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The Development of the Lower Extremity of a Human FE Model and the Influence of Anatomical
Detailed Modelling in Vehicle-to-Pedestrian Impacts

Shouhei Kunitomi, Yoshihiro Yamamoto, Ryosuke Kato, Jacobo Antona-Makoshi, Atsuhiro Konosu,
Yasuhiro Dokko, Tsuyoshi Yasuki

Abstract The goal of this study was to develop and validate a 50" percentile male pedestrian finite element
model on a component-to-full scale and to clarify the influence of anatomical details in human modelling on the
impacted body response and injury patterns. First, we developed a 50" percentile male Japan Automobile
Manufacturers Association pedestrian model including anatomical detail, especially for the lower extremities
using CT/MRI data, then we validated the model at the component/sub-assembly levels as well as the full-scale
level using available post-mortem human subject impact test data. As a result, we were able to develop a highly
biofidelic Japan Automobile Manufacturers Association pedestrian finite element model which can precisely
predict post-mortem human subject injury patterns of the lower extremities under various impact conditions.
Furthermore, focusing on the effectiveness of anatomical detailed modelling for the pelvis and knees, such as in
the model developed in this study, the authors examined the influence of the modelling against body response
as well as injury patterns. As a result, we found that the pelvis cortical bone thickness has a significant influence
on the force deflection response as well as injury patterns of the pelvis. Furthermore, we clarified that detailed
knee ligament modelling improves knee ligament injury patterns under pedestrian full-scale impact conditions.
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I. INTRODUCTION

Lower extremities injuries (LEls) account for more than 30% of all moderate-to-fatal injuries in
vehicle-to-pedestrian impacts [1]. These injuries predominantly include long bone fractures, knee ligament
injuries and pelvic fractures. Although infrequently life-threatening, LEIs are commonly associated with
permanent medical impairment of substantial cost to the victims and society [2]. This situation has increased
the awareness of these types of injuries as illustrated by international initiatives aiming at the prevention of
pedestrian LEls when hit by vehicles [3-4].

Numerous experimental studies with post-mortem human subjects (PMHSs) have investigated pedestrian LEI
mechanisms and thresholds. These studies include component, sub-assembly and full-scale tests. Femur, tibia
and fibula bone fracture mechanisms and thresholds have been investigated in bending tests with or without
flesh [5-6]. Knee ligament rupture mechanisms and thresholds have been investigated in sub-assembly knee
tension [7-8], lateral bending and combined lateral shear and bending [9]. Pelvic fractures and dislocations have
been investigated through acetabular and iliac lateral impacts to an isolated pelvis [10]. On the full scale, body
kinematics and LEls have been investigated through the tests in which PMHSs in a standing position were struck
laterally by the frontal part of commercial vehicles [11-12]. One problem associated with these experiments was
that the results were largely dependent on the front design of the vehicles used in the experiments [13], which
limited their applicability to develop standards applicable to all vehicles. This limitation has been recently
addressed by incorporating testing methods that deliver impacts to PMHSs with a generic buck. These vehicle
design independent methods have been applied to develop the corridors for standardised 50" percentile male
size (M50) whole body kinematics that can be used to evaluate such physical or numerical tools as
anthropomorphic test devices (ATDs) or human body computer models for pedestrian [14-16].

A pedestrian Finite Element (FE) model [17-19] is one type of research tool that has proved to be useful for
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virtual evaluation of pedestrian safety countermeasures. One of the examples of such application is that the
Total Human Model for Safety (THUMS ) model was used for investigating muscular and initial position effects
for pedestrian kinematics and injuries [20-21]. Pedestrian FE models have also been utilised to support the
development of physical testing devices such as, for example, a leg form impactor [22-23]. Overall, the
effectiveness of the countermeasures and tools developed using pedestrian FE model will be influenced by its
biofidelity. As medical imaging technologies evolve, computational power increases, and new PMHS data
become available, the anatomical detail and the biofidelity that can be achieved by the FE models also increases.
This calls for a continuous update of the models’ anatomical accuracy and biofidelity. However, the previous
Japan Automobile Manufacturers Association’s (JAMA) pedestrian model [19] has not been updated for several
years and its biofidelity, such as the knee ligament shape and the thickness distribution of the pelvis, is
insufficient. In addition, the Global Human Body Models Consortium (GHBMC) model reproduces the
connection between the muscle and the bone in detail, and incorporates the cortical bone thickness distribution
of ribs and limb bones. GHBMC notes that they will continue enhancement of all GHBMC models [24]. Therefore,
it is necessary to incorporate anatomical details into the JAMA pedestrian model in order to investigate more
detailed mechanisms of pedestrian pelvis and lower limb injuries. In addition, clarifying how the details
incorporated into a pedestrian FE model affect its response to impacts can contribute to the development of
more effective and specific LEI preventive countermeasures.

The ultimate goal of this study was to support the development of strategies that aim to prevent LEls in
pedestrians hit by vehicles. The specific aim is twofold:
a) To present the development and component-to-full scale validation of the M50 JAMA pedestrian model that
incorporates particularly detailed lower extremities, knees and hip regions.
b) To investigate how the anatomical details incorporated into the knees and pelvis of the JAMA pedestrian
model affect the LEls prediction in the simulations of pelvis impact tests and generic buck-to-PMHS
experiments.

