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A B STRACT 

The aim of this study was to develop a 30 mathematical model of the human body to simulate 
responses of pedestrians in car impacts with emphasis on the lower extremities and the head. The 
model, implemented by using MADYMO-GEBOD program, consists of fifteen body segments 
connected by fourteen joints, including two human-like knee joints and two breakable leg segments 
which allow to simulate the knee responses associated with leg fracture. 

The model was verified by using published sied impact tests with cadavers in terms of kinematics of 
the pedestrian substitutes, accelerations of the body segments, and failure description from 
anatomical investigations of the pedestrian substitutes. The sensitivity of the model to input variables 
was studied at impact speeds of 1 5  and 40 km/h with the following parameters: bumper height, 
bumper stiffness, bumper lead distance, height of hood-edge, hood-edge stiffness, and impact 
speed. The validated model demonstrated its capability in simulations of car-pedestrian impacts to 
predict risk of pedestrian injuries and to develop safety countermeasures for pedestrian protection. 

DURING THE PAST TWO DECADES, even though significant reductions in pedestrian fatalities have 
been achieved in the European Union and in the United States, there is still a high proportion of 
pedestrian fatalities in all killed road users over the world. The relative frequency of pedestrian fatalities 
vary from 1 3.5% in the USA (NHTSA, 1 995), 1 8.8% in the EU (ETSC, 1 993} to 47% in Thailand 
(Mohan et a/., 1 995). Pedestrian protection is therefore a priority item in traffic safety strategies (EEVC, 
1 985; ETSC, 1 997). There is a need for developing effective safety countermeasures based on a 
better knowledge of the pedestrian responses and injury mechanisms in accidents as well as on an 
effective approach to predict risk of pedestrian injuries. 

For more than 30 years, pedestrians impacted by vehicles have been the concern of many studies 
carried out in the field of traffic safety. The impact responses and injury mechanisms of the body 
segments in this type of accidents have been widely investigated with cadavers (Pritz, 1 978; Cavallero 
et al., 1 983; Bunketorp et al., 1 983; Aldman et a/., 1 985) and pedestrian dummies (Cesari et a/, 1 982; 
Brun-Cassan et al., 1 983; Glaeser, 1 983; Schlumpf and Niederer, 1 987). The best understanding of 
responses and injury mechanisms of body segments in car-pedestrian collisions has been achieved 
from tests with cadavers. Cadaver tests, however, can not be used for extensive study of safety 
countermeasures due to limitation of available subjects and high costs for such tests. Several types of 
dummies were developed in order to evaluate new safety countermeasures, so far none of them was 
representative enough to simulate responses of pedestrians in car impacts (Niederer et al., 1 983; 
EEVC, 1 985). Earlier studies (Padgaonkar et al., 1 977; Appel et al., 1 978; Ashton, 1 978) indicated 
that the problem of pedestrian protection from a car impact involves a large number of variables, such 
as the impact speed in accident, the type and size of the car, geometry and stiffness of the car front, as 
well as the size and age of the pedestrian. Obviously, it is impractical to perform experimental studies 
of the effect of all variables on car-pedestrian impacts. 

A simple mathematical model of pedestrian was first used by Padgaonkar et al. (1 977) to simulate 
vehicle-pedestrian impacts. Since the beginning of the SO's, pedestrian mathematical models are 
available in the MADYMO (Wismans and van Wijk, 1 982; Janssen and Wismans, 1 986). In one 1 5-
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segment pedestrian MADYMO model developed by van Wijk et al. (1 983), the input data set (e.g. the 
geometry, mass, moment of inertia and joint characteristics) was derived from the mechanical Hybrid I I 
dummy. Analysis of the results from previous computer simulations of pedestrian impacts shows that 
the early pedestrian models are not fully comparable with the experiments performed with biological 
subjects. The deficiencies are the limited lateral flexibility and the undeformable elements in the 
model. Furthermore the impact responses of the knee cannot be properly simulated. Thus, it was 
found desirable to develop a mathematical model based on available biomechanical data from human 
subject experiments. Such a model should be able to describe responses of the human body in 
vehicle-pedestrian accidents as close to reality as possible. 

Gibson et al. ( 1 986) developed a pedestrian 20 mathematical model to investigate head impact 
response in car-pedestrian crashes. However, the 20 model was not suitable to simulate dynamic 
responses of pedestrians in crash environment. A complicated spatial motion of the impacted 
pedestrians may result from: ( 1 )  different initial postures of the pedestrians; (2) successive impacts to 
the body segments in a large relative movement between pedestrian and moving car; (3) 30 
distribution of the center of gravity of body segments. Some of the injury parameters related 30 
motion can not be analysed by a 20 mathematical model (Schlumpf and Niederer, 1 987). lshikawa et al. 
( 1 993) developed a pedestrian 30 mathematical model to analyze the influence of car front parameters 
on pedestrian injuries. Biomechanical data of human body were used to describe this model which 
shows more realistic response in modeling car-pedestrian collisions than pedestrian mathematical 
models based on dummy data. The deficiency of the 30 model was lack of sufficient description for 
knee joints and leg segments, so that it can not simulate responses of the knee and leg in details. 

