles, the windshield and
window frame may be the range in which a child
impactor is used. Under the current state, no data is
available for THRA-recommended impact conditions
for the vicinity of the windshield for a child as in Table
2. However, a child which collides with the windshield
or window frame may be considered to have a height
comparatively close to that of an adult. In this respect,
the test will be conducted using the adult impact
conditions for the time being.

The above statements are summarized into the test
conditions as outlined in Table 4.
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‘Evaluation child |
Trmpactor T65mm 3 bke I T65mm.4 5k
WAD 1000~1350rmm [ 1700-2100rmm
Sedan
TImpact. Bonnet SUV.
velocity 180X 35
(/b Sedan
‘Windshield SUY
TB0X
Sedin 65 I 65
Impact Bornet SOV 0 | 50
angle TB0X 25 [ 50
(deg) Sedan 10
‘Windshield SUV
180X 45
Classification Definition
Sedan Vehicles with bonnet Leading edge height of under 835 mm
S Vehicles with bonnet leading edge height of over 835 mm.
1BOX Vehicles having a bormet angle of over 30 deg.

Table 4 Impact conditions

Evaluation Method

On making evaluation, it has been decided to calculate
the total scores by dividing the impact area for multiple
tests to more closely understand the pedestrian
protection performance of the vehicles. At the same
time, to clarify the relationship between the scores and
the injury probability, injury values obtained from the
tests (HIC) are converted into scores representing the
safety performance by using the evaluation functions
associated with the injury probability.

Division of Impact Area

Euro-NCAP"' divided the impact area and evaluated
each divided areas. Scores for those divided area are
aggregated and evaluated as a vehicle. The aim is to
find the distribution of pedestrian protection
performance of a vehicle by incorporating the concept
of area, without having the pedestrian protection
performance of the vehicle represented by a single
point.

The more divided the area, the more accurately
understood the distribution of the pedestrian protection
performance of the vehicle. Excessive division,
however, may lead to a sharp and impractical increase
of test frequency, requiring longer time and more
expense in evaluation. Therefore, it is required to
develop a division method that enables an efficient
testing operation while closely understanding the
pedestrian safety performance of the vehicles. From
this respect, J-NCAP has decided to divide the impact
area using the following method:

Longitudinal Direction

Regarding the longitudinal direction, the longitudinal
ratio of WAD will be approximately 2:1 in the
evaluation areas using a child impactor and an adult
impactor. Accordingly, the evaluation area using the
child impactor has been divided into two portions.

In other words, three areas are set up with an
evaluation area using an adult compactor (Area I), a
rear part of an evaluation area using a child impactor
divided into two parts (Area II), and the forward part
(Area III).

Latitudinal Direction

The impact areas of Area I and Area II are each divided
into 6 portions in the latitudinal direction of the vehicle.
As to Area III, the latitudinal division is made into 3
portions because of fewer impact positions of high
injury value due to the structures inside the engine
compartment, and the forward section of the bonnet
having the possibility of occupying a smaller area than
the rear section due to the position of the bonnet
leading edge.

Rear test line

H-r Intermediate line between
Areal Wrap around line of 1700 mm and Rear test line
1t
Wrap around line of 1700 mm
Aveall Wrap around line of 1525 mm
in
u “\ Wrap around line of 1350 mm
Area Ill Wrap around line of 1175mm
e
"""" ) Front test line (wrap around line of 1000 mm)

Figure 12 Area division method by J-NCAP

Subdivision of Divided Areas

The divided areas are subdivided according to the
following procedure for use for evaluation:

(a) Regarding the area totally divided into 15, the
secretariat selects one place where the HIC value is
seemingly the highest. An impact is applied to this
position and the subsequent injury value is used as the
representative value with which to evaluate the area.
(b) As may be desired by a manufacturer, each divided
area may be further divided into 4 areas, and the test
can be conducted with the impact positions other than
the subdivided areas that fall under the positions
already tested. At this time, the manufacturer selects 1
to 3 areas for subdivision out of the remaining areas for
subdivision. The secretariat selects an impact position
seemingly having the highest injury value out of the
areas for subdivision as selected by the manufacturer.
(c) Scores of the divided areas are evaluated using the
weighted average of the scores from 2 areas. The
weight varies according to the number of areas for
subdivision specified by the manufacturer as the area
desired for the test.

1) In the case where the manufacturer selects all of the
remaining 3 areas for subdivision

Score of divided area = (1/4) x (score of main test) +
(3/4) + (score of requested test)

2) In the case where the manufacturer selects 2 areas
out of the remaining 3 areas for subdivision

Score of divided area = (2/4) x (score of main test) +
(2/4) + (score of requested test)

3) In the case where the manufacturer selects 1 area out
of the remaining 3 areas for subdivision

Score of divided area = (3/4) x (score of main test) +
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(1/4) + (score of requested test)

Evaluation Function

To make the conversion from test injury value (HIC) to
a score, an evaluation function is used. For the
evaluation function, a sliding scale will be used after
making linear approximation based on the risk curve
(relations between the injury value and the injury
probability). Regarding the scope of evaluation, a wide
range of evaluation will be specified to prompt
improvement of the pedestrian protection measures on
the part of the manufacturer.

At J-NCAP, the evaluation function is also used to
convert the injury value to a score in the general
evaluation of impact safety related to the passenger
protection. In the case of passenger protection, the head
injury value does not necessarily rise remarkably
thanks to the airbag, seat belt and other safety devices,
hence the upper limit is set at HIC1000. On the other
hand, in the case of the protection of pedestrians, it is
difficult to reduce the injury value compared with the
passengers under the present level of technologies due
to the absence of having an airbag and other safety
devices. Therefore, a wide evaluation range has to be
set.

As a result, based on the pedestrian protection
performance of the present vehicles, it is decided to use
for evaluation a sliding scale between injury
probability of 5% (HIC650) and 90% (HIC2000) from
the risk curve'® of the injury value (HIC) to conduct
evaluation in a wider range (Figure 13). The evaluation
range will be reviewed at a stage when the
manufacturers have improved their measures for
pedestrian protection.

Score

00U
0 500 1000 1500 2000 2500
HIC

Figure 13 Sliding Scale

Evaluation of Windshield and Window Frame
When testing the windshield and window frame
portions, the windshield needs to be replaced each time.

Considering the time needed for fitting the windshield,
the testing period is prolonged to a large extent. The
injury value of the windshield is expected to be
sufficiently lower unless interfering with the window
frame and/or instrument panel. On the other hand, the
injury value of the window frame is expected to exceed
the upper limit (HIC2000) in most cases. Therefore,
unnecessary tests are omitted for the evaluation of the
windshield and window frame according to the
following examination results.

Examination of Influence of Window Frame

Using three types of vehicles (Sedan A, Sedan B and
Light vehicle), relationship between the distance from
the window frame (A-pillar, roof and instrument panel
upper end) and HIC on four types of windshields (one
type being of thin glass) is examined (Figure 14-16).
As a result, it was found that, except for the instrument
panel upper end where contact occurs, the HIC
becomes under 650 given a distance of more than the
radius of the impactor from the window frame.
Accordingly, regarding the side and upper portions of
the windshield, a full mark (automatic rating) is given
without conducting a test at the positions away from
the A-pillar and the roof by 82.5 mm or more.

HC
2000

0 100 200 300 400 500 600 700
Position from window frame (mm)

Figure 14 Distance from the window frame and HIC
(Sedan A, A-pillar and adult impactor)
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Figure 15 Distance from the window frame and HIC
(Roof, adult impactor)

HIC Bottom fitting on instrument pancl
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Position from window frame (mm)

Figure 16 Distance from the window frame and HIC
(Instrument panel upper end)

Examination of Influence of Contact with
Instrument Panel

From the test result of the examination of the influence
of the window frame, the relation between the dynamic
deformation amount of the impactor and HIC was
examined (Figure 17). As a result, regarding the lower
portion of the windshield, it is estimated that the HIC
will be less than 650 given a stroke of over 70 mm
from the windshield to the instrument panel upper end.
Accordingly, regarding the lower side of the windshield,
taking into consideration the standard data deviation of
6.3 mm, full marks are given without conducting a test
at the positions where the distance from the windshield
and the instrument panel is more than 80 mm.

HIC

1000 T
\ T

900 A Sedan B
A Scdan B (thin glass)
200 O Light vehicle (adult)
@ Light vehicle (child)

700
650

600
500 %
400

300

Lot

200

SN

100 S~

N~ y = 30930 002H
™~ R?=08845

o]

7
o} 20 40 60 80 100 120 140 160 180 200
Deformation (mm)

Figure 17 Dynamic deformation of impactor and HIC

When the above is summarized, the automatic rating
area will be as shown in Figure. 18.

82.5mm

__’_Jgaz.smm Window glass

7

/ /\suokc' 80 mm

',.~‘ Instrument panel

Automatic rating arca

Test rating area

Figure 18 Automatic rating area

In addition, if evaluation is made on the windshield and
window frame by 15-divided areas, the influence from
the A-pillar becomes greater, tending to rate the safety
performance of vehicles lower than it actually is. In this
respect, it has been decided to evaluate the area near
the connecting section of the windshield and window
frame with the area ratio.

Ranking

The general average score is calculated on the divided
areas for ranking. Calculation steps are as follows
(Figure 19).

(a) The HIC value of respective impact positions is
converted to the score using the sliding scale.

(b) The score for the impact position is weighted for
each divided area to obtain the score for the divided
areas.

(c) The average score is obtained for the divided areas
in Areas I, II and III to obtain the area scores.

(d) The average score is obtained for Area I to III to
calculate the general average score.
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Weighted Score of
mean value ‘ Scgmented area

Overall mean for
Arca Il

Overall mean for
Areall

Overall

Overall mean for Area 1 to 111

Figure 19 Calculation steps of overall average score

To give ranking, overall average scores are converted
to HIC using the sliding scale. Vehicles are classified
into 5 levels according to their safety performance. The
method of classification is set to rank each vehicle at a
different level as the injury probability drops by about
10% from the standard level of HIC1436 where the
head injury probability is approximately 50% (Figure
20).

ATS4 + failure probability (%) Level 5
O ................................................

Level 4

10 presmmemm e

20 fossremmnm s

Level 2

L

Level 1

Iy eee— s SR

[ UPUPRY WENRUPUUT SRR SR

S R femmen frmemeee

1436 1296 1156 1016 876
Injury value (HIC)

Figure 20 Ranking

Test Results

Figure 21 shows the state of the pedestrian head
protection performance test by J-NCAP. In 2003, a total
of 19 vehicles were tested including 9 units of
passenger vehicles, 4 1Box/Mini Van vehicles, 4 light
vehicles and 2 commercial vehicles (vehicle types were
by the J-NCAP classification different from the vehicle
classification for the pedestrian protection performance
test). In addition, a test was conducted with 4 vehicles
including 2 passenger vehicles and 2 1Box/Mini van
vehicles in the first half of 2004. The evaluation results
were distributed with 7 vehicles to Level 3, 13 vehicles
to Level 2 and 3 vehicles to Level 1 and none for
Levels 4 and 5 (Figure 22).

Ejection device

Head impactor

Test vehicle

Figure 21 Testingstate

Number of vehicles

14

N

Level 5 Level 4 Level 3 Level 2 Level 1

_Ranking
Figure 22 Distribution of vehicle levels (fiscal 2003 and first half
of 2004, J-NCAP pedestrian protection performance test)

Figure 23 shows the state of distribution of injury
values in the tests conducted during 2003 and the first
half of 2004. A total of 283 impact positions were
involved, of which the injury value reads HIC650 or
under at 56 positions and HIC2000 or over at 26
positions. The reading of the remaining 201 positions
was between the upper and lower limits of HIC values.
The mean HIC value was 1204.1.
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Figure 23 Distribution of HIC (2003 and first half of 2004,
J-NCAP pedestrian protection performance test)

Figure 24 shows the impact positions where the HIC
reading exceeded 2000 in the tests conducted during
2003 and 2004. It shows that the impact positions are
mostly on the fender, lower end of the window glass,
and the rear end of the bonnet. The A-pillar may be
considered as another impact position where the HIC
rises. It is evaluated as (zero (0) score) without a test
unless specifically desired, hence no indication on the
graph.

Pro Box Van/fender panel
Mira/fender panel | E————

Presage/fender pancl | —
Accela/fender

Life/fender

Presage/lower end of window glass

M Child head
[ Adult head

Colt/fender panel
Alto Lepin/rear portion of the bonnet
AD Van/rear portion of the bonnet
Presage/window glass

Alto Lepin/rear portion of the bonnet
Pro Box Van/wiper arm joint

Alto Lepin/rear portion of the bonnet
RX-8/ncar hinge

Sienta/front portion of the bonnct
Odessey/lower end of window glass
Harrier/lower end of window glass
Inspire/fender

RX-8/side of the bonnet

Harricr/fender bolt

Will CYPHA/lower end of window glass
Presage/window glass

Alto Lepin/rear portion of the bonnet
Grandis/lower end of window glass
Alto Lepin/rear portion of the bonnet
Alto Lepin/rear portion of the bonnet

0 2000 4000 8000 8000 Lloopo HIC
Figure 24 Impact positions where HIC reading exceeded 2000
(2003 and first half of 2004, J-NCAP pedestrian protection
performance test)

Conclusions

In Japan, pedestrian accidents account for 30 percent of
traffic accident fatalities and head injuries account for
60 percent of the injury regions in pedestrian fatalities.
In view of these facts, J-NCAP has introduced a
pedestrian head protection performance test.

The test method has been set up based on the test
method under the Japanese laws and regulations and
the IHRA test method. In consideration of the
distribution of head impact positions in actual accidents,

subject area for evaluations has been extended to
include the windshield, simultaneously setting the
impact velocity 10 percent higher to understand
differences in the safety performance among the
vehicles.

Regarding the evaluation method, the Euro-NCAP
evaluation method was used to grasp the pedestrian
protection performance of the vehicles in detail.
Accordingly, the impact area is divided and the total
score is calculated based on the scores from multiple
tests. Moreover, to clearly evaluate the safety
performance of the vehicles, a sliding scale is adopted
to convert HIC650 to HIC2000 into the scores. The
ranking of vehicles is given by a 5-level evaluation
system based on the head injury probability.

During 2003, 19 vehicles were tested followed by 4
vehicles during the first half of 2004. Evaluation results
were distributed with 7 vehicles to Level 3, 13 vehicles
to Level 2 and 3 vehicles to Level 1 and none to Levels
4 and 5. In general, higher HIC values were observed
in the portions close to the side and the window frame
of the vehicles.
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ABSTRACT

This paper describes the biofidelity of the TRL
lower leg impactor (here after referred to as “The
Impactor”). The knee-bending angle biofidelity of The
Impactor is compared with the THUMS (Total HUman
Model for Safety) FEM human body model. Detailed
sedan and SUV FEM models were generated and were
correlated with test results. FEM results show The
Impactor’s knee-bending angles correlate well with test
results.

When the tibia deflection of The Impactor is small,
The Impactor has a larger knee-bending angle than the
THUMS model in a finite element (FE) analysis of the
pedestrian impacted by a sedan. When the tibia
deflection of the THUMS is small, The Impactor has a
similar knee-bending angle to the THUMS model in FE
analysis of a pedestrian impacted by an SUV.

Movement of The Impactor coincides with the
THUMS model in an FE analysis of the pedestrian
impacted by a sedan until the medial collateral
ligaments ruptured. Movement of The Impactor does
not coincide with the THUMS model in FE analysis of
a pedestrian impacted by an SUV with a bumper height
520 mm. If the bumper height of the SUV is less than
420 mm, movement of The Impactor is similar to that
in the THUMS model.

Biofidelity of the knee-bending angle of The
Impactor is not sufficient if compared with the
THUMS model. Deflection of the tibia should be taken
into account to improve biofidelity of The Impactor’s
knee-bending angle.

INTRODUCTION

Rupture of pedestrian knee ligaments are
sometimes observed in car to pedestrian accidents.
The Impactor is one tool to evaluate the rupture of
these knee ligaments. The Impactor measures the
knee-bending angle in order to estimate the rupture of
knee ligaments. Biofidelity of the knee-bending angle
is crucial in order for The Impactor to precisely
evaluate the possibility of knee ligament rupture. A
comparison of the knee-bending angle of The Impactor
with the knee-bending angle of a human would be
effective in realizing the difference in behavior

between The Impactor and a human leg. An FE model
of the lower leg impactor and an FE human body
model can be utilized to compare these knee-bending
angles.

FE MODELS

Four FE models were generated to evaluate the
knee-bending angle of a pedestrian as follows:
Case 1: Sedan and The Impactor (Figure 1),
Case 2: Sedan and THUMS (Figure 2),
Case 3: SUV and The Impactor (Figure 3),
Case 4: SUV and THUMS (Figure 4).
The author developed The Impactor FE model. The
human FE model is the Total Human Model for Safety
developed by the Toyota Central Research and
Development  Laboratory and Toyota  Motor
Corporation (Figure 5). THUMS is the same size as an
AMS50 percentile size.

Figure 1. Sedan and The Impactor

Figure 2. Sedan and THUMS
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(Figure 6,7,8,9).
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KNEE-BENDING ANGLE

Knee-bending angles calculated for case 1 and
case 2 are shown in Figure. 10. The knee-bending
angle of The Impactor coincides with THUMS from
0 sec to 0.01 sec. The knee-bending angle of The
Impactor is greater than THUMS from 0.01 sec to
0.033 sec.

The MCL of THUMS model was ruptured at
0.028 sec, while the maximum knee-bending angle
of The Impactor occurs at 0.20 sec.

ya

20
The Im&lor TH UM\
15 m
) /L—/
5 /

0.00 0.01 002 0.03 0.04

Knee bending angle [degree]

Time [sec]

Figure 10. Knee-bending angles of THUMS model
and The Impactor.

The knee-bending angle calculated for case 3 and
case 4 are shown in Figure 11. The knee-bending angle
of The Impactor coincides with THUMS from 0 sec to
0.02 sec.

The MCL of the THUMS model was ruptured at
0.012 sec, while the knee-bending angle of The
Impactor increased to 15 degrees at 0.013 sec.

30
THUMS

25
The Impactor '

T
7
J

0 0005 001 0015 002 0025 003 0035 004

Time [sec]

Knee bending angle [deg]
=

Figure 11. Knee-bending angle in cases 3 and 4

DISCUSSION

SEDAN VS. THUMS AND IMPACTOR

THUMS and The Impactor movements observed
relative to fixed coordinates on the vehicle in cases 1
and 2 are shown in Figure 12.
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Figure 12. Movements of THUMS and The
Impactor vs. Sedan

Movements of The Impactor are similar to
THUMS at 0.02 sec, but the bumper fascia bends the
tibia of THUMS. The tibia of The Impactor is already
rebounding from the bumper fascia while THUMS is
still contacting the bumper fascia at 0.04 sec.

