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Summary

Mechanical behaviour of brain tissue for injury prediction:
characterisation and modelling

The head is the most vulnerable part of the body during crash situations and is often
involved in life-threatening injuries. To be able to understand and predict the deformation
of brain tissue causing injuries, it is necessary to know the mechanical behaviour of brain
tissue. A mathematical description of this behaviour can subsequently be used in Finite
Element simulations to predict the mechanical response of the contents of the head to a
prescribed loading history. The mechanical properties of brain tissue have been studied
since the 1960’s, however they are still not well understood. Moreover, results from
different studies are orders of magnitude different.

Themain objective of this study was to characterise the large strainmechanical behaviour
of brain tissue for different deformation modes and to develop a constitutive model for
this material to be used in finite element predictions of the response of the brain in crash
situations. Furthermore, the influences of constitutive non-linearities of brain tissue in
numerical head model simulations were investigated.

To characterise the linear and large strain viscoelastic response of brain tissue in dif-
ferent deformation modes, porcine brain tissue was chosen as a substitute for human
brains because of the availability and the possibility to minimise the post-mortem time
during testing. Both shear and compression experiments were performed on an ARES
II rotational rheometer in a plate-plate configuration. For shear measurements, samples
were placed eccentrically to increase the measured signal and to obtain an approximately
homogeneous deformation.

The effects of different test conditions on the measured mechanical response of brain
tissue were examined. Particularly, the effects of sample preparation, post-mortem time,
temperature, pre-compression prior to shear measurements and differences caused by
anisotropy were investigated. Also, the influence of a fluid layer surrounding the sample
and the effect of friction were examined and were found to play an important role during
compression measurements.

Subsequently, the response of brain tissue to large strain shear deformation has been

ix



x SUMMARY

studied. No significant immediate mechanical damage was observed for shear deforma-
tion up to strains of 0.45. Moreover, the material behaviour during complex loading-
unloading histories was characterised. Based on these experimental results, a new differ-
ential non-linear constitutive model has been developed. The model was validated using
a data set obtained by combining measurements performed in shear and compression
for the same samples.

A compressible version of the constitutive model is implemented in the crash simulation
code MADYMO, using an explicit integration procedure. Simulations are performed us-
ing the newly developed non-linear version of the constitutive model, a simplified version
of this model and a non-linear model from literature within a three-dimensional finite el-
ement head model, to investigate the sensitivity of closed head impact simulations to the
incorporation of constitutive non-linearities for brain tissue.

Furthermore, two-dimensional brain slice experiments have been conducted. In these ex-
periments, a digital image correlation technique was used to obtain high-resolution field
information. The experiments demonstrate the importance of the brain heterogeneity
for the mechanical response of the brain and therefore for the mechanism of traumatic
brain injury. This heterogeneity might be incorporated in the next generation of injury
assessment tools.



Notation

In the following definitions, a Cartesian coordinate system with unit vector base
{~e1,~e2,~e3} applies and following the Einstein summation convention, repeated indices
are summed from 1 to 3.

Quantities

scalar a
vector ~a = ai~ei
tensor A = Aij~ei~ej

Operations

transpose AT = Aji~ei~ej
inverse A−1

determinant det(A) = (A ·~e1) · (A ·~e2) × (A ·~e3)
trace tr(A) = A : ~ei~ei = Aii
isochoric part Ã = det(A)−

1
3 A

deviatoric part Ad = A − 1
3 tr(A)I

first invariant I1 = tr(A)

second invariant I2 = 1
2
[

tr(A)2 − tr(A2)
]

third invariant I3 = det(A)

xi



xii NOTATION

time derivative Ȧ
multiplication c = ab

~c = a~b
C = aB

dyadic product C = ~a~b = aibj~ei~ej
cross product ~c = ~a ×~b
inner product c = ~a ·~b = aibi

C = A · B = AijBjk~ei~ek
double inner product c = A : B = AijBji



CHAPTER ONE

Introduction

PSfrag replacements 1

1.1 Head injury

According to the World Health Organization approximately 1.2 million fatalities occur
on the world’s roads each year. Up to 50 million people sustain injuries, with many
suffering from permanent disabilities [1]. More than one third of all injuries are traumatic
brain injuries (TBI) which represent also one of the major causes of death resulting from
traffic accidents [2]. Despite the major advances in prevention and treatment, head injury
remains a major health and social problem.

TBI can be caused when the head is suddenly struck by an object with or without the
object penetrating the skull and the brain. These injuries can be divided into primary
injuries, which occur at the moment of impact, and secondary injuries, which develop
at a later stage. The majority of brain injuries are caused by diffuse axonal injury (DAI)
characterised by microscopic damage of axons. DAI can occur without any direct impact
on the head, as it can be the result of rapid acceleration/deceleration. DAI is thought to
be the most common and important pathology in mild, moderate, and severe traumatic
brain injury [3]. It may develop over a period of hours or even a days after an accident.

1.2 Head and brain anatomy

The brain together with the spinal cord forms the central nervous system which controls
and regulates all body activity. This makes the brain one of the most important parts
of the body. The brain is enclosed by the pia mater and the arachnoid mater, which are
separated from the dura mater, the skull and the skin, by a subarachnoid space that is
filled by cerebrospinal fluid (CSF), see Figure 1.1. The brain consists of three main parts,
the cerebrum, the cerebellum, and the brain stem which connects the brain to the spinal
cord. The cerebrum is connected through the hypothalamus, thalamus, and brainstem

1
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Figure 1.1: (a) Cross-section of the skull and the meninges, (b) main regions of the brain [4].

(midbrain, pons, and medulla oblongata) to the spinal cord, see Figure 1.2. The cerebrum
consists mainly of the left and right cerebral hemisphere which are connected together by
the corpus callosum. The cerebral hemispheres are separated by the falx cerebri which is
an invagination of the dura mater. Each of these hemispheres has an outer layer of grey
matter called the cerebral cortex that is supported by an inner layer of white matter called
the corona radiata. Grey matter consists of nerve cell bodies (neurons), glial cells, capil-
laries, and short nerve cell extensions/processes (axons and dendrites). White matter is
composed of myelinated nerve cell processes (axons), which connect various grey matter
areas and carry nerve impulses between neurons [5].

PSfrag replacements
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Figure 1.2: Cross-sectional image of the head obtained by magnetic resonance scanning [6].

1.3 Head injury criteria

The occurrence and consequences of TBI can be reduced by the development of improved
injury protective measures. The application of macroscopic biomechanical models for



1.3 HEAD INJURY CRITERIA 3

injury assessment has already led to a substantial decrease of head injuries. To assess
the likelihood of head injury, in the early sixties, the Head Injury Criterion (HIC) was
developed [7] based on the Wayne State Tolerance Curve [8]:

HIC =

{

(t2 − t1)

(

1
t2 − t1

∫ t2

t1
a(t)dt

)2.5}

max
(1.1)

in which a(t) denotes the translational head acceleration in g’s as a function of time,
and t1 and t2 represent the initial and final times of an interval that maximises this
function. Although this criterion is still used in most current test standards, it suffers
from a number of drawbacks, one of which is that it is based on linear head acceleration
only. Moreover, it does not allow for a distinction between different injury mechanisms.
Macroscopic head injury criteria which also account for rotational acceleration have been
proposed as well, e.g. the Generalized Acceleration Model for Brain Injury Threshold
(GAMBIT) [9] and Head Injury Power (HIP) [10,11]. All these macroscopic criteria pro-
vide a direct relation between the kinematics of the head and the possible occurrence of
injury, as is schematically shown in Figure 1.3.

PSfrag replacements
Kinematics

Computational approachPhenomenological approach

Finite element head model

Internal head response

Local injury criteria

Constitutive
modele.g. HIC
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GAMBIT

Head injury

Figure 1.3: Assessment of brain injury by macroscopic and computational injury criteria.

Recent safety research focuses on so-called next-generation injury assessment tools for
use in future regulations for injury protection devices. During a crash the head is ex-
posed to external mechanical loading which causes an internal mechanical response of
the brain tissue. Above a certain strain or a strain rate, damage of the brain tissue can
occur. In order to predict the mechanical response of the contents of the head during
impact, Finite Element (FE) models are being developed. The various aspects involved
in the development of a finite element head model are shown in Figure 1.4. Current FE
head models contain a somewhat detailed geometrical description of various anatomical
components of the head but often lack accurate validated descriptions of the mechan-
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ical behaviour of brain tissue. Without an accurate representation of the constitutive
behaviour of the various components, the predictive capabilities of head models may be
limited.

PSfrag replacements
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Figure 1.4: Schematic representation of various aspect involved in the development of a reliable

finite elements head model. The dashed box indicates the aspects considered in this

study.

