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ABSTRACT

Vehicular injury is one of the main reasons for traumatic injuries. Finite Element Human
Body Models (FEHBM) have become very popular to assess car crashes and the subsequent
injuries. It provides the possibility to predict stress and strain values in tissue level by
representing anatomical structures in details. An essential requirement for the FEHBM
is to exhibit human-life response, i.e. being biofidelic. Obese occupants are one of the
vulnerable populations at higher risk of death and severe injuries in car crashes. However,
the developed FEHBMs do not, neither in body shape nor the material properties,
represent obese population. In particular, there is no appropriate constitutive model for
adipose tissue (fat tissue) in FEHBMs. In the interaction between obese occupants and
restraint systems both the body shape and the material property of adipose tissue plays
an important role.

Therefore the first goal of this research (and the main goal of this thesis) is finding
and calibrating a biofidelic constitutive model for adipose tissue. To this end a nonlinear
viscoelastic constitutive model was formulated. To have a reliable model calibration
at large deformation and a wide range of strain rates (similar to car crash situations),
test data of two experiments were used; the frequency-sweep test and the ramp loading-
unloading shear test. Prescribing the power-law relation for shear stiffness, which is
suggested in the frequency-sweep test, as a constraint in the ramp loading-unloading
shear test considerably improved the model prediction for large deformations and high
strain rates. To investigate the effect of uncertainties in model parameters and identify
important parameters in different experiments, commonly used mechanical testing setups
were analyzed. Global sensitivity analysis was used for this purpose. It was found that
the amount of compressibility highly affects the behavior of adipose samples in high rates.
It is important specially when studying how adipose tissue behavior affects the dynamics
of obese occupant responses during crash situations.

Keywords: Finite element human body models, Adipose tissue, Constitutive modelling,
Obesity, Global sensitivity analysis
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Why repeat the old errors, if there are so many new errors to commit

Bertrand Russell
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THESIS

This thesis consists of an extended summary and the following appended papers:

Naseri H., Johansson H., Brolin K., A Nonlinear Viscoelastic Model
for Adipose Tissue Representing Tissue Response at a Wide Range
of Strain Rates and High Strain Levels, In press, J Biomech Eng ,
(2017); doi:10.1115/1.4038200

Paper A

Naseri H. and Johansson H. A Priori Assessment of Adipose Tissue
Paper B Mechanical Testing by Global Sensitivity Analysis, Submitted for
international publication

The appended papers were prepared in collaboration with the co-authors. The author of
this thesis was responsible for the major progress of the work in preparing the papers, took
part in developing the theory, performed all implementations and numerical calculations,
and took part in writing the papers.
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Part 1
Extended Summary

1 Background and Motivation

Vehicular injury is one of the main reasons for traumatic injuries. Vehicular crashes
and subsequent injuries are studied in physical testing by mechanical models of human,
anthropomorphic test devices (ATD) (also called crash test dummies) which are available
in three body sizes; large male, midsize male and small female. With the advent of new
advanced computers and decreasing cost of computational resources, numerical simulations
nowadays are extensively used to study vehicular injuries. More detailed study can be
performed if occupants are modelled with numerical human body models. A human
body model is a numerical anthropomorphic model with the details of human anatomy.
Basically two methods are applied for human body modelling: multi-body methods and
finite element methods. In the multi-body method the body is modelled by a system of
flexible and rigid bodies connected by kinematic joints. But in the finite element (FE)
method anatomical structure is represented in more detail by elements. More internal
organs, bones, soft tissues and muscles are included in the FE human body models which
enable us to get better understanding of stresses and strains inside organs. Current FE
human body models such as THUMS [1] and GHBMC |[2] represent adult occupants
similar to the same size as ATDs.

Obesity affects the risk of injury in vehicular crashes. A higher risk of fatality are
found for obese occupants than non-obese occupants [3]. Also in [4] the increased risk of
non-fatal injury such as lower extremity, upper extremity and spine injury was associated
with the increased body mass index. How obesity affects the mechanism of injury is not
clearly understood. Arbabi et al. [5] reported a ’cushion effect’ due to an increase in
adipose tissue which protects internal organs during impacts. Kent et al. [6] studied
the kinematic of obese occupants. They found an increased body excursion for obese
occupants and less torso forward rotation compared to non-obese occupants. Reed et al.
[7] found that obesity by changing the routing of the seatbelt relative to the underlying
skeletal structure increase the risk of injury. Specially the higher routing of the lap belt
can cause submarining in frontal crashes. Forman et al. [8] studied midsize and obese
post mortem human surrogates (PMHS) in frontal impact sled tests. They reported more
chest compression and greater forward motion of head and shoulder for obese PMHS and
higher chest acceleration and more number of rib fractures for midsize PMHS.