The tibia bending-angle and knee-bending angle
of THUMS are shown in Figures 13 and 14. The
knee-bending angle difference between THUMS and
The Impactor increases as the THUMBS tibia
bending-angle increases. These Figures indicate the
tibia-bending deflection should be engaged in
evaluating the knee-bending angle of the pedestrian.

The main reasons that The Impactor has a smaller
tibia-bending angle than THUMS are as follows:
= THUMS has a fibula and a tibia, which are the

same as a human leg, while The Impactor has one

bone structure representing both the fibula and the

tibia (Figure 15).
= The THUMS tibia has similar bending stiffness to

that of post mortem human subject tests, while The

Impactor has a much stiffer bending stiffness than

post mortem human subject tests (Figure 16).
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Figure 14. Tibia-bending angle of THUMS in case 2
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Figure 16. Force displacement relationship of tibia
resulting from a 3-points bending test

SUV VS. THUMS AND IMPACTOR

THUMS and The Impactor movements observed
from fixed coordinates on the vehicle in cases 3 and 4
are shown in Figure 17. The Impactor movements are
similar to THUMS at 0.02 sec. The THUMS tibia did
not bend because the tibia does not come in contact
with the bumper fascia. The Impactor’s femur is
already rebounding from the bumper fascia while the
THUMS femur is still contacting the bumper fascia at
0.04 sec.
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Figure 17. Movements of THUMS and The
Impactor vs. SUV

The main reasons for The Impactor’s femur
rebounding at 0.04 sec are assumed as follows:
= THUMS has a similar femur bending stiffness to

post mortem human subject tests, while The

Impactor has much stiffer bending stiffness

compared to post mortem human subject tests

(Figure 18).
=  THUMS has a knee structure similar to a human’s

knee. The knee-bending moment of THUMS is

generated by elongation of ligaments, while the
knee-bending moment ofThe Impactor is generated
by plastic bending of a single steal plate (Figure

19). The knee-bending moment of THUMS is

similar to post mortem human subject tests, while

the knee bending moment of The Impactor is
stiffer than post mortem human subject tests

(Figure 20).

The author estimates that excessive bending
stiffness of The Impactor’s femur and knee-bending
moment may affect rebounding of The Impactor’s
femur at 0.04sec. Also, the author estimates that
bumper height may affect the rebounding of The
Impactor’s femur at 0.04sec.
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An LBH upper limit for testing should be applied
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Lower bumper height (LBH) is defined as
indicated in Figure . 21. LBH of the FE model for
cases 3 and 4 is 520 mm. LBH of the FE model for
case 3 was reduced to 420 mm, 320 mm and 220 mm.

The Impactor movements are shown in Figure
22. When the LBH is reduced to 420 mm, 320 mm
and 220 mm, The Impactor’s femur does not rebound at
0.04 sec. The LBH of 520 mm is too high to avoid
rebounding of The Impactor’s femur at 0.04[sec].

Figure 22.
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CONCLUSION

The knee-bending angle of the TRL lower leg
impactor FE model was compared with the THUMS
model.

The TRL lower leg impactor indicated more
knee-bending angle than THUMS due to less bending
deflection of the tibia in collisions with a sedan type
vehicle. The tibia bending stiffness of the TRL lower
leg impactor should be improved to better simulate
similar knee-bending angle to that of THUMS.

The TRL lower leg impactor indicated a similar
knee-bending angle to THUMS in a collision with an
SUV type vehicle. However, rebounding of the TRL
lower leg femur was observed. Lower bumper height
for testing with the TRL lower leg impactor should be
limited to avoid rebounding of the TRL lower leg
impactor femur.
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ABSTRACT

Pedestrian-vehicle crashes result in a substantial
number of pedestrian fatalities and injuries
worldwide. Computer models are powerful tools in
understanding how the severity of injuries could have
been reduced in the crash. Pedestrian real-world cases
serve as an important source of information to
evaluate the dynamic performance of pedestrian
models and their ability to reconstruct injury-causing
events.

The objective of this study was to evaluate the ability
of a mathematical pedestrian model to assess the
severity of an impact using real-world data. The
dynamic performance of the pedestrian model was
evaluated by the reconstruction of six real-world
pedestrian collisions, which occurred during 1995-
2003 in the surroundings of Hanover, Germany. The
impact severities were 32-59km/h. Each case
contained information about the pre-crash, crash, and
post-crash events. This information included hospital
reports and detailed description of damages to the
vehicle, pedestrian injuries, and the crash environment
collected at the scene. The evaluation focused on head
injuries since these are the most common cause of
severe injuries and fatalities of pedestrians involved in
passenger vehicle-pedestrian crashes.

The results showed that the model produced injury
measures and readings of the magnitude expected for
the highest severity head injuries sustained by the
pedestrian in the reconstructed case. Furthermore it
highlights the usability of mathematical pedestrian
models in evaluating the severity of a vehicle-
pedestrian collision.

INTRODUCTION

Road crashes result in a substantial number of
pedestrian  fatalities and injuries worldwide.
Statistics from 35 European countries have shown
that pedestrian fatalities represented on average 25%
of road users killed throughout Europe (ECMT,
2003). In Japan, pedestrian fatalities accounted for
28% of the road toll (ECMT, 2003), while in
Australia approximately 16% of road fatalities were
pedestrians (ATSB, 2003). Pedestrian fatalities as a
proportion of road fatalities were estimated at 13%
in the USA and were as high as 40-50% of the
annual road toll in India and Thailand (Mohan and
Tiwari, 2000). Head injuries are the most common
cause of pedestrian fatalities. Injuries to the chest,
spine, abdomen and the lower extremities are also
commonly sustained (Anderson and McLean, 2001,
Fildes et al., 2004).

Computer simulations provide a powerful tool for
studying the loading to the pedestrian in a crash. For
the study of overall human kinematics in a crash,
computer models based on rigid bodies connected to
each other by joints are time efficient. The dynamic
and kinematic response of computer models is
validated towards biological test results. However, it
is important to include evaluation towards real-
world cases as part of this process in order to
determine the models ability to assess the impact
severity in a wide range of scenarios.

The aim of this study was to evaluate the ability of a
mathematical pedestrian model to assess the severity
of an impact by reconstruction of six real-world
passenger vehicle-pedestrian collisions.

Linder 1



MATERIALS AND METHODS

Six real-world vehicle-pedestrian crashes were
reconstructed using PC-Crash and MADYMO. The
data about the collision and the injuries were
compiled from on-site collected data and hospital
records coded using AIS (AAAM, 1990) when
available. The on-site inspection provided detailed
information about the site and circumstances for the
crash, such as skid marks and resting positions, in
addition to detailed documentation of the damages
to the vehicle.

Real-World Cases

The real-world cases were collected around the area
of Hanover, Germany in an area with a radius of
approximately 70km. An inspection team consisting
of 4 members perform an investigation of the
collision. Two team members go to the scene, one
team member follows the injured person and the 4t
team member is the coordinator. The police or fire
brigade alert the team and the team normally arrived
30min after the collision.

Case 1 (ID 030816)

A male pedestrian was hit with an estimated impact
velocity of 45-50km/h by a VW Golf in an
intersection. The intersection consisted of three
lanes for forward traffic and one lane for left turning
traffic. Vehicles were stationary in the inner forward
running lane and the case vehicle was in the forward
running lane next to the left turning lane (Figure 1).
The driver of the case vehicle saw from a distance
the light change from red to green and entered the
intersection at a travel speed of 45-50km/h. A
pedestrian was walking quickly across the
intersection, hidden from the case vehicle by the
stationary vehicle. The pedestrian was hit by the
right front of the case vehicle, which started to brake
at impact.

Traveling . 4 @D
direction of - =< [ | | - %

i = rr": - p-
vetiicle E==r = - L:@r | Resting

Traveling
direction of

pedestrian

Figure 1. The intersection in Case 1 where a VW
Golf struck a pedestrian. The pedestrian was
hidden from the view of the driver in the case
vehicle by stationary vehicles in the forward
running lanes.

The impacting vehicle was a 2000 2-door VW Golf.
Marks on the vehicle showed that the pedestrian
struck the front right quarter panel, the right side of
the windshield and the right side of the roof adjacent
to the windshield (Figure 2). The pedestrian was
thrown 9.4m from where the impact occurred. The
range of thrown distance was estimated to be + Im.

Figure 2. The impact locations of the male
pedestrian on the front right quarter panel,
windshield and roof on the VW Golf in Case 1.

The pedestrian was a 68-year-old male, 175cm and
85kg. He sustained MAIS 3 injuries. All the injuries
were: multiple left side rib fractures AIS 3, left tibia
fracture AIS 2, concussion AIS 2, open fracture of
nose bone AIS 1.

Case 2 (ID 030945)

Two pedestrians, one male and one female (denoted
Case 2a and 2b), were hit with an estimated impact
velocity of 43-49km by a BMW when they appeared
suddenly from between parked cars in the dark. The
male pedestrian was hit by the left front and the
female pedestrian was hit by the centre of the case
vehicle (Figure 3).

<% Rest position,
/‘4._?/ male pedestrian

Impact location

Rest position,
female pedestrian

Figure 3. The road where a BMW struck two
pedestrians. The pedestrians appeared suddenly
from between parked cars and attempted to cross
the street in Case 2.
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The male pedestrian impacted the left a-pillar; the
front left side of the hood and the area above the left
side of the head-lamp (Figure 4). The male
pedestrian was thrown 8.5m from where the impact
occurred. The range of thrown distance was
estimated to be = Im. The female pedestrian hit the
centre of the hood (Figure 4) and was thrown
approximately 15m from where the impact occurred.
The female pedestrian rose immediately after having
landed on the ground and there were no marks that
could further verify the orientation of the pedestrian
in her rest position. The range of thrown distance
was estimated to be + 2m.
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F?gure 4. The impact locations of the male
pedestrian on the BMW in Case 2.

Figure 5. The impact locations of the female
pedestrian on the BMW in Case 2.

The striking vehicle was a 1999 BMW 3 Series
Touring Wagon. The more severely injured
pedestrian in Case 2 was a 48-year-old male
(denoted Case 2a). He sustained MAIS 4 injuries.
All the injuries were: head haematoma and oedema
AIS 4, subarachnoidal bleeding and fractured base
of the skull AIS 3 and skull and fractures to the orbit
AIS 2. The other pedestrian in Case 2 was a 23-
year-old female (denoted Case 2b). She sustained
MAIS 1 injuries. All the injuries were: haematoma

of pelvis and lower leg and distortion of cervical
spine AIS 1.

Case 3 (ID 17028)

A male pedestrian was hit by a VW Passat with an
estimated impact velocity of 59km/h. The case
vehicle was driving in the right lane and the traffic
light showed a green light for the vehicle. The
pedestrian started crossing the street and was hit by
the right front of the vehicle (Figure 6). The case
vehicle started to brake at impact.
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Figure 6. The road where a VW Passat struck a
male pedestrian in Case 3. The pedestrian walked
out despite having a red light in an attempt to
cross the street.

The male pedestrian was hit by the right side of the
windscreen, the front right side of the hood and the
on the right side of the bumper (Figure 6). The male
pedestrian was thrown 10.3m from were the impact
with the vehicle occurred. The range of thrown
distance was estimated to be + 1m.

Figure 7. The impact locations of the pedestrian
on the VW Passat in Case 3.

The striking vehicle was a 1987 to 1995 VW Passat.
The pedestrian was a 35 years old male, 172cm and
70kg. He sustained MAIS 3 injuries. All the injuries
were: haematoma frontal thorax and lacerations right

Linder 3



forehead AIS 1, fracture right tibia AIS 3 and
fracture right fibula AIS 2.

Case 4 (ID 17910)
A female pedestrian was hit by a VW Caravelle with

an estimated impact velocity of 32-35km/h. The case
vehicle was driving along the road and the
pedestrian started crossing the street and was hit by
the left front of the vehicle (Figure 8). The case

vehicle started to brake prior to impact.
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Figure 8. The road where a VW Caravelle struck
a female pedestrian in Case 4. The pedestrian
walked out in an attempt to cross the street.

Marks on the vehicle showed that the female
pedestrian hit the left side of the front (Figure 9).
The female pedestrian was thrown approximately
12.5m from where the impact occurred. The
pedestrian rose immediately after having landed on
the ground and there were no marks that could
further verify the orientation of the pedestrian in her
rest position. The range of thrown distance was
estimated to be + 2m.

-Pedestrian
‘"impaq

Figure 9. The impact locations of the female
pedestrian on the VW Caravelle in Case 4.

The striking vehicle was a 1998 VW Caravelle. The
pedestrian was a 77-year-old female. The pedestrian
sustained no recorded injuries.

Case 5 (ID 30010020)

A male pedestrian was hit by a Ford Mondeo with
an estimated impact velocity of 40-45km/h. The
pedestrian crossed the street at night and was struck
by the case vehicle (Figure 10).
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Figure 10. The road where a Ford Mondeo
struck a male pedestrian in Case 5. The
pedestrian attempted to cross the street.

Marks on the vehicle showed contact with the
vehicle at the windshield and the hood. The
pedestrian was struck by the centre front of the
vehicle, slid to the right along the hood and hit the
head on the windshield (Figure 11). The male
pedestrian was thrown 7.8m from where the impact
occurred. The range of thrown distance was
estimated to be £ 2m. According to a witness the
pedestrian was seen to run across the street.

;

Figur 11. The impact locations of the male
pedestrian on the Ford Mondeo in Case 5.

The striking vehicle was a 1998 Ford Mondeo. The
pedestrian was a 19-year-old male, 182cm, 72kg.
The pedestrian sustained deep lacerations forehead,
nose and right ear, lacerations to the fingers on the
left and right hand and ligament rupture to the right
knee.

Linder 4



Case 6 (ID 17946)

A female pedestrian was hit by a Mercedes with an
estimated impact velocity of 43km/h. After having
reached the middle of the road the pedestrian turned
back (Figure 12). The case vehicle braked and
struck the pedestrian with the left front. The
information about the rest position of the pedestrian
was that she ended up within the area where glass
splinters from the windshield were found.

___ Impact

location Gla_ss
splinters
EEEE——— /f —
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Figure 12. The road where a Mercedes struck a
female pedestrian in Case 6. The pedestrian
turned back after having reached the middle of
the road.

Marks on the vehicle showed that the female
pedestrian hit the left side of the windshield (Figure
8). The female pedestrian was thrown approximately
9-14m from where the impact occurred.

location

=

Figure 13. The impact location of the female
pedestrian on the Mercedes in Case 6.

The striking vehicle was a 1988-9 Mercedes 200E.
The pedestrian was a 45 years old female, 170cm
and 70kg. She sustained MAIS 2 injuries. All the
injuries were: concussion AIS 2, laceration right
forehead and nose, haematoma right side of right
knee AIS 1.

Reconstruction of Pedestrian Collisions

For some cases the range of the impact velocity was
estimated based on thrown distance and braking
distance. The pedestrian collisions were then firstly
reconstructed with PC-Crash to verify the estimation
of impact velocities. Secondly, the collision was
reconstructed in MADYMO 5.4.1 (TNO, 1999),
using EASI-CRASH and the pedestrian model by
Yang et al. (2000).

In the MADYMO simulations, an impact velocity
that generated the best match with the thrown
distance measured at the scene was used. In the
cases where the pedestrian was not regarded as
stationary it was given a velocity perpendicular to
the vehicle. The velocity of the pedestrian was
chosen within the ranges obtained as follows: A
healthy male in his 20s performed tests on a
treadmill. From these tests, running was established
to be > 3m/s and fast walking was established as 1.5
- 3m/s. All cases were initially reconstructed with
the 50" percentile male model. In Case 2 where the
height and weight of the pedestrians were unknown
additional simulations with the 5™ percentile female
and the 95™ male model were performed.

For the MADYMO simulations the position of the
pedestrian prior to impact was estimated from the
photos of the damaged vehicle. The orientation of
the pedestrian prior to the impact was thus estimated
individually for all cases. For each case
approximately 20 simulations were run to tune the
positioning and the velocity of the pedestrian, in the
aim of matching the thrown distance, braking
distance and impact locations on the vehicle and the
ground to the real-world cases.

The reconstruction of the real-world cases in
MADYMO is schematically illustrated in Figure 14.
The figure shows the flow of data and the loop of
iterations of the MADYMO simulations.
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Figure 14. A schematic illustration showing the
reconstruction of the real-world cases in
MADYMO, the flow of data and the loop of
iterations of the simulations.

Mathematical models of the vehicles’ structure were
constructed using dimensioned drawings obtained
from the web page of 3dcenter.ru. These were cross
referenced against measurements taken from a
vehicle of the same make, year and model as in the
cases using straight-edges, tape measures and rulers
with particular focus on the pedestrian impact point
locations. The force-penetration curves used for the
MADYMO vehicle models were approximated from
van Rooij et al. (2003) and Mizuno and Kajzer
(2000). For the windshield the centre force-
penetration curve (Mizuno and Kajzer, 2000) was
used. The roof was given a force-penetration loading
curve obtained from the average between the hood
and hood edge of van Roojj et al. (2003). The hood
edge and the quarter panel were given midsection
hood edge force-penetration loading curve of van
Rooij et al. (2003). The door was given midsection
door force-penetration loading curve and the upper
and lower bumper the midsection bumper force-
penetration loading curve of van Rooij et al. (2003).
The a-pillar was given the force-penetration loading
curve of the a-pillar as in van Roojj et al. (2003).

The contact interactions between the vehicle and the
pedestrian were defined as 'ellipsoid-ellipsoid' using
the 'evaluations' keyword where necessary to avoid
multiple contact interactions. A friction coefficient

was applied to the pedestrian to vehicle contact (0.3)
and the pedestrian to ground contact (0.7), as well as
a small amount of damping. Where applicable the
vehicle was subjected to deceleration and nose-dive
due to braking. The amount of braking was chosen
so that the final position of the case vehicle being
simulated matched as close as possible to that of the
case. A 50mm nose-dive and 2 degrees rotation
around the front was applied to the models when
braking prior to impact was present.

