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ABSTRACT

The results of brain tissue finite element (FE) models under high rate shear
deformation are affected by several factors. This thesis evaluated the effects of
hourglass control, Poisson’s ratio and element type in such simulations. Moreover, a
comparison of FE and analytical models were performed related to boundary
conditions. The simulations and optimizations were executed in ANSYS, LS-DYNA
and LS-OPT. A Rivlin hyperelastic material model with linear viscoelasticity was
used to describe the mechanical response of brain tissue. Examples of inverse FE
material characterization of representative brain shear experiments at strain rates of
800, 500, 120 and 90 s ' were studied and the results were validated by predicting
wave travelling times and deformed configurations. The difference between
experimental and idealized shear strain increased with aspect ratio. One-point-
integrated brick element combined with stiffness hourglass control gave the best
result. A smaller Poisson’s ratio that is still physically meaningful, e.g. 0.495, is

preferable.
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CHAPTER 1

INTRODUCTION

Brain is often considered as the most critical organ of human body to be protected
from trauma due to nonreversible anatomic injuries to its structures and destructive
consequences of injury (Nahum and Melvin 2002). This kind of injury is called
traumatic brain injury (TBI). The Department of Health and Human Services
reported that over 2 million people suffer head injuries each year in the United
States with 75,000 to 100,000 TBI related fatalities (National Institute of
Neurological Disorders and Stroke 1989). This study further indicated that TBI is
the major cause of death and disability in children and young adults. Such statistical
facts show the importance of preventing the TBI.

Brain injury can occur when the internal mechanical response of brain tissue
reaches a certain strain and/or strain rate due to being exposed to external
mechanical loading (Hrapko 2006). In order to prevent the TBI, tools which can
correctly predict the brain tissue mechanical response from the external mechanical
loading are required. One of the most common tools to predict the mechanical
behavior of complex objects is the finite element (FE) method. Currently, the FE

brain models contain a detailed geometry acquired through medical imaging



techniques (Yang and King 2003), but the knowledge of brain tissue mechanical
properties is limited. By improving our knowledge of the tissues constitutive
behaviors, more accurate FE models of the head-brain complex can be developed.
The mechanical properties of brain tissue have been reported under compression
(Miller and Chinzei 1997), tension (Miller and Chinzei 2002; Velardi et al. 2005),
shear (Donnelly et al. 1997; Bilston et al. 2001; Hrapko et al. 2006), etc. The
available material properties are for strain rates below 100 s”'. The brain shear
experiments conducted recently at the Temple Biomechanics Laboratory at four
different strain rates 800 s™', 500 s, 120 s™ and 90 s are analyzed in this paper for
the evaluation of the FE modeling approach.

Analytical and finite element (FE) models are considered in this paper to
approximate the mechanical responses and to further determine the mechanical
properties of brain tissue subjected to shear tests. In the analytical model, the simple
shear assumption is made where the shear strain/stress distribution is assumed to be
uniform throughout the sample. However, in the experiment the shear strain and
stress close to the lateral surface varies as a result of traction-free boundary
conditions. This free-edge effect is previously noted and discussed by G’Sell and
Boni (1983). FE models have been used to investigate the effect of boundary
conditions by considering more realistic boundary conditions. The non-uniform
strain/stress distributions due to the free-edge effect in solid polymers (G’Sell and

Boni 1983), parallel-fibered soft tissues such as ligaments which has transversely
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isotropic material behavior (Gardiner and Weiss 2001), rolled sheets with
strain-induced plastic anisotropy (Bouvier et al. 2005) are among realistic features in
shear tests that have been investigated using FE models.