Brain tissue has been studied with a variety of techniques and a number of constitu-
tive models were proposed. However, large discrepancies exist in published data, which
makes a comparison of results difficult. Consequently, up to now, no universally accepted
data set for the constitutive response of brain tissue exists. Moreover, existing constitu-
tive models were not validated to describe the influence of non-linear behaviour during
complex loading histories and to describe the response to large deformations in different
deformation modes. The ability of a constitutive model to describe this complex me-
chanical response may be important for reliable simulations of head injury. Therefore, a
consistent data set involving large strains obtained from different deformation modes is
required. Ideally, the same sample should be used for different deformation modes to re-
duce the effect of inter-sample variation. Amaterialmodel, which is able to describe large
deformations, complex loading histories, and different deformation modes is needed.

1.4 Objective

Themain objective of this work was to characterise the large strainmechanical behaviour
of brain tissue for different deformation modes and to develop a constitutive model for
this material to be used in finite element predictions of the response of the brain in crash
situations. To achieve this goal, the following aspects have been addressed:

• possible reasons for discrepancies found in literature,

• reliable testing protocols for different measurements,
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• characterisation of the mechanical behaviour of brain tissue for large deformations,
complex loading histories, and different deformation modes,

• development of a constitutive model for describing the non-linear viscoelastic be-
haviour of brain tissue for large deformations, complex loading histories, and dif-
ferent deformation modes,

• the influence of using different constitutive models for brain tissue when used in a
3-D FE head model,

• the effect of structural heterogeneities on the mechanical response of the brain for
impact conditions.

1.5 Outline of thesis

In this thesis, an experimental study on the characterisation of the mechanical behaviour
of brain tissue and a new constitutive model to describe this behaviour are presented.
The role of this study in the development of a 3D finite element head model for injury
assessment is schematically indicated in Figure 1.4.

In Chapter 2, an overview of studies on the mechanical properties of brain tissue is given,
focusing on testing methods. The influence of some important test conditions (temper-
ature, pre-compression, anisotropy) is experimentally determined for shear on porcine
brain tissue. An improved method for rotational shear experiments was used produc-
ing an approximately homogeneous strain field and enhancing accuracy. Small strain
oscillatory shear experiments were used to determine the linear mechanical behaviour of
brain tissue in shear deformation. The effects of the sample preparation procedure and of
post-mortem time on the mechanical response of brain tissue are examined in Chapter 3.

In Chapter 4, two types of large strain shear experiments are used to characterise the
non-linear time-dependent mechanical behaviour of porcine brain tissue. Subsequently,
a new non-linear viscoelastic material model in a differential framework, that is based on
these experimental results, is presented.

In Chapter 5, the mechanical behaviour of porcine brain tissue in compressive defor-
mation is examined. Two measurement protocols and two testing parameters affecting
compression measurements are examined. A consistent data set containing the response
to both compression and shear deformation is obtained for the same samples. These
results are used to validate the non-linear viscoelastic constitutive model of brain tissue.

In Chapter 6, the influences of constitutive non-linearities of brain tissue in numerical
head model simulations are investigated by comparing the performance of the newly
developed non-linear constitutive model with its simplified version and with a previously
developed constitutive model [12]. For this purpose, a head model with a sliding interface
is used which is compared with a previously developed head model with a tied interface.

To assess the influence of heterogeneities in the brain, an experimental procedure is
developed in which high-resolution strain fields in planar sections of brain tissue are
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measured during translational acceleration in Chapter 7. The brain slices containing
both grey and white matter as well as the complex folding structure are encapsulated
in a cavity filled with artificial cerebrospinal fluid. This cavity with the enclosed slice is
subjected to an acceleration of 80 - 100 g. By using a high-speed video camera and a
digital image correlation technique, strain fields are obtained and Von Mises strains are
calculated.

Finally, a discussion and conclusions drawn from this work as well as recommendations
for future work are presented in Chapter 8.

In Appendix A a compressible version of the non-linear viscoelastic constitutive model
developed in Chapter 4 is presented and the implementation of this model in an explicit
FE code is discussed.



CHAPTER TWO

Influence of test conditions1

PSfrag replacements2

Abstract

To understand brain injuries better, the mechanical properties of brain tissue have been
studied for fifty years, however no universally accepted data set exists. The variation
in material properties reported may be caused by differences in testing methods and
protocols used. An overview of studies on the mechanical properties of brain tissue is
given, focusing on testing methods. Moreover, the influence of important test conditions
such as temperature, anisotropy and pre-compression was experimentally determined for
shear deformation. Results measured at room temperature show a stiffer response than
those measured at body temperature. By applying time-temperature superposition, a
horizontal shift factor aT = 8.5–11 was found, which is in agreement with values found in
literature. Anisotropy of samples from the corona radiata was investigated by measuring
the shear resistance for different directions in the sagittal, the coronal and the transverse
plane. Results measured in the coronal and the transverse plane were 1.3 and 1.25 times
stiffer than results obtained from the sagittal plane. The variation caused by anisotropy
within the same plane of individual samples was found to range from 25 to 54%. The
effect of pre-compression on shear results was investigated and was found to stiffen the
sample response. Combinations of these and other factors (post-mortem time, donor
age, donor type, etc.) lead to large differences among different studies, depending on the
different test conditions.

1 Reproduced from: M. Hrapko, J. A. W. van Dommelen, G. W. M. Peters, J. S. H. M. Wismans, (2008).
The Influence of Test Conditions on Characterization of the Mechanical Properties of Brain Tissue. Journal
of Biomechanical Engineering, 130(3).

7



8 2 INFLUENCE OF TEST CONDITIONS

2.1 Introduction

Of all body parts, the head is the most vulnerable and is often involved in life-threatening
injury [13]. To predict the mechanical response of the contents of the head during impact,
FE models are employed. They contain a somewhat detailed geometrical description of
anatomical components but lack accurate descriptions of the mechanical behaviour of
the brain tissue. Since the early 1960’s, researchers have been studying the material
properties of brain tissue using a variety of testing techniques. The reported mechanical
properties, such as the storagemodulus (G′) and loss modulus (G′′), describing linear vis-
coelastic behaviour are orders of magnitude different, see Figure 2.1. This may be caused
by the broad range of testing methods and protocols used, which makes a comparison
of results difficult. Several authors have presented an overview of available literature on
the constitutive properties of brain tissue [14–17]. An overview of the methods and the
conditions of materials tested in previous studies is given in Table 2.1. The studies were
divided into groups depending on the type of experiment and are summarised in Table
2.6 and Table 2.7 in Appendix 2.A. In addition to these studies, some investigators have
used techniques like magnetic resonance elastography [18–22] and ultrasound [23–27],
however these are not included in the tables.
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Figure 2.1: Summary of the linear viscoelastic properties of brain tissue reported in literature.

Notice that Fallenstein et al. [28], McElhaney et al. [29] and Wang and Wineman [30]

have reported data for one frequency only.

Animal brains are often used as a substitute for human brains. The main reasons are
that animal brains are easily available and that the post-mortem time can be minimised.
Human brains have been obtained from autopsies or lobotomies on epileptic patients. In
the study of Prange and Margulies [63], human and porcine brain samples subjected to
shear stress relaxation tests were compared. The human samples were on average 29%
stiffer than the porcine samples. Takhounts et al. [68] found human brain tissue samples
to be 40% stiffer than bovine samples in stress relaxation experiments. This conclusion
was obtained from the linear stress relaxation function. In contrast, Nicolle et al. [56,57]
concluded from dynamic frequency sweep tests that the storagemodulus of porcine brain
tissue was 17% higher than that of human brain tissue, whereas the loss modulus was
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Table 2.1: Overview of previous studies on the mechanical properties of brain tissue.

donor state region load test

Arbogast et al. [31–34] PB vtr Bs,Cb,T,CR S DE,SR,CSR

Bilston et al. [35,36] BB vtr CC S DE,SR,CSR

Brands et al. [37,38,12] PB vtr T S DE,SR

Cheng and Bilston [39] BB vtr CR C SR,CSR

Darvish and Crandall [40] BB vtr CR S DE

Dodgson [41] RMB vtr – C Cr

Donnelly and Medige [42] HB vtr CC,Mb S CSR

Estes and McElhaney [43] HB,MB vtr CR C CSR

Fallenstein et al. [28] HB,MB vv,vtr Cb S,C DE,PI

Franceschini et al. [44] HB vtr Cb,CC,T T,C CSR,Cr
Galford and McElhaney [45] HB,MB vtr Cb C DE,SR,Cr

