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Abstract

Traffic injury is one of the main reasons for traumatic injuries. Obese occupants are

among the vulnerable populations with a higher risk of death and severe injuries. Notably,

obesity is associated with a thick layer of subcutaneous adipose (fat) tissue. In case of a

crash, this may influence how the lap belt engages with the pelvis resulting in submarining,

i.e., the lap belt slipping over the iliac crest of the pelvis, causing severe injuries. A

popular numerical method to study occupant injuries in motor-vehicle collisions involves

using Finite Element Human Body Models (FEHBMs). However, current FEHBMs, such

as the THUMS or GHBMC models, do not represent the obese population in body shape

or material properties, and are unable to represent the submarining phenomenon. In

particular, there is no appropriate constitutive model for adipose tissue in the FEHBMs,

while the mechanical property of adipose tissue is important in the simulation of interaction

between the human body and restraint systems or the impact with interior objects.

The first aim of this research was to establish a biofidelic constitutive model for adipose

tissue mechanical response, at high strain rates and large deformations. For this purpose,

a nonlinear viscoelastic constitutive model was formulated. Global sensitivity analysis

was used as a tool to learn what mechanical properties of adipose tissue are identifiable

from different test setups. Thus, a frequency-sweep test and a ramp loading-unloading

shear test were applied to account for the adipose tissue behaviour at high strain rates

and large deformations, respectively. The second aim was to identify which parameters

influence submarining the most. It was found that the incompressibility (Poisson’s ratio)

of adipose tissue is the most important material parameter. With regard to safety design,

important parameters include lap belt angle and pelvis rotation. Due to a thicker layer of

adipose tissue, the effect of these parameters becomes more important for obese occupants,

resulting in a higher risk of submarining. These findings support the development of

biofidelic FEHBMs, as well as suitable restraint system designs in order to reduce the risk

of submarining.

Keywords: Adipose tissue, Constitutive modelling, Finite element human body models,

Global sensitivity analysis , Obesity, Submarining
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1 Introduction

1.1 Motivation

Motor-vehicle injuries, also referred to as ‘road-traffic injuries’, are estimated to account for

1.25 million out of a total of 5 million fatal injuries worldwide [1]. The obese population is

considered one of the vulnerable groups and the fatality risk in motor-vehicle collisions has

been found to be increased for obese occupants in comparison to non-obese occupants [2].

Also, the increased risk of non-fatal injuries such as lower extremity, upper extremity and

spine injuries have been associated with increased Body Mass Index (BMI) [3]. Further,

studies [4, 5, 6, 7] on anthropometric measurements of seatbelt fit for different driver

characteristics have found obesity to be one of the predominant reasons that the proper

fit of seatbelts may be altered due to the routing of the seatbelt relative to the underlying

skeletal structure displaced. In lap belt-pelvis interaction tests conducted on different

Post Mortem Human Subjects (PMHSs), a lack of belt hooking by the pelvis was observed

in cases where the soft tissue was too thick over the iliac crest [8]. A severe consequence

of improper lap belt fit can be submarining. Submarining is defined as a situation where,

in case of crash, the lap belt slips over the iliac crest of the pelvis, thereby influencing

the kinematics of occupant response. The status of submarining in current real-world

vehicle collisions is not known since it is difficult to determine submarining occurrence

from real field data. However, submarining will most likely be of particular concern in

future traffic safety with the arrival of self-driving cars [9] where it has been hypothesized

that occupants will increasingly prefer travelling in a reclined position than in vehicles

today. Field data studies [10] indicate that seatback recline angle increases severe injury

and mortality rates. Computational analysis [11, 12] reported unfavourable occupant

kinematics and submarining as a result of reclined seatback angle.

The precise mechanism giving rise to a higher risk of submarining, especially for obesity

with a thicker layer of soft tissue, has not been well investigated. A traditional option

for studying road-traffic injuries involves using Anthropomorphic Test Devices (ATDs),

also referred to as crash test dummies. ATDs represent adult occupants in three body

sizes: a large male, a midsize male, and a small female but do not represent the effect

of soft tissues. With the advent of new advanced computers and the decreasing cost of

computational resources, numerical simulations are currently used extensively to study

road-traffic injuries. More details can be studied if occupants are modelled with numerical

Human Body Models (HBMs). HBMs are numerical models based on human anatomy.

Finite Element (FE)human body modelling, including anatomical structures represented

in detail by elements, is a popular method for HBMs which is known as FEHBM. The
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details of internal organs, bones, soft tissues and muscles are included in the FEHBMs, to

provide a better understanding of the stresses and strains sustained by the human body

[13, 14, 15, 16]. FEHBMs were initially developed to represent adult occupants in the

same sizes as the ATDs. Hence, the sizes of current FEHBMs such as the Total Human

Model for Safety (THUMS) [17, 18] and the Global Human Body Models Consortium

(GHBMC) [19, 20] are similar the ATDs. As such, they are not fully representative of the

obese population and thus, their use in studying obesity associated injuries, particularly

submarining, is limited.

In addition to the shape and size of obese occupants, the material behaviour of adipose

(fat) tissue may also influence the dynamics of responses and, subsequently the injury

mechanism [21] during the interaction of the human body and the restraint system. For

example, for lap belt to pelvis interaction, the material behaviour of adipose tissue may

play an essential role in explaining how the lap belt fit observed in [6] influences the

risk of submarining. However, to the best knowledge of the author, currently there

is neither an appropriate constitutive model for adipose tissue in FEHBMs nor any

investigations into how adipose tissue properties may influence the risk of submarining.

The development and calibration of an adipose tissue constitutive model is challenging,

firstly, due to only few reports being available on the mechanical testing of adipose tissue

in the literature [22, 23, 24, 25, 26], and secondly, the intrinsic wide variations in the

mechanical properties of adipose tissue at high strain rates and large deformations. For

example, the non-monotonic dependence on strain rates exemplified in Fig. 1.1 indicate

significant inter-sample variations and lacking repeatability in material testing.

Figure 1.1: Wide variations in mechanical properties of adipose tissue in an unconfined

compression test in [22].
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1.2 Aim

The ultimate goal of this research is to advance the understanding of the role adipose

tissue has in FEHBMs, focusing on the submarining mechanism and, in particular, how

submarining is influenced by obesity and adipose tissue mechanical properties. This

understanding is essential to design and improve safety measures as well as the biofidelity

of FEHBMs.

This work addresses two levels: the tissue level and the human body level. The tissue

level mainly deals with constitutive modelling of adipose tissue, while the human body

level studies the submarining mechanism. The following key questions forms the centre of

each study level.