A 30 human-like knee joint model (Yang and Kajzer, 1 993) was developed as a first step towards a 
whole human-body model. The aim was to achieve a good correlation with knee responses in tests 
with human specimens. The human-like knee model is based on the anatomic structure of the knee 
and implemented in a one-legged pedestrian model. Furthermore, a 30 breakable leg model (Yang et 
a/. , 1 993; Yang, 1 997) was developed to improve biofidelity of the pedestrian model in simulation of a 
car-pedestrian impact with leg fracture. The breakable leg model consists of two elements connected 
by a frangible joint, which is able to simulate leg fracture in lateral impacts. 

Furthermore there is a need for a mathematical model of the whole human body with good 
biofidelity. Such a model should be able to accurately describe responses of the human body in 
vehicle-pedestrian accidents. The present paper describes the development and validation of a 
human-body 30 mathematical model with the human-like knee model and the breakable leg model. 
The human-body model is to be used as a pedestrian substitute to study car-pedestrian impact 
interactions and to predict risk of pedestrian injuries in accidents. 

M ET H O D  

The MAOYMO-GEBOO package (TNO, 1 996) was used to develop a human-body 30 
mathematical model for the study of kinematics and biomechanics of pedestrians involved in car 
crashes. The GEBOD (Baughman, 1 983) provides the anthropomorphic data of the human body for 
adults and children of various sizes, based on a set of thirty-five measurements of body dimensions. A 
30 stereophotometric adult body database from sample populations is available in the GEBOO and 
used to calculate regression equations for specific body data set as function of body height and/or 
body weight. The data set for a human-body model includes the geometry, mass distribution, location 
of center of gravity, and moment of inertia of all body segments as weil as location of the joints. The 
MADYMO provides a solver to analyze the dynamic responses of systems undergoing gross motion, 
by modeling such structures as multiple bodies connected by joints. 

The human-body model was used as a pedestrian substitute in simulations of car-pedestrian 
impacts. Validity of the model was evaluated against published crash tests with cadavers and a car-front 
which mounted on a sied (lshikawa et a/„ 1 993). The sensitivity of the model to input variables was 
studied by varying parameters of car-front in simulations of car-pedestrian impacts. 

THE HUMAN-BODY MODEL - Figure 1 shows the configuration of the human-body model in 
standing position, which is generated by the GEBOO program based on the 50th percentile male adult 
(height 1 75 cm, total body mass 78 kg). The model consists of fifteen ellipsoids representing the 
following body segments: head, neck, thorax, abdomen, pelvis, left/right arm, left/right forearm, 
left/right thigh, left/right leg, and left/right foot. The body segments are connected to each other by 1 4  
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joints. The knee joints and the leg elements generated by the GEBOD have been replaced with a 
human-like knee model (Yang and Kajzer, 1 993) and a breakable leg model (Yang, 1 997) as shown in 
F igure 4 .  

Mass distribution and moment of inertia - The mass of the body segments, the location of joints, 
and the principal moments of inertia of the body segments were derived by the GEBOD program 
based on the regression equations from the stereophotometric data. 

Height: 1 75 cm • Joint location 

Body segment 
mass (kg) 

Head 4.1 
neck 1 .0 
Thorax 23.8 
Abdomen 2.3 
Arms 1 1 .2 
Forearms 3.8 
Pelvis 3.6 
Thighs 18.8 
Legs 7.6 

J

-

y 
Feet 1 .8 
Total 78.0 

Figure 1 .  Human body rnodel of a 50th percentile adult male: geornetry (the hand is cornbined with forearrn), 
mass distribution, and joint location. 

Stiffness of the body segments - The major experimental studies on strength and tolerance of the 
human body segments to lateral impact loading are summarized in Table 1 .  These studies provide the 
information for characterization of the body segments in the mathematical model. In the MADYMO, 
mechanical properties of body segments are described by a force-deformation function. 

Table 1 
Summary of main studies on strength and tolerance of the human body segments 

Segment Peak force Deformation Authors 
to failure 

Head 5.2 - 1 2.5 kN 3 - 3.5 mm Voigt et a/., 1 973; Stalnaker et al. , 1 977; Allsop et al., 1 991 .  
Thorax 5.5 - 1 0.2 kN 35 - 38.4% . Tarrierre et al. , 1 979; Viano, 1 989. 
Abdomen 6.73 kN (mean) 43.7% . Viano et al., 1 989. 
Pelvis 9 - 12.5 kN - 40 mm Cesari et al. , 1 983; Viano et al., 1 989. 
Arm 2.71 - 4.1 6  kN - 9 mm Messerer, 1880; Yamada, 1 970; Cesari et al., 1 98 1 .  
Forearm 2.4 kN (mean) - 10 mm Messerer, 1 880; Yamada, 1 970; 
Thigh 2 - 1 0  kN - 1 1 mm Yamada, 1 970; Kress et al., 1 993. 
Leq 2 - 8 kN - 8 mm Bunketoro et al., 1 983; Nvouist et al. , 1985; Kress et al., 1 993 

• Lateral compression to the thorax and the abdomen. 

Table 2 shows the stiffness defined in the model for different body segments. The stiffness of the 
body segments were derived with average values from these studies (Table 1 )  and used to describe 
mechanical properties of the body segments in the model in the form of a force-deformation function. 
In the initial phase of the force-deformation function defined for the body segments a low stiffness was 
used, taking into account the effect of soft tissues covering the bones on the contact characteristics 
between body segment and car component. The soft tissue stiffness used in the model is based on 
mechanical properties of skin and muscle reported by Yamada (1 970). The contact stiffness for the 
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body segments changes from soft tissue stiffness to bone stiffness at 3 mm deflection for the head, 
30 mm for the pelvis, 25 mm for the arms, 40 mm for the thighs, and 30 mm for the legs. 