Recently inverse FE characterization technique has been applied to identify
the material properties of brain tissue. Generally, based on the controlled
experiments such as shear, compression and tensile tests, the material parameters in
the chosen material law are determined by comparing the experimental and the
simulated responses using an iterative procedure (Kauer et al. 2002). This inverse
characterization approach has been used to identify the material behavior of soft
tissues at lower strain rates, less than 100 s in compression experiments (Miller
1999), aspiration experiments (Kauer ef al. 2002), and indentation tests (Erdemir et
al. 2006). The characterization of soft tissues (human muscle) using
compressive-impact at strain rates ranging from 136 s to 262 s was reported by
Balaraman ef al. 2005). However, previous research works do not consider the shear
tests of brain tissue at high strain rates. The goal of this study is to find a validated
inverse FE characterization technique for brain tissue at strain rates from 90 to 800
s”! that corresponds to the strain rate of blast injury.

When using an FE model to identify the material properties of a
three-dimensional bulk of soft tissue involving large shear deformation, there are
some uncertainties in terms of model parameters including the Poisson’s ratio,

hourglass control, element type, optimization algorithm, etc. These parameters
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govern the accuracy of the FE model in predicting the soft tissue behavior. In
addition to the conventional optimization algorithms e.g., gradient method, a few
researchers have implemented more advanced algorithms such as the Taguchi
method (Balaraman et al. 2005) and the genetic algorithm (Chawla ef al. 2008) that
consider the whole design space and yield the global minimum. In material
characterization when there is an estimate of the material properties, local
minimization (e.g., sequential response surface method with domain reduction) is
sufficient which converges faster than the global methods (LS-OPT User’s Manual).
Some previously described models for soft tissues used an assumed high bulk
modulus to represent nearly incompressible material behavior (Zhang et al. 2001).
The works of Tanner (2006) contain an investigation of the effects of Poisson’s ratio
on the biomechanics of breast. Moreover, hourglass control is needed using
under-integrated element involving large deformations, particularly for
incompressible materials. Some previous studies looked at this numerical problem in
steel (Cheng et al. 2001), wood (Murray et al. 2005), etc. but no report was found on
the effect of hourglass control in soft tissues that have a relatively small shear
modulus and undergo large deformations.

In this study the FE modeling, simulation and post-processing are performed
by LS-DYNA (LSTC, CA), LS-PREPOST (LSTC, CA), LS-OPT (LSTC, CA) and
ANSYS (ANSYS, PA). The first two software are used in dynamic simulations

since LS-DYNA explicit FE software has better convergence and less computing
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costs than the implicit method involving impact problem where large deformations
happen in short durations. The static simulation is carried out by ANSY'S implicit
FE software. Mesh convergence tests have been established to ensure accuracy of
the FE models for all the simulations in this study. When the difference in results of
the two mesh size is less than 5%, the larger mesh size is selected (Chawla et al.
2009).

The objectives of this study are two-fold:

The first objective is to investigate the effects of boundary conditions on the
distribution of shear stress and strain in shear tests of brain tissue.

The second objective is to evaluate the effects of FE model parameters
including hourglass control, the Poisson’s ratio, and element type on the model
response in large deformation shear tests and how they affect the material properties
optimization results.

Furthermore, examples of inverse FE material characterization of
representative brain shear experiments at strain rates of 800, 500, 120 and 90 s' are
given and the results are validated by the ability to predict wave travelling times and
deformed configurations. The results of this research contribute to brain injury
modeling, surgery modeling, and automobile safety by providing more accurate

material properties for the brain tissue.



CHAPTER 2

BACKGROUND

The shear test of bulk soft tissues involving large deformations, such as brain
(Donnelly et al. 1997, Bilston et al. 2001; Hrapko et al. 2006), liver (Liu and Bilston
2002), etc., has been used to provide data for identification of the material
properties.

Analytical and FE models have been used to identify the material properties
from experimental data. In analytical models, the simple shear deformation
assumption is used where the strain/stress distribution is uniform throughout the
sample. Due to the difficulty of measuring local shear strain in the sample, nominal
shear strain, which is the displacement divided by the height of the sample, is used
to estimate the local strain. Then the material properties is approximated based on
the relation between experimentally measured shear stress and the nominal shear
strain (Donnelly et al. 1997). However, in experiments because of imperfect simple
shear boundary conditions, the strain/stress distribution varies close to the free
surface of the sample. FE models have been used to investigate the free-edge effect

of different materials such as solid polymers, ligaments, soil, rolled sheets, etc.



