IRC-18-60 Performance of the Obese GHBMC Models in the Sled and Belt Pull Test ga@iid®insonference 2018

Bronislaw D. Gepner, Hamed Joodaki, Zhaonan Sun, Mohan Jayathirtha, Taewung Kim, Jason L.
Forman, Jason R. Kerrigan

Abstract

Obesity is associated with an increased fatality risk in automobile collisions. The goal of this study was to
evaluate the predictive capabilities of the obese human body models via comparison of model simulations to
post-mortem human subject tests from the literature. First, obese post-mortem human subject sled tests were
used to assess the ability of the obese GHBMC models to replicate occupant kinematics in a sled environment.
Second, lap belt pull tests were used to evaluate belt interaction with the abdomen and pelvis. Third, adipose
tissue-level tests were used to evaluate the shear stiffness of the flesh material model used in the obese human
body models. Similar to the post-mortem human subject tests, the obese human body models experienced
substantial lower extremity forward motion in the sled test simulations. However, the model did not exhibit
submarining behaviour as observed in the post-mortem human subject experiments. Further, the lap belt pull
simulations failed to reproduce the belt/abdomen interaction seen in the post-mortem human subject, and the
material model used to represent the human body model flesh was found to be approximately one order of
magnitude stiffer than human abdominal subcutaneous adipose tissue. This study shows that improved models
of abdominal flesh, and specifically subcutaneous adipose tissue, may be required to obtain biofidelic
belt/abdomen interactions and to predict submarining behaviour in crash simulations.
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I. INTRODUCTION

Obesity is a growing socioeconomic problem. According to the World Health Organization (WHO) worldwide
obesity has nearly tripled since 1975. In 2016, over 650 million adults and about 380 million children and
adolescents were classed as obese. The simplest measure of obesity is defined as Body Mass Index (BMI), a
proportion of body mass to the square of one’s height (kg/m?). The WHO defines the normal range of BMI as
18.5-24.9, overweight as 25-29.99 and obese as 30 and above. In 2016, 13% of adults worldwide aged 18 years
and over had BMI of more than 30 kg/m? [1].

In automobile crashes, obesity is associated with an increased fatality risk [2-5]. When injured, obese occupants
suffer more complications, require longer stays in the hospital, more days of mechanical ventilation, and are at
increased risk of death compared to non-obese occupants [6-7]. Obesity has also been found to affect the
distribution of occupant injuries in automobile crashes. Several researchers found that obese occupants are
more likely to sustain lower extremity injuries [8-10], as well as chest injuries [2] [8-10].

In recent years several studies have examined the effect of obesity on occupant restraint engagement and
occupant kinematics in vehicle crashes. References [11-12] performed a series of rear-seat sled tests,
investigating a 3-point belt with a pretensioner and a progressive force-limiter, on both obese and 50" percentile
adult male Post Mortem Human Subjects (PMHSs). Comparing obese and non-obese PMHSs, the authors found
substantial differences in kinematics including significantly greater forward motion of the head and the pelvis by
the obese occupants. Additionally, the authors observed that the obese occupants exhibited backward torso
rotation (pelvis forward of shoulders) at the time of maximum forward excursion, whereas non-obese occupants
did not. Seat belt fit for obese occupants using a laboratory setup was also investigated by [13]. They found that
the obese group used an increased webbing length, and positioned their lap belt further forward and higher
relative to the anterior-superior iliac spines (ASIS) compared to non-obese occupants.

Furthermore, several computational studies on obese occupant-restraint interaction were conducted by the
same research group [14-17]. Reference [14] investigated the effect of obesity on occupant injury using the rigid
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body human body model (HBM), and concluded that the changes in torso/seat belt interaction, along with the

IRC1h8rbfked mass of the occupant, increased the risk of lower extremity injuries. ReferencedRISOF] eRmicigreme018
rapid mesh morphing tools along with statistical models of external body contour and ribcage geometry to
generate finite element (FE) HBMs with varied stature, age and BMI levels. This effort was carried out for both
Total Human Model for Safety (THUMS) [15-16], and Global Human Body Models Consortium (GHBMC) [17]. The
GHBMC effort resulted in the generation of twelve HBMs with different anthropometry (1,750 mm and 1,880
mm), age (30 and 70 year old) and BMI (25, 30, and 35) levels (Fig. 1). The developed models included only
geometrical variations and no material properties of tissues were adjusted. Reference [18] performed a series of
simulations on the obese THUMS model. The model was validated against the available sled test data and
compared against a non-obese model in frontal and side impact scenarios. For the obese model the authors
observed a greater forward excursion in a frontal impact, however no submarining behaviour, where a properly-
placed belt would have slid over the iliac crests and then would have penetrated into the abdomen without
engaging the pelvis, was discussed.

