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Chapter 16. INVESTIGATION OF ADIPOSE MECHANICAL
PROPERTIES UNDER COMPRESSION LOADING FOR
IMPROVING HUMAN BODY ARMOR MODELING

To improve blast absorption characteristics of personal protection equipment (PPEs),
understanding the effects of blasts on the human body itself is a critical step toward
improving protective device design. Adipose tissue mechanical properties were
investigated under quasi-static and dynamic compression loading at varying strain
rates on specimens made from porcine subcutaneous adipose tissue. The specimens
were subjected to a uniaxial compression test on an MTS universal testing machine to
obtain stress versus strain response data. The tests were carried out at three strain rate
regimes: 0.05%/s, 0.5%/s, and 5%/s. For modeling the passive behavior of
subcutaneous adipose tissue, three-term QLV and one-term Ogden models were
chosen. Python codes were used to numerically simulate experimental data.
The hyperelastic material parameters obtained were as follows: u = 16.4, a = 8.41,
C1=-136.980, C, =-225.60, and C3 = 3636.85.

To simulate adipose tissue, a finite element model was created. The average elastic
and shear modulus for strain rates ranging from 0.05 to 5% were determined to be:
Initial E = 12.71 £ 10.93 kPa, final E = 1300 £ 66.60 kPa. Initial modulus of rigidity
G = 4.23 £ 2.30 kPa, final G = 433.30 + 22.20 kPa. For the Ogden and quasilinear
viscoelastic models, the correlation coefficients were R? = 0.9809 and R? = 0.9986,
respectively. When comparing the model to the experimental data at a 0.5% strain
rate, these were the coefficients of determination. A comparison of experimental and
simulation results revealed that the QLV model could reproduce the stress-strain curve

with acceptable accuracy.
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Under steady loading, it was discovered that subcutaneous adipose tissue is strain rate
dependent and exhibits a non-linear stress-strain response. Because it is soft and
compliant under quasi-static loading but stiff and resilient under dynamic loading, it

exhibits both viscous and elastic behavior.

16.1. Introduction

Technology advancement has not only helped to improve counterterrorism measures,
but it has also enabled insurgent bomb makers to develop new, more sophisticated
explosives used on battlefields to attack. Blast injuries are more common than not
encountered on battlefields. In such a blast situation, severe injuries are frequently
accompanied by traumatic effects throughout the body. Post-traumatic effects, such as
ear injuries, lung injuries, abdominal injuries, brain injuries, and soft tissue damage,

occur more frequently than death [1].

A blast wave is generated from an explosion by the sudden release of a large amount
of energy in a very small volume. A blast wave is commonly comprised of a shock
wave and blast wind [2]. When a bomb explodes, the area around the explosion
becomes over-pressurized, resulting in highly compressed air particles that travel
faster than the speed of sound. This wave will dissipate over time and distance and
will exist only for a matter of milliseconds. This initial blast wave inflicts the most
damage. When this blast wave reaches a human body, the body will feel the force of
the blast, which is the primary and initial impact of the shockwave [3]. This damages
the body on impact. The force with which a blast occurs is called its load. Blast
loading can inflict enough stress on the body to cause it to be flung onto a structure.
After a blast wave strikes the body, high-velocity shockwaves, or stress waves, will
continue to pass through it. Then travel through the organs and tissues. Shockwaves
carry energy through the medium they pass through; they're supersonic and transport
more energy than sound waves. At the explosion site, a vacuum is created by the rapid
outward movement of the blast. This vacuum will almost immediately refill itself with
the surrounding atmosphere. This creates a very strong pull on any nearby person or
structural surface after the initial push effect of the blast has been delivered. As this
void is refilled, it creates a high-intensity wind that causes fragmented objects, glass

and debris to be drawn back in toward the source of the explosion [3]. Therefore,
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in a blast scenario, two parts namely positive and negative sections are created. Blast

wave leads to injury through spalling, implosion, and inertia [4].