G’Sell and Boni in 1983 designed and conducted a planar simple shear test
of solid polymers at large strain. They observed the sample free end is affected by
strain inhomogeneity by means of a grid of dots printing on the sample surface. Free
ends of the sample were curved which proved the strain was not uniform near the
free ends. Moreover, two opposite corners of the sample are subjected to tension,
while compression exists in the other two corners. Gardiner and Weiss (2001)
modeled the finite simple shear test of ligaments which were described by
transversely isotropic hyperelastic material models. Samples were gripped with two
clamps with a displacement applied to one clamp in the transverse direction of the
sample. They found there was a central area of uniform shear strain for certain
aspect ratio. An aspect ratio of 1:2 for fiber to cross-fiber direction gave the largest
central region of uniform strain which also had a good agreement with nominal
strain. Moreover, the strain in the sample center with aspect ratio of 1:1 is close to
the nominal strain. Bouvier et al. in 2005 investigated the free-edge effect in finite
simple shear deformation with plasticity and anisotropy in rolled sheets. They found
the shear stress distribution was almost homogeneous in a large part of the rolled
sheet samples for shear strain lower than 30%. The area of heterogeneity increases

with the decrease of the aspect ratio (length divided by height).



CHAPTER 3

THE EFFECT OF BOUNDARY CONDITIONS

Theoretically, the shear strain is assumed to be uniform throughout the sample in
simple shear deformation. The geometry of a rectangular block under simple shear
test is shown in the planar view in Figure 1. The deformation is described by the
following equations relating the spatial coordinate x; to the material coordinates X;
(Lai, Rubin and Krempl 1993).

k
x1 :X1+(E)X2,x2 =X2,x3 :X3 (1)

The boundary conditions corresponding to the equations above are (Dimitrienko

2010)
X, = h: u; =k,u, =0,u3 =0
x, =0: u; =0,u, =0,uz3 =0
x3 = 0,w: T33=0,T;3=0,T,3 =0
x, =0,L Tiz=0,u;, =0,u; = kX,/h 2)

where h, | and w are the height, length and width of the rectangular block
respectively, u is the displacement, and constant £ is the displacement at x, = h.

On surfaces x; = 0 and x3 = w, no stress exist. At surfaces x; =0 and x; =0,



the displacement u, and shear stress component T;; are zero, and the displacement

in x; direction is proportional to X,.

X
Ak
\ x‘
. "
h Compress10n/,'
'I
'I
. 4
,~ Tension ’
X’
> X;

Figure 1. The geometry of rectangular block under simple shear test in planar view

The strain and stress tensors for finite simple shear are described below. The

deformation gradient F is determined as:

1 k O
[F] = [0 1 O]
0 0 1

The left Cauchy-Green tensor B and its inverse B™! become:

1+k* kK O

[B] = [FF"]=| & 1 0]

0 0 1
1 -k 0
[B]‘lz[—k 1+ k? 0]
0 0 1

The principal scalar invariants of B are given by:

11:3+k2
9

3)

“4)

)



IZ=3+k2

L=1 (6)

The Cauchy stress tensor T is given as below:

(P1k2 k(o1 —@2) O
T = k(g1 — 92) @, k* 0 (7
0 0 0

where ¢4, @, are derivatives of the strain energy function with respect to the first
and second invariant and are functions of I;,I, and therefore are functions of k?2.
@1 — @, 1is the generalized shear modulus. Equation 7 shows that the stress
components are uniform and proper normal stresses, Ty; and T,,, are needed to
maintain the simple shear state of deformation. In experiments, the shear test is
imperfect where the shear strain is not uniform close to free ends of the sample. The
experimental boundary conditions are:

X, = h: u; =k,u, =0,u3 =0

X2=O: ul=0,u2=0,U3=0 (8)

In this case the deformed lateral surfaces (x; = 0, l) become curved since the acting
traction is zero. Moreover, stress is also not constant near the ends of the sample.
Compression exists in two opposite corners while the other two corners are subject
to tension due to the constraints on top and bottom surface (Figure 1). A sample

undergoing shear boundary conditions has a tendency to rotate; the reaction forces
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counterbalance it by acting as an opposite direction rotational moment. These
reaction forces produce compression and tension stresses.