Still more studies are needed to understand how obesity affects vehicular injuries in
order to improve the restraint system for obese people. But current injury assessment
tools, such as ATDs and human body models, do not account the obese population. FE
human body models are available only in three adult sizes which do not represent obese
individuals. Recently mesh morphing technique has been used to consider geometrical
variations in human body models [9, 10, 11]. In [9] a statistical human ribcage geometry
model was proposed which has considered different factors including body mass effect
on the ribcage geometry. Shi et al. [11] used mesh morphing technique to change the



geometry of THUMS version 4 [12] midsize for obese size and presented a parametric FE
human model. Then the effect of obesity on occupant response in frontal crashes were
studied. The higher injury risk due to obesity was attributed to the increased mass and
poor belt fit.

In addition to the shape and size of obese occupants, in the interaction between obese
occupants and restraint systems during car crashes, the material properties of adipose
tissue (fat tissue) affects the dynamics of response and subsequently injury mechanism. For
example in the contact between the belt and body surface (mostly adipose tissue for obese
individuals) material behavior of adipose tissue plays an important role to understand
how the change of belt routing observed in [7] happens or how impacts are transferred into
internal organs (e.g. in submarining). However, based on the best knowledge of author,
there is neither an appropriate constitutive model for mechanical behavior of adipose
tissue in FE human body models nor any study to investigate the effect of constitutive
behavior of adipose tissue on mechanism of injury. And even there are very few reports
on mechanical testing on adipose tissue in the literature [13, 14, 15, 16, 17] to accordingly
develop a suitable constitutive model. Besides, the intrinsic wide variations in the physical
properties of biological materials (including adipose tissue) has made the situation more
challenging.

1.1 Aim

The ultimate goal of this research is to add understanding how obesity affects occupants
response and subsequent injuries during car crashes. This understanding is essential to
design and improve safety measures for obese population in vehicles. According to the
literature, obesity will result in changes in different safety related factors among them the
kinematic of occupant-restraint interaction, the kinetic energy, severity of counteracted
restraint forces, the propagation of impacts into internal organs. Therefore, first, a
constitutive model for adipose tissue will be formulated for use in human body simulation
in crash situations. Then the effect of obesity on occupant responses will be studied. The
following key questions are the center of this research.

e Research questions at tissue level:

— What is the mechanical behavior of adipose tissue samples at different loading
rates and large deformations corresponding to vehicular crash situations?
(Paper A,B)

— What is a suitable model to predict adipose tissue in vehicle crash situations?
How should this model be calibrated? (Paper A,B).

— Considering no adipose tissue experiments with acceptable repeatability of
results in large deformation and high stain rates, how should model parameters
be identified in this region? (Paper A).

— Which experiment can be representative for adipose tissue behavior in vehicular
injuries? Which experiment should be selected for further material parameter

identification? What is the effect of uncertainty in model parameters? (Paper
B)



e Research questions at human body level:

— What is the effect of the newly formulated constitutive model in human body
response compared to the current material models? (Future work).

— How does the new constitutive model will affect a morphed FE human body
model prediction for obese individuals? How does it change the dynamics of
obese occupant responses during crashes? (Future work).

— How should current injury criteria be changed to incorporate obesity effects?
(Future work)

— Considering the wide variation in adipose tissue properties and lack of test data,
how will this uncertainty be carried over to the human body level? (Future
work)

2 Adipose Tissue Histology
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Figure 2.1: Depot sites of adipose tissue and the anatomy

The adipose organ constitutes several depots located throughout the human body. These
depots are mainly divided into visceral and subcutaneous adipose tissue. 60-80% mass of
the adipose tissue is lipid, 5-30% mass is water and the remaining 2-3% mass is composed
of proteins (collagen fibers). The tissue structure is a loose association of lipid-filled cells
called white adipocytes, held in a framework of collagen fibers. Lipids within the white
adipocytes are organized in one droplet. The diameter of the white adipocytes ranges
from 30 to 70 pum, depending on the site of deposition. At an higher level there exist an
open-cell foam like structure called the interlobular septa which contain adipocyte cells
and is about 1 (mm) in size. There is very little interstitial fluid in the tissue to consider
it as porous media and lipid droplets in cells are completely confined. The main stiffness
of tissue comes from the collagen fibers surrounds adipocyte cells and the volume fraction



of interlobular septa is sufficiently low that its contribution to the macroscopic stiffness is
negligible [14]. Cross-link collagen fibers and their alignment gives nonlinear properties
to the tissue stiffness. Large amount of liquid in the tissue (mostly lipid droplets in cells)
gives incompressibility to the tissue [14].