Table 2 
The stiffness of body segments defined in the present study 

Body Sone Stiffness of 
segment stiffness soft tissues 

(Nimm) (Nimm) 
He ad 2500 1 50 
Neck rigid• 
Thorax 1 00„ 
Abdomen 80„ 
Pelvis 330 35 
Arm 300 20 
Forearm 270 25 
Thigh 400 25 
Leo 500 30 
Foot rioid• 

Neck and foot segments were defined as rigid elements due to the fact that no 
direct impact was observed in previously performed experiments with cadavers. 
Thorax and abdomen segments were defined with overall stiffness. 

Joint models - From an anatomical point of view, the human-body joints are very complex. In a 
multibody model, the human-body joints are represented by mechanical joint models such as the 
spherical joint model and the hinge joint model. In the present study, the spherical joint model was 
used to describe biomechanical responses of the neck joint, torso joint, hip joint, shoulder joint, and 
ankle joint, and the hinge joint model was used to describe the elbow joint. The knee joint was 
described by a human-like knee joint model (Yang, 1 997). 

Motion of joints - In order to characterize the joint models, the motion range of joints are 
summarized in Table 3 based on the main studies by Kapandji ( 1 970a,b,c), White and Panjabi ( 1 978), 
and Frankel and Nordin ( 1 980). In general, the physiology movements of joints are defined in a 
coordinate system formed by three planes: the sagittal, coronal, and horizontal planes. The flexion
extension movements of joints are performed in the sagittal plane, and the abduction-adduction 
movement in the coronal plane. The rotation movements of joints are performed about longitudinal 
axis of body segment. The motion of the cervical-vertebral column has been taken into account for the 
definition of the neck joints, and the motion of the thoracic and lumbar vertebral column has been 
taken into account for definition of the torso joints. 

Table 3 
The joint motion range used to define joint models 

(based on Kapandji, 1 970a,b,c ; White and Panjabi, 1 978; Frankel and Nordin, 1 980) 

Physiological 
feature 

Flexion 
Extension 
Abduction 
Adduction 
Lateral rotation 
Medial rotation 
Inversion 
Eversion 
Lateral flexion 
Axial rotation 

Motion range of joints (de� ree) 
Upper- Lower- Upper- Lower- Shoulder Elbow 
neck Neck torso torso 

1 0  30 45 60 1 80 145 - 160 
1 5  60 25 35 45 - 50 0 

140 0 
30 - 45 0 

80 90 
95 85 

±1 0 ±35 ±20 ±20 
±10 ±40 ±35 ±5 

• The motion of the ankle is combined with that of the subtalar joint. 

Hip ·Ankle-
subtalar 

90 - 145 20 - 30 
20 - 30 30 - 50 

45 30 - 40 
30 25 - 35 
30 
60 

1 5  - 20 
1 0 - 1 5  

Stiffness of joints - Based on biomechanical studies on human joints (Table 4), the joint stiffness 
within the range of normal joint motion was chosen to describe the characteristics of joint models used 
in the present study. Figure 2 shows the moment-angle functions of the joint models according to the 
data summarized in Tables 3 and 4 .  
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Table 4 
The characteristics of the joints 

(based on Kapandji, 1 970a,b,c; Mertz & Patrick, 1 971 ; Nyquist & Murten, 1 975; 
Franke! & Nordin, 1 980; Wismans & Spenny, 1 983; Wismans et al., 1 986; McElhaney et al., 1 988; 

Osvalder, 1 992; Parenteau & Viano, 1996 
Stiffness <Nm/dearee 

Physiological Upper· Lower· Upper- Lower· Shoulder Elbow Hip Ankle-
feature neck Neck torso torso subtalar 

Flexion 1 .4 1 . 4  1 .0 .  2.1  1 .0 .  2.1 0 - 0.3 0 - 0.2 0 - 2.5 0.5 
Extension 2.5 2.5 0.3 . 1 .8 0.3 - 1 .8 0 - 0.2 1 .2 0.3 
Abduction 0 - 0.3 0 - 1 .2 . 

Adduction . 0.8 -
Lateral rotation 0.3 0.2 0.6 
Medial rotation 0.3 0.2 0.6 
Inversion 1 
Eversion 1 .5 
Lateral flexion 0.4 - 2.2 0.4 - 2.2 2.0 2.0 
Axial rotation 0.0 . 0.5 0.0 . 0.5 0.9 0.9 

150 ____ u.:.ppc..e_r·n
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100 -G-Aiuel ro1a11on 
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e 50 l:. ! 0 
0 ::; ·50 

·100 
·l 5�60 ·40 -20 

(a) 

20 40 60 
Angle (deg) 

Lower·torso joinl 
600 -----------

400 

e 200 
l:. 1: 0 � ::; ·200 
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-600 �-�-�-�---'-� 
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0 ::0 ·SO 
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·1SO �--'-�-�-�-�� 
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·400 
·600 '----'--'---'---'---'--__, 

·300 ·200 ·100 0 100 200 300 
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-----Flexion-Extension 400 --e- Lateral ltexion 
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� � -200 

-400 
-600 L---'--'---'----'---'----' 
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Figure 2 .  Moment-angle characteristics of the joints in the human-body mathematical model: (a) upper-neck 
joint, {b) lower-neck joint, (c) upper-torso joint, (d) lower-torso joint, (e) shoulder joint, (f) elbow joint, 
(g) hip joint, and (h) ankle-subtalar joint. 