In order to investigate the effect of free ends on the normal stress and shear
strain distribution in soft tissues with nearly incompressible behavior, three-
dimensional FE simulations were performed with realistic experimental boundary
conditions. These boundary conditions are used in all the FE simulations of this
study. Static analysis was executed in ANSY'S with SOLID 185 elements, which is
an 8-node hexahedral element and has hyperelasticity as well as large strain capacity.
The mesh unit was 0.5 mm cube with mixed element formulation with a constant
hydrostatic pressure that was recommended for incompressible hyperelastic
materials. Uniform reduced integration method with default hourglass control was
applied to the brick element to prevent volumetric mesh locking in nearly
incompressible cases. Two-parameter Mooney-Rivlin hyperelastic model was used
with material properties taken from a previous experimental study of brain tissue
behavior (C;o = 641Pa, Cy; = 733Pa, v = 0.49) (Mendis ef al. 1995). Six
geometries (h/l values from 0.5to 1.0, [/w = 1,1 = 10 mm) were used in this test
with 20% applied nominal shear strain (£,ominar). These dimensions cover the range
of brain tissue samples used in material characterization. The distribution of shear
strain and normal stress were examined for different values of h/l (aspect ratio).

The average FE shear strain (E,,,) decreases from 0.169 to 0.144 while the

average FE shear strain of the fixed end (£j,) is reduced from 0.174 to 0.147, as the
11



aspect ratio changes from 0.5 to 1.0 (Figure 2). The error between E,ominas and Ey,g OF
Ej, for different aspect ratios is from 15.34% to 28.20% and 13.18% to 26.47%
respectively, which indicates that increasing the aspect ratio increases the error

between the idealized shear and experimental shear values.

0.2

0.18

0.12 Jescee. Eavg

0.1 T T T T 1

0.5 0.6 0.7 0.8 0.9 1
Aspect Ratio

Figure 2. Shear strain £, vs. aspect ratio for E,ominat, Eavg and Egpy.

The shear strain distributions displayed in the same scale are given in Figure
4, which show relatively uniform distributions in the center area for the sample with
aspect ratio of 0.5, except close to lateral surfaces, i.e., the shear strain decreases
near free ends. The size of homogeneous shear strain areas decreases with aspect
ratio while the center strain value and strain inhomogeneity both increase with
aspect ratio (Figure 3). Moreover, the average shear strain in compression area is
smaller than the one in tensile area and E,,, decreases with the increase of the aspect

ratio (Figure 4) as a result of decrease in the size of area with higher shear strain.

12



The size of homogeneous normal stress Sy, area decreases with the increase of

aspect ratio (Figure 5). Moreover, the maximum compressive and tensile stresses

Increase with aspect ratio, e.g., maximum tensile stress for sample with aspect ratio

of 1.0 is 32% greater than the one with aspect ratio of 0.5.

Center value= 0.204
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|
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|
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Figure 3. Region of uniform shear strain £, distribution for aspect ratio of 0.5, 0.6,

0.7, 0.8, 0.9, 1.0. Black areas represent region of strains that correspond to +£0.01 of

the indicated center value. E,ominas = 0.2.
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CHAPTER 4

EXPERIMENT DATA

The experimental data for the following sections are acquired from the database of
Temple University Biomechanics lab. Four representative brain shear tests at strain
rates of 800 s, 500 s™', 120 s™ and 90 s' (Shafieian et al. 2011) are used for
studying deformation geometry, hourglass control, element type, Poisson’s ratio (v)
and material properties characterization. The samples dimensions are shown in
Table 1. The samples are tested in simple shear where the top surfaces are fixed and
horizontal displacements are applied to the bottom surfaces (Figure 6). Shear forces
are measured at the top surface. Samples are cut in cylindrical shapes from fresh

bovine brains and tested within 6 hours post-mortem.