Seat belt fit, along with the lack of pelvis engagement was identified by several researchers as a primary factor
responsible for altered kinematics for obese occupants involved in vehicle crashes [11-13] [19]. Reference [12]
pointed out that obese PMHSs in frontal-impact sled tests exhibited submarining behaviour. The authors
suggested that submarining resulted in increased forward excursion and decreased forward torso pitch, which
may be related to increased risk of lower extremity and thoracic injuries in obese occupants. While there are
several HBMs available to study occupant kinematics and the sensitivity to submarining, simulations illustrating
HBM responses similar to what was seen in the PMHS tests are not available in the literature. As a result, it
remains unclear whether the HBMs can be used to accurately replicate the effects that obesity has on lap belt
interaction with the abdomen and pelvis. Our hypothesis is that there is a fundamental limitation in the ability of
the obese GHBMC models to accurately represent abdomen/lap belt interaction due to the manner in which
superficial soft tissue is represented in the models. Thus, the goal of this study is to investigate the interaction
between the GHBMC obese occupant models and the lap belt, relative to available material property and obese
PMHS testing in the literature to determine if additional development is needed before these models can be used
to explore and evaluate injury countermeasures for obese occupants.

Il. METHODS

The obese GHBMC models, developed by [17] were evaluated with respect to the available PMHS studies. Three
studies, useful for this purpose, were identified. First, our previous obese PMHS sled tests, described by [11],
were used to assess the ability of the obese GHBMC models to replicate occupant kinematics in a sled
environment. Second, our previous lap belt pull tests, described by [20], were used to evaluate belt interaction
with the model’s abdomen and pelvis. Third, the adipose tissue-level tests [21], were used to evaluate the shear
stiffness of the flesh material model used in the obese HBMs.

Sled Test Simulations

The first part of this study was aimed at evaluating the biofidelity of obese GHBMC models by comparing their
kinematics with obese PMHSs in frontal sled tests. The PMHS tests were performed previously at University of
Virginia Center for Applied Biomechanics (UVa-CAB) and the results were published in [11, 19]. Briefly, two obese
PMHS tests were used as the subjects for frontal sled tests at two different speeds (29 and 48 km/h) in the sled
buck created from a rear seat of a sedan. The weight (124 kg) and BMI (35 kg/m?) of one of the obese GHBMC
models matched with those of an obese PMHS (Fig. 1). The 70 years old GHBMC model matching the subject
anthropometry was chosen for the comparison purpose (Table 1).
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Fig. 1. Anthropometries of the obese GHBMC models and PMHSs from selected studies [11, 17, 20].

TABLE 1
ANTHROPOMETRIES OF THE SELECTED OBESE GHBMC MODELS AND PMHSS FROM SELECTED STUDIES [11, 17, 20].

s GHBRICBh a3y w207

‘L. PMHS Belt Pull Test

I_J'J PMHS Sled Test

Subject #/Test Type

Height (cm)

Weight (kg)