• Research questions at the tissue level:

– Which information can be obtained from different experimental setups used

for characterising adipose tissue properties? (Paper A)

– Considering the high variation in adipose tissue behaviour at large deformation

and high strain rates, what is a reliable parameter identification for the adipose

tissue constitutive model? (Paper B).

– What is a suitable constitutive model to predict adipose tissue behaviour in

vehicle crash situations? (Paper A and B).

• Research questions at the human body level (submarining):

– What is the advantage of the new constitutive model for submarining prediction

compared to the current material models in FEHBMs for adipose tissue?

(Paper C).

– What features of the adipose tissue influence the submarining behaviour the

most? (Paper C).

– What other parameters, including vehicle-design and occupant parameters

influence the mechanism of submarining? How do obesity and initial lap belt

position influence the outcome? (Paper D)

1.3 Method Outline

To address the research questions above, the study is carried out as follows: First, a

constitutive model for adipose tissue was established based on literature findings. Then, an

FE model for simulating common experimental setups of adipose tissue were constructed
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in Matlab whereby material parameters were identified. To study the effect of adipose

tissue behaviour on submarining, the constitute model was implemented in LS-DYNA

(LSTC, Livermore, CA) and an FE pelvis model was built. Different parameters that

may influence submarining were studied. Global Sensitivity Analysis (GSA) was used to

identify which parameters influence the submarining mechanism the most.
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2 The Tissue Level

This section details the concepts, motivation and methods used for addressing the research

questions on tissue level.

2.1 Adipose Tissue Histology

(a) (b)

Figure 2.1: (a) Depot sites of adipose tissue and the anatomy, [27]. (b) Schematic of

adipose tissue structure, [23].

The adipose organ constitutes several depots located throughout the human body.

These depots are mainly divided into visceral and subcutaneous adipose tissue. About

60–80% mass of 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 organised in one droplet. The diameter of the white

adipocytes ranges from 30 to 70 µm, depending on the site of deposition. At a higher

level, there is an open-cell foam-like structure called the interlobular septa, which contains

adipocyte cells and is approximately 1 mm in size. The main stiffness of tissue comes

from the collagen fibers surrounding the adipocyte cells. The volume fraction of the

interlobular septa is sufficiently low to make its contribution to the macroscopic stiffness

negligible [23]. Cross-link collagen fibers and their alignment provide nonlinear properties

6



to the tissue stiffness. A large amount of liquid in the tissue (mostly lipid droplets in

cells) makes the tissue incompressible [23].

2.2 Adipose Tissue Mechanics

In a car crash, the impact between the human body and interior objects or interaction of

the human body with the restraint system (e.g., seatbelt and airbag), are influenced by

the mechanical behaviour of adipose tissue. The main motivation for considering adipose

tissue predominantly single solid phase is the low level of extracellular fluid as well as the

closed-cell structure of adipose tissue [23, 22, 25, 28, 26], opposed to more biphasic models

of internal organs [29, 30, 31]. Adipose tissue is highly nonlinear at large deformation

under impact loads in a car crash. Besides, the behaviour is rate-dependent, stiffening

a few orders of magnitude during rapid loading [24, 22]. Therefore, the nonlinear and

rate-dependent features must be incorporated into the constitute model of adipose tissue.

Hyperelastic models are often used to reflect the nonlinear behaviour of soft tissue at

quasistatic conditions. To characterise rate-dependent property either a complex modulus

approach or a convolution integral approach is often used. A common test setup is

rotational rheometer tests. By imposing a sinusoidal shear strain, γ(t), on a sample a

sinusoidal shear stress, τ(t), having a shift angle of δ to the excitation angle is obtained.

The value of phase angle, δ, determines how viscoelastic a material is; δ = 0 for a perfect

elastic material and δ = π/2 for a perfect fluid. So, frequency-dependent properties of

shear stiffness and phase angle δ can be measured and expressed as:.

γ(t) = γ0 sin(ωt)

τ(t) = Gd(ω)γ0 sin(ωt+ δ) = G′γ0 sin(ωt) +G′′γ0 cos(ωt)

Gd =
√

G′2 +G′′2, tan(δ) =
G′′

G′

(2.1)

Figure 2.2: A typical activation and response in rheometer tests, γ0 = 0.001.
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Figure 2.3: Adipose tissue characteristics in the frequency sweep test in [24].

where G′ and G′′ are the storage and loss modulus, respectively, and Gd is the

frequency-dependent or dynamic shear stiffness. A convenient way to represent this

response is by introducing a complex shear modulus.

G? = G′ + iG′′ (2.2)

where G? is the complex shear stiffness whose magnitude represents the dynamic shear

modulus, |G?| = Gd. In frequency sweep tests, the behaviour of soft tissue can be

characterised at a range of frequency, which gives a good overall picture of its rate-

dependent behaviour. The frequency sweep test [24] on adipose tissue in the range of

1− 100 rad/s has showed that the rate-dependent shear stiffness of adipose tissue can be

described by a power-law function, Fig. 2.3, as:

G′(ω) = G′(1)ωp, G′′(ω) = G′′(1)ωp, Gd(ω) = Gd(1)ω
p (2.3)

where Gd(1) =
√

G′(1)2 +G′′(1)2 is shear stiffness at the frequency ω =1 rad/ s and p is

a material parameter related to the phase angle by tan(δ) = tan(pπ/2), [32]. Regardless

of the excitation frequency, a constant p value of 0.21, or a constant phase angle, has been

measured for adipose tissue implying that the linear viscoelastic property is independent

of strain rates, Fig. 2.3.

Convolution integral approach is motivated by relaxation experiments in which the

time-dependent behaviour is attributed to time-dependent shear stiffness [33]. A widely

used technique to describe the evolution of shear stiffness in time is the Prony series
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approach [34, 35, 36, 26]:

G(t) = G∞ +

n∑

k=1

Gkexp(−t/τk) (2.4)

where G∞ is the shear stiffness at equilibrium, τk are characteristic time constants, and Gk

are associated shear stiffness weights with each time constant. The General Maxwell model

for viscoelastic materials is a good illustration of this approach having one elastic chain

for the equilibrium response in parallel with several viscoelastic chains to embed Prony

series terms. Figure 2.4 compares the complex modulus approach with the Prony series

in characterising rate-dependent behaviour. In the frequency sweep test, the continuous

spectrum of the viscoelastic behaviour is described by a power-law function in Eq. 2.3.

In the Prony series approach, it is discretely represented through incorporating a number

of viscoelastic chains, Fig. 2.4. Each term in the Prony series approach is active, then,

representing the rate-dependent behaviour at a certain frequency range. Moreover, there

should be a constitutive relationship among Prony series terms to comply the continuous

pow-law function of shear stiffness. In Paper B, this relation has been considered in the

parameter identification of the adipose tissue material model.