Table 1. Sample dimensions

Sample ID Sample 1 Sample 2 Sample 3 Sample 4
Major Diameter 9.8 9.52 11.48 14.95
Minor Diameter 7.59 8.51 11.41 11.97

Height & 6.01 6.939 6.51 7.88
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Measured Shear Stress

‘—
Shear Strain

Figure 6. Shear test setup
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CHAPTER 5

MATERIALS

When a biological material is under large deformation, the theory of nonlinear
elasticity can be applied to explain its elastic behavior (Mendis ef al. 1995; Miller
1999; Misra et al. 2010). Often a hyperelastic material model is used that is an
extension of the theory of elasticity to large strains. The hyperelastic material used
for brain is nearly incompressible and can experience large, recoverable elastic
strain (Tanner et al. 2006). In this study the material properties of brain tissue are
represented as three-term Mooney-Rivlin hyperelastic material model which shows
nonlinear behavior under shear test with linear viscoelasticity (Material type 77 in
LS-DYNA). See LS-DYNA Manual for more details. The total Second
Piola-Kirchhoff stress S;;, is expressed as the sum of the hyperelastic Second
Piola-Kirchhoff stress component S*; ; and the linear viscoelastic Second
Piola-Kirchhoff stress component S”;;:

Sy =S";+SY 9)

The hyperelastic stress component can be derived from

ow

18



where W is the strain energy function, Ej; is the Lagrangian Green strain tensor
components. The strain energy function for three-term Mooney-Rivlin model
(incompressible) is shown below:

W =Cyo(l; —3)+ Co1(I; —3) + C11(I; —3)Uz — 3) (11)

where [;,1, is the first and second invariant of the left Cauchy-Green deformation
tensor and Cjy, Cy; as well as Cy; are the material constants.

L =22+ 2,°+25°
IZ == 112122 + 122132 + 112132 (12)

where A4, 1,, A5 are the principal stretch ratios. In LS-DYNA incompressible
materials are handled as nearly incompressible materials. The strain energy function

is modified for compressible material 7

W' = Cio(J1 —3) + Co1(J, —3) + €111 —3)J2 — 3) +§U —1)% (13)

where K is the bulk modulus, J is the relative volume change and /4, J, is the

modified first and second invariants which eliminate the volumetric effects.

J= /113213
= 1113_1/3
2 = 1213_2/3 (14)

19



where I; is the third invariant of the left Cauchy-Green deformation tensor. It can
be written as:

I3 = /112/122/132 =]2 (15)

Rate effects are added through linear viscoelasticity by:

0E;;
Uy =J, 9t —1)=2dr (16)

where g(t — 1) is the relaxation function.

The relaxation function g(t) is presented by the Prony series with n terms:

g(6) = XiL, Ge Pt (17

where G; are shear moduli, fS; are decay constants and i is the number of shear
moduli. The hyperelastic response forms the long term material behaviour, thus

Goo
Cio+ Cor = - (18)

where G, is the steady state shear modulus (at infinity time). The density 1000
kg/m® is used to for brain (Darvish 2000). One-parameter relaxation function (G, B;)
with three-term Mooney-Rivlin hyperelastic model (C;, Cy; and C;;) is used for

the following sections.
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CHAPTER 6
CHARACTERIZATION OF BRAIN TISSUE IN HIGH RATE TESTS AND