3 Adipose Tissue Modelling

To model adipose tissue at large deformations, a suitable kinematic framework is needed
which enable us to consider large perturbations from the elastic equilibrium. This can be
done by multiplicative decomposition of the deformation gradient tensor F into elastic
and viscous parts as introduced in [18]. In order to model adipose tissue at wide range of
loading rates, the generalized Maxwell model is used as the finite viscoelastic model. It
incorporates one elastic chain for equilibrium response in parallel to NV chains of Maxwell
type for non-equilibrium response. By adding more chains, it is possible to cover wider
range of impact rates for adipose tissue.
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3.1 The Constitutive Model

Adipose tissue is usually taken as incompressible material in literatures [14] but here since
adipose tissue response under impacts is studied, it is considered as a nearly incompressible
material. Therefore the strain energy function ¥ in Eq. (3.2) is split further into volumetric
U and deviatoric parts 0.
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The neo-Hookean material model is considered for deviatoric parts while a simple function
as U = §(J — 1)? represents the volumetric strain energy function. Correspondingly, the
second Piola-Kirchhoff stress consists of elastic and inelastic (overstress) contributions
which are calculated from equilibrium and non-equilibrium parts respectively.
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As suggested by [18], the evolution rule for any viscous chain is given as:

- — 3Mdev 1
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where My, is the deviatoric part of Mandel stress and TéZEQ is the von Mises stress
of the overstress. To consider nonlinear viscoelasticity and incorporate the softening

behavior of adipose tissue [15, 16] the overstress function 7 is defined as a power-law

function of TéXEQ in which n. is the exponent (n. > 1 for nonlinear viscoelasticity) and

T. is an scaler corresponds to the stress in linear viscoelastic regions.

3.2 Finite Element Modelling of Common Experimen-
tal Setups
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Figure 3.1: Modelling experimental setups; loadings and boundary conditions. from left
to right: confined- and unconfined-compression tests, indentation tests, rheometer tests.
circle: frictionless contact, triangle: fully clamped. Black: stationary parts, grey: moving
parts.

Adipose tissue samples are usually tested in one of the following experimental setups:
confined- and unconfined-compression tests, indentation tests, rotational rheometer tests.
In Fig. 3.1 these setups with some possible loading conditions are shown. For the
rheometer test, it can be a simple ramp loading-unloading or a sinusoidal excitation (e.g.
frequency sweep test). In frequency sweep tests, a sinusoidal shear strain, (), is imposed
at one frequency w. This, in the steady state, results in a sinusoidal shear stress, 7(t)



with a phase angle §.

Y(t) = o sin(wt)
T(t) = Gg(w)7yo sin(wt + J)

= Gy sin(wt) + G cos(wt) (3.6)
1
Ga= VG2 G™, tan(s) = %

where G’ and G” are storage and loss modulus respectively and G is frequency-dependent
shear stiffness.
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Figure 3.2: The finite element model for adipose tissue samples and its four node quadri-
lateral element in cylindrical coordinates.

The finite element model of these experimental setups is presented in cylindrical
coordinates (as the cylindrical shape of samples). The undeformed position vector, X,
and the deformation vector, u, and the deformed position vector, x, are defined using unit
vectors eg, eg and ey in the radial, circumferential and axial directions respectively.

X = Rer + Zey, u=uegr+ veg + wey

3.7
x=X+u (3.7)

where R and Z are the undeformed radial and axial coordinates, and u, v and w are the
displacements in the direction of cylindrical coordinate unit vectors.

Looking at all the setups, no change of material parameters is expected in samples
with respect to © direction, i.e. g(((:))) = 0. This holds even for the rheometer setup with
v # 0. Therefore the 3-D experimental setups can be represented by only considering the
RZ—plane and by a 2-D finite element model. But still there are 3 displacement-degrees
of freedom at each point Fig. 3.2. The corresponding deformation gradient tensor F




becomes:

ou v ou
A or —r oz
F— | & 14 va (3.8)
5B 0 1+ 57

Introducing the total Lagrangian formulation [19], the momentum balance equation takes
the following form after applying the spatial discretization:

MU + Fypy (U, U, t) = Fogi(t) (3.9)

where M is the mass matrix, Fj,; is the nodal forces equivalent to the element stress
and F.,; is nodal loads correspond to externally applied displacements. A composite
implicit time integration procedure [20] is used which has been shown to be more effective
for producing stable solution for nonlinear dynamic problem [20, 21]. The subsequent
equations after time integration is coded and solved in Matlab R2015b.