MADYMO Vehicle
position Case 1

The VW Golf was generated using 15 ellipsoids.
The front-right quarter panel, a-pillar and roofline of
the vehicle were modelled in detail. Impact velocity
of 11.8m/s, braking prior to impact and a braking
distance of 13.3m were applied. The pedestrian's
initial posture was in a walking stance with the left
leg slightly in front of the right. The pedestrian was
given an initial velocity of 3m/s.

Model and pedestrian

MADYMO Vehicle
position Case 2

The BMW was generated using 22 ellipsoids. As a
result of the multiple pedestrian impact condition,
the curvature of the front of the vehicle was
constructed using 3 sections of ellipsoids. As the
male pedestrian struck the right hand edge of the
vehicle, it was necessary to include an a-pillar, side
guard and a door to represent the vehicle being
struck. Impact velocity of 12.7m/s and a braking
distance of 10.lm were applied. The male
pedestrian's initial posture was in a walking stance
with the left leg slightly in front of the right. The
females pedestrian's initial posture was facing
towards the vehicle, right leg slightly in front of the
left and using her arms to protect herself from the
impact. Both pedestrians were given an initial
velocity of 1.5m/s.

Model and pedestrian

MADYMO Vehicle
position Case 3

The 1993 VW Passat was generated using 11
ellipsoids. The front-right quarter panel was
modelled in detail. Impact velocity of 12.7m/s,
braking prior to impact and a braking distance of
18.6m were applied. The pedestrian's initial posture
was in a walking stance with the right leg in front of
the left. The pedestrian was given an initial velocity
of 2my/s.

Model and pedestrian

Linder 6



MADYMO Vehicle Model and pedestrian
position Case 4

The VW Caravelle was generated using 11
ellipsoids. Impact velocity of 9.5m/s, braking prior
to impact and a braking distance of 5.5m were
applied. The pedestrian's initial posture was in a
walking stance with the left leg slightly in front of
the right. The pedestrian was given no initial
velocity as it was deemed to be small.

MADYMO Vehicle Model and pedestrian
position Case 5

The 1998 Ford Mondeo was generated using 9
ellipsoids. Impact velocity of 9.7m/s, braking prior
to impact and a braking distance of 10.4m were
applied. The pedestrian's initial posture was in a
running stance with the left leg in front of the right.
The pedestrian was given an initial velocity of 2m/s.

MADYMO Vehicle Model and pedestrian
position Case 6

The 1988-9 Mercedes 200E was generated using 12
ellipsoids. Impact velocity of 12m/s, braking prior to
impact and a braking distance of 8.8m were applied.
The initial posture of the pedestrian was in a
walking stance, turned slightly towards the vehicle
with the left leg in front of the right. The pedestrian
was given an initial velocity of 1m/s to simulate this
walking motion.

RESULTS

The results showed that the kinematics of the
pedestrian model in the MADYMO simulations
were comparable with that in the real-world cases in
terms of impact location, resting position and throw
distance. An increased 3ms linear acceleration and
HIC;5 corresponded to an increased severity of the
collision in terms of MAIS head injuries for MAIS
2+. This applied to three out of the four cases and
for the exception case an unusual initial posture
made this impact less severe in terms of injuries
compared to what the output from the simulation
indicated. Furthermore, both the 3ms linear head
acceleration and HICy5 showed the highest values
for the case where the highest severity of head
injuries occurred.

Case 1

Figure 15 shows photos of the impacted vehicle and
images from the simulations of Case 1 where the
male pedestrian impacted the side of the vehicle.
The simulated throw distance was 9.8m forward of
the vehicle with the impact velocity of 45km/h.
Head impact occurred at similar spot on the vehicle
as in the real-world case.

Figure 15. Photos of the impacted VW Golf and
images from the simulation of the male
pedestrian hit by the vehicle with an impact
velocity of 45km/h, Case 1.

Case 2

Figure 16 shows photos of the impacted vehicle and
images from the simulations of the male pedestrian
Case 2a (simulated with the 95" percentile male
model) impacting the front left side of the vehicle.
The simulated throw distance was 9.3m from the
vehicle and the impact velocity used in the
simulation was 46km/h. Head impact occurred at
similar spot on the a-pillar as in the real-world case.

o

Figure 16. Photos of the impacted BMW and
images from the simulation of the male
pedestrian hit by the vehicle with an impact
velocity of 46km/h, Case 2a.
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Figure 17 shows photos of the impacted vehicle and
images from the simulation of the female pedestrian
Case 2b (simulated with the 5" percentile female
model) impacting the centre of the vehicle. The
female pedestrian showed no sign of head impact,
neither from marks on the vehicle nor from injuries.
The simulated throw distance was 14.7m from the

vehicle and the impact velocity used in the
simulation was 46km/h.

Figure 17. Photos of the impacted BMW and
images from the simulation of the female
pedestrian hit by the vehicle with an impact
velocity of 46km/h, Case 2b.

Case 3

Figure 18 shows a photo of the impacted vehicle and
images from the simulation of Case 3 where the
male pedestrian impacted the front right hand side of
the vehicle. The simulated throw distance was
10.3m from the vehicle and the impact velocity used
in the simulation was 46km/h. Head impact occurred
at similar spot on the windshield as in the real-world
case.

Figure 18. A photo of the impacted VW Passat
and images from the simulation of the male
pedestrian hit by the vehicle with an impact

velocity of 47km/h, Case 3.

e

Case 4

Figure 19 shows a photo of the impacted vehicle and
images from the simulation of Case 4 where the
female pedestrian impacted the front side of the
vehicle. The simulated throw distance was 12m from
the vehicle and the impact velocity used in the
simulation was 34km/h. The impact occurred at
similar spot on the hood as in the real-world case.

Figure 19. A photo of the impacted VW
Caravelle and images from the simulation of the
female pedestrian hit by the vehicle with an
impact velocity of 34km/h, Case 4.

Case 5

Figure 20 shows photos of the impacted vehicle and
images from the simulation of Case 5 where the
male pedestrian was impacted while running across
the road. The simulated throw distance was 8.2m,
with an impact velocity of 35km/h. Head impact
occurred at similar spot on the windshield as in the
real-world case.
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Figure 22 shows the thrown distance from the real-
world cases and those generated in the simulations
of the cases. The impact velocities used in the
simulations are shown in Figure 23 together with
the calculated range of the impact velocity based
on thrown and braking distance and velocities used
in the PC-Crash simulations.

O Measured thrown distance
W Simulated thrown distance

Thrown distance (m)

Figure 20. Photos of the impacted vehicle end
images from the simulation of the male Case 1 Case 2a Case2b Case3 Case4 Case5 Case6
pedestrian struck by a Ford Mondeo with an

Figure 22. The thrown distance measured at the
impact velocity of 35km/h, Case 5.

crash scene and from the simulation of the six
cases. The bars on the measured data represent

Case 6 the range of thrown distances.

Figure 21 shows photos of the impacted vehicle and
images from the simulation of Case 6 where the
male pedestrian impacted the front of the vehicle.
The simulated throw distance was 10.1m from the D Estimated impact velocity
vehicle and the impact velocity used in the _ | BSmuatedinpact velodly T
simulation was 36km/h. Head impact occurred at
similar spot on the windshield as in the real-world
case.

IN
S

Impact velocity (km/h)
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Case1 Case2a Case2b Case3 Case4 Case5 Case6

Figure 23. The impact velocity estimated from
the crash scene data and the impact velocity in
the simulation of the six cases. The bars on the
estimated data represent the calculated range
of impact velocities based on thrown distance
and braking distance.

The HIC 15 and 3ms head linear and rotational
acceleration from the simulations of the six cases
is shown in Figures 24-26.

&

Figure 21. Photos of the impacted vehicle and
images from the simulation of the female
pedestrian struck by a Mercedes with an impact
velocity of 36km/h, Case 6.
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Figure 24. The HIC 15 from the simulations of
the six cases.
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Figure 25. The 3 ms head linear acceleration
from the simulations of the six cases.
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Figure 26. The 3ms head angular acceleration
from the simulations of the six cases.

DISCUSSIONS

Through simulating six real-world pedestrian
vehicle crashes, it was observed that in general, the
kinematics of the pedestrian model of Yang et al.
(2000) corresponded well with crash scene data in
terms of impact location, thrown distance and
resting position. Even though the model was used
for various impact conditions in terms of pedestrian
posture, orientation and velocity prior to impact,

the pedestrian model was able to generate a close
match to the on-scene collected data. Also head
loading was compared to the real-world injury
outcome without any internal modifications of the
model needed.

The head injuries MAIS from the six cases is shown
in Figure 27. The simulation of the case with the
highest MAIS head injury, MAIS 4, produced a HIC
15 of 2660. A HIC of 2660 correspond to 85% risk
of skull fracture according to the relation determined
by Hertz (1993) and in this case the pedestrian
sustained skull fractures.

4

Head Injuries MAIS

Case Case Case Case Case Case Case
1 2a 2b 3 4 5 6

Figure 27. The head injuries MAIS from the six
real-world cases.

Of the dynamic responses investigated, it was
found that both 3ms Linear Head Acceleration and
HIC,;s displayed the same trend as did the severity
of head injuries. An increase in either of these
parameters corresponded with an increased severity
of the collision, with respect to MAIS 2+ head
injuries (Figures 24, 25 and 27). The exception
being case 2b, where the pedestrian had an unusual
initial posture, due to her awareness of the
approaching vehicle. This consequently led to her
having a very different kinematic response to the
other cases. Specifically, for this case, the
pedestrian managed to avoid any noticeable head
contact with the vehicle. This event was unable to
be replicated through simulations.

It was also observed that both 3ms Linear Head
Acceleration and HIC,5 showed the lowest values
for cases 3, 4 and 5. For these cases, head impact
severity was limited to AIS 0 or 1. For Case 4, an
AIS 0 was estimated as no official injuries were
recorded as the pedestrian had left the hospital prior
to meeting with the investigation team. If the
pedestrian in this case sustained any head injuries it
was most likely a low AIS head injury.
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The thrown distances observed in the MADYMO
simulations were shown to be within the range
given from the real-world cases (Figure 22). To
generate the match between simulated and
measured thrown distance, in combination with
vehicle impact location and braking distance, the
impact velocities were in some cases somewhat
lower than those estimated from the crash scene
data (Figure 23).

All cases were initially simulated using the 50™
percentile male pedestrian model. For Cases 1,3,5
and 6 the height and weight of the pedestrian was
similar to that of the 50™ percentile male model.
Whereas the height and weight of the pedestrians in
Case 2 and 4 were unknown. In Case 4 a reasonable
match between simulated, measured and estimated
values of kinematics, impact locations and rest
positions were obtained using the 50™ percentile
male model. However this was not the situation for
Case 2, thus models other than the 50™ percentile
male were necessary to be used. For both
pedestrians in Case 2, the 50™ percentile male was
not able to generate the kinematics, impact
locations and rest positions expected from the crash
scene data. In the case of the male, the 50™
percentile male model predicted a lower impact
location on the a-pillar to what occurred in Figure
4. For the female’s impact, the 50™ percentile male
model struck his head on the windshield. This is
thought to be unlikely, as if this was the case,
windshield damage would be expected. This led to
the choice of using the 5™ percentile female and
95™ percentile male models for the female and male
in this case. When simulating the case with the
large male and the small female pedestrian models,
the impact locations, thrown distance and
kinematics were closer to that observed in the real-
world case. The head impact location from the
simulations with the various models is shown in
Figures 28-29.

Figure 28. The simulation of the 95™ percentile
(left) and the 50™ percentile (right) male
pedestrian model impacting the BMW with the
simulated impact velocity of 46 km/h, Case 2a.

Figure 29. The simulation of the 5™ percentile
(left) female and the 50™ percentile (right) male
pedestrian model impacting the BMW with the
simulated impact velocity of 46km/h, Case 2a.

In Case 2 there were remarkable differences
between the injury outcomes for the two
pedestrians. The male pedestrian struck the a-pillar
and suffered severe head injuries, whereas the
female pedestrian only sustained minor injuries.
The pedestrians were struck by the same vehicle
and by the same impact velocity. This case
highlights the importance of preventing pedestrians
from hitting high stiffness structures and the large
difference that can occur for a given impact
velocity.

The stiffness of wvarious vehicles parts was
generated from component tests at 40 km/h (van
Rooij et al., 2003 and Mizuno and Kajzer 2000).
The range of impact velocities used in these
simulations was 40 = 6 km/h. The simulations were
thus carried out at a range of impact severities close
to that for which the force-penetration curves were
defined.

It has previously been highlighted by among others
van Rooij et al. (2003) that generating a vehicle
model with the correct geometry largely determines
where on the vehicle various parts of body impact.
In  addition, localized  contact  stiffness
characteristics have a great influence on the injury
outcome. Therefore great care was taken to ensure
that for each case vehicle, profiles and appropriate
stiffnesses were used in the simulations.
Furthermore, the initial position of the pedestrian,
braking distance and impact velocity from the real-
world case were important factors in the
reconstruction of the real-world pedestrian
collisions. These all played an important role in
order to generate the match between measured and
simulated thrown distance (Figure 22) and the
impact locations of the pedestrian on the vehicle
(Figures 15-21).
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In depth analysis and reconstruction of real-world
collisions are important to link simulation
responses to real-world outcomes. In this study,
the pedestrian model was used to identify two head
loading measurements that corresponded in
increased magnitude to increased severity of
MAIS 2+ head injuries. Further study of higher
severity head injuries sustained in real-world
pedestrian-vehicle crashes may enable a stronger
link to be generated between these simulated
dynamic responses and actual head injury.

CONCLUSIONS

In the reconstruction of six real-world pedestrian-
passenger vehicle crashes in the range of impact
velocities around 40km/h it was found that an
increased 3ms linear acceleration and HICjs
corresponded to an increased severity of the
collision in terms of MAIS head injuries for MAIS
2+,

The results of this study showed that the
kinematics of the pedestrian model in the
MADYMO simulations of the six real-world cases
were comparable with that in corresponding
collisions in terms of impact location and throw
distance.
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ABSTRACT

The aim of this paper is to evaluate and compare
several methods allowing the reconstruction of real
accidents involving pedestrians. These different
methods have various levels of complications and
are commonly used in primary or secondary safety
research. They can be classified into three cate-
gories corresponding to their levels of complica-
tions. The first class concerns "simple” method-
ologies based on an analytical or semi-analytical
approach ("hand-calculi”) such as Searle’s model,
Fall and Slide model, equations proposed by Rau
et al., Simms et al., etc. The second one is more
complicated and considers for example the pedes-
trian as a single segment as described by Wood. Fi-
nally, the last class contains the most complicated
approaches and is based on three-dimensional multi-
body models. Concerning this third class, this work
has been based on the PC-Crasand Madym®
softwares. We have tested all of these methods for
one of the most usual real car-to-pedestrian acci-
dent configurations: frontal collision with pedestrian
wrap trajectory. Data issuing from two real cases
have been used. They have been provided by an in-
depth multidisciplinary accident investigation (psy-
chology, technical, medical). Reconstructions are
thus based on driver and witness statements, on ac-
curate information relating to material evidence (e.g.
skid marks, car damage, pedestrian injuries, throw
distance) and parameters fitted to vehicle and pedes-
trian (e.g. vehicle shape, pedestrian anthropometry,
etc). Results have been compared in terms of qual-
ity of the reconstruction balanced by the limitation
of the different methods. Evaluated elements are in
particular the speed of the vehicle, the final position
of the pedestrian, his kinematics, the impact points
on the car and injuries (when the method allowed it).

In parallel, methodologies have also been compared
qualitatively by establishing the necessary means to
apply them. In this way, the potentiality of the meth-
ods, their requirements (necessary input data, into
operation bringing time, computer time) have been
evaluated and reported in a general matrix. It al-
lows us to summarize advantages and disadvantages
of the different methods.

INTRODUCTION

Several sorts of methods are commonly used to re-
construct a real car-to-pedestrian accident. All of
them are based on a "model” which is the abstract
simplified representation of the reality. These mod-
els are uncompleted and temporary results of the
building up of knowledge, which we have from a
reality. In agreement with this status, the models can
be more or less complicated according to modelling
assumptions. Level of complication is so depen-
dant on the mathematical hypothetic-deductive sys-
tem, the input and output data definition, coherence
of the concepts taking into account the modelling,
etc.

We took an interest in comparing some different dy-
namic hypothetic-deductive models (more precisely,
some models of Newtonian Mechanics) used to rep-
resent a real car-to-pedestrian collision in the most
usual configuration, i.e. a vehicle frontalimpact with
a pedestrian wrap trajectory. These models are based
on the Galilean-Cartesian paradigm which does not
take into account the complexity but the complica-
tion. It was therefore interesting to observe if they
can propose a collision reconstruction (impact and
post-impact phases) fitted to the reality, even if they
split up this complex event (a priori irreducible) into
simple problems which have to be treated one by
one. It was relevant to determine in what propor-
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tion the increase in complication of a model, as used
in a secondary safety research way, can improve the
findings of the forensic and the in-depth investiga-
tion fields.

Chosen models have been classified into three cate-
gories as regards their complication level:

- a first category concerning simple methodolo-
gies based on an analytical or semi-analytical
approaches (hand calculi): Searle’s model [13],
Fall and slide model [4], equations proposed
by Rau et al. [11], Toor and Araszewski [17],
Simms et al. [15],

- a second one illustrated by the Wood'’s Single
Segment Method [18] in which the pedestrian
is considered as a single two-dimensional solid
(a segment),

- a third one containing the most complicated
approaches based on three-dimensional multi-
body models of the pedestrian (used with PC-
Crast® [9, 10] or Madyma) softwares).

Data issuing from two real and well-documented (by
an in-depth multidisciplinary investigation) cases
have been used to test these different models. The
objective consists in evaluating their potentiality and
their requirements in terms of input, output, time
consumption, etc.

Beyond this comparison, this study provided the op-
portunity for fruitful, scientific and methodological
exchanges between connected ways which work to-
wards improving the road safety policy with preven-
tion or repression (from a forensic point of view) fi-
nalities:

- in-depth multidisciplinary investigation field
[5]: it is mainly orientated towards primary
safety and belongs to the research field with a
clinical thought process. Based on the com-
plexity paradigm, it studies the dysfunctions
of the Human-Vehicle-Environment system and
also interactions between its components, from
several points of view: psychology, automotive
mechanics, theoretical mechanics, road infras-
tructure, medicine,

- biomechanics applied to the vehicle passive
safety research: it tries to understand, by ex-
perimental (for example with Post Mortem Hu-
man Subject - PMHS - tests) and theoretical ap-
proaches, the relations between vehicle design
and human injury mechanism (e.g. to establish
the influence of front bumper design on pedes-
trian lower leg injuries),

- forensic kinematic road accident reconstruction
work: its aim is to provide the judicial court ev-
idence relating to the crash sequence, the col-
lision configuration, the impact configurations
and the respective behaviour and velocity of ve-
hicles involved for each sequence.