Garo et al. [46] PB vtr T S DE,CSR

Gefen et al. [47,48] PB,RMB vv,vtr CGM C PI

Hrapko et al. [49,50] PB vtr CC S,C DE,SR,CSR

Koeneman [51] RB,RMB,PB vtr Cb C DE,Cr

McElhaney et al. [29] HB,MB vv,vtr Cb,CGM S,C DE,CSR,PI

Metz et al. [52] MB vv,vtr CGM C ECE

Miller et al. [53–55] PB vv,vtr Cb,CGM C,T CSR,PI

Nicolle et al. [56,57] PB,HB vtr CR,T S DE,SR

Ning et al. [58] PB vtr Bs S CSR,SR

Ommaya [14] MB,CB vtr CGM C PI
Peters et al. [59] BB vtr CR,Mb S DE,SR

Prange et al. [60–63] PB,HB vtr CR,CC,T S,C SR

Shen et al. [64] PB vtr Cb S,C DE,SR,CSR

Shuck and Advani [65] HB vtr CR,T S DE

Velardi et al. [66] PB vtr CR,CC,CGM T CSR

Takhounts et al. [67,68] BB,HB vtr Cb S SR

Thibault and Margulies [69,70] PB vtr Cb S DE

Wang and Wineman [30] MB vv,vtr CGM C DE,PI

Donor: PB – porcine, BB – bovine, HB – human, RB – rabbit, RMB – rat or mouse, MB –

monkey, CB – cat. State: vv – in vivo, vtr – in vitro. Loading condition: C – compression, S

– shear, T – tension. Type of test: DE – dynamic experiment (strain/frequency sweep), SR –

stress relaxation test, CSR – constant strain rate test, PI – probe indentation, Cr – creep, ECE

– elastic cylinder expansion. Brain region: Cb – cerebrum (white and grey), CC – corpus

callosum (white), CR – corona radiata (white), T – thalamus (grey), Mb – midbrain (grey), Bs
– brainstem (grey), CGM – cortical grey matter.

similar in both materials. The differences between human and animal brains are often
considered relatively small which enables animal brains to be a good subtitute for human
brains.

Some parts of the brain may show anisotropic behaviour because of the underlying mi-
crostructure. Whereas grey tissue was found to be nearly isotropic, white matter was
found to be anisotropic with different degrees of anisotropy [63]. Based on its highly or-
ganised structure themost anisotropic region is expected to be the corpus callosum (white
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matter). Arbogast et al. [31,34] tested the anisotropy of the brainstem in 2.5% strain dy-
namic frequency sweep experiments in three different orientations based on the fibre
direction. The differences for dynamic moduli were found to be up to 30%. Prange et al.
[62,63] identified the anisotropy of brain tissue at large strains (up to 50%) shear experi-
ments on white and grey matter samples. White matter behaviour was more anisotropic
(31–48% difference), while grey matter was nearly isotropic (12% difference). By studying
inter-regional differences, grey matter from the thalamus was found to be approximately
40% and 12.5% stiffer thanwhitematter from the corpus callosum and the corona radiata,
respectively. Nicolle et al. [56,57] investigated anisotropy within the corona radiata (white
matter). However, their observations did not allow any conclusion on the anisotropy.

Besides differences in the material tested, the test conditions also give rise to differ-
ences in the results. The method used to attach the sample to the plates of a setup
for shear deformation can also have a role in the variation in results. Some authors
[40,42,56,57,67,68] have used glue to attach samples to the plates, whereas others
[32,34,31,35–38,12,49,46,61,63,60,62,69,70,64] have used a roughened surface (glass or
sandpaper) to avoid slip. Arbogast et al. [31] and Brands et al. [38] have found no differ-
ence in results when either sandpaper or glue was used to fix the sample to the plates.
On the other hand, Nicolle et al. [56,57] have found the dynamic modulus to be depen-
dent on the sample thickness when the samples were not fixed, whereas no variation was
achieved when samples were glued to the plates. A drawback of using the adhesive, is the
unknown adhesive thickness. However, when a roughened surface is used the sample
must be uniaxially loaded prior to the shear test which may affect the results of the shear
measurements.

The tissue and also its mechanical properties may degenerate with increasing post-
mortem time due to various reasons (e.g. autolytic processes, completion of rigor mor-
tis, osmotic swelling, etc.). This degeneration effect may be temperature dependent in
that the rate of degeneration possibly decreases with decreasing temperatures. Some au-
thors [65,40,42,56,57,59,67,68] have tested samples days post-mortem, whereas others
[34,70,38,36,63,49] within a few hours post-mortem. Metz et al. [52] have reported a 30–
70% decrease of the tissue response to the inflation of a balloon catheter, from live to 3/4
hour post-mortem. No change of measured properties caused by higher post-mortem
time was found by McElhaney et al. [29] up to 15 hours post-mortem and by Darvish and
Crandall [40] in 3–16 days. Nicolle et al. [56,57] compared samplesmeasured at 24 and 48
hours post-mortem and found only a 6% increase of dynamic modulus. Shen et al. [64]
examined samples up to 7 days post-mortem, and reported only a small variation of the
material properties. Garo et al. [46] found the onset of stiffening of the shear modulus by
approximately 27 Pa/h to be after 6 hours post-mortem.

All of these aspects can have an effect on the mechanical properties measured and a
combination of these and other aspects has led to a large variation of results reported in
literature. In this study the effect of different test conditions on the mechanical response
of brain tissue is examined. Specifically, the effect of different temperatures and the effect
of pre-compression on linear and large strain results are examined. Also, differences
caused by anisotropy are investigated for samples from the corona radiata in the sagittal,
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the coronal, and the transverse plane. As opposed to previous studies, here the variation
of mechanical properties for a full range of orientations (0◦–360◦) for shearing within
certain planes of individual samples is studied. For this study, a new modification was
made to the eccentric rheometric methodology developed by Van Turnhout et al. [71].
Each of these topics is investigated in otherwise comparable conditions.

2.2 Materials and methods

Brain halves were obtained from six months old pigs in a local slaughterhouse. To slow
down their degradation and dehydration they were transported in a solution of Phosphate
Buffered Saline (PBS) in a box filled with ice. Samples were prepared from tissue located
in the corona radiata region within 3 hours after sacrifice. The post-mortem time was
minimised to reduce sample degradation, see Chapter 3. Using a vibrating-blade micro-
tome (Leica VT 1000S), approximately 2 mm thick slices were cut parallel to the plane of
testing chosen. From these slices, samples with a diameter of 8 to 12 mm were cut out by
a cork bore. Until the start of the tests, the samples were preserved in PBS at 4◦C. The
testing conditions for each topic of this study are summarised in Table 2.2.

Table 2.2: Experimental conditions for studying different aspects of testing brain tissue.

Temperature Testing Normal Post-mortem No. of
[◦C] plane force [mN] time [h] samples

Temperature 7–37 sagittal 5 2–7 3

Anisotropy 23
sagittal, coronal

5 2–7
5, 4

transversal 4

Pre-compression 23 sagittal 0–28 2–7 3

A rotational rheometer (ARES II, Advanced Rheometric Expansion System) with a 10GM
FRT transducer was used to test the samples in shear. An eccentric test configuration was
used [71] to improve the signal to noise ratio. In this configuration, the measured torque
is increased and an approximately homogeneous shear field is obtained. Sandpaper was
attached to the top and the bottom plate to prevent slipping of the samples. The height
of the samples was estimated by lowering the top plate with constant velocity (≈ 0.008
mms−1) until touching the top of the sample and measuring a maximum axial force of
5 mN. During testing, a moist chamber was used to prevent dehydration of the sample
and the temperature was controlled by a Peltier heat pump. Because of the heterogeneity
of brain tissue, samples of small dimensions were used. Care was taken to test all sam-
ples in the same orientation (the shear direction corresponding to the anterior-posterior
direction) to minimise any possible effect of anisotropy of the material on the properties
measured, except for the study of anisotropy which is discussed further on.
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Samples were tested in shear deformation in dynamic frequency sweep tests (DFS) and
subsequently in stress relaxation tests (SR). It is important to notice that no precondi-
tioning of samples was made prior to testing. However, all experiments started with a
dynamic frequency sweep test. In these tests, the properties of brain tissue in the linear
viscoelastic regime (which for brain tissue is limited to 1% strain [37,56]) were measured
after a steady state was obtained. The tests consisted of a sinusoidal shear strain of 1% im-
posed on the sample, with a range of frequencies from 1 Hz to 10 Hz. For each frequency,
the storage modulus G′ and the loss modulus G′′ were determined. Subsequently, the
same sample was subjected to a SR test which consisted of a ramp-and-hold test to a
strain of 10%. The strain rate during the loading phase was 1 s−1 and the strain γ was
held for 10 s during which the stress τ was recorded from which the relaxation modulus
G(t) = τ(t)/γ was obtained. Afterwards, the strain was released with the same constant
strain rate as in the loading phase. Then, the sample was left to recover for a period of at
least 100 s during which the tissue response was recorded as well. This testing protocol
was used to assess the effect of different experimental aspects. Therefore, for each aspect
certain conditions were varied which will be discussed in subsequent sections.

2.2.1 Effect of temperature

Although the effect of temperature is an important issue, only few studies have been
published in the literature [59,38,64]. Therefore, the purpose of this study is to deter-
mine the effect of temperature on the mechanical properties measured for brain tissue.
Particularly important is the difference between room temperature (approximately 23◦C)
and body temperature (approximately 37◦C), to be able to scale results obtained at those
different conditions. In addition, the results can be used to extend the frequency/time
range of measured data by applying time-temperature superposition.