Human-like knee joint model - Figure 3 shows the configuration of the knee joint model. A detailed 
description of the human-like knee model was given by Yang et al. ( 1 995). 

Breakable leg model - The basic configuration of the breakable leg model was two rigid elements 
connected by a spherical joint. The spherical joint between these two elements located at the bumper 
impact level and defined as a frangible joint. The frangible joint is used to simulate leg fracture resulting 
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from duration of a lateral impact load. A detailed description of the breakable leg model was given in 
studies by Yang et a/. (1 993) and Yang (1 997). 

Right knee 

n ,' CL CM -. 

I Tibial intercondylar 
, 5-

y 

eminu 

Femoral condyle 

Tibial articular 
surface 

Left knee 

I 
Tibial intercondylar 

eminence 
\ { 
w 

Figure 3. The mathematical model of the knee joints, ACL = anterior cruciate ligament; PCL = posterior cruciate 
ligament; MCL = medial collateral ligament; LCL = lateral collateral ligament; CM/CL = posterior part of 
the capsule. For simplification the attachment of the LCL is placed on the tibia. 

COMPUTER SIMULATIONS OF THE CAR-PEDESTRIAN IMPACTS - Figure 4 shows the 
configuration for computer simulations of car-pedestrian impact tests with unembalmed cadaver 
specimens which represented a pedestrian impacted from the lateral side by a car-front. The human
body mathematical model was used to simulate the impact tests as shown in Table 5. 

X 

Car front model 

Hood top 

Hood edge 
�--� �------�1 

Bumper 

Pedestrian Model 

Figure 4. The set-up for computer simulation of the car-pedestrian impact tests, a = bumper height, b = hood 
edge height, c = bumper lead distance. The car-front model was based on lshikawa et al. (1993). 

Pedestrian mathematical models - In the simulations of the tests, each pedestrian substitute was 
simulated individually based on height and weight of the unembalmed cadaver subject which was 
registered with sex, age, height and weight in each test (Table 5). The position and posture of the 
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pedestrian mathematical models were adjusted according to the configuration of the cadaver 
specimens in the tests. 

Gar-front model - The car-front model consists of four ellipsoids and two hyperellipsoids. The 
bumper and hood-edge were represented by one hyperellipsoid for each, and the hood-top and 
windscreen were represented by one ellipsoid for each. The wheels were represented by two 
ell ipsoids. The geometry and dimensions of the car-front model are shown in Figure 4 which was 
based on a experimental set-up (lshikawa et al., 1 993). The bumper level a and hood-edge level b 
were adjusted based on the active levels of the bumper and the hood edge determined in the tests 
(Table 5). The location of center of gravity and moments of inertia for the car-front model was defined 
approximately, since the one-dimensional nature of the car motion in the tests. The stiffness 
characteristics of car fronts is shown in Figure 5. 

2 

2 3 4 5 
Deformation (mm) 

(a) 

6 -�--�----

5 

z 4 
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Cl> 3 
l:! 
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5 10 1 5  20 25 30 
Deformation (mm) 

(b) 

z � 
Cl> � 

u.. 

1 5  

1 2  Additional 
Bumper bumper 

9 
6 

3 

20 40 60 80 100 120 
Deformation (mm) 

(c) 
Figure 5. The stiffness characteristics of car frDnts: (a) bumper in tests 1 ,  2 and 5, hood-edge for all tests; (b) in 

test 3; (c) in test 4 (based on lshikawa et al. , 1 993). 

Contact characteristics were defined in the simulations for all possible impacts between body 
segments of pedestrian model and car-front components. The friction coefficient is 0.7 between foot 
and ground, 0.3 between body segments and car-front components. 

VALIDATION O F  THE HUMAN-BOOY MATHEMATICAL MODEL 

I MPACT TESTS WITH PEDESTRIAN SUBSTITUTES - The validity of the human-body 
mathematical model was evaluated by using published results from impact tests with cadavers 
(lshikawa et al., 1 993). The available test configurations are shown in Table 5. 

Table 5 
The test matrix (based on lshikawa et al. , 1 993) 

Test Impact Bumper Bumper-lead Hood edge Age/Sex of Height of Weight of 
No. speed level* distance level* subject subject subject 

(km/h) (mm) (mm) (mm) (mm) (kg) 
1 25 380 60 730 54/male 1 800 75 
2 32 380 60 730 48/male 1 700 62 
3 32 380 85 730 52/male 1 780 65 
4 32 440 1 00 730 53/male 1 800 89 
5 39 390 200 720 68/male 1 750 88 

* Effective level determined in tests. 