VALIDATION

The optimization is executed with LS-OPT (LSTC, CA) code coupled with FE
model. LS-OPT is a graphical optimization tool which has a comprehensive
LS-DYNA interface and allows the users to use LS-PREPOST to view the designs.
It computes the optimal design based on specified constraints and objectives. Its
applications include design optimization, reliability studies, and system
identification etc.. In this study system identification is implemented in which FE
model is calibrated by optimizing selected parameters in order to decrease the error
with respect to certain targeted responses. Among many available methodologies to
address optimization, the response surface metamodel based method (RSM) (Mayer
and Montgomery 1995) is chosen as the optimization algorithm with Sequential with
domain reduction strategy (SRSM) (Stander ef al. 2002). Rather than relying on
local information such as a gradient only, RSM build an approximate response
surface based on designs selected throughout the design space. RSM has been

shown to work well in nonlinear dynamical problems (Stander ef al. 2000). SRSM
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strategy is suitable for convergence to an optimum thus ideal for parameter
identification (LS-DYNA Theory Manual).

Four representative samples which were close to the average stress strain
curves at strain rates of 800, 500, 120 and 90 s™' were used to identify brain material
parameters. The experimental average shear stress at the fixed surface (bottom
surface) was used as the target response (Exp) and corresponding FE stress
responses (FE) were extracted from LS-PREPOST. FE models were built based on
individual sample dimensions (Table 1) using one-point-integrated brick elements
with stiffness hourglass control (gm = 0.15). Three-term Mooney-Rivlin hyperelastic
material model (Equation 13) with no relaxation function was used for Sample 1 at
the highest rate (strain rate 800 s™) because brain tissue showed no rate sensitivity at
this strain rate (Shafieian and Darvish 2011). Furthermore, material Parameters Cy,
and C;y were assumed to be equal for the reason that only their summation affected
material responses in shear and they could not be determined uniquely. Thus
material parameters Cy; and C;; were used as design variables in the optimization
stage and identified using an iterative procedure (Figure 7). v was not included in
the parameter identification but set as constant 0.495. Initially, a few groups of
design variables were tested and their responses were compared with experimental
data to acquire initial guess values, which formed the centre point of the first interest
region. Moreover, the robustness of the analysis was tested by running extreme

cases in which the corners of the chosen design space were used.
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Figure 7. An interactive process for material parameter identification
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The FE stress responses were compared with experimental stress responses using
objective function ¢, which is sum of square residual error (SSE) of the two

responsces

¢(x) =Xz (Exp; — FE)? (19)

where 7 is the total number of data points chosen for optimization, x is the vector
of design variables. By searching optimal material parameters using optimization
algorithm, the objective function ¢ is minimized. Consequently, the optimal

material parameters were obtained when the following convergence criteria were

satisfied:
¢k _ ¢k—1
——— [ <0.01
Ppr1
and
k_ k-1
d xk’ﬁ —| <0.01 (20)

where k refers to the iteration number of optimization.

The obtained material properties are listed in Table 2. The comparison of
stress response Exp 1 and FE 1 is shown in Figure 8§ demonstrating that a good
match was achieved (R? = 0.98). The forms of hyperelastic material models of the
four samples at different strain rates were assumed to be the same, thus for Sample
2,3 and 4 the hyperelastic material parameters were material parameters of Sample 1

multiplied by design variable x (Cy; = 1.7«, C;; = 0.08 k). Moreover, one-term
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relaxation functions (G; and S, ) were added. [, was set as design variable for
Sample 3 (strain rate of 120 s™) and its identified value was used for Sample 2 and
Sample 4, while g; was chosen as a design variable for the three samples. FE
material characterizations were accomplished for each sample separately with the
above procedure. The material parameters are listed in Table 2, and stress fits were
good (See Figure 8). The results further indicate that there’s no universal material
model for all strain rates, at least not of this form of material model. Moreover,
material models for strain rates of 800 s™ and 500 s are close, so are the models for

strain rates of 120 s and 90 s

Table 2. Material Properties of brain tissue at strain rate 800s", 500s™", 120s' and

90s™!