Three samples from the posterior side of the corona radiata were measured at 37, 30, 23,
15, and 7◦C. DFS tests and SR tests were conducted to obtain data in the linear and large
strain regime, respectively. To characterise the temperature dependence of brain tissue
time-temperature superposition (TTS) was applied. This method was previously used for
brain tissue by Peters et al. [59], Brands et al. [38], and recently by Shen et al. [64]. For
different temperatures, sets of isothermal characteristics were obtained within an equal
frequency/time range. These characteristics were shifted along the frequency/time axis,
to form a master curve. In the current study, the reference temperature T0 was chosen
to be 37◦C. The horizontal shift depends only on the difference between the reference
temperature and the temperature of the shifted characteristic and can be described by the
horizontal shift factor aT(T, T0) [72]. Besides the horizontal shift factor, also a vertical
shift, characterised by the shift factor bT(T, T0) has to be applied. First, the horizontal
shift factor aT is determined from the phase angle δ, only, to satisfy:

δ(ω, T) = δ(aTω, T0). (2.1)

After applying this shift to the dynamic modulus G∗, the vertical shift factor bT is deter-
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mined to satisfy:

G∗(ω, T) =
1

bT
G∗(aTω, T0). (2.2)

In the case of the SR experiments, the shift factors are determined to satisfy:

G(t, T) =
1

bT
G(

t
aT

, T0). (2.3)

2.2.2 Differences caused by anisotropy

Samples from the corona radiata were tested in three planes (sagittal, coronal, transverse)
in shear. The corona radiata region was chosen, because of easy sample preparation and
the expected amount of anisotropy due to its structural organisation. In the sagittal plane,
5 samples were tested, whereas in the coronal and the transverse plane, 4 samples each
were tested. To facilitate a change of the sample orientation during the measurement,
the bottom plate of the rotational rheometer was extended with an additional rotating
disc which was placed eccentrically, see Figure 2.2. The sample was placed in the cen-

PSfrag replacements

φθ

Bottom plate

Rotating disc

Figure 2.2: Eccentric test configuration. Samples are placed on an eccentric disc which can rotate
to change the orientation φ in order to study anisotropy. Shear strain is applied to the

sample by an angular displacement θ of the bottom plate. The upper wall of the plate

is designed to carry a moist chamber whereas the lower wall provides the attachment

to the original setup.

tre of this eccentric disc which can be rotated by an angle φ, changing the orientation of
the sample with respect to the shear direction. After each sequence of shear tests, the
top plate was detached from the sample and the eccentric disc was rotated to a new ori-
entation and subsequently fixed. Then, the top plate was lowered to the original height
and a new sequence of shear tests was conducted. The order of orientation angles was
randomly chosen so that eventually the range of 0–360◦ was covered by 30◦ increments.
The first and last sequences of tests corresponded both with the zero degree orientation
to observe any changes caused by post-mortem time. The whole set of shear measure-
ments took up to one hour. The random way of varying orientations was chosen to enable
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a separation of the time dependent changes from the measured orientation dependent
properties. For this purpose, it was assumed that G(t, φ) = Ct(t)Gφ(φ). A linear func-
tion Ct(t) = (At + 1) was fitted to the data by a least-squares error method assuming
Gφ to be constant. Subsequently, the data was corrected for a possible post-mortem time
dependence according to Gφ(φ) = G(t, φ)/(At + 1). Therefore, only data depending on
the rotation angle φ are presented.

2.2.3 Effect of compression prior to shear measurements

It is hypothesised that the compression force which has to be imposed to the sample prior
to shear tests, affects the measured mechanical properties obtained for the material. To
the author’s knowledge, this effect was not studied in a systematical way before. To sup-
port the hypothesis, shear measurements were conducted on three samples with varying
amounts of compression for each sample.

The height of each sample h0 was estimated during an initial constant strain rate com-
pression test (ḣ/h0 ≈ 0.05 s−1), starting without the top plate touching the sample. Be-
fore any compression started, the sample was loaded in tension due to its spontaneous
adhesion to the top plate caused by a thin fluid layer. The height of each sample h0 was
defined as the height where the normal force FN was equal to zero. Due to viscoelastic
behaviour of the material, this estimated sample height can be compression rate depen-
dent. After each sequence of shear tests, the distance between the plates was decreased
stepwise, causing the normal force FN to increase. For each height, a DFS test and a SR
test were performed as described in the general methodology section.

2.3 Results

2.3.1 Effect of temperature

The mean dynamic modulus and the mean phase angle obtained for three samples of
brain tissue at 23◦C and 37◦C are shown in Figure 2.3. Themaximum standard deviations
are 30% for both quantities.

Measured results were found to be clearly temperature dependent with a horizontal shift
factor aT between 23◦C and 37◦C of up to 11, whereas the vertical shift factor bT was close
to one. Results for DFS tests and for SR tests at different temperatures in the range
7–37◦C are given for an individual sample in Figure 2.4. These data have been used to
obtain master curves for an extended range of frequencies and relaxation times, which
are given in Figure 2.4 as well. For both tests, it is visible that stiffening of the sample
response is obtained with decreasing temperature.
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Figure 2.3: Dynamic modulus G∗ and phase angle δ for DFS tests at 23◦C and 37◦C.
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Figure 2.4: (a) Measured DFS data for one sample before applying TTS (grey lines) and master

curve after applying TTS (black lines). (b) Measured SR data of 20% strain for one
sample before applying TTS (grey lines) and master curve after applying TTS (black

lines).

2.3.2 Differences caused by anisotropy

Anisotropy of brain tissue samples from the corona radiata was examined in the sagittal,
the coronal, and the transverse plane by DFS and SR tests. Moreover, results are also com-
pared among these planes. The variation caused by anisotropy for shear tests in different
directions within the plane of testing was highest in the sagittal plane, whereas the small-
est variation was found to be in the coronal plane, except for the relaxed response, see
Table 2.3. By comparing the SR results it can be observed that the amount of anisotropy
increases with strain, which is also observed by comparing SR (large strain) with DFS
(small strain) results. In Figure 2.5a the results from a DFS test are given in a polar plot
for one individual sample, whereas in Figure 2.5b the results from a SR test on the same
sample are shown. In most cases, the shape of the measured stress response in a po-
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Table 2.3: Anisotropy within different planes of testing. Average ratios of maximum and mini-

mum response measured are given.

No. of DFS SR
samples G∗

max/G∗
min Gmax/Gmin

f = 1 Hz f = 10 Hz γ = 4.5% γ = 8% t = 10 s

sagittal 5 1.40 1.38 1.44 1.54 1.40
coronal 4 1.26 1.23 1.33 1.42 1.36
transverse 4 1.37 1.34 1.39 1.46 1.32

lar plot was elliptical. Only in some cases the polar plot had the shape of an equilateral
triangle. Whereas the directions corresponding to the maximum and minimum sam-
ple response were consistent among measurements on individual samples, they varied
between samples.
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Figure 2.5: Polar plots of (a) G′ (solid lines) and G′′ (dashed lines) from DFS tests, (b) stress at

4.5% strain (grey line), 8% strain (solid line), and stress after 10 seconds of relaxation

(dashed line) during a SR test.

The variations caused by anisotropy between the planes are presented in Figure 2.6 where
the error bars represent the average differences between the maximum and minimum
found within the plane of testing. Whereas the results measured in the coronal and the
transverse plane were statistically indistinguishable, they were 1.3 and 1.25 times stiffer,
respectively, than the results obtained in the sagittal plane. These differences were similar
for the DFS (Figure 2.6a) and the SR tests (Figure 2.6b, c). The variation caused by
anisotropy within the planes was found to increase with increasing strain for SR tests,
whereas it was found to decrease with increasing frequency for DFS tests. Standard
deviations for these tests were found to be up to 26%.
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Figure 2.6: Mean shear properties for each anatomical plane with bars representing the variation

caused by anisotropy (a) DFS test, (b, c) SR test.

2.3.3 Effect of compression prior to shear measurements

Results of DFS and SR tests with different amounts of pre-compression are given in Fig-
ure 2.7. From these results it is visible that the response in shear stiffens with decreas-
ing gap, i.e. with increasing pre-compression force. The differences caused by different
pre-compression forces are summarised in Table 2.4. In the case of DFS tests, for a
pre-compression force of 10 mN the stress response is 11.6% ( f = 10 Hz) to 21.5% ( f =
1 Hz) stiffer, than for a pre-compression force of 5 mN. The difference was decreasing
with increasing frequencies. For the SR tests with a pre-compression force of 10 mN
the response is 12.5% (during loading) to 18.5% (after relaxation) stiffer, than for a pre-
compression force of 5 mN. The difference was higher after relaxation than during the
loading phase. Moreover, during the loading part of the SR tests the differences were
independent of strain.
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Figure 2.7: Dynamic frequency sweep results as a function of (a) height of the gap between plates,

(b) normal force. Stress relaxation results as a function of (c) height of the gap between

plates, (d) normal force.