Blast injuries have been categorized into four major types: primary, secondary,
tertiary and mutilating [2, 4, and 5]. Primary blast injury is caused by a blast wave
striking the body and transmitting energy directly into the body. Currently, there are
no effective ways to prevent shockwaves from passing through protective clothing,
and in some cases protective measures may even amplify the destructive effects [6].
Secondary blast injury occurs by debris propelled onto or into the body by the blast or
its blast wave. The most common cause of death in a blast event is secondary blast
injuries. These injuries are caused by flying debris generated by the explosion.
Terrorists often add screws, nails, and other sharp objects to bombs to increase
injuries. Soft tissue injuries are one of the most common types of secondary blast

injuries. Thus, it is of substantial interest in this research.

Following blast dynamics, Personal protection equipment (PPEs) have continually
been designed. However, to date, military-grade armor materials designed to mitigate
ballistic and shrapnel attacks are less effective in resisting blast impacts. In order to
improve blast absorption characteristics of armors, the first key step is thoroughly
understanding the effects of blasts on the human body itself. In literature, an extensive
study on the effects of blast on some parts of a human body has been conducted using
experimental and computational modeling techniques. Abundant computational
models to study blast effects on the human head were developed by Ganpule et al. [7, §].
Arnab Chanda et al. modeled skin and bone sections from six locations of the body
1.e. the elbow, figure, wrist, cheek bone, forehead and skin basing on the knowledge of
human anatomy and eye estimation of three subjects [1]. Subcutaneous adipose tissue,
like other soft tissues in human body, is vulnerable to blast loading and shrapnel
penetrations among other impacts. Furthermore, studies have shown that subcutaneous
adipose tissue plays an important role as a mechanical load absorbing and distributing
member that absorbs shock and protects against local stresses [9, 10]. However, there
is a paucity of studies characterizing biomechanical response of adipose to loading
conditions. This provides adequate grounds to study the mechanics of adipose tissue

loading, which will be a vital step towards improving the design of protective devices.

Most experiments have been conducted on surrogates, animal models, cadavers and
few on live human subjects [10, 11]. Adipose tissue is commonly characterized using

human heel pad tissue, human breast and porcine subcutaneous [9—11] whereby its
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biomechanics have been studied experimentally and numerically using finite element
methods. In this case, a pig’s subcutaneous adipose tissue specimen was used
as a model for studying human subcutaneous tissue because comparatively, pigs have
genetical, physiological and anatomical traits similar to humans, which make them
one of the most useful and versatile animal models. Owing to these similarities, data
generated from porcine models are more likely to lead to viable human treatments
than those from murine work. In addition, the similarity in size and physiology to
humans allows pigs to be used for many experimental approaches not feasible in mice.
Research areas that employ pigs range from neonatal development to translational
models for cancer therapy [30]. Specimen(s) were subjected to varying strain rates
[10—12] to demonstrate different loading conditions. Adipose, as with most biological
tissues, exhibits heterogeneous, rate-dependent, viscoelastic behavior and experiences
large non-linear deformations [15]. It is suggested that adipose is approximately
isotropic in structure and due to the large lipid content, is almost incompressible [11].

Notwithstanding, a recent study by [14] observed some anisotropy in the specimen.

This work aims to future look into adipose tissue mechanics by investigating its
mechanical properties under quasi-static and dynamic compression loading at varying
strain rates so that important factors that affect its physical properties are understood.

Thus, give an insight into predicting the behavior based on the components it is made of.

16.2. Materials and methods

MTS machine was used to perform the uniaxial compression hence obtaining the
stress versus strain response data of porcine fat tissue from the material testing

mechanical laboratory.

16.2.1. Specimen preparation and Experimentation

A pig’s subcutaneous adipose tissue was obtained from the nearby market, fresh and
succulent with the skin on. The skin was dissected off the adipose tissue using
a scalpel blade so that preloading conditions are not altered much by the cutting force.
More so, correct measurements and the right shape are maintained on the surfaces of

the specimen. This was to ensure the consistency of all the samples. The resulted
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block of adipose was cut accurately into cubes of 10mm in dimensions. The
measurement of dimensions in the specimens’ unloaded state was done using
a conventional ruler. To enable the generation of data consistent with the specified

specimen shape, the dimensions of every specimen were confirmed prior to loading.