Target BMI
BMI
Sex

Age

404 400

189 182

124 151
35 45
M M
54 53

PMHS
683
168
68

24.1

83

700
165
84.4
31
F
67

M50
175
77.0
25.7
25.2
M
26+

GHBMC
Sled

188
118
35
334
M
70

Belt Pull
175
86
30
28.1
M
30

To define accurate boundary conditions, it was necessary to develop an FE model of the buck. The seat and
seat back mechanical properties of the buck were characterized via different experiments using an Instron
machine (Instron model 8874), and 6 Degree of Freedom (DOF) robotic arm (KUKA Robot, KR300 R2500 Ultra).
The Instron machine was used to perform a series of compression tests on the foam cubes extracted from the
seat cushion. The KUKA robot used, was equipped with a 6-axis load cell attached to the end effector, which
allows for both, force and position control, with a 0.06 mm position accuracy and a 2.5 ms (400 Hz) control loop.
A spherical indenter was attached to the robot for calibration and validation tests, (Fig. 2). Indentation tests at
varied locations were performed on both the seat and seat back to capture the stiffness. Slide tests, with an
indenter wrapped in cloth used for corresponding cadaver tests, at multiple rates and with different normal forces
were conducted to measure the friction properties of the seat. Then, the seat, seat back, frame, and seat
reinforcement structure were 3D scanned, and the scan was cleaned, and meshed. Finally, the mechanical
properties of the modelled buck components were calibrated and validated based on the experimental tests.
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KUKA Robot
(KR300 R2500 Ultra)

Tested seat

Fig. 2. Robotic arm setup for seat testing, a) test schematic with used indenters, b) actual test setup.

Afterwards, the 70 years old GHBMC with the height of 188 cm height and BMI of 35 kg/m? was positioned in
the seat to match the corresponding PMHS (Fig. 3). Positioning simulation was performed through several steps
aimed to match the femur angle, tibia angle, H-point, torso angle (an angle between the horizontal plane and the
line connecting the greater trochanter and the acromion) and position of the occupant’s arms. Next, the restraint
system model was developed. The model of the actual retractor used in the PMHS sled tests with pre-tensioner
and force limiter was obtained from the original equipment manufacturer supplier and implemented into the
model. The seat belt was modelled using the 2D shell seat belt formulation. Since it was expected that the
modelled restraint system would need to facilitate a large belt payout, 2D shell sliprings were used to provide a
more stable and robust representation of belt webbing routing. Finally, the buck model was subjected to the
acceleration pulse recorded during the 48 km/h PMHS experiment.

[11]).

Belt Pull Test Simulations

The second part of this study was aimed at evaluating the biofidelity of obese GHBMC models by comparing
the model responses with the obese PMHS in a series of belt pull tests previously performed at the UVa-CAB [20].
This task was not aimed at validating the model, since this would require morphing of the model to match the
PMHS, but rather at evaluating whether the obese occupant models can generally represent similar behaviour as
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the PMHS. Out of the two PMHSs tested, the PMHS with a BMI of 31 kg/m?, height of 1,650 mm and weight of
IRCgi4Kk was chosen for comparison with the 30 years old GHBMC obese model with a heigRCSPB/Bwereaad 80718
BMI of 30 kg/m? (Fig. 1, Table 1).

A FE model of the test fixtures used in the belt pull tests was developed using 3D drawings of the original test
fixture. All parts were modelled as rigid bodies. A belt pulling piston along with the 1D belt routed through the
series of sliprings was connected to the 2D belt webbing positioned on the occupant. Following the test setup,
the obese GHBMC model was secured to the test fixture through spine mounts connected to every other vertebra.

A prescribed force time history, recorded from the experiment, was applied to the belt pulling piston in order to
force the belt into the occupant’s abdomen (Fig. 4).

Spine
mounts

Belt pulling
piston

Fig. 4. FE model of the belt pull test setup

The best effort was made to position the obese GHBMC model according to the initial position of the PMHS.
However, due to geometrical differences between the two, some uncertainty remained. First, even though both
had a BMI close to 30 kg/m?, they differed in stature and weight. Second, the tested PMHS was a female, whereas
all of the obese GHBMC models were male. To unify the positioning procedure, the pelvic plane, defined by the
points on left and right ASIS (ASISL and ASISR) and pubic symphysis was established for both PMHS and GHBMC.
Two different models were developed for the obese GHBMC in order to evaluate the variability of the model
response with respect to the initial position. First, a model matching the position and alignment of the pelvic
plane was created. However, the two differed in the lumbar spine alignment. As a result, a second model was
created through a rotation of the pelvis to match the alignment of the lumbar and thoracic spine (Fig. 5a).