IN-DEPTH ACCIDENT INVESTIGATION

With regard to real data, two cases of car-to-
pedestrian collision with wrap pedestrian post-
impact trajectory were selected. They issue from
the in-depth investigation database of a research
unit (department of Accident Mechanism) belong-
ing to the French National Institute for Transport and
Safety Research (INRETS), which has been carrying
out multidisciplinary studies on road accident since
the beginning of the 80’s [6]. In these two cases the
"point” of impact and the rest position of the pedes-
trian were known on the accident scene.

In the first one, some skid marks are related to the
front track of the accident-involved vehicle. These
tyre marks, the collision configuration, the final con-
figuration and the "point” of impact classified this
case as a typical pedestrian wrap trajectory as was
defined by Ravani et al [12]. Moreover, the tyre
marks allow to determine the vehicle impact velocity
by an alternative way expressing the kinetic energy
loss as a function of the length of the marks and a
mean given deceleration.

In the second one, no material evidence was re-
lated to the vehicle behaviour (deceleration begin-
ning unknown) even if this vehicle is not equipped
with an Antilock Braking System (ABS) system.
This case corresponds to a pedestrian wrap trajectory
regarding the vehicle-pedestrian contact sub-phase,
but it is not typical (cf. relative rest position of ve-
hicle and pedestrian). It represents a configuration
in which (without a vehicle Event Data Recorder or
reference crash tests) the modelling of the pedestrian
impact and post-impact trajectory seems to be the
only solution to determine the vehicle impact veloc-

ity.

e case No 1:
A January day, at 9 a.m., the weather is dry and
sunny. A Citroén Xanti@ vehicle was driving
along a boulevard in urban areas. In the mid-
dle of its lane, the vehicle crashed into the right
side of an old man on a pedestrian crossing. It
braked in emergency before impact. The pedes-
trian died on the spot (see figure 1).

e case No 2:
A June day, about 8 a.m., the weather is dry
and sunny. A Renault Twing® vehicle was
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Xantia contre piéton

Mardi

Car driving direction

Human

Vehicle

Environment

Driver:
declared driving speed: about 60 km/h

fractures of the two femurs
face wounds

Citroén Xantia
mass: 1322 kg

Pedestrian: identified pedestrian impact areds: pedestrian throw distance: 16 m
man, 85 years old, height 1.65 m, mass 75/kg low bonnet
deceased, open fracture of the right shoulder high bonnet
right ribs fractures windscreen

emergency braking skid mark length: 14|m

Car approaching speed about 60 km/h, car impact speed ab&ut/6

Figure 1. Case No 1 (some in-depth investigation data).

driving through a village. It crashed into the left
side of an old woman on a pedestrian crossing.
She died as the result of her injuries the next
day. The vehicle driver was a priori dazzled by
the sunlight. He did not see the pedestrian and
didn’t begin to brake before impact (see figure
2).

MODELS

Simple Models

With regard to the first above-mentioned model cat-
egory, some models with a simple mathematical for-
malism (even if they are the results of a great amount
of research) are considered. They can be classi-
fied as analytical or semi-analytical methods. Most
of the analytical ones derive from fundamental me-
chanics equations and correspond to a modelling of a
pedestrian post-impact trajectory part: airborne and

ground-pedestrian sub-phases (see figures 3 and 4).
They are based on a 2D kinematics applied to the
pedestrian centre of gravity. Two usual and well-
known models have been chosen: "fall and Slide”
[4] and Searle’s "fall, bouncing, sliding” model [13]
which tries to take into account pedestrian bounces
on ground (see figure 4). Their respective mathe-
matical expression (equations 1 and 2) proposes a
relation between pedestrian projection speg,),
projection anglé, a partial throw distancB, + D3,
vertical distanceH, between projection momety

and first contact on ground momegt gravitational
acceleratiory, and pedestrian friction coefficient on
groundyp.

2H, VA2t
D2+ D3 = Vp(tp) ?2 %ppg) W
Vp(ty) = V200[(02 +09) —pF]

cog0) + ppsin(0)
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haematoma corpus callosum, sub-arachnoid haemorrhage
comminuted fracture of C2 vertebra, spleen fracture
right forearm open fracture, right hip dislocation
right and left ischio-pubic fracture, right patella fracu
right tibia and fibula open fracture

Human Vehicle Environment
Driver: Renault Twingo no emergency braking skid marks
declared driving speed: about 45 - 50 km/h mass: 885 kg rest position: 34 m from point of impagt
Pedestrian: identified pedestrian impact areas:  pedestrian throw distance: 19 m
woman, 69 years old, height 1.60 m, mass 60 kg bonnet
deceased, cranial trauma with loss of consciousnegi(h) windscreen

Car approaching speed about 45 - 50 km/h, car impact speed 4be 45 km/h

Figure 2. Case No 2 (some in-depth investigation data).

The Searle’s model allows us to provide a range of
predicted pedestrian projection speeds for a given
partial throw distance with a mathematical lower

bound (equation 3) and an arbitrary upper bound
(equation 4).

_ v/219[(D2+ D3) — ppHy]
\/31+13

max{Vp(ty)} = \/21,0((D2+ D3) — kpHa]  (4)

These models are suited for typical wrap trajectories,
considering the total throw distan&® =~ D, + D3
and the vehicle impact spe¥g equal to:

1
Vo= PE Vi(tp)

min{Vp(tv)}

®)

®)

wherePE is defined as an impact factor [4] or a pro-
jection efficiency [17]. The use of this factor is rather
empirical.

Semi-analytical models can be, on one hand, based
on experimental (with dummies and PMHS tests) re-
sults or real well-documented collision data. Con-
sidered as empirical, they use regression curves be-
tween vehicle impact speed and total throw dis-
tance without modelling projection processes. On
the other hand, they can derive from a statistical ap-
proach which is based on a variability study (col-
lision parameters and circumstance factors) and on
an analytical study of the three trajectory phases.
These statistical models correspond to a mathemat-
ical function with a simple formalism, but are re-
sult of a great modelling way effort. Both empirical
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Figure 5. Schematic representation of vehicle and pedestm segment at primary impact - illustration of
some parameters used in Wood's SSM equations.
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Figure 6. Schematic representation of vehicle and pedesti segment at secondary impact - illustration of
some parameters used in Wood’s SSM equations.

Figure 7. General view of the multibody system (Madymo).
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and statistical models enable us to provide a range of
value with variable degrees of certainty. Three mod-
els have been chosen: two empirical ones (cf. Rau
et al. [11], (equation 6), Toor and Araszewski [17],
(equation 7)) and a statistical one (cf. Simms et al.
[15], (equation 8)):

Dy = 0.0052VZ +0.0783Vp (6)
with D; in m andVy calculed in km/h 45 km/h).
Vo = 8.25D261 7)

with D; in m andVj calculed in km/h £7.7 km for
the 18" and 84" percentile prediction interval).

my D
Vo = my+ C[Di — ) (8)
with D¢ in m, Vg in m/s, and wher€, D, & are re-
gression parameters (see [15] to chose a set of re-
gression parameters functions of circumstances and
certainty degree in order to determine lower and up-
per bounds) andy, (respectivelymy) is vehicle (re-
spectively pedestrian) mass.

Advanced Models

To illustrate the second above-mentioned model cat-
egory, one model has been chosen: Wood'’s Sin-
gle Segment Model (SSM) [18]. It is a mixed an-
alytical formulation (equation 9) for the total post-
impact trajectory. It models the vehicle-pedestrian
sub-phase considering that the pedestrian could be
represented by a single 2D segment (see figures 5
and 6). Then, it models the following sub-phases
(airborne and ground-pedestrian) with the Searle’s
formula considering the pedestrian could be repre-
sented by a weighted point. It makes the assump-
tion that there are two vehicle-pedestrian impacts: a
primary impact relating to the pedestrian lower part
(see figure 5) and a secondary impact relating to the
pedestrian head (see figure 6).

V3 (tp) (cog8) + ppsin(8))®

219
K2 8(t,
SO ) ©)

with k radius of segment gyration amdrertical dis-
tance between pedestrian centre of gravity and up-
per contact point on the vehicle fronty(tp) cog0),
Vp(tp)sin(B), B(t, ) andH, are functions of vehicle
mass, pedestrian segment geometry, secondary im-
pact location, vehicle braking rate, vehicle impact
speed/y, etc. Segment angle at the beginning of sec-
ondary impactf(t, ), is more particularly a function

of the following parameters:

B(ty ) = f(8(ty ),Vo,m,,mp,a, h,dh,bw g)

D =

(10)

with a bonnet angledh distance between segment
centre of gravity and top (head)w segment half-
width (see figures 5 and 6).

Itis worth noting that this model (with a complicated
formalism) was the theoretical base of some statisti-
cal models (with a simpler formalism) (e.g. Wood’s
Hybrid Model [19]).

Complicated Models

Concerning the third category which referred to
complicated model, two softwares have been used :
the PC-Crash V6.0 one and the Madymo V6.0 one.
PC-Crash software is a common commercial tool
to reconstruct road accidents [3]. A part of this one
has been developed to take into account vehicle-
pedestrian accidents with a specific pedestrian
multibody model and a single body vehicle whose
geometry shape is detailed [10]. This approach
has been validated with dummy crash-tests and
well-documented real cases [9]. The human body
model chosen in this paper included 20 bodies
interconnected by 19 joints. Default joint and
body characteristics fitted to pedestrian mass and
height are provided in the software. Eight specific
measurements were used to define the front vehicle
geometry. Accident configuration was fixed thanks
to side pedestrian injuries and vehicle driving
direction. The pedestrian position on impact was
chosen standing up without speed and with both feet
near each other on the ground. The simulation was
iteratively used changing impact vehicle velocity
and mean vehicle deceleration in order to ob-
tain pedestrian throw distance and impact points on
front vehicle measured by the in-depth investigation.

The last method concerns the pedestrian acci-
dent reconstruction using a typical multibody
software which is commonly used in passive safety.
The Madymo software V6.0 has been employed to
develop the numerical models and to perform the
simulations [16]. The whole multibody model is
divided into two parts: the car and the pedestrian
(see Figure 7). The human body model has been
developed by the University of Chalmers (cf. Yang
et al. [21]), Faurecia (cf. Glasson et al. [7]) and
validated in collaboration with the Laboratory of
Applied Biomechanics (see Cavallero et al. [2]).
The original model represents a human body close to
the 50th percentile male: 1.75m, 78 kg. It includes
35 bodies with 35 joints and it is represented by 85
ellipsoids. Joint and body segment characteristics
are based mainly on available biomechanical data
(cf. Yamada [20] and Kajzer et al. [8]). The specific
characteristics of this model concern its lower leg
because it is predictive of fractures.
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This model has already been validated qualitatively
but also quantitatively in pedestrian configuration
by comparison with PMHS experimental tests
performed at INRETS-LBA (cf. Cavallero et al.
[2]).

Concerning the real accident reconstruction, the
multibody model was first adapted to the corre-
sponding configuration of the accident: orientation
of impact, anthropometry of the victim, front shape
of the car. A first simulation has been performed
on this starting configuration provided as being the
most probable one by the in-depth investigation.
Next, effects of some parameters such as car
velocity or pedestrian position on impact have
been numerically studied in order to find the best
correlations with all indications produced by the
in-depth analysis. All simulations which were not
in accordance with the in-depth investigation were
rejected. Finally, the configuration retained is close
to the presumed real accident conditions because it
reproduces in particular the same impact points on
the car, the same injuries, and is according to the
driver statement (cf. Serre et al. [14]).

RESULTS

Results Obtained With Simplest Models

Concerning the case No 1 (Xantia) which corre-
sponds to a typical wrap trajectory, analytical and
semi-analytical models were applied. Ranges of ve-
hicle impact speeds were calculated for each method
consideringD; € [16 m 18 n and eventual bounds
(only given by Searle’s method and semi-analytical
ones). They are synthesized in table 1. With pa-

Table 1.
Results for case No 1 obtained with simplest
methods.
method name range of vehicle impact
speedsvy (km/h)
fall and slide [42,45]
Searle [42,54]
Rau et al. [43,57]
Toor and Araszewsk [37,56]
Simms et al. [42,53]

rameter valuegl, = 0.66 andH, = 1 m, projection
efficiency (or impact factor) was set to 1 for "fall
and slide” and Searle’s models. Regarding Simms
et al.'s model, lower bound (respectively upper) so-
called probable was chosen with regression param-
eters: C = 3.2, D = 047, S = 1.6 (respectively
C=37,D=047,%=12).

Concerning the case No 2 (Twingo) which does not

correspond exactly to a typical wrap trajectory, an-
alytical methods were rejected. Consideribge
[17m20m and lower and upper bounds, semi-
analytical methods were used in the same conditions
as for case No 1. Ranges of vehicle speeds are sum-
marized in table 2. According to driver statement

Table 2.

Results for case No 2 obtained with simplest
methods (semi-analytical models).
method name range of vehicle impact
speedsvp (km/h)

Rau et al. [45,60]
Toor and Araszewsk [38,59]
Simms et al. [44,56]

(time-lag braking) and lack of tire marks on ground,
low part of vehicle impact speed range would be se-
lected.

Results Obtained With Wood’s SSM

Wood'’s Single Segment Model assumes that the ve-
hicle decelerates at impact. So it needs a vehicle co-
efficient frictionpy, to model the interaction between
vehicles and pedestrians in terms of primary and sec-
ondary segment impacts in vehicle-pedestrian sub-
phase. Therefore, Wood’'s SSM was only used for
case No 1. For this case, anglewvas varied in the
range [0.20 rad,0.30 rad] also using different values
for impact speedlp. Throw distance®; calculated
between 16 m and 18 m allowed us to determine so-
lutions in terms oly. Segment characteristics (lo-
cation of gravity centre, radius of gyratid) were
fixed using the approach recommended by Burg and
Rau [1]. In this way\y was determined as belonging
to the range [48 km/h,56 km/hl].

Results Obtained With Multibody Models

Use of the PC-Crash Software

With PC-Crash software, the two cases were treated
using its default multibody models. Two pedestrian
multibody models are included in the version 6.0 of
this software. The one which was used has been val-
idated with dummy crash-tests [9, 10] and seems to
give for the two accident cases better results than the
other one. The main differences are in the values of
the friction coefficients between pedestrian/car and
pedestrian/ground both equal to 0.6 for the model
we have used and 0.4 and 0.2 for the second one.
Concerning the accident case No 1, the recon-
struction results gave an impact speed of 48 km/h for
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Figure 8. Multibody simulation of the two real accidents with Madymo (line 1: case No 1 (Xantia), line 2:
case No 2 (Twingo)) and PC-Crash (line 3: case No 1 (Xantia)nk 4: case No 2 (Twingo)).

Table 3.

synthetic table of vehicle impact speetly and pedestrian throw distanceD; obtained (or used) by the
different methods for real cases No 1 & 2.

method method name caseNo 1 case No 2 comments
category Vo (km/h) | Dt (m) | Vo (km/h) | Dt (m)
in-depth investigation 55 16 [40,45] 19 Vo evalued or calcu-
lated, D measured
and evalued
fall and slide [42,45] | [16,18] rejected
Searle [42,54] | [16,18] rejected
simple Rau et al. [43,57] | [16,18] | [45,60] | [17,20] .
Toor and Araszewski | [37.56] | [16.18] | [38.59] | [17.20]| =t 'MPutVooutput
Simms et al. [42,53] | [16,18] | [44,56] | [17,20]
| advanced | Wood’'SSM | [4856] |[16,18]] rejected |
PC-Crash V6.0 48 16 35 20 iterative process to
. pedestrian model determineV,
complicated Madymo V6.0 50 17 20 18 °
+ specific pedestrian model
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the car and a throw distance of 16 m for the pedes-
trian. The calculated pedestrian final position was
quite good for the X axis (in the car way of travel-
ling) but not so good for the Y axis (perpendicular to
the car way of travelling) with a difference of 3.5 m
with reality. In the simulation, the car stopped 3 m
before the real rest position of the car. The calcu-
lated pedestrian impact areas on the car were coher-
ent with car deformations (see figures 1 and 8), ex-
cept for the hip impact which was too high on the
car bonnet (T=40 ms). However, a relatively impor-
tant penetration of the pedestrian into the car body
(T=40 ms, for both cases) was observed showing the
difficulty of contact modelling. During the airborne
sub-phase, the pedestrian trajectory corresponded to
a somersault. Such pedestrian kinematics did not
square with the Madymo simulation and neither with
PMHS crash-tests for this range of impact speed.

For the accident case No 2, the impact speed of
the car is calculated to 35 km/h and the pedestrian
throw distance to 20 m. For this case, both final po-
sitions, car and pedestrian, were in good coherence
with the reality. The simulation provided impact ar-
eas on the car coherent with those observed by in-
depth investigation. As in the precedent case, the
calculated pedestrian trajectory corresponded also to
an improbable somersault during the airborne sub-
phase.

Use of the Madymo Software

With regard to the more complicated method based
on the Madymo software, the accident reconstruc-
tion can be decomposed into two phases: the nu-
merical model adaptation and the parametric study.
Time consumed to perform both works is about 1
week and numerical simulations last less than 1 hour
on a classical PC computer.

Model adaptation concerns the representation of the
car, the pedestrian and the definition of an initial
accident configuration. Input data are thus a short
description of the anthropometry of the pedestrian
(height and weight), geometry and mechanical char-
acteristics of the car and an initial impact speed of
the car to start the parametric study. This parametric
study concerns mainly the velocity of the car, the
position of the pedestrian at impact and the pitch
angle during the braking phase. Output data con-
cerns qualitative information such as injuries but
also quantitative ones such as an accurate impact
speed of the car, impact areas of the pedestrian with
the car and the throw distance.

Concerning the case No 1 (Xantia), a first simula-
tion was performed on the configuration provided by
the in-depth investigation. Car speed was fixed to
55 km/h. Pedestrian was placed in a walking posi-

tion from the left to the right side of the car in order
to be impacted on the right side of his body. The
configuration retained during the parametric study
was the one which reproduced closely the same im-
pact area and the same injuries reported by the in-
depth investigation. Four impacts during the simu-
lated kinematic were observed: the lower leg on the
bumper, the upper leg on the low bonnet, the shoul-
der on the high bonnet, the head on the windscreen
(see figure 8). Compared to the real injuries, tibia
fractures were observed numerically on the third su-
perior part but not on the femur. The retained impact
speed for the car was finally 50 km/h and the throw-
ing distance 17 m.