Il. METHODS

The lower extremities of the M50 human JAMA pedestrian model have been developed and validated
against published literature data at the component and sub-assembly levels. The validated sub-assemblies were
merged with the upper body of the previous JAMA pedestrian model [19] and the full body model was then
validated against full-scale PMHS impact experiments. Hereafter, this developed and validated JAMA pedestrian
model is referred to as the modified JAMA pedestrian model. The lower extremities of the JAMA pedestrian
model were newly created based on CTimages of PMHS close to M50 (height: 175cm, weight: 78kg).
Furthermore, the femur, fibula, tibia and pelvis were scaled to a standard M50 size based on anatomical
dimensional data [25-26]. The connections of bone and ligament, and bone and flesh, are sharing nodes and
bone-to-bone contacts are defined in the hip joint and knee joint regions. Mesh size was adjusted so that the
timestep is more than 0.1 ms, in consideration of practicality. Several parts of the JAMA pedestrian model was
modified in more detail based on published data, that is, attachment area and shape morphology of knee
ligaments were modified and distribution of pelvic cortical bone thickness and sacral foramina were
incorporated. The validation items from published data are summarised in TABLE I. The thigh and leg model
were validated against dynamic 3-point bending tests [5-6][27]. The simulation results showed good correlation
with the experimental results in Fig. A1-5 (Appendix A). The material properties are shown in Fig. B1-2
(Appendix B). Full scale generic buck to pedestrian impact tests were conducted using a generic buck model
validated at the component level. Finally based on the modified JAMA pedestrian model, the influence of
detailed modelling of the knee and pelvis in a pelvis dynamic loading impact test and full scale generic
buck-to-pedestrian impact was investigated. Detailed descriptions of the knee and pelvis models and validation
results are provided below and the other model validation results and properties are shown in Appendix A and B.
In the present study, simulations were conducted using PAM-CRASH (ESI, Paris, France, Version 2012).
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TABLE |
Validation items used for the modified JAMA pedestrian model
Part Validation items Reference
Thigh Dynamic 3-point bending (Proximal third, Mid-shaft, Distal third) [5-6]
Dynamic 3-point bending with flesh (Mid-shaft, Distal third) [27]
Leg Dynamic 3-point bending (Proximal third, Mid-shaft, Distal third) [5-6]
Dynamic 3-point bending with flesh (Proximal third, Mid-shaft, Distal third) [27]
Quasi-static and dynamic knee ligament tension tests [7-8]
Knee standardisation of ligament shape and the attachment area [28-44]
knee 3, 4-point bending tests [9] [45]
Pubic symphysis: compression and tension tests [46]
Pelvis Pelvis: dynamic loading impact tests [10]
Hip joint: adduction and abduction characteristics tests [47]
Whole Generic buck component validation [16]
body Full scale generic buck-to-pedestrian impact [14-15]

JAMA Pedestrian Model Development and Validation

Detailed knee model

Fig. 1 shows the detailed knee model including menisci. This model was created based on the Japan
Automobile Research Institute (JARI) knee model [48], and modified by published PMHS photographs and size
data [28-44]. The detailed knee model consists of medial collateral ligament (MCL), lateral collateral ligament
(LCL), posterior cruciate ligament (PCL) and anterior cruciate ligament (ACL) and meniscus. The MCL ligament is
a shell element, the meniscus is a hexa element, the LCL, PCL and ACL ligaments are modelled with hexa
elements and bar elements. By using a hexa element for the LCL, PCL, and ACL, these models can reproduce the
complicated ligament shape and the attachment area with the bone. In addition, the biofidelity of the model
was improved by dividing the PCL into A-PCL/P-PCL and the ACL into A-ACL/P-ACL from anatomical literature
[49]. Comparison of the ACL and PCL attachment areas with experimental data [28-41] is shown in Fig. A7
(Appendix A). As a result, the ACL and PCL models showed a good match with experimental attachment areas.

Fig. B3 (Appendix B) shows the quasi-static stress-strain curve for the knee ligament bar and shell models.
These stress-strain curves, ultimate stress and ultimate strain values were applied by referring to the literature
[50-54]. Since the main role of the hexa element is contact, its material properties were determined to be softer
than the bar element so as to have little influence on the knee ligament tension characteristics. The dynamic
properties of knee ligament models were determined by the tuning force-deflection response against a dynamic
knee ligament tension experiment [7-8]. The meniscus property was applied by referring [55] in Fig. B4
(Appendix B).

The detailed knee model was validated against quasi-static and dynamic knee ligament tension tests [7-8]
and knee 3 and 4-point bending tests with PMHSs [9][45]. Descriptions of the knee 4-point bending test is
provided below and the other test validation results are shown in Fig. A6 and A8 (Appendix A). The simulation
model representing the dynamic knee 4-point bending test is shown in Fig. 2. In the test, the knee cut to the
prescribed size was fixed to a potting cup, and the bending force was applied to the knee by ram at two loading
points.