In the tests, unembalmed cadavers were used as pedestrian substitutes which were struck by an 
car-front mounted on a sied from lateral side of the pedestrian substitute. Each cadaver specimen was 
positioned with a walking posture and the knee extended, balanced in an upright position. High
speed cameras were used to register trajectories of the pedestrian substitutes during impact tests. 
Impact responses of the pedestrian substitutes were measured with four accelerometers. The 
accelerometers were located in the following body segments: 

Head (3-axis accelerometer close to the center of gravity of the head), 
Thorax (3-axis accelerometer mounted at the thoracic vertebra T6), 
Pelvis (3-axis accelerometer mounted at the lumbar vertebra L5), 
Leg (1 -axis accelerometer at the tibia 1 5  - 20 cm from the sole of the foot). 
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Damage of each cadaver specimen were identified by means of anatomical investigations after 
impact tests. The main findings of body segment damage are summarized in Table 6. 

Table 6 
Damage to pedestrian substitutes in impact tests (based on lshikawa et al. 1 993) 

Test No. Body seaments Damage description AIS 
1 No visible damage. -

2 Leg Fibula fracture and tibia fracture of the first impact lea. 3 
3 Leg Fibula fracture and tibia fracture of the first impact leg. 3 

Neck Fracture of cervical vertebra C7. 3 
4 Head Abrasion of the face skin. 2 
5 Scull Fracture of scull right side. 5 

Knee right Fracture of the tibial lateral condyle and the head of fibula; 3 
Rupture of the collateral ligaments and crucial ligaments. 3 

Knee left Fracture of the tibial medial condvle. 3 

R E S U LTS 

KINEMATICS OF PEDESTRIAN SUBSTITUTES - A  comparison between the simulations and the 
tests for the kinematics of the pedestrian substitutes is shown in Figure 6. The overall kinematics of 
the pedestrian models from computer simulations appear to be weil in agreement with observations 
from the high-speed films in impact tests. For detail body segment motion, a good agreement 
between the simulations and the tests for leg rotation around knee joint in the initial phase of impacts 
can also be seen from Figure 6. The occurrence and location of the head-hood impact was realistically 
predicted by the pedestrian models. The head-hood impact occurred from about 1 50 ms to 200 ms 
and occurred earlier at high impact speed than low speed. 

PEAK VALUES AND TIME H ISTORIES OF THE INJURY RELATED PARAMETERS - The output 
data from computer Simulations of car-pedestrian impact are shown in Table 7. The time histories of 
the linear accelerations for the leg, the pelvis, and the head from the test 4 and corresponding 
computer simulation are shown in Figures 7. The time histories of the linear accelerations for the 
thorax, the pelvis, and the head from the test 5 and corresponding computer simulation are shown in 
Figures S. 

Impact forces - The peak bumper impact forces to the leg changed with different impact speeds. 
The impact forces varied from 4.4 kN to 9.3 kN in the computer simulations (Table 7

)

. The peak impact 
forces increase with the increasing impact speed in the simulations, except for impact force from test 4 
in which a double-bumper with lower stiffness than other bumpers was used. 

Table 7 
Peak values from computer simulations 

Run No. 1 2 3 4 5 
(V=25km/h) (V=32km/h\ (V=32km/h) (V=32km/h) (V=39km/h) 

Impact force kN) 4.4 7.6 6.3 4 9.3 
Lea Ace. lal 1 31 198 188 1 38 228 
Thiah Ace. IJ' 124 125 98 87 1 56 
Pelvis Ace. :eil 33 65 29 38 82 
Chest Ace. al 1 8  2 1  28 25 32 
Head Ace. la\ 86 125 1 57 1 1 7  248 

Accelerations - The peak accelerations of the leg varied from 131 g to 22S g in the simulations, and 
the measured leg accelerations available in the test 4 is 135 g (Figure 7a) at an impact speed of 
32 km/h. The peak accelerations of the thighs varied from S7g to 1 56 g in the Simulations. The ehest 
accelerations varied from 1 S g to 32 g in the simulations, and the measured ehest acceleration 
available in test 5 is 4S g (Figure Sa). The pelvis accelerations varied from 33 g to S2 g in the 
simulations, and 52 g to 7S g in the tests (Figure 7b and Figure Sb). The head resultant accelerations 
varied from S6 g to 24S g in the simulations. The measured head resultant accelerations available in 
the test 4 and 5 is 1 25 g and 2SO g (Figure 7c and Figure Sc), respectively. 
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(a) (b) (c) 

Figure 6. Comparison between the tests ( 1 ,  3, 5) (lshikawa et a/., 1 993) and corresponding simulations for 
kinematics of the pedestrian substitutes at impact speeds of (a) 25 km/h, (b) 32 km/h, and (c) 39 km/h, 
time step dt = 50 ms. 

Figure 7 shows the accelerations of the leg and head measured in the test 4 are weil predicted in 
the simulation with the pedestrian model in terms of the peak values and the curve wave shapes. The 
peak values of the pelvis acceleration were underestimated in the simulation. Figures 8 shows the 
accelerations of the pelvis from the cadaver specimen test 5 and the simulation were very similar 
regarding the peak values and curve wave shapes. The peak values of the thorax acceleration were 
underestimated in the simulation. 
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Figure 7. Comparison between the test 4 and the simulation for the acceleration time histories of the leg, the 
pelvis, and the head at 32 km/h. 