10
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Figure 2.4: Comparison of the complex modulus approach (the power-law function in

[24]) and convolution integral approach (Prony series) in characterising shear stiffness at

different loading rates.

One limitation of the Prony series approach is that it is designed for linear viscoelastic

behaviour which is less than 0.1% strain for adipose tissue [24]. Thus, this may impose

a considerable limitation on the application of an adipose tissue model for road-traffic

injuries as large deformation would be expected.
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2.3 Constitutive Model

A constitute model is established to compute the material response at large deformations

and high strain rates, features that are essential to model high-impact loading, It is here

suggested to use the General Maxwell model, one block for equilibrium response in parallel

with several viscoelastic blocks. A hyperelastic model is used as a baseline model for

nonlinear elastic responses.

In the following section, the continuum formulation based on the multiplicative

decomposition of the deformation gradient tensor is briefly introduced. Then, the strain

energy function and derivation of elastic and viscoelastic stress terms have been presented.

2.3.1 Kinematics

The multiplicative decomposition approach enables the study of viscoelasticity in the

setting of finite strains, i.e., large perturbations from the elastic equilibrium. The deforma-

tion gradient tensor F is multiplicatively decomposed into elastic, Fe, and viscous parts,

Fv, as introduced in [37]. In computational biomechanics literature, the multiplicative

decomposition framework was used to model brain tissue [38, 39]. The viscous part,

Fv, transfers the initial configuration to the intermediate configuration. Then, the Fe

transfers the intermediate configuration to the current configuration. Therefore, large

inelastic strains can be modelled. To model adipose tissue at a wide range of loading

rates, the General Maxwell model is used as the finite viscoelastic model. It incorporates

one elastic chain for equilibrium response (EQ) in parallel to N chains of Maxwell type

for the non-equilibrium response (NEQ). Adding more NEQ chains covers a wider range

of impact rates for adipose tissue.

F = F(k)
e F(k)

v , k = 1, 2, ..., N

C(k)
e = [F(k)

e ]TF(k)
e = [F(k)

v ]−TC[F(k)
v ]−1

(2.5)

Accordingly the rate of deformation L is also decomposed into two tensors:

L = L(k)
e + L(k)

v , L(k)
e = Ḟ

(k)

e [F(k)
e ]−1

L(k)
v = F(k)

e Ḟ
(k)

v [F(k)
v ]−1[F(k)

e ]−1
(2.6)

2.3.2 Kinetics

The right Cauchy-Green deformation tensor Ce in intermediate configurations, Eq. 2.5,

and the deformation gradient tensor F are used to express the total strain energy per

10



(a) (b)

Figure 2.5: (a) General Maxwell model (b) Schematic representation of the multiplicative

decomposition of the deformation gradient tensor F, [37]. Fv is the inelastic part of F, which

transfers the initial configuration to the intermediate configuration. Then Fe, the elastic part of

F, transfers the intermediate configuration to the current configuration.

unit volume as:

Ψ(F,F(1)
v ,F(2)

v ...,F(N)
v ) = ΨEQ(F) +

=ΨNEQ

︷ ︸︸ ︷

N∑

k=1

ΨNEQ(k)(C(k)
e )

(2.7)

Adipose tissue has usually been assumed in literature to be incompressible material

[23], however since adipose tissue response under impacts is studied herein, it has been

considered as a nearly incompressible material. Therefore, to keep better control of the

extent of incompressibility, the strain energy function Ψ in Eq. (2.7) has been split further

into volumetric U and deviatoric parts Ψ̂. A polynomial function is considered for the

deviatoric part.

Ψ =

=ΨEQ

︷ ︸︸ ︷

Ψ̂EQ(F) + UEQ(J)+

=ΨNEQ

︷ ︸︸ ︷

N∑

k=1

(

Ψ̂NEQ(k)(C(k)
e ) + UNEQ(k)(J (k))

)

Ψ̂NEQ(k) = A
(k)
1 (̂I

(k)

Ce
− 3) +A

(k)
2 (̂I

(k)

Ce
− 3)2, Ψ̂EQ = A

(e)
1 (IC − 3) +A

(e)
2 (IC − 3)2

UNEQ(k) =
κ
(k)
v

2
(J (k) − 1)2, UEQ =

κe

2
(J − 1)2

(2.8)

where J = det(F) and J (k) = det(F(k)
e ) are the Jacobians of related deformation gradient

tensors, A1 and A2 are material parameters and κ is also a material parameter which
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physically means bulk stiffness for each chain. This enables the effective bulk stiffness

being related to strain rate, avoiding too soft bulk stiffness at high loading rates. Moreover,

IC =tr(C) and ÎCe
are the first invariants of C and Ĉe. Correspondingly, the second

Piola-Kirchhoff stress consists of elastic and inelastic contributions which are calculated

from equilibrium and non-equilibrium parts, respectively.

S = 2
∂ΨEQ

∂C
+ 2

N∑

k=1

[F(k)
v ]−1

(

∂ΨNEQ(k)

∂C(k)
e

)

[F(k)
v ]−T = SEQ + SNEQ (2.9)

The term SNEQ corresponds to the viscous stress which accounts for the energy absorption

of adipose tissue. According to adipose tissue behaviour in a wide range of strain rates

[25, 22], it has highly rate-dependent property where it stiffens up exponentially to a few

orders of magnitude at high strain rates. On the other side, as the viscous stress (SNEQ)

evolves within the tissue (e.g., at higher strain rates or large deformation), it relaxes

quicker, a property which is referred to as softening behaviour [25]. To account for this

property, a nonlinear viscous relation is considered for the evolution of the viscous stress

(SNEQ). As suggested in [37], the evolution rule for each viscous chain is given as:

Ḟv[Fv]
−1 = Λ

3M̄dev

2τNEQ
eq

, Λ =
1

t?
η(τNEQ

eq ) (2.10)

where Mdev is the deviatoric part of Mandel stress and τNEQ
eq is the von Mises stress

of the overstress. To incorporate the softening behaviour of adipose tissue [24, 25], the

overstress function η has been defined as a power-law function of τNEQ
eq in which nc is

the exponent (nc > 1 for nonlinear viscoelasticity) and τc is scalar corresponding to the

stress in linear viscoelastic regions.