Front Rear Ram ‘I.Sm/s

View Vie
X G
w Potting cup Load

Fig. 1. Detailed knee model. Fig. 2. Knee 4-point bending simulation setup [9].

Detailed pelvis model
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The geometry of the detailed pelvis model was modelled by CT images from PMHSs. In addition, Kato's
method [56] which automatically extracts the cortical bone thickness from CT images and reflects it on the
images was adopted which was reflected on the FE model. Therefore, by setting actual cortical bone thickness
for each shell element, a detailed ilium model was made possible (Fig. 3) and the CT images used for the pelvis
model were selected from PMHSs of height and weight close to M50. Fractures along the sacral wing and sacral
foramina occurred both in the real world [57] and the pelvis experiment [10]. For the purpose of accurately
reproducing the sacral injuries, the sacrum model created detailed parts such as the sacral foramina and the
sacral canal using CT images. The detailed pelvis model modelled cortical bone as a shell element and cancellous
bone as a tetra element.

Fig. 4 and 5 show the sacroiliac ligament, pubic symphysis and acetabulum models. These models were
modelled by a hexa element. The sacroiliac joint model consisted of two models: the interosseous sacroiliac
ligament, which is a strong short ligament filling the gap between the rough surface of the ilium and the sacrum,
and the articular cavity which is located in front of the interosseous sacroiliac ligament which inside is filled with
synovial fluid. The pubic symphysis model was modelled to fill the space based on the boundary between the
iliac bones in the CT images. In the acetabulum model, the thickness of the acetabulum was adjusted so that the
width from the femoral head was 1 mm, and a contact was set against the femoral head.

& Bmm

Fig. 3. Pelvis detailed model (thickness distribution of cortical bone).
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Fig. 4. Sacroiliac ligament model: side view. Fig. 5. Pubic symphysis and acetabulum model.

Material properties of the pelvis cortical bone were validated from pelvis impact test data [10] within the
published values of the iliac coupon test [58]. Because of the lack of data for the cancellous bone of the ilium
and sacrum, the material properties were defined based on literature of the femur cancellous bone [59-61].
Likewise, due to the lack of data for material properties of the interosseous sacroiliac ligament and the joint
cavity, these properties were determined by the tuning force-deflection response of a pelvis impact test [10]. In
this pelvis impact test, dislocation of the sacroiliac joint occurs. Dislocation is a state in which the ligament,
cartilage, and bone are damaged, and the bones constituting the joint lose the correct positional relationship. In
order to reproduce this dislocation with the pelvis model, ultimate strain was defined for the interosseous
sacroiliac ligament model and the joint cavity model. Pubic symphysis material properties were tuned by pubic
symphysis compression and tension test data [46]. By using MAT 45 (PAM-CRASH), material properties of
compression and tension are defined. However, due to the restrictions of MAT 45, the ultimate strain cannot be
set individually. Therefore, the reduction of the force in the tension test is expressed by lowering the stress in
the high strain region of the tension characteristic. Acetabulum material properties were applied by referring to
(elastic module:1.20MPa, Poisson’s ratio:0.46) [62-63]. These material properties are shown in Fig. B5 to
B7(Appendix B).

The detailed pelvis model was validated against pubic symphysis compression and tension tests [46] and
pelvis dynamic loading impact tests [10]. Descriptions of the pelvis impact test are provided below and pubic
symphysis compression and tension test results are shown in Figure A9 (Appendix A). In the pelvis impact test,
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half of the pelvis was fixed with two potting cups, and the loads were measured just under the cups. Loads were
applied to either the iliac wing or the acetabulum, and in order to measure the two loads on the acetabulum
and iliac load cells individually, the contralateral side of the pelvis was cut along a line defined from the mid

distance of the two anterior iliac spines and the top of the greater sciatic notch. Fig. 6 shows the pelvic impact
test model and the outline of the experiment.

Impactor —v N Impactor

The outline of the experiment
Acetabulum impact

* Impactor mass: 92.168kg

* Impactor velocity: 2.8m/s
Iliac impact

* Impactor mass: 92.168kg

* Impactor velocity: 1.9m/s
Measurement items

* Acetabulum load

* lliac load

Acetabulum lliac Acetabulum lliac
load cell load cell load cell load cell

Fig. 6. Pelvis model validation simulation setup [10].

Modified JAMA pedestrian model
The modified JAMA pedestrian model is shown in Fig. 7. Based on the previous JAMA pedestrian model [19],
the modified JAMA pedestrian model was validated and its lower extremities were developed. The number of

nodes is approximately 200,000, and the number of elements approximately 650,000. TABLE Il is shown main
modification points for the modified JAMA pedestrian model.