Fig. 1. (a) MTS universal testing machine (b) Specimen placement (c) Computer data generation and
Rys. 1. (I;l)oijtlrllligwersalna maszyna wytrzymato$ciowa MTS (b) umieszczenie probki (¢) generowanie
i komputerowe kreslenie danych
The specimen was placed on the center of the lower platen and oriented so its
remaining four surfaces were perpendicular to both the platens. This allows the
compression to be uniaxial without limiting shear loading because the test was
unconfined. The upper platen was lowered down to partially touch the top surface of
the specimen. This point was assumed to be the datum. The two platens were made
sure that they were frictionless to avoid lateral stresses. A compressive loading regime
was programmed into the software i.e. zero load, zero position and find contact. The
test was executed using the software program where the sample was loaded under
compression. These tests were performed over 3 strain rate regimes which is 0.05%,
0.5% and 5%. The same procedure was followed for all the specimens. The ambient

temperature was 10°C.

It was assumed that the experiment occurred under symmetric conditions, with
a homogeneous, isotropic and incompressible material, and that imposed deformations

were small compares to the original size of the cubic specimen.

16.2.2. Experimental data analysis

The experimental engineering stress was found by dividing the reaction force at every
sample point by the un-deformed contact area. The engineering strain corresponded to
the displacement of the platen divided by the un-deformed (original) height of the

specimen. Nominal stress and strain were also calculated.



236

Unlike traditional solid materials that are typically described with a linear elastic or
hyperelastic behavior, most soft tissues are inhomogeneous, anisotropic, and
frequently have integral nonlinear viscoelastic mechanical behavior because they
consist of significant amounts of interstitial fluids. Therefore, this mechanical
behavior involves a response that changes with time as a product of tissue relaxation.
All the above-mentioned characteristics together with a nonlinear stress-strain
relationship make the characterization of biological tissues complicated [23]. Three-
-term QLV and one-tern Ogden models were selected for modeling the passive
behavior of subcutaneous adipose tissue. The equation below expresses the Ogden
hyperelastic material law.

W= 3L (7 + 25+ 25 = 3) + KU — 1= In]) (1)

Where W is the strain energy of the model, p is the initial shear modulus, a is the
strain hardening exponent, A; is the stretch ratio in three directions: x, y and z and
J represents the bulk modulus. Subcutaneous AT was considered incompressible, in
this way, J equals to 1. Consequently, one-order Ogden law simplifies a can be

expressed as follows,
W =220¢+2% + 15 -3) ()

Quasilinear viscoelastic (QLV) constitutive model is perhaps the most common
viscoelastic constitutive model used to characterize biological soft tissues. It has the
capability of modeling materials with time-dependent viscoelastic behavior that
undergo large deformation. The constitutive equation, which is defined as the
convolution integral of the time-dependent reduced relaxation function with the time
derivative of the elastic response function, can be used to fit the experimental data and
to estimate the QLV parameters [25, 26].

QLYV theory models the viscoelastic response of a material based on a stress relaxation

function and the instantaneous stress resulting from a ramp strain as:
o(t) = G(t) * o°(e) 3)

Where o (t) is the stress at any time t, 6°(€) is the stress corresponding to an
instantaneous strain, G(t) is the reduced relaxation function representing the stress of

the material divided by the stress after the initial ramp strain noted that * represents
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the convulsion of G and ¢°(€), which is G(t) multiplied by 6°(¢) and then integrated

over time. G(t) is defined as:

haG(6) = 20 and G(0%) = 1 )

The complete stress history at any time is then the convolution integral:

80°(t) 8¢

a®)=["_G(t-1) 0= (5)

80°(t)

€

Where G is the reduced relaxation function, represents the instantaneous elastic

8¢ . o .
response, and i is the strain history. It can be assumed that t starts at zero instead of

negative infinity for the exponential situation. The reduced relaxation function is:
G(t) = ae Pt + ce 4 + ge
Or G(t) =Y, Gefit (6)

Where a, b, ¢, d, g, h are all constants to be determined experimentally. B; is the decay

constant.

The instantaneous stress response is assumed to be represented through the nonlinear

elastic relationship:
g¢(e) = A(ePf - 1) (7)

In the nonlinear elastic function, A and B are constants that must be determined by
experiment. They are also constants to be fit with experimental data. Three terms of

coefficients are adopted in this study.