4 Global Sensitivity Analysis

A wide individual spread of mechanical properties is an intrinsic characteristic of biological
materials including adipose tissue. Therefore, modelling adipose tissue without considering
this fact is not complete. Specially noticing the lack of experimental data for adipose
tissue, its uncertainty is even higher. In fact since there is a range of mechanical properties
for adipose tissue, any prediction and modelling should be reported in probabilistic way.

Global sensitivity analysis is served here as a tool to consider uncertainties. A possible
definition of sensitivity is the study on how uncertainty in the output of a model can be
apportioned to different sources of uncertainty in the inputs, [22]. This means how each
input random variable contributes to the total variance of the output. Here this concept
is mentioned briefly. The global sensitivity analysis is based on decomposition of the
output variance. If an output variable Y depends on a vector of n independent random
variables, X = [X1, Xo, ..., X,,]7, via a function as Y = h(X), then the total variance V-
can be decomposed as:

Vy—ZV-ﬁ-ZVH-i- > Vijk A+ - (4.1)

1<j i<j<k

where V; is the reduction in Vy as a result of fixing X;. The same way V;; considers the
effect of both X; and X;. Two sensitivity indexes are defined in literatures: primary
sensitivity S; [23] and global sensitivity St; [24]. An computationally efficient way for
calculating these indexes is proposed in [25] which is called multiplicative dimensional
reduction method (M-DRM) in which sensitivity indexes are approximated as

g Vi 0i/pi — 1
T W (M 0n/p}) — 1

(Hk 1(9 k/Pk-) (4.2)
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where p; and 6; are one-dimensional integrals that can be efficiently computed by Gaussian
quadrature.
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fi(X;) is the distribution function for X;, C_; is the mid-point (also called cut-point)
vector for random variables where all variables are fixed at their mid points except X;
which varies and h(X;,C_;) is the corresponding functional evaluation. Usage of global
sensitivity analysis in this research follows as

e Consider the effect of uncertainties in human body level (Future work)

e Assess material parameter identifiability from different experiments, Paper B.

5 Summary of Appended Papers

e Paper A:

Performing an experiment on soft tissues with a full control and acceptable repeata-
bility of results is practically achievable either for large deformations and low rates
or small deformations and high rates. But here the behavior of adipose tissue under
large deformations and wide loading rates (as the situation in car crashes) is sought.
In Paper A the shear behavior of adipose tissue in this region was predicted. For
this purpose the results of a frequency sweep test (small shear deformations and
wide loading rates) was incorporated into a loading-unloading shear test (large
deformations and low rates). A power-law relation for the frequency-dependent
shear stiffness of adipose proposed in [15] was used in the simulation of the loading-
unloading shear test. It was observed that considering both the experiments together
can improve model prediction in large deformation and high rates.

e Paper B:

Compared to other soft tissues, there are very few studies for characterising the
mechanical behavior of adipose tissue in literatures. These studies have used
different setups and loading conditions for their experiments. Sometimes the
reported properties for adipose tissue are not even consistent. In Paper B the
following fundamental questions are addressed: Which information can be obtained
from a specific experiment? Which experiment should be used to identify model
parameters? Which experiment can be representative for adipose tissue behavior in
car crashes?

For assessing different experimental setups, global sensitivity analysis was used. In
any experiment, model parameters were considered as inputs and a measurable
integral quantity from the experiment as an output. A high sensitivity index



for a model parameter indicates its potential to be identified through parameter
identification. It also has information regarding the mechanism of response of
adipose tissue samples in a specific experiment. It is a valuable information specially
to know if an experiment can be representative for adipose tissue behavior in car
crashes.

6 Conclusion and Future Work

First of all by simulating adipose tissue in different experimental setups and interpreting
the results, the computational framework was found reliable for our application domain.
Also it was observed in Paper A that the shear behavior of adipose tissue at large
deformations and a wide range of loading rates can be predicted better by considering its
frequency-dependent shear stiffness. But for a more general response, indentation tests
seems to be a good representative for adipose tissue behavior under impacts, Paper B.
Specially it was noted that at high rates, the mechanism of tissue response was highly
affected by its compressibility. Considering slightly more compressibility for adipose tissue
indicates that it has both shear- and pressure-wave propagation during impacts. While
nearly-incompressible material assumption leads to only pressure-wave propagation. This
information is important in order to understand how impacts are transferred into internal
organs.

The implementation of the new material model into human body models to see how it
affects the prediction of THUMS models is for the future work. Specially the effect of
material behavior of adipose tissue in the morphed human body model for obese occupants
will be of main focus. Also the effect of intrinsic variations in adipose tissue properties
will be studied in the human body level.

Finally, after considering the consequent material and anatomic changes due to obesity,
the last step of this study will be to investigate current injury criteria and its suitability
for obese individuals.
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