η(τNEQ(k)
eq ) =

(

τ
NEQ(k)
eq

τc

)nc

(2.11)

2.4 FE Modelling of Adipose Tissue Test Setups

Adipose tissue samples are usually tested in one of the following experimental setups:

confined and unconfined compression tests, indentation tests, or rotational rheometer

tests. In Fig. 2.6 these setups, including possible loading conditions, are shown. For

example, the rotational rheometer test, may involve a simple ramp loading-unloading or

a sinusoidal excitation in which a sinusoidal shear strain, γ(t) = γ0 sin(wt), is imposed

at a certain frequency, in the steady state, a sinusoidal shear stress, τ(t) = τ0 sin(wt+ δ

with a shift angle of δ is measured. In order to study these test setups and for model

calibration in Paper A and Paper B, a finite element model of the setups is developed.
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Figure 2.6: Illustration of experimental setups including loading and boundary conditions.

From left to right: confined and unconfined compression tests, indentation tests, and

rheometer tests; Circles: frictionless contact; Triangles: fully clamped boundaries; Black:

stationary parts; and Grey: moving parts.

Due to the symmetry of loads, boundary conditions and samples geometry for all of the

setups, constant displacement field with respect to Θ direction is expected in samples, i.e.,
∂(•)
∂(Θ) = 0. This also applies to the rheometer setup with v 6= 0. Therefore, stress is also

symmetric Fig. 2.7. Thus, the 3-D experimental setups can be represented by considering

the RZ−plane and a 2-D finite element model should suffice, Fig. 2.8. However, there

are still 3 displacement-degrees of freedom for each node. The finite element model of

these experimental setups is presented in cylindrical coordinates (as the cylindrical shape

of samples). The undeformed position vector, X, the deformation vector, u, and the

deformed position vector, x, are defined using unit vectors eR, eΘ and eZ in the radial,

circumferential and axial directions, respectively.

X = ReR + ZeZ , u = ueR + veΘ + weZ

x = X+ u
(2.12)

Figure 2.7: Stress is symmetric for all of the test setups presented in Fig. 2.6.
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Figure 2.8: The finite element model for adipose tissue samples and its four node quadri-

lateral element in cylindrical coordinates.

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, R, θ and Z,

respectively. The following discretisation has been applied to the displacement field:

u =

4∑

i=1

Ni(r, z)u
(i), v =

4∑

i=1

Ni(r, z)v
(i), w =

4∑

i=1

Ni(r, z)w
(i) (2.13)

The corresponding deformation gradient tensor F becomes:

F =







1 + ∂u

∂R
− v

R

∂u

∂Z

∂v

∂R
1 + u

R

∂v

∂Z

∂w

∂R
0 1 + ∂w

∂Z







(2.14)

Introducing the total Lagrangian formulation [40], the momentum balance equation

takes the following form after applying the spatial discretisation:

MÜ + Fint(U̇ , U, t) = Fext(t) (2.15)

where M is the mass matrix, Fint is the nodal forces equivalent to the element stress and

Fext is the nodal loads corresponding to externally applied displacements. The transient

analysis of this nonlinear problem is carried out using direct time integration of the

equation of motion. For reliable solutions, a stable and efficient time integration algorithm

is desirable. Methods that are unconditionally stable in linear analyses appear to be

a natural choice for use in nonlinear analyses. However, unfortunately they might not

remain stable for nonlinear analyses in large deformation as the traditional methods, such
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as the trapezoidal rule and the Wilson θ-method, did not give a stable solution for the

Eq. 2.15. Instead, a composite implicit time integration procedure [41] was used, which

is more effective for producing stable solutions for nonlinear dynamic problems [41, 42].

The time step ∆t has been subdivided into two equal sub-steps. For the first sub-step,

the trapezoidal rule was used and for the second sub-step, the 3-point Euler backward

method was employed. The equation of motion Eq. 2.15, after time integration, was

coded and solved in Matlab R2015b.

2.5 Verification

Verification and validation are processes by which evidence is generated and credibility

is thereby established that a computer model yields results with sufficient accuracy for

its intended use [43]. More specifically, verification is the process of determining that

a model implementation accurately represents the conceptual description and solution

of the model [44]. In simple terms, verification deals with solving the equations right

whereas validation is the process of solving the right equations. The verification process is

generally divided between code verification and calculation verification [45, 43, 46]. Code

verification assesses whether the code is an accurate representation of the discretised

model, whereas calculation verification determines whether the discretised model correctly

represents the mathematical model. A thorough verification process, specially code

verification, is necessary when “custom” or “in-house” computational codes are developed.

The benchmark hierarchy that is usually recommended for model verification is: 1-

analytical solutions; 2- semi-analytical solutions; 3- numerical solutions. However, since

the implementation of a nonlinear viscoelastic model in the finite strain computational

framework is to be verified, no analytical or semi-analytical solution is available. The

numerical solution to the intended problem is also limited because, to the best of the

author’s knowledge, the current nonlinear viscoelastic constitutive model could not be

found in any commercial software. Therefore, in the earlier part of the study, the model

was only justified by being compared to the known physical features of rheometer tests.

However, in the second part of the work associated with the Human Body Level, when the

material model of adipose tissue was implemented in LS-DYNA as a user-defined material

model, further verification was carried out. Similar results were obtained from the model

in Matlab and numerical solution in LS-DYNA, consequently allowing verification of the

model in Matlab and the accurate implementation of the constitutive model of adipose

tissue in LS-DYNA.

There are some physical features in rotational rheometer tests that are suitable for

justifying the computational model of adipose tissue including the constitutive model,
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the element type and the composite implicit time integration scheme. As mentioned in

Eq. 2.1, in a rotational rheometer test, the sinusoidal shear strain of γ(t) = γ0 sin(wt)

is imposed at a specific frequency which in the steady-state results in sinusoidal shear

stress, τ(t) = τ0 sin(wt+ δ). The phase angle δ and the dynamic shear stiffness Gd are

the two characteristics of this test which were well captured by the adipose tissue model

in Fig. 2.2. Different frequencies with different viscoelastic parameters were simulated,

resulting in the same qualitative response [47]. It is mentionable that traditional methods

such as the trapezoidal rule and the Wilson θ - method did not give a stable solution.

Also, full integration formulation was employed since under-integrated formulation did

not converge.

Figure 2.9: The difference between the dynamic and quasi-static behaviour of adipose

tissue at two frequencies, γ0 = 0.001.

The tissue response from rotational rheometer tests is usually analysed with the Fourier

transform and only the first mode corresponding to the equilibrium response, known

as constitutive tissue behaviour, is taken as the tissue response to rheometer tests. So,

to characterise the tissue response at very high rates, the application of the rotational

rheometer setup is limited since the inertia effect becomes dominant, and the separation

of equilibrium response from the dynamic response might not be transparent anymore.