16.2.3. Analytical solution

To determine the strain rate dependent material properties, an inverse FE algorithm
was used. Selected models (Ogden and QLV) were simulated numerically in python
using the available package weave namely: matplotlib, numpy and scipy. Parameter
optimization was carried out using a pycham optimization package. Thus, material
parameters were calibrated by minimizing the square of the absolute error between the

stress-strain data obtained numerically with the experimental measurements. This
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produced optimal material parameters. The use of absolute errors instead of relative
errors is justified as it provides a better fit for large deformations [27]. Since the main
output of numerical and experimental tests was the compressive force measured over
time on the adipose tissue specimen by the load cell, the objective function was
formed to calculate and minimize the difference between the experimental and

numerical force measurements.

n

n . — 2
f(x) — \/Zl=1(J’LExp YiNum) (8)

Where f(x) is the objective function, yiexp is the value of experimental force, yinum 1S
the responsive numerical force and n is the number of data points in experimental

tests.

Hyperelastic material parameters; p, a, C1, C2, and C3 were obtained from the

numerical inverse process.

16.2.4. Modelling and Simulation

Commercial solver LS-DYNA SMP R11.0.0x64 was used in conjunction with
Ls-prepost(R) V4.5.24 for modeling and simulations of the adipose tissue. Ls-prepost
can be used to model simple components that do not have intricacies in its parts. This

version of the software have Implicit and Explicit finite element codes.

Platen

Tissue

Model

Platen

Fig. 2. Adipose tissue model between two steel platens
Rys. 2. Model tkanki thuszczowej pomigedzy dwiema stalowymi ptytami

The model was meshed to obtain accurate results. Automatic surface to surface
contact type was chosen with segment sets between the slave and/or master and the

specimen. Static coefficient of friction (FS) was set to 0.01 for both cases.
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16.2.5. Boundary conditions

The model setup is that all translational and rotational degrees of freedom (DOF)
about the bottom platen are constrained while on the top platen, the translational DOF
in compression direction was unconstrained. This allows the top platen to move
downwards during compression. The specimen model remains unconfined in the
middle of the top and bottom platens thus, undergoing uniaxial compression. To
execute the compression work, top platen (slave) was given a prescribed motion of

0.5%/s and the load curve scale factor set to negative 1.

16.2.6. Hyperelastic Material models

Ls-dyna present material models that can be used to analyze biological materials.
However, few can reasonably be used to analyze the constitutive properties of adipose
tissue. The models that can be used for this particular one are: MAT 077-O
OGDEN_RUBBER and MAT 176 QUASILINEAR VISCOELASTIC.

The former is a hyperelastic nearly incompressible model in principal directions and
the latter is a quasi-linear, isotropic, viscoelastic material which represents biological
soft tissues, such as the brain. Therefore suitable for simulating adipose tissue because

it undergoes finite deformation when stressed.

16.2.7. Inverse finite element method/analysis

To implement finite element analysis in lIs-dyna, material parameters found
experimentally were input into the respective material models. Ogden material model
(Fig. 4) required the input of parameters: density of material, Poisson’s ratio, mu (p),
alpha (o) and optional relaxation shear modulus (G) and relaxation constant(s) (B).
QLV material model (Fig. 5) required: density of material, Poisson’s ratio, bulk
modulus, relaxation shear modulus (G) and relaxation constant(s) (B) and elastic
constants C, C2 & Cs. The experimentally acquired parameters can be substituted with

load curve ID in the material model keyword cards.
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Table 1
Parameters input to material model cards
Density (p) 920 kg/cm®
Poisson’s ratio (v) 0.499983
Bulk modulus (k) 5e5 Pa
Relaxation shear modulus (G) G1=3000, G2=2770
Relaxation constants (p) Bi=310, P2=100
Ogden parameters p=16.40, o=8410
QLY parameters C1=-136.98, C,=-225.60, C3=13636.85

The parameter values of p, v, Gi and Pi used above were obtained from [46]

simulation of the calibration experiment with low strain rate (0.2%/s).

During the simulation, the specimen was compressed at a strain rate of 0.5%/s until
50% of its initial length as demonstrated in Fig. 3 below. Ogden model simulation was
carried by invoking implicit solver while QLV simulation used explicit solver because

it cannot be simulated in implicit solver. Both simulations converged successfully.