-
-
_ A
i == ) Modified JAMA Pedestrian Model
"ﬂ;_j * Height: 1.72m
- - Weight: 78.0kg
yoow
{ = * Number of nodes: 200,000
i_ i * Number of elements: 650,000
¥ ¥
|
Fig. 7. The modified JAMA pedestrian model.
TABLE Il
Main modification points for the modified JAMA pedestrian model
Part Modification points Reference
. Incorporation of JAMA knee model (distal femur) [48]
Thigh . .
Changing material property of flesh [64-65]
Le Incorporation of JAMA knee model (proximal tibia) [48]
& Changing material property of flesh [64-65]
Incorporation of JAMA knee model (knee ligaments) [48]
Knee standardisation of ligament shape and the attachment area [28-44]
Changing material properties of knee ligaments and meniscus [7-9] [45] [50-55]
Modelling new geometry from CT images
Pelvis Incorporation of detailed cortical bone thickness distribution [56]
Changing material properties (Bone, Pubic symphysis, etc.) [10] [46-47] [58-61]

Full scale generic buck-to-pedestrian impact

The modified JAMA pedestrian model with enhanced biofidelity was validated against full scale generic buck
to pedestrian impacts tests [14-15]. Fig. 8 shows the simulation model representing the full scale generic buck to
pedestrian impacts tests and the outline of the experiment. The initial posture of the PMHS was adjusted
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targeting the positioning guidelines described in [66]. Therefore, the initial posture of the modified JAMA
pedestrian model was determined based on the size and photographs of the PMHS given in the literature[14].
The generic buck model was created referring to the dimensional data, mass data, material characteristics and
photographs of literature, and each parts was validated against experimental data [16]. The modified JAMA
pedestrian model was evaluated in a lateral generic buck impact at 40km/h.

— & ) -
e A=, . The outline of the experiment
N W Modified JAMA * Impact direction: Lateral
T e H
— == 4 pedestrian model + Buck velocity: 40 km/h
m .
—_———— * Measurement items:
/ ’\;___5_'—__—5 PMHS trajectory and
Generic buck R injuries, Buck interaction
- force

|

Fig. 8. Full scale generic buck to pedestrian impact simulation setup [14-15].

Simulation model for the influence of detailed modelling

The influence of detailed modelling was confirmed by pelvis dynamic loading impact tests [10] and full scale
generic buck-to-pedestrian impact tests [14-15]. TABLE IIl describes the simulation matrix for confirming the
influence of detailed modelling.

In the pelvis dynamic loading impact test, the influence of a detailed sacrum structure and pelvis cortical bone
thickness was investigated. The content of the comparison is the force-deflection response and injury pattern.
The Case 1 pelvis model is the modified JAMA pedestrian pelvis model. The Case 2 model was created by filling
sacral foramina and sacral canal holes of the Case 1 pelvis model (Fig. 9a). The Case 3 model has the average
cortical bone thickness of the Case 1 pelvis model (Fig. 9b). The average cortical bone thickness is 1.24mm.

In the full scale generic buck-to-pedestrian impact tests, the influence of the knee ligament modelling method
and pelvis cortical bone thickness was investigated. The comparison included stress/strain distribution and
injury pattern. The Case 4 model is the modified JAMA pedestrian model. Case 5 is a model in which the knee
ligament of the Case 4 model was replaced with the previous JAMA pedestrian knee ligament model made by a
shell element [19] (Fig. 9c). The Case 6 model uses the average thickness of the pelvis model (Case 3 model).

TABLE Il Simulation matrix for confirming the influence of detailed modelling

Case Type Test method Change point from
No. modified JAMA pedestrian model
1 Component Pelvis dynamic loading impact None (modified JAMA pedestrian pelvis model)
2 Component Pelvis dynamic loading impact Filling sacral foramina and sacral canal holes
3 Component Pelvis dynamic loading impact Averaging pelvis cortical bone thickness
4 Full scale Generic buck-to-pedestrian impacts None (modified JAMA pedestrian model)
5 Full scale Generic buck-to-pedestrian impacts Replacing with the previous knee ligaments
6 Full scale Generic buck-to-pedestrian impacts Averaging pelvis cortical bone thickness

P
ot
A Eie R Aescoc——
MR o JE —

\ &
- \ _.J'..l" - [
) db i_ a |
a) Filling sacral foramina and sacral  b) Averaging pelvis cortical bone c) Replacing with the previous knee
canal holes (Case 2) thickness (Case 3, 6) ligament model (Case 5)

Fig. 9. Models comparing the influence of detailed modelling.
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Ill. RESULTS

JAMA Pedestrian Model Validation

Detailed knee model

The knee 4-point bending models were validated against the moment-angle corridors developed by [45]
based on the results of the dynamic knee 4-point bending tests [9]. The simulation results (red) showed good
correlation with the experimental corridor (blue) in Fig. 10. The MCL model fracture occurred at 13.5 degrees,
which is the same result as the experimental PMHS result in Fig. 11 and Table Al (Appendix A).

200

__150 _
3 .
z
;E. 100
: -
= 50 4 [—simulation
—— Experiment_Ave
- =Corridor
] a3 T T
0 5 10 15 20 MCL rupture ’
Angle (degree)
Fig. 10. Moment-angle response for knee 4-point Fig. 11. Knee 4-point bending simulation result.

bending test [9][45].