Reference [20] showed that belt motion over the pelvis while penetrating the abdominal flesh and the
submarining-like belt kinematics was highly dependent on the initial position of the belt relative to ASIS. The
authors observed that if the belt pulling force vector, drawn from the belt initial position, points in the direction
above the ASIS the belt is likely to slip over the iliac crest and into the abdomen. However, when the same vector
points below the ASIS the belt is likely to remain anterior to the pelvis and engage with the bony structure of
pelvis. Consequently, three different initial positions for the belt were considered (Fig. 5b).
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(b)

Belt position

Fig. 5. HBM and belt positioning for the belt pull tests, a) models considering pelvis (far left) and spine alignment
(middle), and, b) lap belt initial positions relative to the pelvis.

Tissue Level Tests

The third part of this study was aimed at evaluating the material properties used for the abdominal flesh in
the GHBMC model. Over last two decades there have been multiple studies [21-32] characterizing adipose tissue
in a variety of loading conditions. Since several of these studies utilized tests with low strain values, lacked shear
test data, which was hypothesized to be critical for the purpose of this study, or utilized previously frozen human
or animal tissue, the results from [31] were used as the basis for the comparison. Reference [31] performed
multiaxial mechanical testing and constitutive modelling of human adipose tissue. The results of shear tests on
the fresh human subcutaneous adipose tissue were used as one of the test setups in this study. For the purpose
of this study a FE simulation of an 8 x 8 x 8 mm cube of GHBMC model abdominal flesh was created matching the
loading and boundary conditions of the published test. Fig. 6 shows the 10 x 10 x 10 element cube of the adipose
tissue material subjected to shear test as described in [31]. Since the HBM material model used for flesh did not
account for rate effects, results from only one loading rate were compared with the experimental results.

(b)

Shear
F deformation ’

(a)

AT, TR

Fixed
Surface

Fig. 6. A cube of GHBMC adipose tissue material subjected to shear test as described in [31]

FE Software and Hardware Used
The LS-DYNA (LSTC, Livermore, CA, USA), R9.1.0, Distributed Memory Parallel (MPP) version with explicit solver
was used to perform all simulations involving obese GHBMC models. These simulations were performed using
the UVA’s state-of-the-art Rivanna HPC computational cluster, which is a ~5,000 core (Intel Xeon E5-2670v2, 2.5
GHz, 20 core) university-wide resource. Tissue level test simulations were carried out using a PC machine with LS-
DYNA, R9.1.0, Shared Memory Processing (SMP) version with the explicit solver.
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lll. RESULTS
IRC-18-60 IRCOBI conference 2018
Sled Test Simulations

The head, shoulder, pelvis, and knee trajectories (displacement with respect to the buck), as well as the torso
angle time history of the obese model, were compared with those of the obese PMHS. Fig. 7a shows the trajectory
of different body segments of the obese GHBMC and PMHS. The lines connecting the head to the shoulder, and
the shoulder to the pelvis are illustrated at four different time points: t= 0 ms, t= 58 ms, t= 87 ms, and t= 117 ms.
The torso angle was defined as the an angle between the horizontal plane and the line connecting the greater
trochanter and the acromion (Fig. 7b).
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Fig. 7. Sled test results, a) trajectory of different body segments, b) occupant torso angle (HBM vs PMHS) [19].

Similar to the PMHS tests, the obese HBM experienced a significant lower extremity forward motion, which
was a result of increased mass and delayed engagement of the pelvis due to the increased thickness of adipose
tissue. Nevertheless, the obese model was not able to exhibit submarining (pelvis sliding under the belt as the
belt slides over the iliac crest and loads the abdomen) as opposed to the PMHS. In the PMHS test, the lap belt did
not engage with the bony structure of the pelvis. This resulted in the belt sliding above the pelvis and into the
abdomen of the PMHS. Consequently, the subject exhibited undesirable kinematics during the sled run, with the
torso never pitching as far forward as the obese GHBMC model throughout the run (Fig. 7b). However, with the
obese GHBMC model, the lap belt remained anterior to the ASIS and remained engaged with the pelvis, hence it
constrained the pelvis motion throughout the whole sled run. In addition, while the torso angle of the obese
PMHS remained less than 90 degrees, the torso of the obese model pitched past 90 degrees towards the end of
the run (Fig. 7).