Stress-strain data from the elastic response of the material during simulation was
obtained by plotting designated node(s) and/or element(s) stress-strain responses that
were enabled by invoking in DATABASE HISTORY NODE/SOLID _ID. The data
was saved to excel files for later analysis.

a b

§

Fig. 3. (a) Tissue sample before compression (b) After compression
Rys. 3. (a) Prébka tkanki przed kompresja (b) po kompresji

| t=0ms t=20ms t=50ms t=100ms 1=145ms

n

Fig. 4. Demonstrates simulation using Ogden material model
Rys. 4. Demonstracja symulacji z wykorzystaniem modelu Ogdena

| Ob0ha=-80
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' t=0Oms t=20ms t=50ms t=100ms t=145ms

Fig. 5. Demonstrates simulation using quasilinear viscoelastic (QLV) material model

Rys. 5. Demonstracja symulacji z wykorzystaniem kwaziliniowego modelu lepkosprezystego

From the above demonstrations, it’s observable that the material models respond to
the applied load differently. This is depicted by change of stress colorations and shape
with respect to time. Ogden model gives almost immediate response to the load
compared with QLV model. On examining further, the specimen during the
compression test, lateral elongation was observed proving the presents of Poisson’s
ratio in the material. Poisson’s ratio contributes to the form of stress-strain diagram.
The initial and final cross-sectional area of the specimen in compression changed. In
this way, nominal and true strain diagrams cannot be identical. Until 50%

compression, the volume of the material was conserved.

The experimental curve at 0.5%/s was chosen for comparison with the developed
finite element model. The reason for choosing only one curve is that there is not
always a continuous increasing stiffness from lower to higher strain rates within the
levels, lower, intermediate and high of strain rate, hence one curve is sufficient. More

curves would not increase the accuracy [27].

16.3. Results

16.3.1. Experimental results

Experimental data obtained from compression of adipose tissue (see Table 1 above) in
the mechanical laboratory were represented graphically using OriginPro 2019b.
It is a graphing and data analysis software. Curves of the three samples are plotted
for each strain rate regimes i.e. 0.05/s, 0.5/s and 5/s as shown in Fig. 6 (a), 6 (b) and 7
(a) below.
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Fig. 6. (a) Three specimen samples at 0.05% strain rate. (b) Three specimen samples at 0.5% strain
rate

Rys. 6. (a) Trzy probki przy odksztalceniu 0.05%. (b) Trzy probki przy odksztalceniu 0.5%
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Fig. 7. (a) Three specimen samples at 5% strain rate. (b) Average of 0.05%, 0.5% and 5% strain rates
from figure 6 (a), 6 (b) and 7 (a) respectively

Rys. 7. (a) Trzy probki przy odksztatceniu 5%. (b) Srednie dla odksztatcen 0.05%, 0.5%, 5%
z rysunkow 6 (a), 6 (b) 17 (a)
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Fig. 8. (a) Increasing stiffness as strain rate increases. (b) Average from figure 3.3
Rys. 8. (a) Wzrastajaca sztywnos$¢ przy wzrastajacym odksztatceniu. (b) Srednia z rysunku 3.3

The values of elastic modulus and modulus of rigidity shown in the table below was
obtained from calculating the slope of the curve in Fig. 8 (b) above.
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Table 2

Average approximate elastic and shear modulus with standard deviations
for strain rates between 0.05% and 5%

Initial (A) Final (B)

(kPa) STD (kPa) b STD (kPa)
Elastic modulus 12.71 10.93 1300 66.60
(E)
Shear modulus (G) 4.23 2.30 433.30 22.20

The graph describes the stress-strain relationship of the adipose tissue and more so
clearly depicts the strain rate dependence of the tissue. The elastic modulus is within
the range reported in [9, 11, 20, 21] and the shear modulus calculated from the curve

slope is in agreement with the values reported in [11].