Detailed pelvis model

Fig. 12 shows the validation corridor [67] and detailed pelvis model simulation results of the pelvic impact
test [10]. From this figure, the simulation result shows good force response characteristics to the pelvic impact
validation corridor. Fig. 13 shows the strain distribution in the cancellous bone of the pelvis impact test. In iliac
loading, dislocation of the sacroiliac joint occurred. Initially, strain was applied to the ilium, and, as the strain
increases, the deviation between the ilium and the sacrum increased. Finally, the sacroiliac joint was dislocated.
Numerous dislocations of the sacroiliac joints were also observed in the PMHS test (Table Alll: Appendix A), so
this prediction closely matched the results of the experiment. In acetabulum loading, bone fractures occurred in
order of superior pubic ramus on the struck side, superior pubic ramus on the opposite side, inferior pubic
ramus on the struck side, and finally sacral ala along the sacral holes. These injuries were reproduced well in the
PMHS results (Table AlV: Appendix A).

4500 4500
= Corridor from experiment
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-500 T T ; T -500 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Deflection (mm) Deflection (mm)
a) lliac force in iliac impact b) Acetabulum force in iliac impact
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500 —malaticn
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0 2 4 6 8 10

Deflection (mm) Deflection (mm)
c) lliac force in acetabulum impact d) Acetabulum force in acetabulum impact

Fig. 12. Force-deflection response for pelvis impact test [67].
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Fig. 13. Strain distribution in the cancellous bone of the pelvis impact test.

003

oo

o0l

5.8mm

Full scale generic buck-to-pedestrian impact

Fig. A12 shows a comparison of whole-body kinematics (side view) of PMHS test and simulation results [15].
In the modified JAMA pedestrian model, after the upper bumper of the vehicle model collides with the right
knee, the entire right leg begins to curve along the grille and bumper around the knee. At 45ms, the pelvis
initiates contact in a posture that sits on the hood edge. After that, the leg begins to separate from the vehicle,
and the upper body starts to rotate around the pelvis. At 90ms, the leg completely detaches from the vehicle,
and in the upper body the head maintains its initial posture due to the side bending of the neck, but the other
parts rotate. After 90ms, the legs are on the hood, the shoulder touches the windshield and the head starts to
rotate around the shoulder. Then, at 140ms, the head collides with the windshield. This series of kinematics was
also observed in the PMHS experiments. The trajectory of each part (Head, T1, T8, Pelvis) of the modified JAMA
pedestrian model is within the corridor of the PMHS test results [14] in Fig. 14. Table IV summarises the results
of the injuries of the full scale generic buck to pedestrian impact tests [15]. In PMHSs, rib fracture, pelvic injury,
knee ligament rupture, and spinal fracture mainly occurred. The simulation result using the modified JAMA
pedestrian model also shows similar injuries (pelvis and rib fracture, right MCL and left LCL rupture). Therefore,
it can be concluded that the modified JAMA pedestrian model kinematics in the full scale generic buck to
pedestrian impacts test showed generally good agreement with those of the actual test.
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Fig. 14. Trajectory of each part (Head, T1, T8, Pelvis) of the modified JAMA pedestrian model [14].
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TABLE IV Results of the injuries of the full scale generic buck to pedestrian impact test [15]

Part PMHS 1 (V2370) PMHS 2 (V2371) PMHS 3 (V2374) Modified JAMA

Pedestrian model

R,L: Pubic ramus
R,L: Sacral ala

Knee lateral retinaculum R: MCL, L: LCL R: MCL, ACL, L: LCL R: MCL, L: LCL

Rib: R2, R4~7,
L1, L1012,

Cervical Spine

Pelvis No injury No injury R: Pubic ramus

The Rib: R2~3, L1, L10~12
others Cervical Spine

Rib: R1~5, L2~5, L9~10 Rib: R1~5, R11~12,
Cervical Spine L1, L10~12

Results for influence of the detailed model

Pelvis dynamic loading impact test

TABLE V lists the results of the injuries of the pelvis dynamic loading impact simulation. In iliac impact,
dislocation of the sacroiliac joint occurred in all models. However, in acetabulum impact, the sacrum fracture
pattern showed different results among the models. Fig. 15 compares the strain distribution in the sacrum
cancellous bone of the acetabulum impact test at the end of simulation (18mm). From this figure, high strain
occurs in the sacral holes in the Case 1 model and along the sacroiliac joint in Case 2. Also, bone fractures
occurred in these high strain regions.

As shown in Fig. 16, averaging the pelvis cortical bone thickness (Case 3) has a large influence on the force
deflection response. In both impacts, Case 3 iliac force was lower than the other models. In acetabulum impact,
a delay occurred until the first peak in Case 3. In addition, in Case 2, the iliac force rose more quickly than in
Case 1 in both impact simulations. It seems that the force from the impactor to each iliac load cell became
easier to transmit by filling the sacral foramina and canal holes in Case 2. A quantitative evaluation was carried
out by CORA [68] for these models. As a result, the superiority of the detailed model was shown in the
evaluation. The CORA rating values of each model are as follows: (Case 1: 0.795, Case 2: 0.781, Case 3: 0.646)

Fig. 17 shows strain distribution in the pelvis cancellous bone in the acetabulum impact at each first peak.
Therefore, it was found that these first peaks were caused by superior pubic ramus fracture. These results
indicate that anatomical details of the pelvis model affect the prediction of injury pattern and force-deflection
response in lateral pelvis impact.