Belt Pull Test Simulations

Both GHBMC initial positions developed for the belt pull test (Fig. 5) showed no noticeable difference in the
results. Therefore, for brevity, only the results from the belt pull with the spine alighed model are presented in
this section. Fig. 8 shows the comparison of webbing trajectories obtained from the experiment and the
simulation. In both cases, the time histories for points on the webbing directly anterior to ASISL and ASISR were
extracted and plotted over the experimental results. Trajectories for low, middle and high initial belt positions
are shown. Both low and middle initial belt positions resulted in the webbing engaging the pelvis either below
(Low), or at the ASIS (Mid). Belt in the high initial position followed the initial trajectory observed in the
experiment, sliding over the ASIS. However, it failed to slide over the iliac crest and into the abdomen (Fig. 8).

Since the selected GHBMC model differed from the target PMHS in anthropometry, specifically in the amount
of tissue covering the pelvis, it was speculated that a larger belt pull force is required to force the belt over the
iliac crest and into the abdomen. For that purpose, the simulation with a high belt initial position and doubled
force input was carried out (High-DF). The results showed that the belt again followed the initial belt trajectory
observed in the experiment. However, it failed to slide into the abdomen (Fig. 8).
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Fig. 8. Belt pull test results. Webbing trajectories obtained for low (Low), middle (Mid), high (High), and high with
double belt force input (High-DF) webbing initial positions (HBM vs PMHS).

Tissue Level Tests

Lastly, simulation of the adipose tissue shear test illustrated that the material model used to represent the
HBM flesh is approximately one order of magnitude stiffer than human abdominal subcutaneous adipose tissue
(Fig. 9). Reference [21] observed that human abdominal adipose tissue can be characterised as a nonlinear
anisotropic and viscoelastic material. However, none of the experimental responses matched the shear response
obtained from the GHBMC material model.
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Fig. 9. Shear test response of the abdominal adipose tissue. Experiment [21] vs GHBMC adipose tissue model
results.

IV. DISCUSSION

To our knowledge, this is the first study to perform a detailed comparison of obese GHBMC model predictions
to available test data. A multi-scale comparison that included whole-body kinematic and kinetic responses in sled
tests, pelvis-belt interaction in belt pull tests, and material response in tissue-level testing was performed.

The superficial adipose tissue has a substantial effect on restraint system interaction, and the resulting
occupant kinematics, during motor vehicle crashes. First, adipose tissue influences webbing routing, which often
results in a limited, or lack of pelvic engagement by the restraint system [11]. Second, it increases the distance
between the lap belt and skeletal structure [13]. Both of these effects may increase the risk of lap belt penetration
into the abdomen, resulting from large superficial tissue deformations when the occupant loads the restraint
system. As a result, the material model used to describe the mechanical response of the adipose tissue in an FE
model plays a critical role in occupant/restraint interaction predicted with that model.

The obese GHBMC model successfully replicated several characteristics of occupant responses observed in the
experiments. Model simulations showed substantial lower extremity forward motion, which was the result of
increased mass and delayed engagement of the pelvis caused by the increased thickness of adipose tissue.
However, the model failed to replicate the submarining behaviour observed in the PMHS tests. Throughout the
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simulation, the webbing remained engaged with the iliac wings and it remained anterior to the pelvis. As a result,

IRC{ &66tantial difference in torso angle and restraint system engagement was observed betiReé&MBheospepieen?018
and the simulation. A similar response was observed during belt pull simulations. The obese GHBMC model failed
to replicate the webbing trajectory observed during the experiments, where it slid over the iliac crest and into
the abdomen. Even with the increased belt pull force the webbing remained constrained in the proximity of the
ASIS. It should be noted, however, that in both of the PMHS experiments no belt slippage relative to the occupant
skin/flesh was observed, and consequently, the motion of the webbing up and over the ASIS and into the
abdomen was the result of shearing deformation of the pelvic/abdominal flesh. As a result, we concluded that
the difference in the occupant response is likely associated with the abdominal flesh formulation.