16.3.2. Analytical results

Using python algorithm parameters i.e. p, @ and Cy, Cz, & C3 from Ogden law and

Quasilinear-Viscoelastic law respectively, are obtained as tabulated in Table 3 and 4

below.
Table 3
Ogden parameters for the listed strain rates
Strain Rates i a R? RMSE
0.05% 7.820 8.763 0.9973 2.090
0.5% 16.062 8.330 0.9870 8.804
5% 25.380 8.331 0.990 13.91
Table 4
QLYV parameters for the listed strain rates
Strain Rates | C; C> Cs R? RMSE
0.05% -124.36 840.40 -15.280 0.990 4.251
0.5% -32 593.20 1041.14 0.9993 2.032
5% -51.11 937.26 1645.00 0.9993 3.210
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Table 5
Averaged Ogden parameters
u a R? RMSE
16.40 8.410 0.9809 11.195
Table 6
Averaged QLV parameters
Ci(-) Ca(-) Cs R? RMSE
136.980 225.60 3636.85 0.9986 3.90

These averaged parameters are used in the respective material models for simulations.

16.3.3. Inverse FEM results

Nominal Stress (kPa)

J—— Ogden Model Curve]

Nominal Stress (kPa)

0.0

01

T T
0.2 0.3
MNominal Strain (&)

(a)

T
04 05
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(b)

0.5

Fig. 9. (a) Stress-Strain response of Ogden material model. (b) Stress-Strain response of quasilinear
viscoelastic material model
Rys. 9. (a) Krzywa naprezenie-odksztalcenie dla modelu Ogdena. (b) Krzywa naprezenie-odksztatcenie
dla kwaziliniowego modelu lepkosprezystego

Ogden model depicts some sensitivity to applied load even from the beginning and

increasingly non-linear from 0 to 0.5 Strain. According to Is-dyna material selector,

Ogden material model is in the family of rubber (RB). This can explain the low

viscoelasticity and stress sensitivity seen at initial stages of stress application as shown

on Fig. 9 (a) above. Apart from the graphical representation, its stress-strain responses

can be observed in Fig. 4.
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QLYV finite model curve shows pliability of the specimen during compression as seen
in the graph above, from 0 to 0.1 strain. QLV material model is in the family of
biological materials (BIO). Stress response of this model can also be described by Fig. 5.
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Fig. 10. (a) Experimental and finite element models data comparison. (b) Models deformation and
curves under compression loading

Rys. 10. (a) Poréwnanie danych eksperymentalnych I modelu elementow skonczonych. (b) Modele
deformacji I krzywych pod obciazeniem $ciskajacym

A clear understanding of the relationship among model compression, load-

-deformation curves and effective stresses can be obtained from the figure below.

16.4. Discussion

Uniaxial compression test was conducted in the laboratory to obtain the stress-strain
data when the specimen was subjected to three different loading rates as mentioned
earlier on in the previous chapter(s). The compiled data were represented graphically
to bring into perspective the stress-strain response when subcutaneous adipose is
loaded at varying rates. Three specimen samples were tested at every strain rate. That
1s: 0.05%, 0.5% and 5%. At 0.05% strain rate, it is observed that the curves are less
inclining and the stress for deforming the specimen to 50% of its initial shape is also
low as shown by Fig. 6 (a). Curves at 0.5% strain rate are more inclined and its
deformation stress is higher than the one for 0.05%. The slope of curves at 5%/s
increased further than for the first two strain rates. The three samples in each strain
rate are averaged into one as illustrated in Fig. 7 (b). These clearly show the stress-

-strain response with changing loading rate. The elastic modulus and stress strain
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curve were found to be dependent on the strain rate. As the strain rate increases, the

elastic modulus increases and the stress strain curve becomes stiffer.

The general behavior of the curve shows that from 0 to 0.1 strain, the material
deforms with low sensitivity to the applied load - it remains viscous. From 0.1 to 0.2,
sensitivity to loading rises. From 0.2 to 0.3, a sharp stiffness is observed and between
0.3 and 0.5, the material’s stiffness increases significantly. This behavior gives a non-
linear stress strain curve. The viscous behavior of subcutaneous adipose can be
attributed to the 3D foam cell structure of interlobular septa and large amount of
interstitial fluids that fill the spaces between cells. Whereas the elasticity is attributed
to the existence of adipose ECM in varying degrees of stiffness and elasticity which is
a property primarily dependent on collagen and elastin concentration(s). The
combination of these properties yields a viscoelastic material that is manifested in

adipose tissues.