To investigate this assumption as well as the capability of our model to capture this

physics, quasi-static and dynamic responses of a typical rheometer test were modelled

at two high frequencies of w = 400 rad/s and w = 1000 rad/s. The apparent stress

τ = 2T
πR3 is calculated form the reaction torque at the upper plate, T . At the frequency of

w = 400 rad/s, Fig. 2.9, a slight inertia effect was seen at the beginning of the adipose

tissue response, which quickly damps out because of the viscoelastic property of adipose

tissue (hysteresis energy dissipation). Hence, in this case, the equilibrium response of the

adipose tissue equals its steady response. However, raising the frequency to w = 1000
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rad/s, the inertia effect becomes more dominant which can limit the extraction of the

equilibrium response (or the constitutive behaviour).

Another limitation of rheometer tests is the sample size. A high length-to-diameter of

a sample may also activate the inertia effect [48, 24]. The sample size proportion L/d

is doubled in Fig. 2.8 and the consequent effect has been investigated. The increase of

L/d for the sample activates the inertia effect as it is now more dominant, Fig. 2.10.

Therefore, the quasi-static assumption might not be reasonable for this sample size,

whereas, for half of this sample length, it is a reasonable assumption. Any limitations

to the frequency level and the sample size of the rheometer tests for adipose tissue has

been appropriately addressed by the developed model. Moreover, the model captured

the known tissue behaviour in rheometer tests at high frequencies. These observations

enhance our confidence in the model.

Figure 2.10: The effect of a larger length-to-diameter (L/d) size on adipose tissue behaviour,

γ0 = 0.001.
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3 The Human Body Level

This section introduces the methods applied for studying submarining, considering vari-

ability in occupant anthropometry and material properties, as well as variability in vehicle

design parameters. To the best of the author’s knowledge, a ubiquitous quantitative

definition of submarining has not been defined to date. However, the consensus is that

the qualitative definition of submarining pertains to the lap belt suddenly slipping over

the Anterior Superior Iliac Spine (ASIS) [49, 21, 8]. Initially, the proposed adipose tissue

constitutive model was implemented in LS-DYNA. Some initial efforts were made to study

the submarining behaviour using a full FEHBM, the SAFER HBM v9 [50, 51]. However,

the soft behaviour of the new constitute model for adipose tissue in combination with

poor mesh quality in the pelvic region resulted in numerical issues, which motivates the

continuing study using a FE submodel of the pelvis [21] that can easily be remeshed. The

FE submodel’s potential to sufficiently show submarining characteristics has been verified.

Finally, the submarining phenomenon and the influence by different levels of obesity and

lap belt initial position, have been studied.

3.1 Implementation in FEHBM

The new constitute model of adipose tissue was implemented in LS-DYNA. This required

converting the Matlab code into a Fortran subroutine, which takes the deformation gradient

tensor as input and returns the Cauchy stress tensor as output. The Fortran subroutine

output for a given deformation gradient tensor was compared with the Matlab code to

ensure that conversion from Matlab code to Fortran code had been accurately performed.

In addition, the rotational shear tests were recreated in LS-DYNA and compared with the

results of the computational model in Matlab. Subsequently, the correct implementation

of the new material model in LS-DYNA, as well as the computational model itself, were

verified. This was repeated for different strain levels and strain rates obtaining the

same results as the computational model in Matlab. Both under-integrated and fully

integrated element formulations produced stable results, probably because high-quality

fine hexahedral elements were used. In the next phase, the full SAFER HBM v9 [50, 51]

model was used to replicate the PMHS test PMHS700 in [49]. Although this time, several

numerical instability issues were encountered.

The numerical instability was mainly due to poor mesh quality. The aspect ratio

for some of the elements for adipose tissue in the SAFER HBM v9 are high. Under lap

belt loading, adipose tissue deformed sharply which resulted in skewed elements, and

consequently numerical error. This does not present a problem with the default material

18



model for adipose tissue as it is much stiffer, preventing significant deformation and

consequently generating less of numerical instability. One particular issue with explicit

FE codes such as LS-DYNA when using an under-integrated scheme involves hourglass

modes. Hourglass modes are nonphysical, zero-energy modes of deformation that produce

zero strain and no stress. LS-DYNA has various algorithms for preventing hourglass

modes which normally introduce an artificial numerical stiffness into the model. It is

recommended (by LS-DYNA Support) that hourglass energy should be < 10% of the peak

internal energy of each part and that hourglass control of viscous type is used for soft

materials. However, when using the viscous type hourglass control, the hourglass energy

of adipose tissue in SAFER HBM v9 was more than 50% of the internal energy. Full

integration formulation caused numerical instability at the very early simulation time,

possibly due to volumetric locking. Last but not least, numerical instability was observed

when (a soft material model such as) the adipose tissue model was integrated in between

other stiff parts in the SAFER HBM v9. In this case, the sharp shift in the material

behaviour at boundaries between stiff and soft parts caused numerical problems.

Certain practical concerns associated with submarining study prevail, particularly if

the effect of different obesity levels and initial lap belt position on submarining are to

be studied. Such cases require building different geometries with different subcutaneous

adipose tissue layer thicknesses, which are very difficult and time consuming to build

in a full FEHBM. In addition, following specifics of a test setup such as the initial belt

position can be challenging in a full FEHBM, since the belt position has to be adapted to

the contour of the body surface.

Due to the mentioned numerical and practical issues, constructing an FE submodel

of the pelvis and its surrounding tissue able to capture the main characteristics of

the submarining phenomenon, while still remaining simple enough to be meshed with

high-quality elements, was chosen over established full FEHBMs.

3.2 The FE Pelvis Submodel

Since the interaction between the lap belt and the pelvis is a local phenomenon, only

involving parts surrounding the pelvis influencing submarining, have been the focus of

this study. Therefore, inspired from the SAFER HBM v9 [50, 51], the developed model

only features the flesh (skin and subcutaneous adipose tissue), the abdomen and part

of the pelvis (iliac crest), Fig. 3.1. Submarining , in this study, has been investigated

in a simplified setup, pulling the lap belt over a fixed pelvis similar to in [49, 52, 8, 53].

The posterior side of the abdomen has been fixed to resemble the strong force from the

fixed spinal column. The flesh tissue is very soft and deforms sharply under the lap belt
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(a) (b)

Figure 3.1: (a) SAFER HBM v9 model and the details of the area of interest to study lap

belt-pelvis interaction. (b) Modelling the area of interest by a FE pelvis submodel (two

different perspectives).

load, so the effect of the imposed deformation on tissue response is negligible at a short

distance from the lap belt. This has been confirmed through different simulations where

the type of boundary condition of the soft tissue was altered without influencing the

model response. Due to the symmetry in the lap pulling test setup, only one side of the

lap belt-pelvis interaction has been modelled.