Table 2.4: Variations caused by pre-compression forces measured in shear tests. Data measured

for a pre-compression force of 0, –5, and –10 mN are compared.

DFS SR
G∗

f =1 Hz G∗
f =10 Hz τγ=4.5% τγ=8% τt=10 s

FN = –10 mN/FN = 0 mN 1.622 1.357 1.414 1.419 1.650
FN = –5 mN/FN = 0 mN 1.336 1.216 1.253 1.263 1.395
FN = –10 mN/FN = –5 mN 1.215 1.116 1.124 1.129 1.183

2.4 Discussion and conclusions

The constitutive properties of soft tissues as obtained in mechanical characterisation ex-
periments are particularly sensitive to a number of experimental conditions. In this study,
the influence of some of these conditions has been investigated by keeping all other con-
ditions unchanged. In particular, the consequences of differences in temperature, mate-
rial anisotropy and the chosen amount of pre-compression in shear measurements have
been investigated.
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Effect of temperature: Mechanical test results of brain tissue have been shown to be
clearly temperature dependent and can be scaled by a horizontal shift factor aT and a
negligible vertical shift factor bT. There is only one study [73] where the results were found
to be independent of temperature. Current results compare well with results previously
published by Peters et al. [59], Brands et al. [38], and Shen et al. [64] (see Table 2.5). Data
measured at room temperature are recommended to be shifted by a horizontal factor of
aT = 8.5–11 to obtain the values representative for body temperature. Because the vertical
factor bT is close to one, no vertical shift is required.

Table 2.5: Shift factors aT and bT for scaling results from 23◦C to 37◦C.
No. of Type of Mean
samples test aT bT

current study 3 DFS, SR 8.5–11 1.3–0.99
Brands et al. [38] 4 DFS 5.5 1.03
Peters et al. [59] 5 DFS, SR 6.7 2.6
Shen et al. [64] – DFS ∼5 1

Differences caused by anisotropy: Anisotropy of brain tissue can also play a role in results
of mechanical tests. In the current study, the average differences between the maximum
and minimum found within the testing plane from DFS and SR tests are 25% to 40%
and 32% to 54%, respectively. The ratios between the results from the coronal/sagittal
and transverse/sagittal planes were approximately 1.3, whereas results from coronal and
transverse planes were statistically indistinguishable. There have been only a few studies
investigating the mechanical anisotropy of brain tissue. Arbogast et al. [31,34] tested the
anisotropy of the brainstem in 2.5% strain DFS tests in three different orientations and
found differences to be up to 30%. Prange and Margulies [63] identified the anisotropy of
brain tissue at large strains (up to 50%) from (translational) shear experiments on white
matter samples from the corona radiata. They have found a ratio of 1.35–1.5 between
two preferred directions in the sagittal plane. This compares well with results obtained
within each plane (1.4–1.54) in the current study. Contrary, Nicolle et al. [56,57] studied
anisotropy within the corona radiata (white matter) in three planes but did not find any
statistical difference between the results. However, since this conclusion does not ex-
clude the possibility of anisotropy, it is not necessarily in disagreement with the current
observations.

Effect of compression prior to shear measurements: When sandpaper is used to prevent
slip in shear experiments, samples should be compressed prior to testing. This can be
avoided by gluing the sample to the plates. However, in that case the thickness of the
glue layer is unknown and therefore the real height of the sample is unknown. As a
consequence, also in case of glue the sample is often uniaxially loaded prior to shear
measurements. The amount of pre-compression was found to significantly affect the me-
chanical properties obtained in shear measurements. Although a sufficient amount of
pre-compression is required to prevent the occurrence of slip in subsequent shear mea-
surements, an increasing amount of compression force will yield the deformation state to
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be a combination of shear and compression rather than pure shear. Furthermore, the fric-
tion created between the sample and the plate will lead to a non-homogeneous state with
an enlarged cross-sectional area in the middle plane of the sample. The dependence of
the shear properties obtained from the measurement on the amount of pre-compression,
results from a combination of these effects, all leading to an increasing apparent shear
modulus with increasing pre-compression. In the current study, a 20% increase of the
shear modulus observed was found when increasing the pre-compression force from 5 to
10 mN. Contrary, Nicolle et al. [57] have found a 24% decrease of shear modulus in the
linear range with pre-compression increasing from 1% to 3%.

Additionally, the effect of post-mortem time has been studied for comparable conditions
as well, see Chapter 3. An increase of approximately 27 Pa/h was found for moduli mea-
sured at a strain of 4.5% for tests exceeding the threshold time of 6 hours post-mortem.
The post-mortem time, sample preparation and mechanical history of the tissue were
highlighted as important aspects for interpreting the results of mechanical characterisa-
tion studies on brain tissue.

Because of availability and the possibility to test at relatively short post-mortem times,
porcine brains were used in this work. Porcine brain tissue has been used in many previ-
ous studies on the mechanical properties of brain tissue as well (see Table 2.1). Although
differences between human and porcine brain tissue do exist, these differences are con-
sidered to be small compared to differences due to the effect of post-mortem time [63].
Furthermore, the donor animals used in this study were not full grown (approximately six
months). However, the composition (water content, DNA-P level, cholesterol) of porcine
brain tissue has been found to change significantly only during the first four months
[74]. Therefore, the mechanical properties of this material can be considered to remain
unchanged after this age.

The considerable differences in mechanical properties as reported in literature may be
caused by variations in the material tested, test conditions, testing protocols, and by other
reasons. Generally, a combination all of these experimental aspects will determine the
mechanical properties measured. Therefore, in experimental studies aimed at determin-
ing themechanical behaviour of soft tissues like brain tissue, the experimental conditions
should be carefully controlled and documented. In this study, the effect of some of these
aspects was systematically investigated by using otherwise consistent conditions, which
can be considered as a step towards obtaining a consistent data set describing the me-
chanical properties of brain tissue. However, notice that the spread in absolute values of
comparable results (see Figure 2.1 and Figure 2.8 in Appendix 2.A) from these studies is
about two decades, much more than the variation found due to anisotropy, post-mortem
time, temperature and pre-compression.

2.A Overview of experimental studies

The data available in literature were divided into groups depending on the type of experi-
ment. An overview of measurements in shear deformation is given in Table 2.6, whereas
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Table 2.7 includes measurements in uniaxial deformation.

In general, dynamic tests were done by applying an oscillatory sinusoidal strain with
a certain amplitude with or without varying the strain/frequency. Note that the linear
viscoelastic properties should be determined from dynamic tests in the linear regime,
which was found to be limited to 1% shear strain by Brands et al. [37] and Nicolle et al.
[56]. Dynamic tests include also free vibration experiments. Constant strain rate tests
consist of loading the sample by keeping a constant strain rate up to a certain strain
level. In stress relaxation tests, the subsequent relaxation of the mechanical response
is measured. A summary of stress relaxation and constant strain rate experiments is
given in Figure 2.8. Creep test were done by applying a certain load on the sample and
recording the strain response.
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Figure 2.8: (a) Summary of shear stress relaxation experiment results reported in literature. (b)

Summary of constant strain rate experiment results reported in literature, for shear

(black) and uniaxial (grey) deformation.
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Table 2.6: Overview of experimental studies on brain tissue in shear.

Dynamic tests

donor post-mortem attach. T frequency strain

age time [h] method [◦C] [Hz] [%]

Arbogast et al. [31,32,34] p,fg 4 no,g,rs 5–25 20–200 2.5,5,7.5

Bilston et al. [35,36] – 8 sp 37 0.01–20 0.015–2

Brands et al. [37,38] nfg 4 sp,no,g 4–38 0.1–16 0.1–10

Darvish and Crandall [40] nfg 72–288 g 37 0.5–200 1–20

Fallenstein et al. [28] fg 2.5–62 g,rs 37 9–10 7–24.5

Garo et al. [46] nfg 2–10 sp 37 1–10 1

Hrapko et al. [49] nfg 5 sp 37 0.04–16 1

McElhaney et al. [29] fg 2.5–15 no 37 9–10 –

Nicolle et al. [56,57] nfg 24–48 g 37 0.1–9000 0.01–10

Peters et al. [59] nfg 27–51 – 7–37 0.016–16 0.2–5

Shuck and Advani [65] fg – – 37 5–350 1.23
Thibault and Margulies[69,70] p,fg 3 no ∼25 20–200 2.5,5

Stress relaxation tests

donor post-mortem attach. T strain relax.

age time [h] method [◦C] [%] time [s]

Arbogast et al. [31] p 4 no ∼25 2.5,5,7.5 1.8

Bilston et al. [35,36] – 8 sp 37 0.001–15 3000

Brands et al. [38] nfg 4 sp 38 5–20 100

Hrapko et al. [49] nfg 5 sp 37 1–20 10

Nicolle et al. [56,57] nfg 24–48 g 37 0.1–50 300

Ning et al. [58] p 5 no – 2.5–50 60

Peters et al. [59] nfg 27–51 – 7–37 1 300
Prange et al. [60–63] p,nfg,fg 3–5 no ∼25 2.5–50 60

Shen et al. [64] fg 48–120 sp 10–37 0.5,5,10,20 2

Takhounts et al. [67,68] fg 48 g ∼25 12.5–50 0.5

Constant strain rate tests

donor post-mortem attach. T strain strain

age time [h] method [◦C] rate [s−1] [%]

Arbogast et al. [31] p 4 no ∼25 – 8

Bilston et al. [36] – 8 sp 37 0.055,0.2335,0.947 2000

Donnelly and Medige [42] fg 72–96 g ∼25 30,60,90,120,180 0.28–12.5

Garo et al. [46] nfg 2–10 sp 37 1 5

Hrapko et al. [49] nfg 5 sp 37 1,1.5 1–50

Ning et al. [58] p 5 no – 20–25 50

Donor age: p – paediatric, nfg – not full grown, fg – full grown. Attachment method: no –

no glue, g – glue, sp – sandpaper, rs – roughened surface. T – test temperature.