TABLE V Result of the injuries of the pelvis dynamic loading impact simulation

Impact point Casel Case2 Case3
. R: Dislocation of sacroiliac . . e R: Dislocation of sacroiliac
lliac . R: Dislocation of sacroiliac joint L
joint joint
R: superior/inferior pubic R: superior/inferior pubic _ . .
P / P P / P R: superior/inferior pubic
ramus, Fracture along the ramus, Fracture along the
Acetabulum e ramus,
sacral holes sacroiliac joint . .
. . . . L: superior pubic ramus
L: superior pubic ramus L: superior pubic ramus

a) Case 1 sacrum model b) Case 2 sacrum model c) Case 3 sacrum model
Fig. 15. Strain distribution in the sacrum cancellous bone. <= Fracture point
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Fig. 16. Force-deflection response for the pelvis dynamic loading impact test [67].

5.8mm 5.8mm 10.0mm
a) Case 1 sacrum model b) Case 2 sacrum model c) Case 3 sacrum model
Fig. 17. Strain distribution in pelvis cancellous bone in acetabulum impact. <= Fracture point

Full scale generic buck-to-pedestrian impacts test
TABLE VI lists the results of the injuries of full scale generic buck to pedestrian impact simulation. In Case 5,
the injuries of the knee ligament increased, and in Case 6, a pubic ramus fracture did not occur.

TABLE VI
Result of the injuries of the full scale generic buck to pedestrian impact simulation
Part Case 4 Case 5 Case 6
Pelvis R: Pubic ramus R: Pubic ramus None
Knee R: MCL, L: LCL R: MCL,LCL,PCL, L: LCL,ACL R: MCL, L: LCL
The others Rib: R1~R5,R11,R12 Rib: R1~R5,R11,R12 Rib: R1~R6,R11,R12
L1,L10-12 L1,L10-12 L1,L10-12

Influence of knee ligament modelling method (comparison of Case 4 and Case 5)

In a comparison study between Case 4 and Case 5, there was a difference in the injuries of the knee ligament.
In Case 4, the right MCL and left LCL were ruptured, whereas rupture occurred in right MCL, right/left LCL, right
PCL and left ACL in Case 5. Fig. 18 shows a comparison of the knee ligament behaviour of Case 4 and Case 5 on
the right leg (struck side) showing particularly different injuries. First, knee bending occurred due to collision of
the leg and the bumper of the generic buck. This led to an MCL extension and rupture (0~23ms). Next, the leg
separated from the bumper, and contact between the thigh and the grill started. Because the thigh was pushed
in the impact direction, bending and shearing occurred simultaneously in the knee joint. At 57ms, the Case 5 PCL
model was ruptured. Last, bending in the opposite direction occurred in the knee joint by striking up the leg. As
a result, the Case 5 LCL model was lengthened and ruptured. Fig. 19 shows comparison of the PCL ligament
stress distribution. In the Case 5 PCL model, stress was generated by shearing of the knee and ruptured at 57ms.
However, almost no stress was generated in the Case 4 PCL model. From these results, the difference in stress
distribution between Case 4 and Case 5 became clear.
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Fig. 18. Comparison of the knee ligament behaviour of Case 4 and Case 5.
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Fig. 19. Comparison of the PCL ligament stress distribution.

Influence of pelvis cortical bone thickness (comparison of Case 4 and Case 6)

In the Case 4 and Case 6 models, there was a difference in fracture of the iliac bone. Fig. 20 shows the strain
distribution in the cancellous bone of the pelvis at 50ms. In Case 6, strain around the acetabulum was high due
to the impact load through the femoral head, and no fracture occurred. On the other hand, in Case 4, bone
fracture occurred in the struck side superior pubic ramus area where the iliac cortical bone thickness is thin.

Y Ve

im
a
a) Case 4 pelvis model b) Case 6 pelvis model

Fig. 20. Strain distribution in pelvis cancellous bone. 4= Fracture point
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IV. DISCUSSION

The lower extremities of the previous M50 JAMA pedestrian model [19] were developed and validated in
published literature data on component-to-full scale. The ilium, sacrum and knee joints models were modelled
more precisely than the previous JAMA pedestrian model, and sacroiliac joints, acetabulum, etc. were newly
incorporated. As a result, the modified JAMA pedestrian model accurately reproduced injury patterns such as
bone fractures along the sacral holes and rupture of the knee ligament in lateral impact tests, and was able to
obtain good agreement with the experiments.

The influence of implementation of the anatomical details into the pelvis and knee to simulate precise body
response and injury patterns was clarified in a pelvis dynamic loading impact test and full scale generic buck
impact.