The formulation of the conceptual model is the most important aspect of the modelling

process. The physical responses of interest must be captured in the computer model,

hence it is essential to initially determine the intended use of the model and to identify

a-priori which components to implement and which to leave out. At this point, it should

be assured that the conceptual model is based on a rational assumption, i.e., in this

case the only parts engaged during lap belt loading are soft tissue, pelvis, and abdomen.

These parts have been investigated through a full FEHBM model analysis. A virtual belt

pulling test using a morphed SAFER HBM v9 representative of a female with a BMI of

31 corresponding to the PMHS in [49] was simulated in LS-DYNA. The default material

model for adipose tissue was replaced with the new material model in this simulation. The

lap belt force and the contact force between the soft tissue and the pelvis as a function

of time are presented in Fig. 3.2. The corresponding belt trajectory is also shown. To

synchronise the two figures, the three specific moments of a, b and c are marked on both

curves. Three phases are recognisable in Fig. 3.2. In the beginning, the lap belt force was

solely resisted by the pelvis through the soft tissue until it reached its peak, i.e., the lap

belt force was almost the same level as the pelvis-soft tissue contact force, (Phase I, from

a to b). In this phase, secure hooking between the lap belt and the pelvis was formed.

Then, due to accumulated force between the pelvis and the lap belt, a drop in the belt
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Figure 3.2: (a)The lap belt force and pelvis-soft tissue contact force over time for the

morphed SAFER HBM v9. (b) The corresponding belt trajectory. Three specific moments

of a, b, and c are marked on both curves.

force occurred as the result of the belt slipping over the iliac crest. At this moment, the

abdomen started to engage and take some of the lap belt force which is recognisable in

Fig. 3.2. The belt force differs from the pelvis-soft tissue contact force (Phase II, from b

to c). Finally the lap belt slipped off completely and loaded the abdomen which created a

constant low force (Phase III, after c). Therefore, all deformation occurred locally around

the iliac crest and can be sufficiently described by only considering the complex of the

lap belt-soft tissue-pelvis-abdomen. A similar qualitative response of belt force was also

observed in the lap belt pulling tests conducted by [49], thus, supporting the assumption

of the conceptual model herein.

3.3 Verification and Validation

The solution to submarining simulation with the FE pelvis submodel is smooth, i.e., there

are no singularities, discontinuities and unrealistic buckling in the behaviour. Therefore,

the calculation verification in this case is simply assumed as incrementally refining element

discretisation until a convergent result is obtained. It is always recommended that the

intended validation parameter (e.g., strain measurements) be used as the primary criteria

for determining mesh convergence [54]. However, since submarining does not have a

quantitative definition and involves interaction among many physical parameters resulting

in a particular behaviour, there is no quantifiable validation parameter for determining

mesh convergence. Hence, the lap belt force might be the best choice criteria for the mesh
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convergence. An average element size of 10 mm provided convergent results, meaning that

smaller element sizes did not meaningfully influence the belt force. Hexahedral elements

incorporating full-integrated formulation, (LS-DYNA element formulation 2) were used

for the solid parts of the FE pelvis submodel. The skin, lap belt, and the cortical bone of

the pelvis were meshed with shell elements. Since high-quality elements were generated

for the adipose tissue, the FE pelvis submodel did not encounter any of the instability

issue which was previously observed in the full SAFER HBM v9.

In the next step, the FE pelvis submodel will be validated. A comprehensive validation

for the FE pelvis submodel might not be achievable since there is no well-quantified

measure for submarining. Instead it is a sequence of physical processes leading to a binary

outcome, submarining or not submarining. However, comparing the qualitative response

of the model with a few physical tests may still provide more evidence of the reliability of

the FE pelvis submodel. For this purpose, the lap belt pulling tests conducted by Kim et

al. [49] were simulated. Four tests on an obese PMHS (BMI = 31), defined as PMHS700

in the paper [49] which resulted in submarining, together with one test on a non-obese

PMHS (BMI = 24.1), PMHS683, without submarining were selected. The initial belt

position was given with respect to the ASIS, as in the test [49]. Pelvis angle and initial

belt angle were also modelled as reported in the test [49]. Two different loading rates of 3

m/s and 4 m/s and two load limit levels of 1 kN and 3 kN were used. The thicknesses of

the soft tissue around the ASIS of the obese PMHS700 and the non-obese PMHS683 were

different, 40 mm and 15 mm, respectively, which were also considered in the FE pelvis

submodel. Lap belt force and belt trajectory of each lap belt pulling test are shown in

Fig. 3.3. Similar to the physical test, the FE pelvis submodel predicted submarining for

all load cases in the PMHS700 and not submarining for the load case in the PMHS683.

In contrast to the newly developed material model [55], the default material models in

the GHBMC (a foam model defined by a single uniaxial load curve) and the THUMS v3

(a linear elastic model with one term of Prony series) did not result in submarining for

any load case in the PMHS700. Hence, simulation of the physical tests in [49] at least

provided some support to the FE pelvis submodel as well as the biofidelity of the new

material model for submarining prediction.

22



0 50 100 150

Time (ms)

0

2

4

6
B

e
lt
 f
o
rc

e
 (

k
N

)
test data

the new material

THUMS v3

GHBMC

(a) PMHS700-3

-20 0 20 40 60 80

X(mm)

0

20

40

60

80

Z
 (

m
m

)

test

the new material

THUMS

GHBMC

0 50 100 150

0

2

4

6

(b) PMHS700-4

-20 0 20 40 60 80

0

20

40

60

80

0 50 100 150

0

2

4

6

(c) PMHS700-5

-20 0 20 40 60 80

0

20

40

60

80

0 50 100 150

0

2

4

6

(d) PMHS700-6

-20 0 20 40 60 80

0

20

40

60

80

0 50 100 150

0

2

4

6

(e) PMHS683-3

-20 0 20 40 60 80

0

20

40

60

80

Figure 3.3: The model prediction of the lap belt pulling test [49] on two PMHSs, the

PMHS683 and PMHS700, comparing new material model [55], the THUMS v3 and the

GHBMC material models. The first figure for each set is the lap belt force and the second

one is its corresponding belt trajectory.
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3.4 Submarining Simulation

This section explains how submarining, and in particular the effect of initial lap belt

position and the thickness of adipose tissue, can be evaluated by the FE pelvis submodel.