Responses of the knee - Knee responses in the simulations were predicted in terms of ligament 
strain, and contact force between articular surfaces. A comparison between the test 2 and 
corresponding simulation at a speed of 32 km/h was made for the knee responses to car frontal impact. 
Table 8 shows the comparison for responses of MCL and ACL of the first impact leg, and the lateral 
condyle contact force between articular surfaces of the knee. Based on the study on strength of knee 
ligaments (Butler et al., 1 986), ligament rupture failure is defined at strain greater than 20%. The 
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calculated ligament strains for the knee weil correlated to the observations in the corresponding test in 
which no failure to the MCL and ACL of the knee were observed (Table 8). 
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Figure 8. Comparison between the test 5 and the simulation for the acceleration time histories of the thorax, the 

pelvis, and the head at 39 km/h. 

Table 8 
A comparison between the test 2 and the corresponding simulation 

for the knee responses of the first impact leg at 32 km/h 

MCL ACL LC* Bumper-leg 
peak strain peak strain contact force impact force 

Results from 
simulation 1 7% (-AIS 0-2) 14% (-AIS 0-1) 4.4 kN (-AIS 0) 7.6 kN (-AIS 3) 

Observation no rupture no rupture no fracture tibia/fibula 
in test (AIS 0) (AIS O) (AIS 0) fracture (AIS 3) 

• LC = lateral condyle. (-) correlated to possible injury level. 

Knee responses with and without leg fracture - In order to detect the knee responses in the 
pedestrian model associated with the leg fracture, two simulations of car-pedestrian impacts was 
performed with the pedestrian model in the same configuration of the tests2 at an impact speed of 32 
km/h. Table 9 shows the results of the knee responses with and without leg fracture for the strains of 
MCL and ACL of the first impact knee, and the lateral condyle contact forces. The calculated MCL and 
ACL strains as weil LC contact force in case of no leg fracture were higher than that in case of leg 
fracture. 

Table 9 
Responses of the knee with and without leg fracture 

in simulations for the same configuration of test 2 at 32 km/h 

MCL ACL LC* 
oeak strain oeak strain contact force 

Leg fracture 1 7% 14% 4.4kN 
No leg fracture 57% 60% 12.5kN 

• LC = lateral condyle. 

SENSITIVITY ANALYSIS OF THE MODEL 

A two-level factorial test method (Box e t  af., 1 978) was used to analyze the sensitivity of the model 
and investigate the effects of input variables on dynamic response of the model. In a two-level factorial 
test, effect of each variable can be investigated by changing the variable from a low level to a high 
level. lnteractions between variables can be detected. 

Table 1 0  
The factors and levels for sensitive study 

Factors Levels 
- + 

A=Bumper height 275 mm 500 mm 
B=Bumper stiffness 1 00 Nimm 300 Nimm 
C=Bumper lead distance 50mm 200 mm 
D=Hood-edge height 600 mm 800 mm 
E=Hood-edge stiffness 1 000 Nimm 2000 Nimm 
F=lmpact soeed 15 km/h 40 km/h 
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FACTORIAL TEST - The parameters used in the present study are: bumper height, bumper 
stiffness, bumper lead d istance, height of hood-edge, hood-edge stiffness, and impact speed. The 
selected variables and levels are shown in Table 1 0. The bumper levels were chosen between knee 
joint and center of gravity of the leg for a 50th percentile male adult, and the hood-edge levels 
between hip joint and knee joint. A reduced factorial test design of 32 runs was made based on the 
selected factors and levels. 

RESULTS OF FACTORIAL TEST - Selected output parameters from computer simulations are 
impact force, knee rotation angle, MCL ligament strain, head angular acceleration, and HIC. 

The sensitivity of the pedestrian mathematical model to the change of the car-front parameters and 
impact speed was studied by means of the responses of the model in the simulations. Figure 9 shows 
the calculated effects of one-factor and two-factor on the injury-related output parameters based on 
results from 32 simulation runs. Mean responses for two-factor interactions were calculated with the 
output parameters. Part of the calculated mean responses is shown in Figure 1 O in the form of mean 
response diagram. Absence/presence of interaction between two factors can be detected in the 
diagrams, and effects of each factor in two selected levels on the responses of the model can also be 
analyzed by means of these diagrams. 

Effect of impact speed on responses of the model - A significant effect of impact speed on the 
responses of the model for almost all parameters can be seen from Figure 9. Only head angular 
acceleration appears to be dependent primarily on hood-edge height. 
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Figure 9. Effects of one-factor and two-factor on output parameters: (a) Bumper impact force, (b) knee rotation 
angle, (c) MCL strain, (d) head angular acceleration, (e) HIC, and (f) head impact force. 

Effect of bumper and hood-edge on responses of lower extremity - Figure 9a, b, and c show 
significant effects of the bumper height, bumper stiffness, bumper lead d istance, and hood-edge 
height on responses of the knee-leg complex in a lateral impact to the leg. 

From Figure 1 Oa, it can be seen that the bumper impact forces are sensitive to the change of the 
bumper stiffness. The impact force to the leg goes up by 48% when the bumper stiffness increases 
from 1 00 Nimm to 300 Nimm. There is almost no effect of bumper height on the impact force. There is 
less effect of bumper stiffness on knee responses especially at high bumper level (Figure 1 1  b and c). 