For case No 2 (Twingo), initial car speed was fixed to
45 km/h and the pedestrian position placed in walk-
ing posture with the right leg put forwards. After
the parametric study, the retained configuration pro-
vided a kinematic in accordance with the in-depth
accident investigation (see figure 8). Same impact
areas were found and fracture on the superior third
of the lower leg was simulated. Car speed was fi-
nally found equal to 40 km/h and the throw distance
close to 18 m.

DISCUSSION

In order to compare the methods in terms of quality
of real accident reconstruction, their numerical
results corresponding to the case No 1 and No 2
were reported on table 3.

The case No 1 corresponds to a typical wrap tra-
jectory for which skid marks of emergency braking
allow us to have a good estimation of the vehicle
impact speed (55 km/h). All the methods - except
the fall and slide model - provide a solution for
vehicle speed on impact compatible or close to the
in-depth investigation estimation.

For the case No 2, the vehicle impact speed has
been chosen by in-depth investigation as equal to
40-45 km/h. These values have been evaluated from
comparison of vehicle damage with those observed
on a crash-test (same vehicle, impact speed 32 km/h,
PMHS) performed by INRETS-LBA. This case
No 2 represents a non typical wrap trajectory (no
vehicle deceleration at impact or time-lag after im-
pact) for which the analytical simple and advanced
model (e.g. Searle’s model) are not suited in term of
sub-phase modelling. Therefore, they have not been
used contrary to the others methods (semi-analytical
simple models and 3D multibody model). From a
theoretical point of view, this case highlights limits
of the analytical methods (simple and advanced)
which didn’t take into account enough the contact
phase.
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Table 4.
Comparative matrix for the different methods.

Complication | method inputs outputs precision operation computer field application
level name preconised bringing calculation
by author’'s method | time (rough) | time
simple fall and slide [4] Hp, D1+ D3, Yp, PE | Vo no element few minutes | immediate typical wrap and for-
ward trajectory
simple Searle [13] Ho2, D1+ D3, Hp, PE | min{\p}, max{\p} mathematical lowern few minutes | immediate typical wrap and for-
bound and arbitrary ward trajectory
upper ground
simple Rau et al. [11] Dt Vo +5 km/h (corridor) | few minutes | immediate wrap trajectory
simple Toor and Araszewski Dy Vo +7.7km/h for the| few minutes | immediate wrap trajectory
[17] 15" and 8% per-
centile  prediction
interval, £12.2 km/h
for the 8" and 9%
one (corridor)
simple Simms et al. [15] D¢, my, mp, set of re-| min{\p}, max{\p} upper and lower| few minutes | immediate wrap trajectory
gression parameters bounds depending
on degree of cer
tainty (probable,
normal, overall)
advanced Wood'SSM [18] Vo, My, mp, a, h, dh, | Vo, D¢ see statistical model$ half an hour | few seconds for ong typical wrap trajec-
bw, K, Up, Ly derived from it (e.g. step of the iteration| tory
[15]) process
complicated | PC-Crash V6.0| veh. geometrym,, | Vp, impact areas, qualitative and quan{ one day few minutes for one| frontal impact + pos-
pedestrian mode| veh. deceleration] veh. and ped. posii titative  validation step of the iteration sible use for other
[9, 10] Vp, impact areas, tions on impact,D;, | based on input/ouput process configurations  with
veh. and ped. posit 3D kinematics and| parameters comparit attention to the vali-
tions on impact, ped| dynamics son dation
height,mp, Dt
complicated | Madymo V6.0 +| veh. geometrym,, | Vp, impact areas, qualitative and quan{ one week less than an hour forf frontal impact + pos-

specific  pedestrian
model [16, 21, 7]

veh.  deceleration
Vp, impact areas,
veh. and ped. pof
sitions on impact,
ped. heightmp, Dy,

injuries

veh. and ped. posi
tions on impact,Dy,
3D kinematics and
dynamics, injuries

titative  validation
based on input/oupu

parameters comparit

son

[

a step of the iteration
process

sible use for othe
configurations  with
attention to the vali-
dation

1T Jaisaudaq



Reconstructions performed with PC-Crash and
Madymo allow us to compare also kinematics. It

has been observed good accordance in the both
timing of the vehicle-pedestrian sub-phases (cf.

figure 8).

Concerning the comparison of the different
methodologies, some criteria have been reported in
a general matrix and summarized in table 4. It con-
cerns their requirements (inputs, outputs, computer
time, into operation bringing time), their precision
(if it is defined by their reference authors) and their
field of application (validity domain). Concerning
the operation bringing time, it includes, if necessary,
the time for measuring specific element such as
the vehicle geometry, preparing the adaptation of
the pedestrian multibody model, performing the
parametric study with the simulation tool, operating
results. This general matrix illustrates the relation
between the complication increase of mechanical
model and the improving of findings related to
particular car-pedestrian collisions with a wrap
trajectory.

In the first category of methods, analytical and
semi-analytical models with simple formalism and
very few inputs propose relations (sometimes with
lower and upper bounds) between vehicle impact
speed and pedestrian throw distance projection. In
these relations, the pedestrian position on impact
and the vehicle geometry for example are not explic-
itly used. They rather contribute to the formulation
assumptions (e.g. definition of the collision type as
a wrap trajectory) which allows us to utilize these
simple methods.

In the second category, some more advanced
two-dimensional methods like the Wood's SSM
try to relate vehicle impact deceleration and speed
on impact, throw distance and a few parameters
concerning respectively pedestrian and vehicle
geometry. The equations obtained in that way are
solved iteratively in order to determine an accurate
vehicle impact speed. Their assumptions are too
simplistic to describe exactly the sub-phase where
the pedestrian is in contact with the vehicle. As
their equations are moreover difficult to solve, either
they are used as a theoretical base for statistical
methods (with simpler formalism), or the use of
more complicated methods is preferred.

In the third category, the most complicated meth-
ods, i.e. the three-dimensional multibody models
(used in biomechanics applied to the vehicle passive
safety), allows us to relate directly: pedestrian
throw distance, vehicle acceleration and velocity
during the vehicle-pedestrian contact sub-phase,
collision configuration, impact areas on the vehicle

front, pedestrian injuries. Their solution in the

context of a real accident reconstruction implies
an iterative process which is due to a parametric
study. This parametric study has been done for the
PC-Crash method only for the car impact speed
when it has been done for more variables for the
Madymo method: car speed, pitch angle of the car
due to braking phase, pedestrian position on impact
[14]. Validation of real accident reconstructions

performed by these softwares is made mainly with
the pedestrian throw distance and the location of the
impact points on the car. The Madymo method can
allow us to add a validation regarding pedestrian
injuries with specific biomechanics models. The

application of PC-Crash and Madymo methods in
two simple real cases of wrap trajectory highlighted:

- the three-dimensional multibody models are the
best-fitted methods to describe the complexity
of these collision events,

- they are rather time consuming,

- their accurate and complete utilization is still
the appanage of parameterization specialists (in
vehicle design, in biomechanics, in medicine,
...) who know about or take part in their exper-
imental validation.

The PC-Crash software uses an important number
of parameters to model a pedestrian accident. Most
of them are given by default with the software and
the results of the accident reconstruction are very
sensible to their variations. The apprehension of
what they represent of the reality of these complex
phenomena is often difficult. Thus the use, ap-
parently "easy”, of the PC-Crash software by non
specialist users can be dangerous. The PC-Crash
technical guideline should be more detailed on
the definitions, descriptions, and influences of
the numerous parameters needed to compute a
reconstruction. The Madymo software method
needs also and even more numerous parameters.
But because this software is more complicated, its
use is reserved to experts in the field of accident
analysis and biomechanic.

From a general point of view, the increase
in complication of the models corresponds so to the
direct use of supplementary material data either as
input data (e.g. very detailed geometrical vehicle
and pedestrian description) or as validation param-
eters (e.g. calculated impact areas on the vehicle)
which are the simulation results at a step of an itera-
tive process. This approach is particularly pertinent
for the in-depth investigation and the forensic field
in order to take advantage of the most material
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evidence possible by means of hypothetic-deductive
models. The adequate use of the multibody models
corresponds however to update, multidisciplinary
and extensive knowledge with regard to input data
(e.g. human body segment inertial parameters) and
validity domain of different modellings (e.g. contact
modelling between ellipsoids, parts of multibody
model).

CONCLUSION

This work was focused on the comparison of differ-
ent methods allowing real pedestrian accident recon-
structions corresponding to a wrap trajectory. This
kind of trajectory can be modelled in terms of ve-
hicle impact speed and throw distance with simple
formalism models. Methods with different levels of
complication were tested with two sets of real data
issued from in-depth investigation. They have been
classified into three categories: simple, advanced
and complicated. For this well-known configura-
tion of vehicle pedestrian collision, the aim was to
illustrate in what proportion the increase in compli-
cation of a model can improve results in terms of
quality. Simple and advanced methods give good re-
sults but their validity domain are restrictive (wrap
trajectory and forward projection). The increase in
complication of the models corresponds to the di-
rect use of supplementary material data either as in-
put data (e.g. very detailed geometrical vehicle and
pedestrian description) or as validation parameters
(e.g. calculated impact areas on the vehicle). In par-
ticular the 3 dimensional multibody models initially
developed for passive safety research allow us to re-
late most of relevant parameters (speed vehicle, im-
pact areas, injuries, ...) of the pedestrian accident.
Their applications to the reconstruction are very in-
teresting in the in-depth investigation and forensic
fields. It would enable us to achieve reconstruction
of other types of collision involving pedestrian (e.g.
vehicle frontal impact with fender vault post-impact
trajectory, vehicle corner impact), even if there is a
lack of material evidence (e.g. no skid mark for an
ABS equipped vehicle). That could be possible if the
multibody models could be refined and validated for
these sorts of real collision configurations. This val-
idation could be based on experimental tests (for ex-
ample crash-tests using PMHS) reproducing real ac-
cident configuration instead of standard ones. Con-
nected to the complementary vehicle primary and
passive safety, and the forensic road accident recon-
struction, this work would lead to the improvement
of the pedestrian safety. It also could be extended to
other vulnerable road users such as bicyclists.
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ABSTRACT

This study aimed to investigate the correlation of
different impact conditions to the injury severity
and impact biomechanics of pedestrians in real
world accidents, and study the tolerance level with
focus on head-brain of adults and children via in-
depth analysis and reconstructions of real world
accidents.

For this purpose, 188 pedestrian accident cases
were selected from existing accident databases. Of
which 186 cases obtained from GIDAS (German
In-Depth Accident Study) documented by Accident
Research Unit at Medical University Hannover in
Germany, and 2 cases from Sweden. For each
collected case, complete information regarding
pedestrian injuries, accident cars, and crash
environment was registered based on hospital
clinical record and police report. In order to find
the correlation of injuries observed in accident with
physical parameters during a collision, reconstruc-
tions of selected 8 adult- and 12 child-pedestrian
cases were conducted by using pedestrian and
passenger car models. The pedestrian models were
generated based on the height and weight of
pedestrians involved in accidents. Each car model
was built up based on the corresponding accident
car. The mechanical properties of the accident cars
were defined based on available data from
EuroNCAP tests.

The correlations of calculated injury parameters
with injury outcomes registered in the accident
database were determined. Influences of impact
conditions and pedestrian initial moving posture on
HIC wvalue were analyzed and discussed.
Furthermore, the relative importance of the factors
was determined according to their effects on
various injury parameters. The difference of injury
distribution and dynamic responses of pedestrians
at various body sizes for adult and child were
analyzed, which would provide background

knowledge to develop safety counter-measures and
protection devices.

INTRODUCTION

The pedestrians are the most vulnerable road users
who exposure a high risk in road traffic collisions
with motor vehicles. Each year, about 1.2 million
people are killed in road vehicle traffic worldwide,
of which the pedestrians account for a large part of
the traffic fatalities, especially in low- and middle-
income countries. In high-income countries, car
occupants account for a large majority of road
users and the majority of road traffic deaths.
Nevertheless, even there, pedestrians, cyclists and
moped and motorcycle riders have a much higher
risk of death per kilometer traveled [1].

The studies in Europe [2-4] indicated that the
passenger cars are most commonly involved in
pedestrian accidents. Figure 1 shows a distribution
of vehicle type in pedestrian accidents which based
on accident data from Swedish national accident
database STRADA.

sparvagn
3.1%

moped
6.4%
motorcycle
1.2%

train
0.1%

bus
truck 5.6%
4.4%

passenger

Figure 1. Involved vehicle types in pedestrian
accidents based on Swedish national accident
database STRADA (1999-2004).

During the past three decades significant reductions
in pedestrian fatalities have been achieved in
Europe [5] and the United States [6]. This tendency
is mainly due to improved traffic planning in built-
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up areas. Other safety program such as appropriate
speed limits, drink driving control, education of
young people could also contribute to the reduction
of casualties. So far, there is not any statistical
study to prove that injury reduction is caused by
changes of car-front shape, but the findings from
studies suggest that a potential benefit can be
obtained from improvement of new vehicle designs
which meet the EEVC requirements.

A study on pedestrian accidents is presented in this
paper with focus on detailed individual case
analysis via accident reconstruction using the
mathematical models. The objective of the study is
to determine the correlations of impact conditions
and dynamic responses with the injuries and injury
severity of pedestrians from accident. The results
were analyzed and discussed in terms of data
collection, estimating vehicle impact speeds,
pedestrian moving speeds and initial posture,
secondary ground impact, as well as impact
biomechanics.

METHOD AND MATERIALS

Accident cases were selected from the accident
database GIDAS (German In-Depth Accident
Study) documented by Accident Research Unit at
Medical University Hannover [7, 8]. In the district
of Hannover a representative sampling of accidents
is carried out by order of the German Government
(Federal Highway Research Institute BAST) in co-
operation with the car manufacturers. A general
statistics analysis was carried out with the collected
sample cases. Reconstructions were conducted
using selected cases from the whole samples. The
results from accident reconstructions were analyzed
and discussed.

Selection of Accident Cases

For the purpose mentioned above, 188 pedestrian
accident cases were selected from Hannover
Medical University, of which 117 adult- and 69

child-pedestrian accident cases, and 2 cases from
Sweden. For each collected case, complete
information regarding pedestrian injuries (AIS1+),
damage of accident cars, and crash environment
was registered based on hospital clinical record and
police report. The anthropometric data of
pedestrian such as age, gender, height, and weight
were also documented in the hospital. Accident
witnesses were investigated to obtain the accident
information such as pedestrian posture, impact
direction etc.

The passenger cars involved in the accidents were
recorded with detailed information about car
makers, model, registration year, estimated impact
speed. The selected cases were limited with
accident car introduced to the market after 1990.
The deformation pattern, contact points on the car
and characteristics of special traces on the road and
on the car were measured and documented in a 3D
coordinate system with reference to longitudinal
central line of vehicle. Pictures of impact location
are documented and could be used for analysis. The
final positions of the pedestrian and car were also
recorded. Thus these accidents reflect the most up
to date pedestrian accident characters.

Selection of Accident Cases for Reconstruction

Further screening the collected cases was carried
out for reconstructions that request very detailed
accident data in pre-crash, crash, and post crash
phases. The requested data are summarized in
Table 1. It is necessary to mention here that some
information for accident reconstruction is not
possible to acquire from field investigation, such as
the vehicle front stiffness, and kinematics of the
pedestrian collision.

In the present study, 8 adult cases and 12 child
cases were selected for accident reconstructions.
Two examples are described in following section.

Table 1. Summary of accident data collection for reconstruction in case 1

Pre-crash

Crash Post crash

- Travel speed
Vehicle - Pre-crash braking
- Driver maneuver

- Impact speed
- Contact point weight

- Maker, model, year,

- Damage (dents, scratch)

- Initial posture

Grass Kinematics

- Gender, Age, Height,

- Moving speed Wrap around distance Weight
- Orientation Throw distance Injuries
. - Landing point - Injury patterns
Pedestrian - Sliding distance - Injury distribution
- Resting point - Severity
Ground impact mode - Cause of injury
- Body contact
Road and - Road type Ground impact - Skid mark and other traces
. - Road surface
Environment

- Weather condition
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Example Case 1: Adult Pedestrian Accident

Pre-crash
A passenger car-to-pedestrian accident happened in
a residential area in Hannover, Germany (Figure

2a).
Pedestrian moving Building
direction l

Pedestrian gt; ‘;Ei
—,B Cartravelllng

resting place Car ﬂnal |
position | dlrec.tlon

!

(b)
Figure 2. (a) Scheme of accident scene, (b) the
location of head impact on windscreen and
pelvis impact on hood top.

The accident car is a VW Golf IIT 1993 model. The
car was traveling over a cross in which corner
standing a building. A 70-year-old male walked
fast behind the building to cross the street. Because
of the building, the driver could not see the man in
advance. After the driver saw the man, he braked
hardly but still hit the man. The impact speed was
about 43 km/h.

Crash

The car hit the left leg by the right side of the
bumper. The head impacted against the
windscreen. The scratches and damages of the
vehicle are shown in Figure 2b. The man was
thrown away for about 11 m.

Post crash data

The man sustained laceration wound at the head,
oedema of the brain, concussion and fracture at the
left tibia.

Example Case 2: Child Pedestrian Accident
Pre-crash

A passenger car-to-child pedestrian accident
occurred in a resident area in Hannover, Germany.

The accident car is an OPEL Omega Combi 1994
model. The car was traveling on a street where
several vehicles were parking along right side
(Figure 3a). A 4-year-old boy walked fast to cross
the street. Because of the parked car, the driver
could not see the boy in advance. After the driver
saw the boy, he braked hardly but still hit the boy.
The impact speed was about 25 km/h.

Crash

The car hit the child by the left front part. The boy
was thrown away and the throw distance was about
6 m.

Post crash data

The child sustained AIS 2 head injury, AIS 1 lower
extremity injury. On the vehicle, scraps on the
bumper and dents on the hood were found as
shown in Figure 3 (b).

Child resting

— O #fpla:a

Car travelling direction

.; Child meoving direction Car final position

:‘;—TLT | .‘ .'p _:_D:__._ L._).__j

Parked cars

—— _,

'n BB

Bulldlng posts

(b
Figure 3. (a) Scheme of accident scene, (b)
Scraps and dent on the accident car

Accident Reconstructions

The selected accident cases are reconstructed using
pedestrian models and passenger car models. The
reconstructions were carried out by using
MADYMO program.