The qualitative definition of submarining pertains to the lap belt suddenly slipping over

the ASIS [49, 21, 8]. However, to carry out a parameter study, submarining should be

determined in the simulation by a measurable quantity. In the current study and assigning

the ASIS as the origin of coordinates for the midpoint belt position, submarining has

been quantified as the trajectory of the midpoint of the lap belt passing beyond X > 25

mm, Fig. 3.5. The reason for selecting 25 mm is because it is half of the width of a

typical belt, i.e., the midpoint, and passing the midpoint of the lap belt from X = 25 mm

means the whole belt will have slipped over the ASIS. Hence, submarining would probably

be unavoidable. The accuracy of determining submarining with this criterion is also

visually confirmed. As an example, Fig. 3.4 shows a typical submarining simulation result,

where cases identified as submarining are defined in red, whereby accurate submarining

identification can be checked.

Figure 3.4: All belt trajectories starting from one point; the cases identified as submarining

are defined in red [21].

As mentioned, obesity influences the lap belt initial position due to a thick layer

of adipose tissue [6, 5]. An increase in BMI moves the lap belt initial position further

anterior-superior to ASIS, approximately in a 45◦ direction [6]. Correspondingly, this has
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been accounted for in the FE pelvis submodel through consideration of four different soft

tissue thicknesses, Fig. 3.5. Comparing the lap-belt position and BMI in [6, 4], the FE

pelvis submodel will approximately cover the BMI range of 25− 40, with five BMI steps

between each layer. Moving the lap belt position along these curves, the space in the

front of the ASIS can be swept by defining 10 points along each curve, Fig. 3.5. This

computational setup facilitates investigation of various parameters that may influence

submarining.

Figure 3.5: The four curves represent the outer surface of soft tissue with different

thicknesses of adipose layers. The dots represent the possible initial lap belt positions (the

midpoint of the belt). The pelvic angle, as defined in [56], is the line through the midpoint

of the sacral plate and midpoint of the femoral head’s axis, and the vertical. The belt angle

is the angle between the lap belt and the horizontal in the sagittal (XZ) plane.
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4 Global Sensitivity Analysis

A wide individual spread of mechanical properties is an intrinsic characteristic of biological

materials including adipose tissue, particularly at high-impact loading. Therefore, it is

common that as an initial procedure for understanding the physical response of a system

in the field of biomechanics sensitivity analysis is performed. Global Sensitivity Analysis

(GSA), [57], has been commonly used for this purpose in computational biomechanics

literature [54, 58, 59, 60, 61]. The GSA can be used in different circumstances for different

purposes and the manner of their use in one content might be inappropriate for another,

[62]. Hence, the formulation of GSA inquiry, also called setting, should be stated before

carrying out GSA. The factor prioritization (FP) setting is associated with obtaining

insight into the most important input parameters of a particular system, which has

been used in this study [58, 21]. When input parameters do not correlate, Sobol [63]

has suggested a variance-based GSA in the FP setting. The method is based on the

decomposition of the total output variance. If an output variable Y depends on a vector

of n independent random variables, X = [X1, X2, ..., Xn]
T , via a function as Y = h(X),

then the total variance VY can be decomposed as:

VY =

n∑

i=1

Vi +
∑

i<j

Vij +
∑

i<j<k

Vijk + ... (4.1)

where Vi is the expected reduction in VY as a result of fixing Xi. It is also referred to as

primary variance. Similarly, Vij considers the effect of interaction between Xi and Xj on

VY . Then, the primary sensitivity Si is expressed as Vi

VY
, [64] . Likewise, the sensitivity

indices of all higher-order variance components, e.g. Sij =
Vij

VY
, can be obtained. Global

sensitivity STi focuses on the reduction in total variance VY when the primary variance,

Vi, and all higher-order variance components having i in their subscript are neglected,

[65].

In general, computing sensitivity coefficient by ANalysis Of VAriance (ANOVA)

decomposition involves two-layer high-dimensional integrals for each sensitivity index

which can be evaluated by Monte Carlo simulation using various sampling schemes.

However, it can be a costly computation, in particular for more demanding simulations

such as submarining simulations, as drawing different samples (size N) with n model

parameters requires N2n model evaluations. A computationally efficient method, called M-

DRM, has been proposed in [66] to calculate sensitivity indices. Using the M-DRM method,

a given complex function can be approximated by a product of low dimensional functions.

Combined with the Gaussian quadrature, the computational effort in the calculation of
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sensitivity indices is significantly reduced. Sensitivity indices are approximated as:

Si =
Vi

VY

≈
θi/ρ

2
i − 1

(
∏n

k=1 θk/ρ
2
k)− 1

STi ≈
1− ρ2i /θi

1− (
∏n

k=1 ρ
2
k/θk)

(4.2)

where ρi and θi are one-dimensional integrals that can be efficiently computed by Gaussian

quadrature.

ρi =

∫

Xi

h(Xi,C−i)fi(Xi)dXi ≈

NG∑

j=1

wjhj(X
(j)
i ,C−i)

θi =

∫

Xi

[h(Xi,C−i)]
2
fi(Xi)dXi ≈

NG∑

j=1

wj [hj(X
(j)
i ,C−i)]

2

(4.3)

fi(Xi) is the distribution function for Xi, C−i is the mid-point (also called cut-point)

vector for random variables where all variables are fixed at their mid points except Xi

which varies and h(Xi,C−i) is the corresponding functional evaluation. Two things should

be noted when using the M-DRM method. Firstly, since the M-DRM method is based on

numerical integration, reaching convergence should be ensured by the number of Gauss

points used. Secondly, there is a risk that sensitivity indices calculated by the M-DRM

method is locally valid, at the parameter set considered for the mid-point. Therefore, it

is crucial to evaluate if the consistent qualitative GSA results are obtainable at different

mid-point parameter sets.

The GSA was used at the two study levels as:

• Assessing the material parameter identifiability from different experiments, (Paper

A).

• Identifying the most important aspect of mechanical properties of adipose tissue in

submarining, (Paper C.)
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5 Summary of Appended Papers

• Paper A:

High variation in mechanical behaviour of adipose tissue particularly during impact,

as well as the availability of only few studies for characterising its mechanical

properties, have made developing a constitutive model challenging. Calibration

experiments have to be coordinated well with the characteristics of the model to

ensure that it activates all the material parameters to be identified. Hence, what

type of information can be obtained from different experiments which has been

addressed in Paper A. Several experimental setups have been assessed using Global

Sensitivity Analysis as a tool. For each experiment, constitute 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 has been found that frequency

sweep tests in rheometer setups are suitable for characterising a wide spectrum of

viscoelastic behaviour of soft tissue. Another finding is adipose tissue behaviour at

high impact loading is influenced by it compressibility. The latter is exemplified by

Fig. 5.1 where Poisson’s ratio has been identified as a sensitive parameter for high

impact loading indentation test.