There is a significant effect of bumper height to the knee rotation angle and MCL strain. 
Figure 1 Ob shows the knee rotation angle increases 69% when the bumper height changes from 275 
to 500 mm for the bumper stiffness 300 Nimm. The MCL strain increases 53% with the increasing 
bumper height from 275 to 500 mm for the bumper stiffness 300 Nimm (Figure 1 Oe). 
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Bumper lead distance have significant effect to the MCL strain and the knee rotation angle. 
Figure 1 Od shows that the MCL strain decreases 47% for the bumper lead from 50 mm to 200 mm at 
the low bumper height. The MCL strain decreases 1 7% with the increasing bumper lead distance from 
50 mm to 200 mm at the high bumper level. When the bumper lead distance increases f rom 50 mm to 
200 mm the knee rotation angle decreases by 52% at a bumper height of 500 mm (Figure 1 0e). 
Figure 1 Of shows an interaction between bumper lead and hood-edge stiffness. A significant effect 
of bumper lead on the MCL strain can be seen in combination with a hood-edge stiffness of 2000 
Nimm. 

Figure 1 Og shows that the knee rotation angle reduced by 49% when the hood-edge height 
decreases from 800 to 600 mm in the case of hood-edge stiffness 2000 Nimm. The stiffness of the 
hood-edge have less effect on knee rotation. 

The knee responses in the simulations of car-pedestrian impacts are sensitive to the changes of 
the bumper and hood-edge parameters, especially for the varied bumper and hood-edge height as 
weil as bumper lead distance. The knee responses are dependent primarily on the shape of the car
front end. 
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Figure 1 0. Mean response diagrams between two factors: (a) bumper stiffness and height, (b, c) bumper height 

and bumper stiffness, (d, e) bumper lead and bumper height, (f) bumper lead and hood-edge stiffness, 
(g) hood-edge height and hood-edge stiffness, and (h, i) hood-edge height and bumper height. 

Effect of bumper and hood-edge on head responses - Figure 1 Oh and i show two-factor 
interactions between hood-edge height and bumper height in terms of the head angular acceleration 
and the HIC value. Hood-edge height has a significant effect to the head response. With an increasing 
hood-edge height from 600 mm to 800 mm, the head angular acceleration decreases by 61 % for low 
bumper level and by 66% for high bumper level, while the HIC value decreases by 70%. There is 
almost no effect of bumper height on the HIC values. 
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D I S C U S S I O N  

Twenty years ago, Padgaonkar et a/. (1 977) pointed out that experimental studies of the effects of 
all the variables in car-pedestrian impacts are impractical, and this is still the case today due to the lack 
of available pedestrian substitutes and difficulties in measurements in laboratory crash tests. An 
alternative approach is the use of a well-validated pedestrian mathematical model to study this type of 
impact. Accordingly, the present study attempted to develop a pedestrian mathematical model which 
can be used in simulations of car-pedestrian impacts. Since pedestrian fatalities in accidents have 
mainly been attributed to head injuries, and the lower extremity injuries occurred often with long term 
consequence. Thus, the main focus was on modeling responses of lower extremities and head in a 
lateral car-front impact. 

The kinematics in car-pedestrian impacts are quite complex due to successive impacts to the body 
segments in a large relative movement between pedestrian and moving car. A good correlation of the 
kinematics between the simulated and measured results gives certain level of confidence to verify the 
calculated parameters from the model. 

The overall kinematics of pedestrian substitutes in impact tests were realistically simulated with the 
pedestrian mathematical model (Figure 6). Good flexibil ity was obtained in the model. The lateral 
rotation of the pedestrian substitutes in the impact tests, especially the head rotation around the neck 
joint as weil as the knee rotation around the bumper, were weil predicted in the simulations. The 
occurrence and the location of the head impact to the hood (Figure 6) indicated that the head impact 
area on the hood were correctly simulated. These could be attributed to the better formulation of the 
pedestrian mathematical model than that of dummy-based pedestrian model in terms of the following 
key points. First, the joint characteristics were defined based on studies (Table 3 and 4) of the joint 
physiology movement and joint biomechanics, which makes the model flexible and comparable with 
human joint flexibil ity. Second, the knee joint model was formulated based on an anatomical knee 
structure, therefore the responses of the knee model are weil correlated with the knee responses in 
the tests. Third, the breakable-leg model fills the gap of modeling leg fracture. Finally, the force
deflection characteristics were defined to take into account the mutual deformability of the body 
segments and the car-front surfaces. The definition of mechanical properties in the model were based 
on studies of strength and tolerance of the human body segments. There are no universal constants 
to characterize the properties of human tissues or to predict its response to a given boundary 
condition. In the crash environment of car-pedestrian accidents, the pedestrians are frequently struck 
from the lateral side, therefore the data from studies (Stalnaker et al., 1 977; Cesari et al., 1 981 ; Nyquist 
et a/., 1 985; Viano, 1 989; Allsop et a/., 1 991 )  on human tolerance in a lateral impact condition were 
chosen to best suit the configuration of car-pedestrian impacts. The selected data from these studies 
provided a framework to appropriately characterize the model. 

The tests and simulations for body segment responses were compared in terms of accelerations, 
indicating that the accelerations in the simulations approximate the results from the tests. The 
accelerations of the head, the pelvis, and the leg, calculated in simulations, appear to be in good 
agreement with the available results measured in tests in both peak value and curve shape. Although 
the accelerations of the head and the leg in the tests were not all available, the calculated results show 
a reasonable trend of increasing accelerations with the increasing impact speed. The acceleration of 
the pelvis in the simulation of test 4 at 32 km/h and the acceleration of the thorax in the simulation of 
test 5 at 39 km/h were underestimated compared with the test results (Figures 7b and Sa). This 
difference could be attributed to contact between forearm and hood. The initial position of forearm
hood impact may vary due to the fact that the forearm movement during the simulations was free. 
Another explanation is that the forearm in combination with the hand may introduce excessive 
stiffness due to the absence of the wrist joint. The occurrence of the peak values of the accelerations 
(Figure 8) may also influenced by the forearm-hood contact. 