The Set-up of Reconstruction Models
The anthropometric data of the pedestrian models
used in the reconstructions are summarized in

Table Al (Appendix), which based on the height
and weight of pedestrians involved in accidents.
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The pedestrian models were generated by GEBOD
code in MADYMO program for both adults and
children. The characteristics of the adult models
was defined based on a validated human body
model [9, 10]. The characteristics of child models
were scaled from the validated adult pedestrian
model.

The car models were built up based on the
corresponding accident car. The geometry of the
car models was obtained from the drawings of the
production cars that had the same make, model and
series as those involved in the accidents. The
mechanical properties of the car models were
defined in terms of stiffness properties acquired
from Euro NCAP sub-system tests.

The impact speeds of the cars and the pedestrian
moving speeds were estimated based on the
accident data, considering the car braking skid
marks on the road surface and the pedestrian
moving postures before the impact. The friction
coefficient between the wheels and road surface
was defined according to road surface conditions.
The diving angle of emergency braking and
steering effect were also simulated. The Figures 4a
and 4b show the reconstruction models for example
adult and child accidents.

(b)
Figure 4. Simulations of (a) adult pedestrian
accident, (b) child pedestrian accident.

The kinematics was simulated in reconstructions of
the selected accident cases. The injury parameters
in head, chest, pelvis and lower extremities were
calculated to evaluate the injury severities from the
accidents. The correlations of the output parameters
from simulations with the injuries described in
medical and accident report were analyzed. The

threshold of brain injury parameters, such as HIC
was discussed based on reconstruction results.

RESULTS
General Statistic Analysis

The initial posture at the moment of impact was
determined at running, fast walking, walking or
standing. Figure 5 shows that half of children were
running but only 2% children were standing when
they were hit by the vehicle. This is remarkable
comparing to the situation of adult pedestrians (7%
running). The accident data also showed that 82%
adults and 87% children were impacted from the
lateral direction.

unknown walking
13%

(a)
Standi
walking P
19%
Faﬁ.‘t Running
walking 5%
27%
(b)

Figure 5. Pedestrian moving posture at the
moment of impact: (a) adults, and (b) child.

The injury distribution of pedestrian is shown in
Table 2. It was observed that the head and the
lower extremities were the two most frequently
injured body parts during the accidents for both
adults and children, but adult lower extremities are
more frequently injured than children. For AIS 2+
injuries, head injuries accounted for 30.9% for
adults and 56.4% for children, respectively.

Table 2. Injury distribution by body regions

AIS 2+ All injuries
Body
Adult  Child Adult  Child
Head 30.9% 56.4% 25.9% 33.1%
Neck 4.3% 0.0% 5.0% 1.8%
Thorax 12.8% 7.7% 12.0% 5.5%
U-Limbs 7.4% 12.8% 16.6% 20.9%
Abdomen 1.1% 0.0% 1.9% 3.0%
Pelvis 5.3% 0.0% 6.2% 8.6%

L-Limbs 38.3% 23.1% 32.4% 27.0%
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Reconstrustion Analysis

Overall kinematics of pedestrian

The contact location of head on the vehicle could
be defined by the wrap-around distance (WAD)
along the car-front surface. Results from accident
reconstructions show that the WAD is influenced
by the pedestrian height and impact speed. Table
A2 (Appendix) shows the overall kinematics of
pedestrians from reconstructions. The wrap around
distance was close to the information collected by
police.

Head impact conditions

The head impact conditions to the car front were
determined for each case in terms of head resultant
impact velocity relative to the car, head impact
angle relative to the horizontal, head impact
location, as well as timing of head impact.
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Figure 6. The time history of head resultant
velocity relative to car front: (a) adult, (b) child.

Figure 6a and 6b illustrate the time history of the
head resultant velocities for 4 adults with the height
of around 170 cm and 4 children with the same
height of 120 cm. The head impact timing varies
from 123 ms to 199 ms for the adults, and from 56
ms to 83 ms for children. The results indicated that
the head impact timing varied in a wide range due
to vehicle speed and size of the pedestrians.
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Figure 7. Relationship between head impact
speed and vehicle speed

The head impact speed appears to be proportional
to vehicle impact speed as shown in Figure 7.
Normally, the child head impact speed is lower
than the vehicle travel speed at the moment of
impact.

The head impact angle could be greatly influenced
by several factors such as the pedestrian height,
hood edge height, hood angle and impact speed.
The individual contribution of each factor to the
head impact angle should be investigated using
more detailed parameter studies. Figure 8 shows
the relationship between head impact angle and
vehicle velocity. The results showed that the head
impact angle usually decreases with the increasing
of vehicle impact speed for both adult and child.
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Figure 8. Relationship between the vehicle
impact speed and head impact angle

Calculated injury parameters

The head injury risks were evaluated by calculating
HIC as shown in Table A3 (Appendix). The
relative importance of ground and vehicle in
causing the head injury is investigated in terms of
HIC ratio S which is defined as follows:

HIC [1]

_ car—impact
ﬂ HIC —

HIC

ground—impact

Table A3 shows that during the second impact, it
could be the head or other body parts that first
landing on the ground. If the head first landing on
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the ground, it has a high injury risk of the head
caused by ground.

The relationship between head injury severity and
vehicle impact speed is shown in Figure 9. A
nonlinear correlation is achieved by a second-order
polynomial curve.
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Figure 9. Correlation of vehicle impact speed
and HIC

Throwing Distance

Figure 10 shows the calculated pedestrian throwing
distances in accident reconstructions, which are
comparable with the throwing distances registered
in police report. It appears that the child throwing
distances are greater than that of adult at the same
impact speed.
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Figure 10. Throwing distance
DISCUSSION

In this study efforts have been made to find the
correlation of the calculated biomechanical
responses of pedestrian body segments with the
corresponding injuries observed in accidents. The
reliability of the findings from accident
reconstructions is dependent on quality of data
sources, including information about three aspects:
vehicles, pedestrians, and road traffic environment.

Data sources and the basic variables

The accident data used in these studies were
collected from hospital clinical record and police

report, which contributed to form national
databases. This study was carried out based on the
databases for acquisition of detailed information
about causation and occurrence of accidents, injury
patterns, causation and distribution of the injuries.
The collected information forms firm background
for in-depth study on impact biomechnics and
injury correlations of pedestrians in vehicle
collisions.

Estimating vehicle impact speeds

The vehicle impact speed is one of the most
important issues to investigate the pedestrian
impact responses and injury biomechanics. There
are various approaches to estimate the vehicle
speed at the moment of the collision. In the present
study the following techniques were used to
estimate the vehicle impact speeds based on
available accident data.

Vehicle speed based on skid marks

Calculation of vehicle speed by using skid marks is
the most common way in pedestrian collision
analysis, in the case of accident vehicle skidded
after an emergency braking. The length s of the
skid marks can be measured in field investigations.
The possible car impact speeds V; are calculated
using equation as follows:

V. =~2gus (2]

It is necessary to point out that there could be some
difference of the calculated speed from the speed in
real world accident due to effect of pedestrian mass
and road surface conditions.

Vehicle speed based on pedestrian throw
distance

The skid marks are not always available in accident
field. One of the reasons is due to the increasing
use of Anti-lock Brake Systems, skid marks are
less common. The pedestrian’s total throw distance
is another indicator of the speed of the vehicle at
impact. Estimating vehicle speed by pedestrian
throw distance is thus becoming more important in
accident investigations. The vehicle impact speed
can be estimated by simulation of the vehicle and
pedestrian motions [4].

Pedestrian initial posture and moving speeds

In the real world vehicle-pedestrian accidents the
initial posture of a pedestrian at an impact is varied
in different motion attitude. Therefore an
appropriate initial position should be investigated
and defined for reconstruction of the pedestrian
accidents. According to present study, the child
initial posture in an accident is quite different from
that of an adult.
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The majority 98% of the child pedestrians are in
motion during impact, either walking or running.
This indicated a remarkable difference from study
on initial posture of pedestrians in all age group, of
which 79% in motion [11].

The impact responses and injury outcomes are
significantly affected by the initial postures and the
orientation of body segments. It was proposed to
take into account the leg orientation for the moving
posture. During the pedestrian impact the
kinematics and dynamic loading of pedestrian are
not the same if you have the left leg forward or the
right leg forward.

The moving speed is another important variable to
define in accident reconstruction. The child normal
crossing speeds were established as 1.5 m/second
to 2 m /second, which are recommended to be used
in present study.

Secondary ground impact

In reconstruction results the HIC values were
calculated in both first contact with car and second
contact with road surface. It is usual that the HIC
value in contact with car front is lager than that in
second ground impact without head landing ground
first. The reverse is the case for the second ground
impact with head contact ground first. It indicated
that the contact modes in secondary ground impact
are complicated, which could be dependent to the
vehicle front shape, impact velocity, and body size.

Impact biomechanics

It was found that the injury distribution of
pedestrians varies with the body size. In general
children exposure higher risk for head injuries, and
adults for lower extremities.

The HIC is an important measurement of the head
injury. The results show a good correlation
between calculated injury parameters and the head
injury severities in the accidents. However, more
accident cases are needed to establish a tolerance
level and a correlation of head injury risk with HIC
value.

CONCLUSIONS

In car-pedestrian accidents, the pedestrians are
often struck from the side by the front structure of a
vehicle when crossing a street. In this study it was
found that the pedestrians were hit from the side for
82% of adult cases and 87% of the child cases

It was found that the child head injuries account for
56.4% of total child pedestrian injuries, adult head
injuries for 30.9% of total adult pedestrian injuries.

The head impact conditions such as impact
velocity, impact timing and angle, wrap around

distance are mainly dependent on the car front
shapes, impact speed and size of child pedestrian.

The head injuries caused by car front structures
were usually much severe than caused by the
secondary ground impact.

The impact velocity and car front structures have a
significant influence on the kinematics and injury
severity of child pedestrian head. By limiting the
vehicle speed and improving car front design, the
head injury severity of child pedestrian could be
reduced.

The dynamic responses and injury parameters from
accident reconstructions would provide comple-
ment knowledge to develop safety countermeasures
and protection devices.
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APPENDIX

Table Ala. Anthropometric data of adults

Case No. 1 2 3 4 5 6 7 8
Age 62 24 81 49 50 70 28 84
Height(cm) 170 155 153 168 180 175 170 150
Weight (kg) 90 50 45 70 87 85 69 55
Table A1b. Anthropometric data of children
Case No. 1 2 3 4 5 6 7 8 9 10 11 12
Age 7 9 12 4 7 6 6 6 5 6 4 8
Height(cm) 123 130 120 110 120 113 120 115 120 126 110 128
Weight (kg) 25 307 45 18 31 22 18 12 25 31 17 25
Table A2a. Correlation of WAD distance with adult pedestrian height
Case No. 1 2 3 4 5 6 7 8
Height (cm) 170 155 153 168 180 175 170 150
WADg (cm) 173 146 149 188 207 191 172 163
WADg/Height 1.01 0.94 0.97 1.12 1.15 1.09 1.01 1.09
Table A2b. Correlation of WAD distance with child pedestrian height
Case No. 1 2 3 4 5 6 7 8 9 10 11 12
Height (cm) 123 130 120 110 120 113 120 115 120 126 110 128
WADg (cm) 131 136 100 97 109 103 104 112 111 119 93 118
WADg/Height 1.06 1.05 0.83 0.88 0.91 0.91 0.87 0.97 0.93 0.94 0.85 0.92
Table A3a. Calculated injury parameters from adult accident reconstructions
Case No. 1 2 3 4 5 6 7 8
Vehicle speed (km/h) 25 43 26 35 59 43 25 43
HICcar-impact 682 1138 984 980 1397 2278 984 1534
HIC ratio 14.8 0.8 6.4 0.5 2.4 3.9 0.8 0.7
Landing body part Arm Head Arm Head Foot Foot Foot Arm
Head injury (MAIS) 2 2 2 2 3 3 1 2
Table A3b. Calculated injury parameters from child accident reconstructions
Case No. 1 2 3 4 5 6 7 8 9 10 11 12
Vehicle speed (km/h) 40 36 23 35 30 24 35 77 40 26 25 30
HICcar-impact 1147 764 367 1041 227 58 851 3788 1182 166 263 725
HIC ratio 1.23 1.10  IL.11 1.03 051 0.10 1.08 0.77 1.14  0.89 033 0.99
Landing body part Foot Foot Head Foot Foot Head Foot  Head Foot Head Head Head
Head injury (MAIS) 5 5 1 2 0 1 1 6 5 0 2 1
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ABSTRACT

Against the background of upcoming intelligent
safety systems, which also will have an impact on
passive safety in general and on pedestrian safety in
particular, all relevant technical measures have to be
quantified in a combined way in order to find most
effective solutions.

The article deals with the introduction of an
assessment procedure called “Vehicle Related Pedes-
trian Safety - index” (VERPS-index). This test pro-
cedure is exemplarily applied to two very different
cars. Furthermore, the effectiveness of the uplifting
hood applied to the front of these two sample cars is
quantified.

Our approach consists of four modules: accident
analysis, numerical simulation of kinematic impact
parameters, component tests, and quantification of
pedestrian safety. Current European component tests
use impact parameters which are set more or less in-
dependent of the vehicle shape [1]. We propose to
use numerical simulations in order to generate
vehicle shape dependent test parameters. A weighting
procedure based on accident statistics is applied to
evaluate the relevance of each tested point on the
front of the vehicle regarding its actual impact
probability in real life. Thus, the VERPS-index is
able to solve many of the disadvantages of a
conventional component test compared to a full-scale
test.

Based on the VERPS-index we are able to show
in detail how the pedestrian safety performance
depends on the vehicle front shape and how it differs
for adults and children. Technical measures like an
uplifting hood can clearly improve the safety perfor-
mance. However, their effectiveness strongly de-

pends on the individual vehicle’s front geometry and
differs for adults and children.

INTRODUCTION

13.8 Million accidents occur every year on Euro-
pean roads. These include 38.000 killed and 1.7
Million injured people resulting in costs of around
160 Billion Euros. This corresponds to around 2 % of
the European gross national product [2]. These
numbers prompted the Commission of the European
Community to proclaim the goal to halve the number
of road accident victims until 2010 [2]. There are
5.941 pedestrians among the fatalities on European
roads [3]. This translates in a death rate for the EU
for 2002 of 15.7 killed pedestrians per 1 Million
inhabitants. In Australia this figure is 12.3, in the
USA 16.4 and in Japan 21.8. Within the EU (EU;s,
2002) the rate differs between 6.4 in Sweden and
32.3 in Portugal. In Poland there are 52 killed
pedestrians per 1 Million inhabitants [3,4]. The
number of killed vulnerable road users may even be
higher in countries with a beginning motorisation,
e.g. China.

The high number of pedestrian accidents justifies
more safety efforts worldwide. There are different
possible starting points:

e avoidance of accidents by measures related to
infrastructure, education etc.

e avoidance of accidents by vehicle related,
active measures

e mitigation of the consequences of accidents
by:

reduction of accident severity by braking,
steering, etc.
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decrease of the risk inflicted by the pedes-
trian’s first impact on the car by structural
design or active elements

decrease of the dangerousness of the
secondary impact on the road

e optimisation of the post crash rescue system

In the following chapters, opportunities are analy-
sed to assess the safety performance of a vehicle con-
cerning a pedestrian impact.

TEST PHILOSOPHIES

There are two different test philosophies in
vehicle safety (see Figure 1 and Figure 2). Both of
them have specific advantages and disadvantages.

Full-Scale Tests

Figure 1. Typical full-scale test, conducted at the
Technical University of Berlin.

In full-scale tests the whole accident event is quite
realistically reproduced. In principle, only the human
is replaced by an anthropomorphic test device. The
required dummies are mechanically complex. Addi-
tionally, complex data acquisition is necessary. The
preparation of each individual experiment is time
consuming. The reproducibility of full-scale-tests of
pedestrian-car-crashes is not guaranteed. If conven-
tional, not purpose designed dummies are used,
biofidelity is questionable [5, 6]. The WAD (Wrap
Around Distance) can not be reliably reproduced
compared to PMHS-tests (Post Mortem Human
Subject). Possibly the use of the newly developed
POLAR II-Dummy can solve these problems and

lead to a different perspective of the full-scale test in
the field of pedestrian safety [7].

In principle, numerical simulation has the poten-
tial of a comprehensive assessment. Today, vehicle
engineers routinely generate detailed numerical ve-
hicle models which can be used to support such a
process. But available numerical pedestrian models
are not detailed and validated enough to predict
injuries accurately. Models which will arise from new
approaches may be helpful in the future [7, 8].

Component Tests

Component tests are designed to reproduce just
the critical part of the whole accident event. A lot of
additional knowledge is needed to interpret the re-
sults correctly. In a complex context, for example in a
pedestrian accident, a component test with fixed test
parameters set independently of the geometry of the
vehicle’s front may be inappropriate in certain con-
stellations. It is not able to represent these accident
events detailed enough with all its variations. A num-
ber of national and international expert groups are
analysing this problem and try to enhance the pro-
cedure which nearly inevitably increase the
complexity of the test [9].

Figure 2. Typical pedestrian related component
test, conducted on behalf of the Technical
University of Berlin.

AN ADVANCED ASSESSMENT PROCEDURE

Head impact by far results in the most severe
accident consequences representing almost all fatal
injuries in a pedestrian-car-collision. Therefore, our
approach is focused on it.
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Numerical simulations can provide knowledge
about the kinematics of the event for each particular
car and for diverse impact conditions. The results of
the simulation are used to control a free flying head-
form test device. The measured acceleration values
provide the basis for the assessment of a particular
car.

Our assessment procedure therefore combines the
following four modules:

e accident analysis

e numerical simulation

e component test

e quantification of pedestrian safety

In order to quantify pedestrian safety and to make
sure that the results are comparable for all forms of
vehicles on a linear scale, a Vehicle Related Pedes-
trian Safety index is proposed (VERPS-index). In ad-
dition, it provides the opportunity to assess technical
measures applied to the car’s front to increase pedes-
trian safety and allows comparison with active safety
measures applied to the vehicle (e.g. brake assist
system).

methodology in order to assess vehicle related
pedestrian safety

v

QUANTIFICATION
OF PEDESTRIAN
SAFETY

Required:
ACCIDENT - "In-Depth" - accident data
ANALYSIS
. Results:
Deduction . impact velocity
of relevant impact constellation
scenarios pedestrian data
etc.
Required:
NUMERICAL pedestrian model
SIMULATION vehicle model
simulation tool
N Results:
Determination . impact position
of impact . impact velocity
conditions . impact direction
v . etc.
Required:
COMPONENT impactor
vehicle
TEST test facility
Determination Results:
of measured measured values (e.g. HIC)
values

Required:
assessment function
risk function

Final results:

. assessment on a linear scale
by means of an index
assessment divided by risk groups
assessment of technical measures

Figure 3. Illustration of the methodology to assess
vehicle related pedestrian safety.