With these observations in mind, it was theorised that the GHBMC flesh material model along with the current
mesh formulation results in the overly stiff response when used to represent human adipose tissue. A belt pull
test serves as a good explanation for this hypothesis (Fig. 10). When the belt is initially pulled with a force F it
compresses the adipose tissue over the pelvis (Fig. 10a). Next the webbing encounters the bony structure of the
pelvis which provides a reaction force F, (Fig. 10b). If, at this point, the webbing is superior to the ASIS, the
resultant of these two forces will pull the belt over the iliac crest and into the abdomen (Fig. 10c). However, if the
flesh model is overly stiff in shear, then the resultant of the belt and pelvis forces could be carried by the flesh
and prevent the belt from sliding over the iliac wing.

Consequently, the biofidelity of the GHBMC abdominal flesh material model was evaluated by simulating some
material-level test data from the literature. The test data illustrated that the material used to model the flesh of
the GHBMC was approximately an order of magnitude stiffer under shear loading. Currently there are several
studies available where authors used the available test data to formulate biofidelic material models for adipose
tissue that could be used with the available HBMs [33, 34]. It is possible that a lower shear stiffness could result
in greater motion of the lap belt relative to the pelvis. This in turn could allow the model to submarine and
improve its biofidelic predictions. Similar findings have been previously shown by [22], where authors needed to
modify the GHBMC's flesh properties in order to match the response with the PMHS belt pull results.

Compression Compression
+ Shear

Fig. 10. Mechanism of webbing motion in belt pull tests, Fs — force from the webbing, Fr — reaction force from the
pelvis. a) Initial webbing positioning with undeformed abdominal flesh, b) compression of the abdominal flesh
over the pelvis, c) compression and shearing of the abdominal flesh and webbing sliding over the iliac crest.
Additionally, it is possible that the current Lagrangian mesh formulation implemented in the obese GHBMC
models might prove challenging for accurate adipose tissue modelling. Since these models were developed by
morphing the FE mesh of M-50 model, certain areas of the obese models featured very coarse mesh. Fig. 11
shows a cross section along the sagittal plane where the three-element-thick abdominal external flesh part has
been morphed to accommodate the geometrical differences between the BMI 25 and BMI 35 occupant.
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Additionally in a Lagrangian element formulation, the domain spatial discretisation (mesh) is permanently bound
IRC+t8r88intain the material (mass) particles originally assigned to each element. Simply said RGO B¢ eradrrrINeRV3078
the material deformation and no mass transfer (advection) between the neighbouring elements is possible. As a
result, substantial deformation of the material causes the Lagrangian elements to stretch, lose the desired aspect
ratio, negatively impact the simulation time-step, suffer from excessive hourglassing, and force premature
termination. Consequently, several complementary simulations, aimed at exploring the sensitivity of the model
response (varied occupant position or belt pull force), failed to run to completion due to negative volume errors

in the abdominal tissue.

Due to the fluid like properties of adipose tissue including a large bulk modulus (approaching incompressibility),
low shear modulus, and the ability to undergo very large deformation, this tissue may be better modelled as a
fluid. This approach could improve the stability and robustness of the modelled adipose tissue. Currently there
are multiple formulations available in FE solvers that could be considered for this application including Arbitrary
Lagrangian-Eulerian (ALE), Smooth Particle Hydrodynamics (SPH), Smooth Particle Galerkin (SPG), and other
meshless methods. All of the proposed methods provide a potential solution to a large distortion problems either
through allowing the advection between elements (ALE) or through eliminating FE mesh altogether. Investigating
the appropriateness of these methods is a natural next step to address the biofidelity of the adipose tissue
material.

------- Pslvis Outline

!I!I!E External Flesh Part
l"lm Internal Flesh Part

Linea Alba / Rectus

- Pelvis

Fig. 11. Mesh and tissue allocation around the occupant’s pelvis. Sagittal plane cross section through the obese
GHBMC, BIM 35, 188 cm, 70 years old model.

It is worth noting that the HBMs used in this study were not morphed to match the exact anthropometries of
corresponding PMHSs. In case of the sled test, a statistical shape modelling tool was used to generate a model
whose height and weight (BMI) matched the target PMHS. Nevertheless, there might be other measures, i.e.,
adipose tissue distribution, which could be different between the two targets [17]. In case of the belt pull tests a
model with a different height and weight, but matching BMI was used. This resulted in differences in abdominal
shapes, and initial webbing positions between the HBM and PMHS. In order to account for these differences,
several simulations with varied belt pull force and belt initial position were performed. Although these
geometrical discrepancies are limitation of this study, the models failed to replicate the general trends that were
expected based on the previous PMHS studies.