2.A OVERVIEW OF EXPERIMENTAL STUDIES 23

Table 2.7: Overview of experimental studies of brain tissue in uniaxial deformation.

Dynamic tests

donor post-mortem attach. T strain frequency

age time [h] method [◦C] [–] [Hz]

Galford and McElhaney[45] fg 1–12 no 37 – 31,34

Koeneman [51] – 0.5–3 no 22 ∼10−5 80–350

McElhaney et al. [29] fg 2.5–15 no 37 – 31,34

Stress relaxation tests – Compression

donor post-mortem attach. T strain relax.

age time [h] method [◦C] [–] time [s]

Cheng and Bilston [39] nfg – no,g – –0.05 3500

Galford and McElhaney[45] fg 1–12 no 37 – 80
Prange et al. [62] fg 5 no ∼25 –0.05,–0.3,–0.5 60

Constant strain rate tests

donor post-mortem attach. T strain strain

age time [h] method [◦C] [–] rate [s−1]
Compression

Cheng and Bilston [39] nfg – no,g – –0.05 1×10−2–1×10−4

Estes and McElhaney [43] fg 1–12 no 37 –1 0.08,0.8,8,40
Franceschini et al. [44] fg – g 37 –0.26 5.5–9.3×10−3

McElhaney et al. [29] fg 2.5–15 no 37 –1.2 0.1,1,10,65

Miller and Chinzei [53] nfg – no ∼22 –0.34 64×10−2–64×10−7

Shen et al. [64] fg 48–120 no – –0.05 0.01

Tension

Franceschini et al. [44] fg – g 37 1.335 5.5–9.3×10−3

Miller and Chinzei [55] nfg – g ∼22 0.48 64×10−2–64×10−4

Velardi et al. [66] fg 5–6 g 20–25 0.6 0.01

Creep tests – Compression

donor post-mortem attach. T load time

age time [h] method [◦C] [N,Pa] [s]

Dodgson et al. [41] – – – 16–26 0.2N 15–90000

Franceschini et al. [44] fg – no ∼25 2–12N 54000

Galford and McElhaney[45] fg 1–12 no 37 3447,6895Pa 1000

Koeneman [51] – 0.5–3 – 22 – 0.2–200

Donor age: p – paediatric, nfg – not full grown, fg – full grown. Attachment method: no –

no glue, g – glue, sp – sandpaper, rs – roughened surface. T – test temperature.





CHAPTER THREE

Effects of post-mortem time and sample
preparation1
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Abstract

Since the early seventies, the material properties of brain tissue have been studied using
a variety of testing techniques. However, data reported in literature show large discrepan-
cies even in the linear viscoelastic regime. In the current study, the effect of the sample
preparation procedure and of post-mortem time on the mechanical response of porcine
brain tissue is examined. Samples from the thalamus region were prepared with different
techniques and were tested for different loading histories. Each sample was tested in os-
cillatory shear tests (1% strain amplitude, 1–10 Hz frequencies) followed by sequences of
5% strain loading-unloading cycles. The stress response to the loading-unloading cycles
showed a clear dependency on post-mortem time, becoming more stiff with increasing
time. This dependency was affected by themechanical history induced by the preparation
procedure.

1 Reproduced from: A. Garo, M. Hrapko, J. A. W. van Dommelen, G. W. M. Peters, (2007). Towards a
reliable characterisation of the mechanical behaviour of brain tissue: the effects of post-mortem time and
sample preparation. Biorheology, 44(1), p. 51–58.
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3.1 Introduction

Injuries due to car accidents, specifically head injuries which are often fatal, remain ama-
jor problem in traffic safety. In order to understand and prevent traumatic brain injuries,
the mechanical behaviour of brain tissue must be understood. Many studies have been
performed in the last decades to characterise various aspects of this complex tissue, such
as its dynamic response and its large strain behaviour [65,59,34,70,38,36,56,49,64]. How-
ever, no universally accepted data exists that describes its linear viscoelastic behaviour.
The differences in the reported viscoelastic properties may be due to a combination of
several reasons, such as regional differences, anisotropy, differences between species but
also test conditions such as post-mortem time and sample preparation. Prange and Mar-
gulies [63] showed that the difference between white matter from the corpus callosum
and grey matter from the thalamus region is up to 30%. Human samples obtained from
temporal lobectomies performed on epileptic patients, were on average 29% stiffer than
porcine samples. Moreover, they reported that differences attributed to anisotropy of grey
matter and white matter were up to 10% and up to 50%, respectively. The results of the
various studies are orders of magnitude different. Such differences cannot be attributed
entirely to regional, donor or to anisotropy variations. Several studies have commented
on degeneration effects resulting from post-mortem time. Metz et al. [52] have reported a
30-70% decrease of the tissue response to the inflation of a balloon catheter, from live to
3/4 hour post-mortem. McElhaney et al. [29] have reported no significant changes in sam-
ple properties up to 15 hours post-mortem and Nicolle et al. [56] have reported only a 6%
increase of shear modulus between samples measured at 24 and 48 hours post-mortem.
However, many authors [34,70,38,36,63] suggested that the tissue would degenerate with
increasing post-mortem time due to various reasons (e.g. autolytic processes, completion
of rigor mortis, osmotic swelling, etc.).

The purpose of this study is to determine the effects of sample preparation and post-
mortem time on the measured mechanical properties of brain tissue. It is hypothesised
that both the mechanical history that is imposed during the preparation procedure and
the total post-mortem time affect the mechanical properties of the material.

3.2 Materials and methods

The experiments were performed on porcine brains from six months old pigs obtained
from a local slaughterhouse. Brain halves were transported in a solution of Phosphate
Buffered Saline (PBS) in a box filled with ice to prevent dehydration and to slow down
their degradation. The samples were prepared from tissue located in the thalamus region
within 3 hours after sacrifice. This region of the central nervous system is a homogeneous
mixture of white and grey matter and is particularly important because it is the relay
station to higher cortical areas.

Two different methods were employed to prepare 1.5 to 3.5 mm thick slices:
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• The first procedure consisted of using a vibrating-blade microtome, (Leica VT
1000S). Slices were cut from the thalamus with a speed of 0.05 - 0.1 mm/s and
a frequency of 100 Hz. The surface of the blade was set to be parallel with the
cutting plane. The advantage of this method is the high dimensional accuracy.

• The second procedure involved a standard rotating-disk vertical slicer (Bizerba) with
which slices were cut from brain halves.

The slices were cut parallel to the sagittal plane in the superior-inferior direction. From
these slices, samples with a diameter of 10 to 13 mm were cut using a cork bore. Until
the start of the tests, the samples were preserved in PBS at 4◦C.

The samples were tested in shear with the rotational rheometer ARES II (Advanced Rheo-
metric Expansion System). Sandpaper was glued by double layer tape on the upper and
lower plate to prevent slippage of the samples. In order to measure the height of the
samples, the upper plate was lowered until touching the top of the sample and measur-
ing a maximum axial force of 50 mN. During testing, the temperature was kept at 37◦C
and a moist chamber was used to prevent dehydration of the brain tissue samples. The
tests were conducted at post-mortem times ranging from 2.5 to 10 hours, with the start
of the tests corresponding to 2.5 to 8 hours. Because of the heterogeneity of brain tis-
sue, samples of small dimensions were used. In order to minimise any possible effect
of anisotropy of the material on the measured properties, all samples were tested in the
same orientation (the shear direction corresponding to the anterior-posterior direction).
To improve the signal to noise ratio, an eccentric test configuration was used [71]. In
this configuration, the sample is placed at the edge of the bottom plate, leading to an
increase of the measured torque. Moreover, an approximately homogeneous shear field
is obtained.