Sample ID Sample 1 Sample 2 Sample 3 Sample 4
Strain rate (s) 800 500 120 90
Co1=Cj9 (KPa) 1.72 1.72 0.97 0.75

C11 (KPa) 0.08 0.08 0.04 0.03

K 1 1 0.56 0.44

G (KPa) 0 0.60 0.65 1.24
B 0 913 913 913
Instantaneous shear 6.89 7.49 4.51 4.24

modulus ¢ (KPa)
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Figure 8. Comparison of experimental and FE shear stress responses for Sample 1 to
4. The experimental shear wave traveling times for Sample 1 to 4 were 2.5 ms, 2.6

ms, 3.1 ms and 3.9 ms respectively.
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This approach was validated by shear wave travelling times. The shear wave

velocities were calculated as 2.63 m/s, 2.74 m/s, 2.12 m/s and 2.06 m/s for Samples

1 to 4 respectively based on v = \/,u/p = \/(4601 + G;)/1000. Thus the time
periods that shear waves needed to travel through the samples were 2.29 ms, 2.54
ms, 3.07 ms and 3.83 ms respectively, which are in close agreement with the
experimental results (Figure 8). Moreover, FE deformed configurations match with
the experimental results (Figure 9). In Figure 9 grey mesh represents the FE model,
and white part is the sample. The FE model developed for Sample 2 was used to

investigate the effect of FE model parameters.

Sample 1, strain = 90% Sample 4, strain = 30%

Figure 9. Deformed configurations of Sample 1 and Sample 4.
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CHAPTER 7
THE EFFECT OF HOURGLASS CONTROL, POISSON’S RATIO AND

ELEMENNT TYPE

Hourglass control algorithm is mandatory in FE modelling when one-point-
integrated brick elements are used. Using under-integrated elements with hourglass
control is a good choice for large deformations as it saves the computing costs,
reduces shear as well as volume locking and improves the prediction of stress by
softening the element (LS-DYNA Theory Manual). However, the problem of zero
energy modes, namely hourglass modes, comes out because under-integrated
elements may overly soften the element (Benson 2003). The hourglass modes give
zero strain and stress, which are non-physical. In LS-DYNA, there are various ways
to eliminate hourglass modes. One method is that instead of one-point-integrated
brick element, fully integrated brick element or tetrahedral solid elements are used.
However, these elements are not suitable for this study as it will be discussed in the
later sections. The most common method is adding a viscous or stiffness hourglass
control. However, hourglass control may affect the responses, e.g., the stiffness

hourglass control can stiffen the response involving large deformations, and
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therefore the hourglass coefficient should be small and used with caution
(LS-DYNA Key Word User’s Manual).

To investigate the effect of hourglass control, dynamic analyses were carried
out in LS-DYNA with four different hourglass control methods, viscous hourglass
control with hourglass coefficient gm = 0.1 and stiffness hourglass controls with
gm = 0.01, 0.1, 0.15. Hourglass energy, internal energy, FE shear stress responses
at the bottom surface and deformed configurations were examined.

The deformed configurations are shown in Figure 10. The simulations with
viscous hourglass control and stiffness hourglass control with gm < 0.1 exhibit
hourglass modes. The hourglass mode is under control with stiffness hourglass
control gm = 0.15 as no element distortions are observed. Figure 11 shows the
ratios of hourglass energy to the internal energy for different stiffness hourglass
controls are less than 10%, and increase with gm. Stiffness hourglass control may
overly stiffen the responses; therefore FE shear stress responses for different
stiffness hourglass controls were compared and the results showed that FE stress
responses for different stiffness hourglass controls were almost identical in our case.
In conclusion, the stiffness hourglass control (gm = 0.15) with one-point-integrated

brick element gave the best result for brain tissue.
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Figure 10. Deformed configuration at shear strain 0.85
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Figure 11. Comparison of the ratios of hourglass energy to the internal

energy with gm=0.01, 0.05 and 0.15.