Regression analysis was conducted on stress-strain data from experiment to obtain the
constitutive hyperelastic parameters of the tissue. Ogden and QLV models were
employed to characterize the hyperelastic properties and are presented in Table 5 and
6 respectively. Strain hardening exponents remained relatively same for all the strain
rates. The value of shear response (n) see table 3.2, depicts that the material’s
deformation behavior under steady loading is strain rate dependent because it
increases with strain rate. The negative values of p is attributed to artifacts of the
fitting. It is magnified when some of the powers in the Ogden model are negative. In
such case, a small but positive shear modulus can artificially appear as negative. This
could be experienced more often when the material undergoes finite deformation. In
this study, the values of p were taken as positive. QLV elastic constants Ci, C; and C3

were used as they are in material model keyword cards.

Stress-strain data from finite element model analysis were plotted. Ogden model and
QLV model showed different responses during compression test, see Fig. 9 (a) and
9 (b) The major difference is that curve from Ogden data shows instant sensitivity to
loading whereas QLV curve shows low sensitivity to loading initially as observed on

experimental curves.

To validate the results of the experiment, the stress strain curve at a strain rate of
0.5%/s was compared to the stress strain curves from finite element simulation. As

observed in Fig. 10 (a), there is a pronounced difference between Ogden curve and
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experimental curve but slight difference between QLV and experimental curve.
The correlation coefficients for Ogden and quasilinear viscoelastic models were
R2=0.9809 and R?= 0.9986 respectively.

A Comparison between the experimental and simulation results shows the capability
of QLV model to reproduce the stress strain curve with acceptable accuracy.
Therefore, the suggested material parameters are capable of fairly predicting the load

and deformation of subcutaneous fat tissue.

16.4.1. Conclusions and recommendation

Subcutaneous adipose tissue is strain rate dependent and shows a non-linear stress-
strain response under steady loading. It manifests both viscous and elastic behavior by
the virtue that, it is soft and compliant under quasi-static loading but stiff and resilient

under dynamic loading.

Quasilinear viscoelastic model gives a better prediction of the load-deformation
response of subcutaneous fat tissue than Ogden. Model validation was performed
employing the coefficients of determination in which the one for QLV nears 1 and its

RMSE is small compared to Ogden.

A fresh sample of porcine can possibly give better results especially when all
conditions are recorded prior to testing. Therefore, it is recommended that fresh
samples be used in future to investigate the mechanical properties of subcutaneous

adipose tissue so that comparative results can be obtained.
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INVESTIGATION OF ADIPOSE MECHANICAL PROPERTIES UNDER
COMPRESSION LOADING FOR IMPROVING HUMAN BODY ARMOR
MODELING

Abstract

Adipose tissue mechanical properties were investigated under quasi-static and
dynamic compression loading at varying strain rates on specimens made from porcine
subcutaneous adipose tissue. The specimens were subjected to a uniaxial compression
test to obtain stress versus strain response data. The tests were carried out at three
strain rates: 0.05, 0.5, and 5%/s. For modeling three-term, QLV and one-term Ogden
models were chosen. Python was used to numerically simulate experimental data. The
hyperelastic material parameters obtained were as follows: p = 16.4, a = 8.4, C; = -137,
C, =-225.6, and C3 = 3636.85 To simulate adipose tissue, a finite element model was
created. The average elastic and shear modulus for strain rates ranging from 0.05 to
5% were determined to be: For the Ogden and quasilinear viscoelastic models, the
correlation coefficients were R? = 0.9809 and R? = 0.9986, respectively. When
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comparing the model to the experimental data at 0.5% strain rate, these were the
coefficients of determination. A comparison of empirical and simulation results
revealed that the QLV model was capable of reproducing the stress-strain curve with
acceptable accuracy. Results showed that subcutaneous adipose tissue is strain rate
dependent and exhibits a non-linear stress-strain response. It was found to be soft and
compliant under quasi-static loading but stiff and resilient under dynamic loading, it

exhibits both viscous and elastic behavior.

Keywords: subcutaneous adipose tissue, strain rates, finite deformation, viscoelastic,

uniaxial compression, Is-dyna
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