V. CONCLUSIONS

The following conclusions can be drawn from this study:

1) The obese GHBMC models failed to replicate the submarining behaviour, and restraint kinematics,
observed in the PMHSs in rear-seat sled tests.

2) The obese GHBMC models failed to replicate the belt trajectory observed in the belt pull tests; belt
sliding up over the iliac wings and into the abdomen.

3) The GHBMC flesh material model exhibits a much stiffer stress/strain response in shear compared to
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human abdominal subcutaneous adipose tissue data from the literature.
IRC-18-60 IRCOBI conference 2018

The obese HBMs could be useful tools to further understand the obese occupant response in crashes and to
investigate the challenges in, and strategies for, developing an effective restraint system for this population.
However, modification of adipose tissue mechanical properties may be required to improve the biofidelity of the
models. It seems that it is the shearing behaviour of the abdominal flesh that permits the submarining seen in
the sled tests and the belt slip and abdominal loading seen in the belt pull tests. Since it is likely that
belt/pelvis/abdomen interaction is responsible for at least some of the increased injury risk for obese occupants,
biofidelic belt-to-pelvis interaction is paramount for the injury risk evaluation and countermeasure development.
The results of this study suggest that improved models of abdominal flesh, and specifically subcutaneous adipose
tissue, should be developed and implemented to examine their effect on pelvis/belt/abdomen interaction before
utilising obese HBMs to predict injury risks to obese occupants in crash simulations.
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VIll. APPENDIX
IRC_1%ggendix provides detailed information on FE models developed for this study. IRCOBI conference 2018

Fig. Al shows the FE model of the rear seat buck developed for this study. The model comprises of rigid buck
frame (Fig. Alb), foam cushion and foam seatback (Fig. Alc), seat wire frame (Fig. Ald) and a restraint system
(Fig. Ale). Seat wire frame was constrained with the seat cushion using the *CONSTRAINED_BEAM_IN_SOLID
keyword available in recent versions of LS-Dyna solver. Table Al provides details on the element formulation,
material models and mesh size used for the developed model of rear seat buck.

Fig. Al. FE model of the rear seat buck, a) overview of the FE model, b) rigid buck frame, c) foam seat cushion and
foam seatback, d) seat cushion frame and d) 3 point belt restraint system.
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TABLE Al

No. Average el.

Part Material model Element Type ELFORM elements Size (mm)
Buck Frame *MAT_020_RIGID Shell 2 90267 10
Seat back foam *MAT_057_LDF Solid 0 126047 15
Seat cushion *MAT_057_LDF Solid 0 13202 20
Seat frame *MAT_024_PLP Beam 1 2762 10
Seat belt 1D *MAT_BO1_SEATBELT 1D_Seatbelt - 28 10
Seat belt 2D *MAT_BO1_SEATBELT_2D 2D_Seatbelt 5 868 10
Belt hardware *MAT_020_RIGID Shell 2 1156 10

Fig. A2 shows the FE model of the belt pull test fixture developed for this study. The model comprises of rigid
fixture (Fig A2a), and the belt assembly (Fig A2b). The belt assembly was modelled using a series of slip rings along
with the 1D seat belt elements connected to a 2D seat belt assembly used to prescribe the load onto the HBM.
Table A2 provides details on the element formulation, material models and mesh size used for the developed

model of the belt pull fixture.

(a)

(b)

Fig. A2. FE model of the belt pull test buck, a) rigid seat and spinal fixture, b) belt pull system FE model.

TABLE A2
No Average el.
Part Material model Element Type ELFORM Elements Size (mm)
Seat frame *MAT_020_RIGID Solid 1 21355 20
Spine mounts *MAT_020_RIGID Solid 1 1087 10
Loading cable *MAT_BO1_SEATBELT 1D_Seatbelt - 204 10
Seat belt *MAT_034_FABRIC Shell 2 324 10
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