The effect of Poisson’s ratio on FE shear stress and computing time were
investigated in the dynamic brain FE model. In LS-DYNA, the Poisson’s ratio v for
almost incompressible hyperelastic material model is recommended to be greater
than 0.49 (LS-DYNA Key Word User’s Manual). The value of v affects the results
of an FE analysis and it should be noted that for brain no exact value is reported in
the literature as its experimental measurement is difficult. According to Stalnaker

(1969) brain tissue bulk modulus is 2 GPa similar to that of water. Three different
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values for the Poisson’s ratio v=0.495, 0.4995 and 0.499998 corresponding to K =
0.74 MPa, 7.5 MPa and 2 GPa, were used in this study by examining the FE average
shear stress responses at the fixed surface. Figure 12 shows that shear stress
responses are close but become slightly stiffer with Poisson’s ratio since the sample
deformation is not simple shear its response is affected by bulk as well as shear
properties. However, for determination of v it is better to conduct deformations that
are not isochoric, e.g. uniaxial compression. The computing time significantly
increased with v (31s, 109s and 1526s respectively) due to the increase in bulk wave
velocity which indicates using a smaller Poisson’s ratio that is still physically
meaningful is preferable, e.g. 0.495. Also, stress responses of FE model with v
0.495 gave more negative values before the stress rose, which was similar to the

experimental data (Figure 8).
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Figure 12. Comparison of shear stress responses of v=0.495, 0.4995 and 0.499998.
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The element type used in an FE model affects its predictive accuracy to a
large degree (Benzley et al. 1995). Four types of 3D solid elements, one-point-
integrated brick element (type 1) with stiffness hourglass control (gm = 0.15),
fully-integrated S/R brick element (type 2), 10-node tetrahedral element (type 10)
and 16-node tetrahedral element (type 16) were evaluated in dynamic FE model by
examining the FE average shear stress responses at the fixed surface and deformed
configuration. Two sets of mesh were used one containing 15552 brick elements and
the other 3263 tetrahedral elements. These meshes were defined with four element

formulations as shown in Table 3.

Table 3. The comparison of element types

Element type Detail
1 8 nodes brick with one-point-integrated, stiffness hourglass control
with gm = 0.15
2 Fully-integrated S/R brick element
10 4 nodes tetrahedral element with one-point-integrated
16 10 nodes tetrahedral element with four-points- integrated

The comparison of FE shear stress responses is shown in Figure 13, and
comparison of deformed FE models are shown in Figure 14. The model with
element type 10 gave the stiffest response. The shear stress responses of element
type 1 and type 2 were almost identical; however, model with element type 2
exhibited distorted element at the top surface (Figure 14 ) while the deformed

configuration of the model with element #1 was good(Figure 14). Also, hourglass
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mode was under control for element type 1. Moreover, it is noted that in some cases
involved incompressible materials element type 2 becomes unstable showing shear
locking and negative volume (LS-DYNA Theory Manual). The model with element
type 16 had good deformed geometry. All simulations but the one with element
typel6 terminated normally, which stopped prematurely with negative volume. The
difference in computing time is large, e.g. calculating time was 31 seconds for
element type 1, 190 seconds for type 2 and 11 second for type 10 based on the
numbers of integration points and the element type (tetrahedral or brick). Overall,
the results showed that one-point-integrated brick element with stiffness hourglass
control performs best for the tests considered in this study yielding good stability

and less computing time.
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Figure 13 . Comparison of shear stress responses of different elements
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Figure 14. Deformed configurations.



CHAPTER 8

CONCLUSIONS

This study evaluated the effect of hourglass control, Poisson’s ratio and element
type on the responses of brain tissue FE models in high rate shear deformation.
Additionally, it compared the analytical model with FE model in the aspects of
boundary conditions. The static simulation showed that due to the free lateral edge,
FE shear strain was nonuniform while in the analytical model the nominal strain was
uniform and their difference increased with aspect ratio. Furthermore, the
combination of one-point-integrated brick element with stiffness hourglass control
(gm =0.15) gave the best result, which could eliminate the hourglass modes and
was stable under very large shear deformations. A smaller v that is still physically
meaningful is preferable, e.g. 0.495. Examples of inverse FE material
characterization of representative brain shear experiments at strain rates of 800, 500,
120 and 90 s were studied and the results were validated by the model ability to

predict wave travelling times and deformed configurations.
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