A series of loading-unloading cycles was applied to the samples in two different test se-
quences. Each test sequence was preceded by a dynamic frequency sweep test in which
the sinusoidal shear strain imposed on the sample had an amplitude of 1% corresponding
to the linear range of brain tissue [37,56], and the frequency was ranging from 1 Hz to 10
Hz. For each frequency, the storage and loss moduli were determined. Subsequently, a
series of loading-unloading cycles at a constant shear rate of 1 s−1 was applied. The pur-
pose of these tests was to determine the presence of any potential evolution of mechanical
properties due to either increasing post-mortem time or mechanical history of the sam-
ple. The test sequences differed in the shear strain amplitude of the loading-unloading
cycles:

• In test sequence A (see Figure 3.1a), the samples were subjected to loading-
unloading cycles to a strain of 5%, which is in the non-linear range of the mate-
rial. Between each cycle, a period of 10 minutes was left in order to let the material
recover at zero strain. This waiting period was chosen as a convenient division of
post-mortem time for measurements.

• In test sequence B (see Figure 3.1b), 5% strain loading-unloading cycles were ap-
plied every 10 minutes during 1 hour. Thereafter, a 20% loading-unloading cycle
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was applied, followed by again a series of 5% strain loading-unloading cycles every
10 minutes during 2 hours.PSfrag replacements
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Figure 3.1: Different sequences of transient tests.

In Hrapko et al. [49], it was demonstrated that the strain level chosen in this study does
not lead to changes in the mechanical behaviour at short times (up to 30 minutes). Se-
quence B was designed to study the effect of a large strain mechanical history on the
response of brain tissue at longer times.

Three different test protocols have been used in this study, consisting of different combi-
nations of sample preparation method and test sequence:

• Protocol 1: the samples were prepared with the microtome and subjected to test
sequence A.

• Protocol 2: the samples were prepared using the vertical slicer and subjected to test
sequence A.

• Protocol 3: the samples were prepared using the vertical slicer and tested according
to test sequence B.

Table 3.1 gives the main features of the samples tested.

The aim of the first two test protocols was to investigate a possible effect of the cutting
procedure on the mechanical response of the samples. The preparation procedure could
potentially affect the mechanical behaviour of the material due to the mechanical history
applied during this procedure. The third test protocol was applied with the goal to inves-
tigate the effect of a well-defined mechanical history on the mechanical response of the
tissue at a relatively long time scale.

In the eccentric rotational shear configuration [71], the shear stress τ and shear strain γ
were calculated from the measured torque M and angle θ by:

τ =
Mr

2πr2
1

(

(r−r1)
2

2 +
r2

1
8

) , γ = θ
r
h , (3.1)
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Table 3.1: Sample details and test matrix. The post-mortem time corresponds to the start of the

test.
sample protocol

cutting device
test diameter height post-mortem

No. No. sequence [mm] [mm] time [min]
1

1 Leica VT 1000S A

12.1 1.40 300
2 11.1 1.79 465
3 10.2 1.41 450
4 11.3 3.14 480
5

2 VS Bizerba A

13.0 3.47 180
6 12.7 2.93 380
7 10.5 1.79 180
8 10.3 1.81 340

9

3 VS Bizerba B

12.2 2.71 180
10 10.6 2.86 390
11 12.6 3.32 150
12 10.6 3.33 360

where r is the radius of the plate, r1 is the sample radius and h is the sample height.
It is assumed that the effect of the free boundaries can be neglected since the sample
thickness is much smaller than the sample diameter.

During the dynamic frequency sweep tests, an oscillatory shear strain γ(t) = γ0sin(ωt)
was applied to the sample. Since for these tests, the shear strain magnitude was within
the linear viscoelastic limit [37,56], linear viscoelastic material behaviour can be assumed.
Consequently, the shear response τ(t) can be written as:

τ = G∗γ0sin(ωt + δ) = γ0[G′sin(ωt) + G′′cos(ωt)]. (3.2)

The material response during the frequency sweep tests is reported in terms of the stor-
age modulus G′ and the loss modulus G′′.

Since the strainmagnitude of the loading-unloading cycles that were applied in this study
are outside the linear viscoelastic regime, no constitutive assumption is made for the
interpretation of the test results. The material response of these tests is characterised in
terms of the modulus at γ∗ = 0.045 shear strain during the loading phase:

G(γ∗) =
τ(γ∗)

γ∗ . (3.3)

The strain magnitude was chosen below the amplitude of the loading-unloading cycle. At
this stage of the loading phase, a constant and reproducible strain rate of 1 s−1 is obtained.

To assess a possible dependence of the modulus at 4.5% strain on post-mortem time,
linear correlation coefficients (R ) are determined for the results obtained in two differ-
ent stages of the test series. Furthermore, the probability (P ) value for the hypothesis of
no correlation is determined. To define the threshold time t0, which separates the post-
mortem time t into two stages, the function G = C1 + C2(t − t0)H(t − t0) was fitted by
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a least-squares error method to all measured data. Coefficients C1 and C2 represent the
modulus [Pa] before t0 and the increase of modulus with time [Pa/min] after t0, respec-
tively, and H is the Heaviside step function.

3.3 Results

The storage and loss moduli of all samples are given in Figure 3.2, and it is evident that
they increase with frequency. The average standard deviations for the storage modulus
and the loss modulus are 17% and 19%, respectively. These results are close to those
found by Brands et al. [37] and Peters et al. [59] using a centered plate-plate configuration.
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Figure 3.2: Average storage modulus G′ and loss modulus G′′ for all samples and standard devia-

tions.

Figure 3.3 shows the instantaneous modulus calculated from the shear stress level at
4.5% strain (Equation 3.3) versus the post-mortem time for all three protocols. It should
be noted that at the end of the test, the samples were still visibly wet. The results of
protocol 1 show the same trend: the behaviour of the brain tissue remains relatively con-
stant during the first 40 minutes of the test and then the response increases during the
remainder of the test. It should be noted that the samples were tested at post-mortem
times exceeding 300 minutes. For protocol 2 the responses of 3 samples did not evolve
with time as strongly as the samples subjected to protocol 1. The modulus remained ap-
proximately constant over time, even for post-mortem times longer than 300 minutes.
Because of the good reproducibility of the test with samples prepared with the slicer,
this preparation technique was also used in the third protocol, in which a shear strain of
20% was applied, after which the evolution of the mechanical response was again moni-
tored. For protocol 3, it was observed that the stress response tended to increase when the
post-mortem time exceeds 300 minutes. The stiffness increases after the 20% loading-
unloading cycle for three of the samples. By comparing results of protocol 3 with protocol
2 it can be concluded that the 20% loading-unloading cycle accelerates the changes in the
mechanical behaviour, even for post-mortem times smaller than 300 minutes.



3.4 DISCUSSION AND CONCLUSIONS 31

Figure 3.3 shows that the moduli at 4.5% strain range from approximately 195 Pa for post-
mortem times smaller than the threshold time to approximately 305 Pa for post-mortem
times up to 10 hours. In general, the measured material response tends to increase with
post-mortem time for post-mortem times exceeding the threshold time t0 ≈ 6 hours.
No correlation was found (R < 0.01, P = 0.95) between the modulus and post-mortem
time up to 6 hours post-mortem. Contrary, for post-mortem times larger than 6 hours, a
strong correlation was found (R = 0.61, P = 0.00) between modulus and post-mortem
time. The mean modulus for the first stage was found to be C1 = 195 Pa, whereas the
modulus increase during the second stage was found to be C2 = 0.45 Pa/min. The
standard deviation found in the measured moduli at 4.5% strain is up to 25%.

100 200 300 400 500 600
0

100

200

300

400

post−mortem time [min]

M
od

ul
us

 [P
a]

Protocol 1 Protocol 2 Protocol 3
Sample 1
Sample 2
Sample 3
Sample 4

Sample 5
Sample 6
Sample 7
Sample 8

Sample 9
Sample 10
Sample 11
Sample 12

least squares fit of 195+0.45(t−360)H(t−360)

Figure 3.3: Modulus at 4.5% strain versus post-mortem time.

3.4 Discussion and conclusions

Studies on the characterisation of brain properties by different laboratories using differ-
ent testing protocols have yielded a wide range of results. Concerning the results of the
dynamic frequency sweep tests, all the samples show the same behaviour: the storage
and loss moduli increase with frequency, however, the results are orders of magnitude
different. Current results are similar to the data found by Peters et al. [59], Brands et al.
[37], and Shen et al. [64] but smaller than the results of Arbogast and Margulies [34],
Thibault and Margulies [70], Bilston et al. [36], and Nicolle et al. [56]. The differences
between various studies cannot be attributed entirely to species, regional variation or to
anisotropy. Among other factors, a possible source for differences in reported proper-
ties may be the preparation techniques used and the difference in post-mortem times.
Therefore, the effect of the sample preparation and post-mortem time on the measured
mechanical properties of brain tissue was investigated.