Furthermore, some calculated parameters, which could not be measured i n  the tests, are 
comparable with findings from anatomical investigations after impact tests. For instance, the ligament 
ruptures were attributed to ligament strain when it exceeds the tolerance level. The knee ligament 
strains calcu lated in the present model can be used to predict the risk of ligament ruptures. The 
calculated bumper impact force in the knee joint area and contact forces between articular surfaces can 
be used to predict the risk of condyle fractures. 

The results from the factorial test clearly show the effects of the input variables on responses of 
the model. The coupling between variables is generally low (Figure 9 and 1 0). The sensitivity of the 
model to the input variables can be detected based on the factorial test. The model is sensitive to 
impact speed for almost all injury-related parameters. The lower extremity in the model is sensitive to 
the changes of bumper stiffness, bumper height, bumper lead distance, hood-edge height. The head 
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in the model is sensitive to the variation of the hood-edge height, especially in predictions of head 
angular-acceleration. lt was confirmed that the head response is significantly influenced by hood-edge 
height of car. The breakable leg model improved the sensitivity of the knee responses associated with 
leg fracture in certain impact condition. 

Unlike engineering materials, material properties of human tissues are dependent on many non
engineering factors of the human. However, the mechanical properties of body segments were 
defined with average values based on published data, and variations in the data due to age, gender 
and population differences were not taken into account in the current model. lt could be one of the 
causes to introduce the deviation between the simulations and cadaver tests. For this reason, it can be 
expected that the simulation results can better fit a test corridor than a single test curve available at the 
present study. 

lt is necessary to point out that the pedestrian mathematical model was validated by using tests 
with cadaver specimens, therefore the deviation between simulations and real world accidents should 
also be noted. For instance, soft tissues was simulated with a simple model, so that soft tissue effect 
may not be adequately represented. 

The current breakable leg model only simulates a single leg fracture, consequently it is hard to 
connect the simulation results to a more complicated long bone multiple fractures. For simulations of 
such fractures, it is necessary to refine the model or to develop a FEM model that can predict the bone 
failures by calculating stress concentration within the bone structure and modeling multiple fractures. 

Despite the limitations in the current model due to the complexity of the impact event, the results 
from the present study indicate its capability of calculating relevant parameters to predict risk of injuries 
to pedestrian body segments. For instance, the impact forces or bending moments on the thighs and 
legs can be calculated to predict risk of long bone fractu es. For the knee, the forces and moments 
transferred through the knee components, as well as the strain of the knee ligaments can be 
calculated to evaluate the knee failures in lateral impact loading. For the head, the linear acceleration, 
the HIC value and the angular acceleration can be calculated to predict risk of head injuries. The model 
is thus useful for simulation of car-pedestrian impacts and for performance assessment of car-front 
structures. 

In the near future, a subsystem test method proposed by EEVC (1 994) will be issued as an 
international regulation to evaluate car fronts for pedestrian protection. The subsystem test method 
consists of three separate tests using a head-form impactor, a thigh-form impactor, and a leg-form 
impactor. The subsystem tests can measure the performance of car-front components separately, but 
interactions of car-front parameters to responses of different body segments can not be detected by 
such tests. As already mentioned, the pedestrian mathematical model used in simulations of car
pedestrian impacts provides not only the information about the head responses to the hood or 
windscreen impact but also the information about the influence of changes of car-front-end shape on 
head responses. Therefore, the model, as an important complement to subsystem tests, is valuable 
for investigating possible improvements of new car-front designs by providing insight into pedestrian 
impact protection. 

For further study on pedestrian impact protection using the developed human-body mathematical 
model, the head-neck and thorax segments should be improved to simulate detailed responses in 
these body regions. The model should allow for the investigation of the risk of brain and neck injuries 
and the study of thorax injuries in terms of TTI (thoracic trauma index) and VC (viscous criterion). 
Sophisticated biomaterial models are also needed if better correlation with pedestrian responses in 
real world accidents is to be achieved. 

C O N C L U S I O N S  
Research into the vehicle-pedestrian accidents during the past three decades has indicated that 

there is a need for a biofidelic model of the human body in order to study injury biomechanics of 
pedestrians in vehicle impacts and to acquire better understanding ot this type ot impacts tor 
developing satety countermeasures. 

The developed human-body mathematical model is able to simulate the responses of pedestrians 
in car impacts. A good kinematic correlation between the model and the test subjects was achieved for 
both overall movement and body segment motion. 

The important injury-related parameters can be calculated by means of the model, including impact 
forces, accelerations for different body segments, HIC, contact forces between articular surfaces, and 
knee ligament strain. lt is therefore valuable for the prediction of risk of pedestrian injuries in accidents. 
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The model is sensitive to the change in car-front parameters and impact speeds, and is thus a 
useful tool for analyzing pedestrian responses in different impact conditions and studying the 
performance of the vehicle exterior for pedestrian protection. 
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