In the pelvis dynamic loading impact test, anatomical details of the pelvis model affected the prediction of
injury patterns and force-deflection responses. In the injury pattern of acetabular impact, high strain was
generated around the sacral holes in the Case 1 model which led to fracture along the sacral holes, but it did not
occur in the other models (Fig. 15). In Case 2, because the sacral holes are filled, stress concentration did not
occur around the sacral holes, and fractures occurred along the sacroiliac joint. Although the Case 3 model
reproduced the sacral holes in detail, the stiffness around the sacral holes increased and fractures did not occur
due to the averaging of the cortical bone thickness. This indicates that the detailed structure of the sacrum and
appropriate cortical bone thickness setting generated stress concentrations around the sacral holes, and
reproduced the PMHS injury patterns. In the force-deflection response, the cortical bone thickness has a great
influence. Especially at the acetabulum impact of Case 3, the iliac force against the displacement decreased, and
each first peak was delayed as compared with other models (Fig. 16). One of the factors of the force reduction is
that the stiffness of the ilium decreased because the Case 3 iliac bone thickness (1.24mm) was thinner than the
average thickness of the iliac bone of Case 1 (1.53mm). On the other hand, the acetabulum force increased
because the cortical bone thickness around the pubic ramus increased. Moreover, stress concentration was
alleviated by averaging, and local bone fracture in the pubic ramus became less likely to occur compared to the
Case 1 model. This is one reason why the first peak was delayed. In previous studies of pelvic lateral loading
impact [69-74], the cortical bone thickness of the pubic ramus is thinner than other parts and stress
concentration and fractures around the pubic ramus occurred frequently. Furthermore, it was found that
changes to cortical bone thickness had the largest effect on cortical bone strains [75]. These results indicate that
an anatomical detailed pelvis model is important for analysis of injury patterns and force-deflection response in
lateral pelvis impact. In this case, the cortical bone thickness distribution has more influence on injury patterns
and force-deflection responses than a local structure such as sacral holes, so the cortical bone thickness
distribution should be preferentially incorporated into the model.

In full scale generic buck impact, the anatomical details of the knee ligament model revealed that it is
important for the injury patterns of the knee ligaments. A detailed knee ligament model consists of bar
elements and hexa elements. A bar element reproduces the tensile characteristics of the ligament using a
tension only bar, and a hexa element plays a role of contact. Therefore, the detailed model generated little
stress due to compression and shear, and it was possible to reproduce flexibility of the knee ligament accurately.
On the other hand, in the Case 5 knee ligament model, since the constituent shell element retained its in-plane
shape, stress was generated against the movement in the shearing direction of the knee, and the ligament
ruptures (Fig. 19). Reference [18] also indicated that shell elements generate compressive stress, which may
result in unrealistic knee behaviour. In addition, the knee ligaments using the shell element and the solid
element caused serious local concentration of the ligament deformation, leading to low failure strain [76].
Therefore, these explanations agree with our study. On the other hand, the detailed modelling of the cortical
bone thickness of the iliac affects the fracture pattern of the pelvis. In the averaged thickness model, no fracture
occurred and strain around the acetabulum was high. In the pelvic detailed model, since the cortical bone
thickness of the ilium was precisely reproduced, stress concentration occurred at the thin area and the pubic
ramus fractures (Fig. 20). It is found that a pubic rami fracture occurs by distributing the load that pass through
the femur head and 61.5 % of the pedestrian pelvic fractures include fracture of the pubic ramus [77]. And it is
revealed that approximately 60% of pedestrians whose pelvis was broken had pubic ramus fractures on the
struck side [78]. Therefore, the literature indicates that the probability of pubic ramus fractures on the struck
side occuring is high and are identical to our simulation results. In full scale generic buck impact, not only the

-480-



IRC-17-62 IRCOBI Conference 2017

thickness distribution but also the anatomical details of the knee ligament model showed a high influence on
the injury patterns and stress distribution of the knee ligaments and their importance was indicated. This study
suggests that it is vital to implement anatomically details in a human pedestrian model, including precise
structure, appropriate modelling method and material properties in order to accurately represent body
kinematics and injuries in vehicle-to-pedestrian collisions.

In this study, the authors developed and validated the JAMA pedestrian model using experiments under
various loading conditions. The modified JAMA pedestrian model was modelled from CT images of a PMHS close
to a M50, and the posture was determined with reference to [66]. However in the real-world, pedestrians have
various characteristics such as age, posture, height, gender and muscle activity. In order to predict all pedestrian
injuries in various real-world situations, it is necessary to confirm the individual influences of these diversities
and to develop models that allow for each characteristic.

The modified JAMA pedestrian model reproduced the structure of the human body in detail as much as
possible from the CT and MRI images, and applied the properties from literature. However, a few material
properties such as the interosseous sacroiliac ligament and articular cavity were determined to match the PMHS
dynamic test responses, because of the lack of data from the literature. In addition, living body and PMHS differ
in muscle tension and tissue condition, etc., which may cause differences in characteristics. In this study,
characteristics of major parts such as bone are considered difficult to change, so loads and fractures suffered by
pedestrians can be accurately predicted from experimental results using PMHS. Clarifying how the details
incorporated into a pedestrian FE model affect its response to impacts can lead to more effective and
appropriate injury prediction and contribute to LEl preventive countermeasures. In order to more accurately
predict pedestrian tissue level injuries, experiments using volunteers and well preserved PMHS are necessary. If
these material property data can be obtained in the future, those characters can be updated.