Furthermore, the presented method makes it pos-
sible to influence the pedestrian friendliness of a pro-
duct in a very early stage of the vehicle development

process by possibly making geometry changes with
minor stylistic or functional effects or by triggering
the development of additional pedestrian protection
systems.

Accident Analysis

A statistical analysis of pedestrian accidents
makes sure, that the input parameters used in the nu-
merical simulations are realistic. It provides the basis
for all further deductions and needs a regular update.
“In-Depth”- data of the Medical University of
Hanover are used [10]. The analysis shows that 90 %
of all pedestrian accidents occur with a collision
speed of less than 45 km/h, covering around 70 % of
the severely injured (AIS3+) and around 95 % of the
slightly injured pedestrians. In 71 % of all cases the
pedestrian hits the front of the car. Thereby, 92 % of
the pedestrians were hit laterally from the right or left
side. 94 % of these pedestrians were walking or run-
ning the moment prior to the collision. The most fre-
quently injured body parts were the lower extremities
(35 %) and the head (33 %). Deadly injuries can be
attributed exclusively to the head impact.

Numerical Simulation

For the analysis of the kinematics of the head
impact on the front of a vehicle a numerical simu-
lation process has been developed. It is based on the
multibody simulation tool MADYMO. The pedes-
trian is represented by the Full Body Pedestrian
Model of TNO. The vehicles are modelled using
finite elements. The structure of the vehicle’s front is
represented using a global stiffness.

Validation of the simulation model was done in
three ways. At first, calculated longitudinal throwing
distances were compared to those, which resulted
from carefully analysed real accidents. At second, the
kinematics of well documented PMHS-tests and
simulation results for the primary impact were
compared. Finally, a very precisely documented real
accident was used to compare numerical simulation
results to the real accident conditions (see Figure 4)
[11]. It could be shown that the simulation model is
able to represent the primary impact of a pedestrian
to the vehicle front very well. Thus, the model can
provide reliable kinematical impact conditions for a
component test. It is not intended to predict injuries
with this simulation model.

Kuehn, 3



Figure 4. Reconstruction of a real pedestrian-car
accident. [11]

For each set of simulations for a VERPS-rating a
number of characteristic parameters has to be de-
fined. One group of them describes the impact bet-
ween car and pedestrian (speed of the car, direction,
speed, and size of the pedestrian, location of the first
contact between pedestrian and car, angle between
pedestrian and car) and is independent of the vehicle.
The combination of these parameters results in 32
impact constellations for each analysed vehicle model
(see Table 1).

Table 1.
Vehicle specific input parameters.
input parameter selected values number of
simulations
pedestrian size four dummy sizes according 4
to TNO-Human-Model
family; (6y-child, 5%
female adult, 50% male
adult, 95% male adult)
walking velocity | 1.5 m/s and 3.1 m/s 2
angle between 90° and 75° 2
pedestrian and
vehicle
initial impact two positions along the 2
location of the vehicle front; central
pedestrian (0.0 m), eccentric (0.4 m)
simulations per vehicle 32

The other group represents properties of the car
(geometry of the vehicle front, braking pitch angle).
Additional parameters can be used to include active

safety features like brake assistant, pre-crash sensors,
etc.

The impact velocity is set to 45 km/h according to
results of the accident analysis. With the help of the
accident analysis it can be shown, that the four pedes-
trian sizes used cover 76 % of all involved persons, if
a tolerance of £ 0.1 m in body height is accepted.

head-imp_gru

Figure 5. Calculated head impact positions for
four pedestrian sizes at v¢ = 45 km/h. (above:
vehicle F, below: vehicle G).

Figure 5 and Table 2 show the calculated head
impact conditions for two different cars (distance to
impact position = WAD, impact angle = o, impact
velocity = v.). The calculated values represent the
geometry of the analysed vehicles and differ conside-
rably from the European directive [1]. Based on the
simulation results also the mass of the appropriate
head impactors can be allocated.
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Table 2.

Calculated head impact parameters for sample
cars F and G.

pedestrian percentile
6y-old 5% 50 % 95 %
child female male male
=
2 | him] 1.16 1.52 1.74 1.91
=
g F[] 1.02 1.08 1.15 1.11
<
=
&= | GII 1.01 1.08 1.14 1.09
a Flm] | 1.16-1.20 | 1.58-1.71 | 1.92-2.09 | 2.10-2.27
<
B
G[m] | 1.16-1.19 | 1.57-1.70 | 1.87-2.01 | 1.97-2.22
F[°] 52 58.5 55.5 56
3
G [ 51 55.5 435 48
F 35.4 43.9 49.6 499
. | [km/h]
>
G 323 46.7 482 44.4
[km/h]

Table 3 shows calculated head masses of the four
pedestrian percentiles and allocates them to the head-
form masses used in our tests.

Table 3.

Calculated head masses and allocation to existing
test headforms. [11]

h [m] calculated allocated headform
head mass mass
m, [kg] m, [kg]
6y old child 1.16 3.5 3.5 (ACEA)
5 %-female 1.53 4.0 3.5 (ACEA)
50 %-male 1.74 4.8 4.8 (EEVC WG 17)
95 %-male 1.92 5.9 4.8 (EEVC WG 17)

The results of the component tests can be repre-
sented by HIC values (Head Injury Criterion),
calculated from the measured headform accelerations.

They show a typical pattern of potentially dangerous
regions at the vehicle front:

e parts of the bonnet with little deformation
space beneath

e lateral bonnet edge and transition area
between bonnet and wing

e bonnet area directly above the firewall

e lower windscreen frame

e A-pillars

e upper windscreen frame and roof frontal edge

All of these areas are characterized by stiff and
hence less deformable vehicle structures. The degree
of exposure of a pedestrian to these regions can differ
from car to car because of differences in dimensions
and styling. A test procedure which stringently dic-
tates meeting of specific test limits will unavoidably
produce meaningless ratings in these areas.

Because of different vehicle geometries the poten-
tially dangerous areas for the head impact are affec-
ted more or less frequently during a pedestrian
impact. Some of these areas might be totally irrele-
vant for the head impact of a pedestrian (e.g. upper
windscreen frame at SUV’s). For that reason a
weighting of the test results concerning their
relevance in pedestrian accidents is necessary.

ASSESSMENT OF VEHICLE RELATED
PEDESTRIAN SAFETY

In the following a Vehicle Related Pedestrian
Safety Index (VERPS-index) is developed. This
index assesses the level of safety which a special
vehicle can provide for the head of a pedestrian who
is impacted by the front of the car. It allows to assess
differences between particular vehicle designs and to
compare technical measures applied to the vehicle
front. The VERPS-index is the result of the quantifi-
cation module in the proposed methodology (see
Figure 3).

Derivation of the VERPS-index

The VERPS-index for the frontal impact is
deduced in three steps from the values M measured
in the component test:
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1. Mapping of Mj to the degree of performance
Ejj by an evaluation function B(Mj).

E=BM) (D).

2. Weighting of the degrees of performances E;
with relevance factors R;wap and R; font
deduced from accident analysis.

Ri,WAD' Rj,f'mm" EU (2)

3. Summation of degrees of performance for all
subareas of the vehicle front to the VERPS-
index.

VERPS = ii Ri.WAD‘ R/.fmm' Eu (3)

=1 j=1

To assess the vehicle front it is necessary to
divide it in subareas. For each of them Mj is
measured (see Figure 6). Thereby, subindex i
describes the longitudinal direction of the vehicle
front and subindex j the transverse one.

- longitudinal direction
- WAD areas with a width of 165 mm
-index i

—

- transverse direction
- 9 stripes

Figure 6. The division of the vehicle front in
subareas.

The definition of limit values is an often used pos-
sibility to assess measured values. But it allows only
a binary assessment. It only distinguishes between
good (limit met) and bad (limit exceeded). In order to
derive a more refined evaluation an assessment
function B can be used to get a functional link
between measured values M and the degree of
performance E. For the VERPS-index a functional
relationship between HIC data and the occurrence of
severe head injuries (AILS 3+) is used (Figure 7).

The reduction of a HIC-value by 50 %, e.g. from
HIC = 4.000 to HIC = 2.000, improves the degree of
performance E only from Epjcs000 = 1 t0 Egrc=z000 =
0,938 (see Figure 7). In contrast to that an
improvement from HIC = 2.000 to HIC = 1.000 leads

to a significant improvement to Egjc_1000 = 0,244; this
means a probability for the occurrence of severe head
injuries of 24,4 %.

Probability ISPyic,H,3 for AIS3+ injuries

N

45
T [HICUJrSOO ] g
L E;=ISPucw=1-¢ 1990
0% : !
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
HIC

Figure 7. Correlation between measured HIC
data and probability of AIS 3+ injuries (ISP —
Injury Severity Probability). [based on 12]

In the second step of the calculation of the
VERPS-index the degrees of performance Ej are
weighted with their relevance in accident events. The
importance of a test point obviously depends on the
probability of hitting it in real life. In order to deduce
the relevance factors, “In-Depth”- accident data of
the Medical University of Hanover are used. The
relevance factor in the longitudinal direction of the
vehicle (R; wap) describes the correlation between the
vehicle specific kinematics factor fx and the size of
the pedestrian. In the transverse direction of the
vehicle front an equal distribution for impact
locations is assumed. This is supported by accident
data.

We calculate the VERPS-index separately for
children younger than 12 years and for adults and
children older than 12 years. Obviously, other
separations are possible. Our choice considers the
different requirements of pedestrian safety measures
applied to cars for children and adults which result
from different body heights. By use of the assessment
function B(Mj)) the VERPS-index can be expressed
as follows:

N )
VERPS = §ZR:‘,WAD'Z 1-e
i=1 Jj=1
Figure 8 shows the division of the vehicle front
into subareas and their relevance weights for a
sample car.
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- longitudinal direcltion
- WAD areas with a width of 165 mm
- index i 1

o

- transverse direction
- 9 stripes

3 S index|
“\T _\» 7. = —

Figure 8. Relevance factors in longitudinal
direction (R; wap) for car F.

The VERPS-index can run between (nearly) zero
(no risk for AIS 3+ head injuries) and 1 (maximum
risk for AIS 3+ head injuries). A car, which has a
HIC-value of 1,000 in all subareas of its front, would
have a VERPS-index of VERPS = 0.244.

The proposed procedure allows to assess vehicle
fronts on a linear scale within the limits of accuracy
of the assumptions.

Application of the VERPS-index

The VERPS-index is evaluated for two sample
cars. It can clearly be seen, that pedestrian safety has
to be assessed separately for children and adults.
Pedestrians hit different areas at the vehicle front
because of their different body heights. This is the
reason why a particular technical measure can
positively affect all groups of persons only in
exceptional cases.

Two mass-produced vehicles are compared with
two modification levels of a possible pedestrian
protection system. The first level represents a
mechanical system which uplifts the bonnet in the
rear area by around 0.1 m in case of a pedestrian
impact. In the second level an airbag system is
assumed which combines level one measures with an
energy absorbing device which covers critical areas
of the A-pillars and the lower windscreen frame (see
Figure 9). Results can bee seen in Table 4.

Figure 9. Implementation of a system to uplift the
bonnet by use of an airbag which also covers the
A-pillars and the lower windscreen frame. [9]

Table 4.

Assessment of different cars and pedestrian
protection systems by use of the VERPS-index.

vehicle F vehicle G
production condition children 0.54 0.63
adults 0.63 0.24
uplifting bonnet children 0.22 0.43
adults 0.60 0.24
uplifting bonnet children 0.08 0.11
combined with an
airbag adults 025 0.17

For vehicle F the VERPS-index for adults could
be reduced from 0.63 to 0.25, for children even from
0.54 to 0.08. The marked reduction of VERPS-index
for children shows the great potential of active
structural measures, if they are applied properly with
respect to pedestrian body height and the vehicle
dimensions. Head impact areas, which are mainly hit
by adults, can only be protected with the uplifting
bonnet and the additional airbag to cover A-pillars
and lower windscreen frame (see Table 4).

The VERPS-index of 0.24 for adults of vehicle G
in production condition is good compared to vehicle
F. This can be traced back to the fact, that all relevant
head impact areas for adults are in the windscreen
area, which is considered uncritically concerning the
HIC results unless the windscreen frame area or the
A-pillars are included.

Because of the vehicle front geometry of car G an
uplifting bonnet alone can protect only a small group
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of pedestrians. An additional airbag applied to the
lower windscreen frame is able to better protect
smaller adults, but the relevant impact areas for taller
ones are still not covered. Accordingly the VERPS-
index is only reduced from 0.24 to 0.17. For children
vehicle G in production condition performs poorer
than for adults with an VERPS-index of 0.63,
because they quite frequently hit the firewall and the
lower windscreen frame with the head. By use of
active structural measures the VERPS-performance
can be clearly improved. The VERPS-index
decreases from 0.63 in series condition to 0.43 for the
uplifting bonnet alone and to 0.11 for the uplifting
bonnet with the additional airbag.

OUTLOOK

It could be shown that an index can be formulated
that allows to assess different vehicles with respect to
their pedestrian safety on a linear scale. The VERPS-
index allows to compare different vehicles and
technical measures like the uplifting hood on the
same vehicle concerning their pedestrian protection
potential.

We expect, that it will be possible in the near
future also to assess active safety measures (e.g. pre
crash sensing devices, brake assist systems) on the
same scale. The reduction of the collision speed of a
vehicle, which can be attained with a certain
probability depending on the system layout, can be
included in the VERPS-calculation. The reduced
collision speed is used as an input parameter for the
numerical simulation module. This finally results in
an specific VERPS-index for the analysed car.

The comparison of different systems using the
VERPS-index also offers the basis for a benefit-cost
analysis to identify the most efficient measure in an
economic sense [11].
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ABSTRACT

Although the number of pedestrian fatalities and
injuries is steadily declining worldwide, pedestrian
protection is still an important issue. Extensive
researches have been carried out for pedestrian
protection in order to establish regulations for
pedestrian safety. The automobile hoods and bumpers,
which pedestrians frequently collide into during
accidents, should be designed for the safety of the
pedestrians.

Two analysis methods, a real experiment and
computer simulation, are utilized to design safe
structures of the hood and the bumper. A real
experiment is very expensive while computer
simulation has modeling imperfections. It would be
optimal to obtain all the data from experiments to
identify the design tendency. However, computer
simulation is generally used due to budget restrictions.

In this research, a method, which uses an
experiment and simulation simultaneously, is
developed. Orthogonal arrays are employed to link the
two methods. The minimum number of experiments is
allocated to some rows of an orthogonal array and the
simulations are allocated to the rest of the rows.
Experiments should be allocated to have the cases of
the experiments orthogonal. Mathematical error
analysis is conducted. Based on the proposed methods,
a hood and a bumper are designed to protect
pedestrians. Real experiments and computer
simulations are conducted for the rows of orthogonal
arrays. The results show that the errors are distributed
uniformly and a precise design is obtained.

INTRODUCTION

With the great number of pedestrian deaths and
injuries occurring from automobile accidents, an effort

is being made worldwide to establish automobile
safety regulations for pedestrian protection. The hood
and bumper, with which pedestrians come in frequent
contact, can be designed and manufactured to be
pedestrian friendly, effectively decreasing injuries [1-
2]. During the development of a safe hood and bumper
structures, experiments and computer simulations are
used to evaluate their performances. Computer
simulations contain many errors from inaccurate
modeling and approximation of governing Equations.
On the other hand, experiments are considered to be
accurate even with the possibility of experimental
errors and inaccuracies. In design, it would be the best
if all the data could be obtained from experiments.
However, an experiment is generally very costly.
Therefore, limited experiments are performed in many
application fields.

Orthogonal arrays are exploited very well for
experiments with a limited number. They are used for
the matrix experiments in design of experiments
(DOE) [3]. When an experiment is extremely
expensive, even the experiments with an orthogonal
array are almost impossible to conduct in order to find
a good design. In this case, some experiments can be
replaced by computer simulations. As mentioned
earlier, computer simulation has a large amount of
errors [4].

A method is utilized to simultaneously use
experiments and computer simulations in an
orthogonal array. Experiments and simulations are
assigned to the rows of an orthogonal array. The
method of the assignment is proposed to minimize the
error. The error is reduced since it is distributed evenly.
The automobile hood and bumper structures are
designed from the results of the orthogonal array. The
results indicate that the proposed method finds design
variables accurately [5].
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EVALUATION OF PEDESTRIAN INJURIES

Pedestrian Accidents

Pedestrian accidents make up a large portion of
traffic accidents. In the year 2000, pedestrian
casualties numbered 19.0% (7,000) in Europe, 11.3%
(4,739) in the U.S., 28.3% (2,605) in Japan, 38.0%
(3,890) in Korea, and 50% (19,000) in China. There
were also humerous cases of injuries - over 300,000 in
Europe, 78,000 in the U.S., 86,000 in Japan and
74,102 in Korea [1-2][6].

Most pedestrian injuries (AIS 2-6) are head, face,
and neck injuries, accounting for 36.9% and leg
injuries accounting for 32.4% [7]. AIS (abbreviated
injury scale) is an index used to classify injuries into 7
levels, from AIS 0 (no injuries) to AIS 6 (death). The
greatest causes for head injuries are automobile
windshields (33.5%), hood and wing surfaces (19.5%),
and window frame and A-pillar (17.2%). The causes
for leg injuries are bumpers (61.2%) and vertical parts
of the hood (12.1%) [7].

Pedestrian Protection Regulations and
Experiments

Impact test for pedestrian protection is implemented
as illustrated in Figure 1 [6]. The experiment uses the
standards of the impact experiments for the second
stage child head model and the first stage lower body

model in the Directive 70/156/EEC (2003/102/EC) [8].

The child head model is impacted on the hood. The
horizontal impact angle is 50° with the wrap around
distance (WAD) between 1,000-1,500mm. Impact
speed is 40km/h and the required HIC (Head Injury
Criterion) is 1,000 or lower. HIC is calculated from
Equation (1) [6][8].

t

HIC:[ L fadt](tz—tl) @.