Figure 5.1: Sensitivity analysis of the indentation test; a high value for the sensitivity

index of Poisson’s ratio implies its influence on adipose tissue properties at high-impact

loading, reproduced from Paper A.
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• Paper B:

Experimenting on soft tissues with full control and acceptable repeatability of

results is practically achievable either for large deformations and low rates or small

deformations and high rates. However, here, the behaviour of adipose tissue at large

deformation and different loading rates (as in car crashes) is sought. To account

for large deformations, a finite strain viscoelasticity model has been used, while

for the rate-dependent behaviour, four viscoelastic blocks have been embedded in

the model. The wide spectrum of the viscoelastic behaviour of adipose tissue was

described by a power-law function in the frequency sweep test, [24]. This feature has

been incorporated into the model by imposing a constitutive constraint between the

viscoelastic blocks (see also Fig. 2.4). Then, a ramp shear test (at large deformation)

was employed to incorporate adipose tissue behaviour at high strain levels. These

two tests activate different aspects of the mechanical properties of adipose tissue,

thus, a better overall picture of adipose tissue behaviour at different strain rates and

strain levels is obtainable than considering the two types of experiments individually.

Figure 5.2: A better prediction of adipose tissue mechanical properties at high strain rates

and large deformation is achievable by simultaneously considering a ramp shear test and

a frequency sweep test, Paper B.
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• Paper C:

Submarining, the lap belt sliding over the iliac crest of the pelvic, is a phenomenon

that can cause a higher risk of injuries. In this regard, the influence of the mechanical

behaviour of adipose tissue can be substantial, particularly for obese occupants hav-

ing a thick layer of adipose tissue, since the lap belt interacts with the iliac crest of

the pelvis through this layer. Therefore, the effect of the developed constitute model

for adipose tissue in Paper B on lap belt-pelvis interaction has been investigated.

To study lap belt-pelvis interaction, the iliac crest of the pelvis and its surrounding

parts, namely soft tissue, abdomen and the lap belt has been considered in an FE

pelvis submodel. The FE pelvis submodel derives its material model parameters

from the SAFER HBM v9 except for the adipose tissue that the newly developed

model in Paper B is embedded. Submarining was successfully replicated using

the new material model. In contrast, submarining could not be captured when the

default adipose tissue material model in the THUMS v3 and the GHBMC were used

in the FE pelvis submodel. This indicates the significance of a biofidelic model for

adipose tissue in submarining prediction. Hence, the main aim of this study, was

to identify the most influencing material parameters. Global Sensitivity Analysis

was used for this purpose. It has been found that, firstly, the incompressibility

condition of adipose tissue is the most influential parameter. This is consistent with

the conclusion in Paper A identifying the Poisson’s ratio as an essential parameter

in impact loading. Secondly, the nonlinear elastic and viscoelastic properties are

influential due to experiencing large deformation.

Figure 5.3: The graphical abstract of Paper C. Left: The effect of the new material

model. Right: Poisson’s ratio as the most important material parameter.
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• Paper D:

A closer look at submarining has been paid in this paper. Using the FE pelvis

submodel from Paper C, several parameters that might influence submarining, as

well as the effect of initial lap belt position and obesity on the risk of submarining,

have been investigated. Submarining parameters include lap belt angle, lap belt force,

belt loading rate, pelvis angle, friction and material properties of adipose tissue. The

parameter study was carried out in two steps: Initially, an individual parameter study

to find parameters involving higher impact on submarining; Secondly, conducting a

further comprehensive study on the parameters identified in the previous step. Belt

angle, pelvis angle, Poisson’s ratio and belt force were identified as more important

parameters than others in the individual parameter study. In the second step, it has

been found that the risk of submarining is generally higher for the obese population.

The results showed that the interaction effect of important parameters accumulate

synergistically for a thicker soft tissue layer, resulting in a higher risk of submarining

for obese occupants. The findings of this study can serve as a guideline for the

development of biofidelic FEHBMs as well as appropriate restraint system designs

to reduce injuries.

Figure 5.4: The risk of submarining for different selections of design parameters of belt

force and belt angle. Generally, a higher risk of submarining is predicted in all cases for

thicker adipose tissue layers, Paper D.
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6 Conclusion and Future Work

A new biofidelic constitute model for adipose tissue was established, whereby submarining

was studied and influencing parameters were identified. The research questions in the

beginning of this study was used to conclude the work:

At the Tissue Level:

• Which information can be obtained from different experimental setups used for

characterising adipose tissue properties?

– A wide spectrum of rate-dependent properties can be obtained from frequency

sweep tests. Ramp-loading shear tests can characterise nonlinear shear prop-

erties at a certain rate. Depending on the loading rate, both shear and bulk

stiffness can be activated in unconfined compression tests and indentation tests.

Although, at high loading rates, bulk stiffness dominates the response and the

tissue behaviour is highly influenced by its incompressibility.

• What is a reliable parameter identification for the adipose tissue constitutive model,

considering the high variation in the adipose tissue behaviour at large deformation

and high strain rates?

– Considering frequency sweep tests along with a ramp-loading shear test seems a

good combination to identify rate-dependent and nonlinear features of adipose

tissue. Unfortunately, incompressibility of adipose tissue cannot be identified

from these tests though it is an important parameter at high loading rates.

• What is a suitable constitutive model to predict adipose tissue behaviour in vehicle

crash situations?

– A constitute model that incorporates a wide range of strain rates as well as non-

linear features associated with elastic (hardening) and viscoelastic (softening)

behaviours.

At the Human Body Level:

• What is the advantage of the new constitutive model to submarining prediction

compared to the current material models in FEHBMs for adipose tissue?

– It is able to successfully predict submarining observed in physical tests while

current models are over-stiff preventing the belt sliding over the pelvis.
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• What features of adipose tissue influence the submarining behaviour the most?

– The incompressibility level of adipose tissue is the most important followed by

the nonlinear properties.

• What other parameters, including vehicle-design and occupant parameters influence

the mechanism of submarining? How do obesity and initial lap belt position

influence?

– Belt angle and pelvis angle have been identified as important safety design

parameters. The interaction effect of these parameters accumulate synergisti-

cally for a thicker soft tissue layer, resulting in a higher risk of submarining for

obese occupants.

The incompressibility of adipose tissue, or Poisson’s ratio, has been found to represent

an important parameter in the mechanical behaviour of adipose tissue during impact, e.g.,

in submarining. However, to date a thorough experimental investigation on this property

for adipose tissue has not been carried out. This is a critical question for future research

at the tissue level. On the human body level, an interesting topic for study would include

considering the multi-layer structure of the flesh tissue in the front of ASIS in order to

clarify the effect the muscle layer has on the submarining mechanism.
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