V. CONCLUSIONS

The modified JAMA pedestrian FE model with the lower extremities of a M50 human was developed from
medical images and was validated based on data from literature. The influence of implementation of the
anatomical details into the pelvis and knee to simulate precise body response and injury patterns in impacts was
clarified. In the pelvis, it was found that the cortical bone thickness had a great influence on the force deflection
response and generation of the stress concentration. Further, by modelling the detailed structure, it became
possible to reproduce complicated injury patterns such as the sacrum fracture. In the knee ligaments, it was
shown that the result of injury changed by modelling element type and ligaments structure. These results
highlight the importance of anatomical details in human modelling on body response and lower extremity injury
patterns in vehicle-to-pedestrian impacts.
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VII. APPENDIX A

Thigh model validation result
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Fig. A1l. Femur dynamic 3-point bending [5].
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Fig. A2. Femur dynamic 3-point bending with flesh [6][27].

Leg model validation result
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Fig. A3. Tibia dynamic 3-point bending [5].
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a) Proximal third
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Knee model validation result
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Leg dynamic 3-point bending with flesh [6][27].
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A4. Fibula dynamic 3-point bending [5].
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Quasi-static & dynamic knee ligament tension test [7-8].
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Fig. A7. Comparison of the ACL and PCL attachment areas with experimental data [28-41].
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TABLE Al Result of the injuries of the knee 4-point bending test [9]

Shear force (N)

PMHS ID

ACL

PCL

MCL

LCL

Bend 1

Bend 2

Bend 3

Bend 4

Bend 5

Bend 6

OU|O|T0V|TOU|TO|TO

Bend 7

Bend 8

P

- : No injury, P: Partial avulsion, C: Complete avulsion

1500
1250
1000
750
500
250
0

—Test Combl
——Test Comb2

=—=Test Comb3
===Simulation

o

-250

MCL rupture

-500
Time (ms)

a) Comparison of moment-angle response for the knee b) Comparison of moment-angle response for the knee
3-point bending test 3-point bending test
Fig. A8. knee 3-point bending test [9].

TABLE All Result of the injuries of the knee 3-point bending test [9]

PMHS ID ACL PCL MCL LCL
Comb 1 - - - -
Comb 2 - - C -
Comb 3 - - B -
Comb 4 - - C -
Comb 5 L - C -
Comb 6 - - P -
Comb 7 - - P -
Comb 8 - - P -
- :Noinjury, P: Partial avulsion, C: Complete avulsion
B: Bony Avulsion, L: Slight laxity

Pelvis model validation result

TABLE Alll Results of the injuries of pelvis dynamic loading impact tests (Acetabulum impact) [10]

PMHS ID Injury pattern
1.5 R: fx PR, fx SlJ along the sacral holes
1.6 R: fx PR, fx along the SH, L: fx PR
1.7 R: fx PR, fx Sacrum ala
1.8 R: Complex fx of the acetabulum, fx PR
1.9 R: Complex fx of PR and PS, fx along the SH
1.10 R: fx PR, Complex fx of SH and SlJ
SH: sacral holes, PR: pubic ramus/rami,
PS: pubic symphysis, SlJ: sacroiliac joint, fx: fracture
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TABLE AIV Results of the injuries of pelvis dynamic loading impact tests (lliac impact) [10]

PMHS ID Injury pattern
1.11 disruption of PS, R: Partial dislocation of SlJ
1.12 PS Slight laxity, R: Slight laxity of SIJ
1.13 Tear PS, R: fx PR, fx SlJ
1.14 PS Slight laxity, R: dislocation of SlJ
1.15 R: fx Sacrum ala
1.16 Disruption of PS, R: Partial dislocation of SlJ
SH: sacral holes, PR: pubic ramus/rami,
PS: pubic symphysis, SlJ: sacroiliac joint, fx: fracture
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Fig. A9. Pubic symphysis compression and tension tests [46].
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Fig. A11. Generic buck component model validation test [16].
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Fig. A12. Comparison of whole-body kinematics (side view) of PMHS tests and simulation results [15].
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Thigh and leg model properties

VIII.

[
(]
1

o

a) Cortical bone model material property [79]
Fig. B1. Quasi-static stress-strain curve for cortical and cancellous bone of leg.

APPENDIX B
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a) Flesh model material property [64-65]
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»»»»»»»»» Ultimate stress range

Cancellous bone model

STRAIN

b) Cancellous bone model material property [59-61]

Fig. B2. Quasi-static stress-strain curve for flesh and skin of leg.

Knee model properties
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a) Knee ligament bar model material property [50-54]
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b) Knee ligament hexa model material property
Fig. B3. Quasi-static stress-strain curve for knee ligaments.
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Fig. B4. Stress-strain curve for the meniscus model [55].

Pelvis model properties
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a) Cortical bone model material property [10][58] b) Cancellous bone model material property [59-61]
Fig. B5. Quasi-static stress-strain curve for cortical and cancellous bone of pelvis.
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Fig. B6. Quasi-static stress-strain curve for sacroiliac ligament[10].
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Fig. B7. Quasi-static stress-strain curve for pubic symphysis.
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Fig. B8. Quasi-static stress-strain curve for hip joint.
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