27y

where a is the resultant acceleration measured in
units of gravity “g”(1g = 9.81m/sec?), t; and t, are the
two time instances(expressed in seconds) during the
impact, defining an interval between the beginning
and the end of the recording period for which the
value of HIC is the maximum (t, —t; <15msec).

A legform is used for the bumper impact test.
Impact is applied to the bumper on at least three points
where injuries or shape changes may result. Impact is

imposed at 40km/h horizontally in line with the
automobile. The maximum dynamic knee bending
angle shall not exceed 21°, the maximum dynamic
knee shearing displacement shall not exceed 6mm, and
the acceleration measured at the upper end of the tibia
shall not exceed 200g [6][8].

Adult headform
Child headform impactor

impactor @

Upper legform
impactor

Lower
legform
impactor

Figure 1. Schematic of impact experiments for
pedestrian protection.

A DESIGN METHOD USING ORTHOGONAL
ARRAYS  WITH EXPERIMENTS  AND
COMPUTER SIMULATIONS

Using an optimization formulation, a design
problem can be expressed as [4][9]:

Find beR"
to minimize f(b)
subject to h,(b)=0, i=1-k
g,(b)<0, j=1-1
b, <b<b, 2).

where b is the design variable vector with n
elements, f is the objective function, h, is the i-
th equality constraint, g; is the j -th inequality
constraint, and b _and b, are the vectors for lower
and upper bounds of design variables, respectively. k
is the number of equality constraint, and | is the
number of inequality constraint. When an orthogonal
array is used directly in design, the characteristic
values are used by changing the functions in Equation

@).

Design Using Orthogonal Arrays

A full combination of experiments with design
candidates can find the best design. However, real
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experiments are very expensive. Even computer
simulation is costly for crashworthiness. In this case,
orthogonal arrays are exploited well to replace the full
combination to reduce the number of experiments [3-
4][10]. Using the orthogonality of the rows in the
orthogonal array, the minimum number of
experiments is conducted. After the experiments of the
rows are performed, a design is found by analysis of
means (ANOM). The error variance is reduced due to
the orthogonality [3-5].

Suppose we select the orthogonal array L, (3*)
where 9 is the number of rows, 3 is the number of
levels, and 4 is the number of design variables. As
shown in Table 1, an experiment is carried out for each
row. The average of the characteristic values from
L,(3*) of Table 1is

1 9
m—gizzllﬂi (3)

where 7, is the characteristic value of the i -th row.
When factor A is A, the average is m, as

m,, =%(f77+778+f79) 4.
Table 1.
L,(3*) orthogonal array
EXp. Factor assigned Characteristic
No. A B C D value (77)
1 |1 1 1 1 7
2 |1 2 2 2 7
3 |1 3 3 3 7
4 |2 1 2 3 7
5 |2 2 3 1 7
6 |2 3 1 2 7
7 |3 1 3 2 7
8 [ 3 2 1 3 "
9 | 3 3 2 1 7

Therefore, the effect of level Agis (m, —m) when
additivity is satisfied. Equation (4) is identical to
Equation (5) by the additive model [11].

1
m, :(,u+a3)+§(e7+e8+e9) (5).

where u is the true average value of 7, a, is the
true value of (m, —m) and e; is the error of the
j -th row of Table 1. When we use an orthogonal
array to solve the problem in Equation (2), constraints
exist. The characteristic function 7 is usually a
function of the objective function f in Equation (2).
For constrained problems, the following augmented
characteristic function 7,,, is defined as:

”aug:f+p (6)
P =max(O,n|i=1-k, g;;j=L-1)xs (7).

where P is a penalty function defined from the
maximum violation of the constraints and s is the
scale factor. The size of the scale factor determines the
way the constraints are considered. The constraints are
usually normalized to fairly consider the constraints.
1., 19 Utilized instead of 7 in constrained problems.

A one-way table is established and the solution from
the one-way table is intermediate design 1. The best
one from the orthogonal array is intermediate design 2.
In other words, 7,, which has the least objective
function while constraints are satisfied, is intermediate
design 2. Since interactions are not considered, a
confirmation experiment should be conducted with
intermediate design 1. If a constraint is violated by
intermediate design 1, the design is discarded.
Otherwise, intermediate design is compared with
intermediate design 2 and the better one is selected for
the final design [11].

A Method to  Simultaneously  Consider
Experiments and Computer Simulations with an
Orthogonal Array [4-5]

The method using experimental and computer
simulation results simultaneously with an orthogonal
array is explained. For example, if we have four
design variables with three levels, orthogonal array
L,(3*) in Table 1 can be used. The standard deviation
for error is o, and the standard deviation for the
estimate m, in Equation (5) is 1/35,. Assume that
experiments are performed for rows 1, 5, 9 of the
orthogonal array in Table 1 and computer simulations
are performed for the rest. Suppose the standard
deviation for the experimental error is &, and the
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standard deviation for the error of computer
simulation is o, . It is assumed that o, <<o, -
Then Equation (5) yields

mAﬁ :('J+a3)+%(esim+esim+eex) (8)

where e, is the simulation error and e, is the
experimental error. The total error variance &?, when
each error is independent, is as follows:

O = 5 Oim + 5 Oy (9)

i . » then the error variance in
Equation (9) is much less than the error variance in
Equation (5). In rows 1, 5, 9 of Table 1, the design
variables A, B, C are distributed so that each level
equally appears. This will allow identical decrease in
error variance for each level.

If ¢,z0, >0

DESIGNING AN AUTOMOBILE HOOD AND
BUMPER STRUCTURE

An automobile hood and bumper structure is
designed to reduce pedestrian injuries. A “variable
frontal structure” is installed to the test vehicle. This
structure includes the hood and the bumper of a
compact car. It allows adjustment of structural
members which are design variables. The adjustment
is made for each row of the selected orthogonal array.
L,(3") orthogonal array is selected for the hood
structure and L, (2'x3") orthogonal array is selected
for the bumper structure. At the same time, the finite
element model is established for each row of the
orthogonal arrays.

The flow of the design process is illustrated in
Figure 2. A design where only computer simulation
results are used for each case in the existing
orthogonal array and a design where both
experimental and simulation results are used, are
compared. A commercial finite analysis program LS-
DYNA ([12]) was used for analyzing the hood and
bumper structures.

Design of the Hood Structure

For the hood structure, three design variables A, B
and C are selected. They are A = height of the striker
which is the locking device on the front part of the
hood; B = number of holes in the inner frame
supporting the hood panel; C = height of the hinge

which is a fastening device on the rear part of the hood
[5]1[13]. For the parameter study of the design
variables, impact is applied on three points of the hood
at the places between 1,000-1,500mm of the wrap
around distance (WAD). The child headform is
impacted on the three points.

Select candidates of each factor

v

Select a standard orthogonal array

i

Select level values among candidates

v

Conduct the matrix experiment
1. Simulation method
2. Experiment & simulation
method

\2

Analyze characteristic values: 7
(ANOM)

\

Determine the final design

End

Figure 2. Flow of the design process.

Figure 3 presents the design variables and the
impact points. P, in Figure 3 affects the striker and the
hinge (design variable A), P, affects the hood frame
holes (design variable B), and P; affects the inner
structures of the engine room (design variable C)
[5][12]. Design variables are determined by
considering the tests on these three points. The
neighbor of P; is stiffer than the other places, therefore,
a larger weighting factor is imposed on the
characteristic function for Ps.

The design problem is formulated as:

Find A, B, C
to minimize
7 =0.3HIC, +0.3HIC, +0.4HIC,,

subject to

HIC,, <1000
HIC,, <1000 (10).
HIC,, <1000
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where HIC, is the HIC value at point P; of Figure
3. The level values for design variables are defined by
A (mm) = {0, 10, 20}, B (ea) = {0, 7, 16} and C (mm)
= {0, 20, 40}.

Figure 3. Impact points and design variables of
the hood structure.

The Design Process of the Hood Structure Using
Computer Simulation

Experiments and computer simulation are
performed to evaluate the system. The finite element
model is presented in Figure 4. The test facility with a
“variable frontal structure,” is shown in Figure 5. The
first experiment is performed with respect to the first
row of Table 2. For this case, the finite element model
is tuned to match the simulation results with the
experimental results. Then the finite element model is
regarded as the established one. Computer simulations
are performed for all the rows of Table 2. The results
are shown in Table 2.

Figure 4. FE model of the child headform impact
test.

Table 2.
L,(3*) orthogonal array using computer
simulation for the hood structure

Exp. asF;;tr?(ar q Characteristic value
No. —
AlB|C| 7 P Maug
1 |11 11/9899 2040 1193.8%
2 1|22 833 250| 86434
3 | 1/3|3 7840 00| 7840
4 21| 209552/ 133.0 1088.2+
5 (2123|8325 0.0 832.3
6 | 2/3|1] 7855 0.0 785.5
7 3|13 938 1530/ 1116.8+
8 | 3/2/|1]8318 0.0 831.8
9 | 3/3|2]8149 0.0 814.9

N, 15 defined from Equations (6) and (10) and the
scale factor is set by s = 1. Rows 1, 2, 4 and 7 of
Table 2 do not satisfy the constraints and are marked
by ' on N+ THrough the ANOM (one-way table),
intermediate design 1 is found and it is \A; Bsand Cs.
A simulation for confirmation is carried out with
intermediate design 1. The result is that 5, = 768.0
and the constraints are satisfied. Intermediate design 2
is selected from Table 2. It is the third row. The two
designs are compared and the final solution is
intermediate design 1. The final design is: striker
height A = 10mm, numbers of hole in hood frame B =
6ea, and hinge height C = 40mm. The simulation for
confirmation shows that HIC,, = 824.3, HIC, =605.7
and HIC, =847.6.

Design by Experiments and Computer Simulation
for the Hood Structure

Experiments are performed in the facility in Figure
5. Experiments are prepared for rows 1, 5 and 6 of
Table 3 and simulations are prepared for the remaining
rows. n,, and the scale factor are defined in the
same manner as the previous process. The results with
the L,(3*) orthogonal array are shown in Table 3.
Rows 1, 2, 4, 5 and 7 in Table 3 do not satisfy the
constraints and are thus marked by Vin Mo - P2,B3 C3
are obtained as intermediate design 1 from the ANOM
(one-way table).

Intermediate design 1 is confirmed by computer
simulation. »,, = 768.0 and the constraints are
satisfied. Intermediate design 2 is the third row of
Table 3. These results are the same as the previous
results. Therefore, A, Bzand Csare the final solution.
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Figure 5. Child headform impact test setup.

Table 3.
L,(3*) orthogonal array using experiments and
computer simulation for the hood structure

Exp. ag;;tﬁg q Characteristic value
No. _
A BIC| » P Mag
1 | 1/]1]1 /105612255 | 1281.6+
2 |1 2|2 833 250/| 8643V
3 |1 3|3 7840, 00| 7840
4 21| 2| 9552|1330 | 10882+
5 |2 2|3 790 350| 8303%V
6 |2 3|1 785 00| 7855
7 |3 1|3 9638 1530 | 1116.8+
8 |3 2|1 83318, 00| 8318
9 |3 3|2 796 00| 7946

Design of the Bumper Structure

For the bumper test, a legform is impacted on the
bumper. A bumper structure is presented in Figure 6.
Five design variables are chosen as shown in Figure 6.
They are A = distance between the edge of the hood
and the edge of the bumper; B = thickness of the
bumper foam absorbing the impact energy; C =
distance between the edge of the stiffener (a structure
to decrease the bend angle of the lower-body) and the
edge of the bumper; D = strength of the bumper cross
member; and E = bumper height [5][13]. Variable E is
different for each vehicle model.

Figure 6.
structure.

Design variables of the bumper

Since there are five design variables and three
levels, L,(2'x3") standard orthogonal array is
selected [3]. The values of the design variables from
an existing one are set to level 1’s. Ones higher than
the initial values are set to levels 2 and 3.

The problem is to find the levels of the five design
variables to minimize the acceleration, the bending
angle, and the shear displacement of the legform. The
legform is impacted at a velocity of 40km/h to the
center of the bumper structure. Since the acceleration
and bending angle requirements are more difficult to
satisfy, the corresponding weighting factors are larger.
The problem is formulated as

FindA,B,C,D,E

to minimize
n= (0_45X&CE| 045 Pend_angle o, o0 shear_d|sp)
200 2 5
subject to
accel . <2009
bend . _angle <21° (11).

shear _ disp.< 6mm

where accel. is the acceleration measured at the
upper end of the tibia, bend._angle is the maximum
dynamic knee bending angle, shear disp. is the
maximum dynamic knee shearing displacement, and
n is the characteristic function. Level values for the
variables are A(mm) = {78, 105, 132}, B(mm) = {25,
50, 75}, C(mm) = {none, -25, 0}, D(ratio) = {1, 0.7,
0.5} and E(mm) = {0, 30, 60}.

The Design Process of the Bumper Structure Using
Computer Simulation

Experiments and computer simulation are
performed to evaluate the system. The finite element
model is presented in Figure 7. The test facility with a
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“variable frontal structure,” is shown in Figure 8. The
first experiment is performed with respect to the first
row of Table 4. The tuning process of the finite
element model is the same as before. Computer
simulations are performed for all the rows of Table 4.
The results are shown in Table 4.

Figure 7. FE model of the lower legform impact
test.

Table 4.
L, (2" x3") orthogonal array using computer
simulation for the bumper structure

Exp. Factor assigned Characteristic value
No. /A BICID E| # | P | nu
1 |1 /1|1|1]|1|13250.688 2010V
2 |2/2|2]2|2/1063/0.310 1.373"
3 |3[/3/3|3]|3/1.026/0.0907| 1.122+
4 |1|1|2]|2]|3/1.329/0557| 1.886+
5 |2]2|3|3|1]0.7820.000 0.782
6 |[3/3|1|1]|2]/1152/0.695 1.847+
7 |1]2|1/|3]|2]1109]0.667| 1.775+
8 |23 |2|1]|3/1.339/0538 1.877
9 [3[1/3|2|1109970.106| 1.103V
10 |[1]3|3 |2 210.6900.000 0.690
11 | 2|11 |3 |3(1.238/0.829 2.067
12 | 3|22 |1 10.8200.000 0.820
13 [1]2|3|1|3/1.0300.104| 1.134+
14 |23 |1|2|1/1.0980.629 1.726+
15 | 3|1 2|3 21.108/0.238| 1.346
16 | 1[3|2|3|109420.065 1.007+
17 |21 /3|1]|209830.072| 1.054+
18 [3 |21 |2|3(1.192/0.776| 1.968

1., 15 defined from Equations (6) and (11) and the
scale factor is set by s = 1. All the rows except for
rows 5, 10, and 12 do not satisfy the constraints and
are marked by v on 1 - INtermediate design 1 is Ag
B, C3 Dsand E;. From the simulation for confirmation,
., = 0.587 and the constraints are satisfied. The
acceleration is 166.5¢g, the knee bending angle is 8.3°,
and the shearing displacement is 2.1mm. Intermediate
design 2 is the tenth row of Table 4. Since
intermediate design 1 is better, it is selected as the
final solution. The solution is A = 132mm, B = 50mm,
C=0mm, D=0.5and E =0mm.

Design by Experiments and Computer Simulation
for the Bumper Structure

Experiments are carried out by the facility in Figure 8.
Experiments are performed for rows 1-6 of Table 5
where each level of a design variable appears twice.
Computer simulations are carried out for the rest of
the rows. As shown in Table 5, all the rows except for
rows 3, 5, 10, 12 do not to satisfy the constraints and
are marked by v on M. - INtermediate design 1 is Ag
B,, Cs Dsand E;.

Figure 8. Lower legform impact test setup.

Computer simulation is conducted for confirmation
with intermediate design 1. The results are 7, =
0.587, acceleration = 166.5g, knee bending angle =
8.3°, and shearing displacement = 2.1mm. The
constraints are satisfied. Intermediate design 2 is
obtained from Table 5. It is the third row with Az B,
Cs, D3 and E;. Since intermediate design 2 is better, it
is chosen as the final solution. The final solution is A
= 132mm, B = 75mm, C = Omm, D = 0.5, and E =
60mm. For the final solution, the acceleration is 86.6g,
the knee bend angle is 15.2° and the shear
displacement is 2.7mm.
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Table 5.
L (2'x3") orthogonal array using experiments
and computer simulation for the bumper structure

Exp. Factor assigned Characteristic value
No. '\A|B|C|D|E| 5 | P Mg
1 |[1]1/1|1]1]1348/0614| 1.962+
2 |2]2]2|2]|2]0816/0.143| 0957
3 |3]/3[3|3|3/0565/0.000 0.565
4 |1|1|2]|2]3]1.007/0.257| 1.265+
5 |2]2|3|3|1/05880000 0588
6 |[3|3|1|1]|2]1.0550657 1712
7 |1]2|1]3]2]1109/0.667| 1775+
8 |2|3|2|1]3]/1.3390538 1877+
9 |3|1|3|2/1/0997/0.106| 1.103+
10 | 1]3[3|2|2/0690/0.000 0.690
11 |21 |1]3|3/[1.2380.829| 2.067
12 |32 |2|1|10820/0.000 0.820
13 |12 |3|1]3/1.0300.104| 1134+
14 |23 |1]2]|1/1.098/0629 1726+
15 [ 3| 1|2 |3|2/1.108/0.238| 1.346
16 |13 |2|3]|10942/0.065 1.007+
17 |21 |3 |1/ 209830072 1.054+
18 |32 | 12311920776 1.968+
Discussion

The two methods give the same solution in the
design of the hood structure. However, they give
different solutions in the design of the bumper
structure. The designs are improved in both cases.
Computer simulations contain large amount of errors
that can change the design results. Therefore, when
experiments and simulations are simultaneously used,
a more precise solution can be obtained.

CONCLUSIONS

From this research, the followings are concluded:

1) A new method is proposed to use experiments
and computer simulation in design. Orthogonal arrays
are employed in the design process. Error analysis is
conducted for the method. Automobile hood and
bumper structures are designed for pedestrian
protection by using the proposed method.

2) Designs are carried out in two methods - one
utilizing only computer simulation, and one utilizing
experiments and computer simulation. The results
from the two methods are compared. Precise solution

is obtained from the method by using experiments and
computer simulation because the errors are reduced.

3) The final design of this research is for pedestrian
protection. More researches are needed to see if the
design satisfies other regulations on frontal impacts,
offset impacts and bumper impacts, etc.
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