To investigate the possible effect of the cutting procedure, samples prepared with dif-
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ferent techniques were subjected to identical series of tests. Furthermore, an additional
test sequence, with a well-defined strain history was applied. From the results of these
protocols a number of observations can be made. Most importantly, the mechanical re-
sponse of brain tissue stiffens with increasing post-mortem time, if this post-mortem
time exceeds a threshold value. The onset of changes in the mechanical behaviour with
increasing post-mortem time appears to depend on the mechanical history of the tissue.
Furthermore, this mechanical history may be affected by the sample preparation pro-
cedure. Mechanical loading during sample preparation can accelerate the evolution of
mechanical properties with advancing post-mortem time. Moreover, for reproducible re-
sults, brain tissue should generally be tested within a post-mortem time of 6 hours. The
average deviation for tests exceeding the threshold of 6 hours post-mortem was found
to be approximately 27 Pa/h (for moduli computed at a strain of 4.5%). It appears that
sample preparation and in particular post-mortem time are important aspects for inter-
preting the results of mechanical characterisation studies on brain tissue. For studies in
which the tissue is tested at relatively longer post-mortem times, the mechanical proper-
ties obtained can be expected to be relatively stiff.

Those authors [34,70,38,36,63] whomeasured their results on shorter post-mortem times
argued that this minimises deviations caused by higher post-mortem times. However,
also several studies were made with larger post-mortem times. No deviation of mea-
sured results caused by higher post-mortem time was found by McElhaney et al. [29] for
times up to 15 hours. Nicolle et al. [56] compared samples measured at 24 and 48 hours
post-mortem and found only a 6% increase in linear viscoelastic response. It should be
mentioned that they have stored the samples at 6◦C to minimise the changes. Darvish
and Crandall [40] have prepared their samples 24 hours post-mortem, stored them in a
solution of physiological saline and bovine serum and tested them in 3-16 days. No corre-
lation was found between time and variation in mechanical properties. Also, Shen et al.
[64] have used samples from porcine brains (one week post-mortem), and reported only
a small variation of the material properties.

By investigating different aspects of testing and preparation procedures, the differences
between the results of different studies can be partially explained. Although the results
of this study are not conclusive, clear trends can be observed, which can be considered as
a step towards a reliable characterisation of the mechanical behaviour of brain tissue.
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Abstract

The non-linear mechanical behaviour of porcine brain tissue in large shear deformations
is determined. An improved method for rotational shear experiments is used, producing
an approximately homogeneous strain field and leading to an enhanced accuracy. Results
from oscillatory shear experiments with a strain amplitude of 0.01 and frequencies rang-
ing from 0.04 to 16 Hz are given. The immediate loss of structural integrity, due to large
deformations, influencing the mechanical behaviour of brain tissue, at the time scale of
loading, is investigated. No significant immediate mechanical damage is observed for
these shear deformations up to strains of 0.45. Moreover, the material behaviour during
complex loading histories (loading-unloading) is investigated. Stress relaxation experi-
ments for strains up to 0.2 and constant strain rate experiments for shear rates from 0.01
to 1 s−1 and strains up to 0.15 are presented.

A new differential viscoelastic model is used to describe themechanical response of brain
tissue. Themodel is formulated in terms of a large strain viscoelastic framework and con-
siders non-linear viscous deformations in combination with non-linear elastic behaviour.
This constitutive model is applicable in three-dimensional head models in order to pre-
dict the mechanical response of the intra-cranial contents due to an impact.

1 Reproduced from: M. Hrapko, J. A. W. van Dommelen, G. W. M. Peters, J. S. H. M. Wismans, (2006).
The mechanical behaviour of brain tissue: large strain response and constitutive modelling. Biorheology,
43(5), p. 623–636.
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4.1 Introduction

The head is often considered as the most critical region of the human body for life-
threatening injuries sustained in accidents. The social costs of these accidents were esti-
mated at 180 billion Euros per year in the European Union alone [75]. From 1995 to 2001
an average of 1.4 million cases of traumatic brain injury occurred in the United States
each year, of which 20% resulted frommotor vehicle accidents [2]. In order to develop ef-
fective protective measures, a better understanding of the process of injury development
in the brain is required.

During a crash the head is exposed to external mechanical loading which causes an in-
ternal mechanical response of the brain tissue. Above a certain strain or a strain rate
brain tissue damage can occur. To assess the likelihood of head injury, in the early sixties,
the Head Injury Criterion was developed [7] and is still used in most current test stan-
dards. However it suffers from a number of drawbacks, one of which is that it is based
on linear head acceleration only. Moreover, it does not allow for a distinction between
different injury mechanisms. Nowadays, FE models are being developed, in order to pre-
dict the mechanical response of the contents of the head during impact. Current FE head
models contain a somewhat detailed geometrical description of various anatomical com-
ponents of the head but lack accurate descriptions of the mechanical behaviour of brain
tissue. Without an accurate representation of the constitutive behaviour of the various
components, the predictive capabilities of head models may be limited. Therefore, brain
tissue has been studied with a variety of techniques and a number of constitutive models
were proposed. The mechanical behaviour of brain tissue has been tested mostly in vitro
in shear [34,36,38,40,42,45,56,59,65,68,70,63], compression [63,43,53] and tension [55].
Moreover, some results from in vivo measurements have been reported as well [48,54].
However, no consensus exists on the linear viscoelastic properties and on the nature of
the non-linear behaviour. Reported properties of brain tissue vary more than an order
of magnitude. Several reasons for this scatter may exist, such as differences in testing
protocols, different donor species, anisotropy, and the non-homogeneous nature of brain
tissue. Post-mortem times vary from a few hours [34,36,38,63] to a few days [40,42,56].
Animal brain tissue is frequently used as a substitute for the human brain in experiments
to characterise the mechanical behaviour. The main reasons are that animal brains are
easily available and can be tested at short post-mortem times. In most studies involv-
ing human brains, material was obtained from autopsies with the consequence of longer
post-mortem times. The mechanical response of fresh human brain tissue was reported
to be approximately 30% stiffer than that of porcine brain tissue [63]. Similar results have
been presented for bovine brain tissue [68].

A number of constitutive models were developed to describe the mechanical behaviour of
brain tissue. Many researchers used an integral model, often in combination with Ogden
hyper-elasticity to describe the viscoelastic behaviour of brain tissue [40,76,77,56,63,68],
and some propose a differential constitutive equation [36,12,42]. However, these existing
models were not validated to describe the influence of non-linear behaviour on complex
loading histories. The ability of a constitutive model to describe this complex mechan-
ical response is crucial for reliable simulations of head injury. Therefore a model is re-
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quired that is able to describe the response to large deformations in different deformation
modes.

This paper presents experimental data on the mechanical response of brain tissue sub-
jected to large deformations. The occurrence of mechanical damage is investigated by a
series of constant shear rate experiments with an increasing strain amplitude. Moreover,
results from a series of loading-unloading cycles for different shear rates are presented.
Stress relaxation and recovery upon unloading of brain tissue are investigated in shear.
Based on the experimental results, a new non-linear viscoelastic material model is formu-
lated using a differential framework which is suitable for large deformations. Experience
with many other materials has indicated that non-linearity often originates from the vis-
cous part of a viscoelastic model. Large shear strain experimental results have indicated
a non-linearity of the viscous behaviour for brain tissue as well [36]. In the model pre-
sented here, a non-linear elastic mode is used in combination with a number of viscoelas-
tic modes showing shear thinning behaviour. The model is fitted to the loading and the
relaxation part of the stress relaxation data of shear experiments and is validated by its
ability to describe the response during complex loading histories. It can be expected that
if a model is applicable for the large strain response of porcine brain tissue, it can also be
applied to human brain tissue after determining the appropriate parameters.

4.2 Materials and methods

Porcine brain tissue was tested in simple shear experiments. Porcine brain tissue was
chosen as a substitute for human brains because of availability and the possibility to min-
imise the post-mortem time at testing. Fresh halves of porcine brains from approximately
6 month old pigs were obtained from a local slaughterhouse. Immediately after acquisi-
tion, they were placed in an ice cooled physiological saline solution to prevent dehydration
and to slow down degradation of the tissue. Samples were prepared from the brain halves
within 2 hours after sacrifice. Slices were cut by a Leica VT1000S Vibrating-blade micro-
tome from the posterior side of the corona radiata region. Cylindrically shaped samples
were obtained with a cork bore which was applied from the medial to the lateral side,
such that the axis of the cylinder was at 30◦ from the axis perpendicular to the sagittal
plane, see Figure 4.1. The samples had a diameter of 7-10 mm and a height of 1-3 mm.
Immediately after sample preparation, the samples were placed in a physiological saline
solution at 7◦C, and subsequently were tested within a 0.5 to 3 hours. All samples were
tested within post-mortem times ranging from 2.5 to 5 hours.

Shear experiments were performed on an ARES II rotational rheometer with a 10GM
FRT transducer in a plate-plate configuration. Waterproof sandpaper (grain size 0.18
mm) was attached to the upper and lower plate of the rheometer to prevent slippage dur-
ing the loading of the sample. This configuration was previously shown to be effective by
Brands et al. [38]. During the test, samples were covered by a moist chamber to prevent
dehydration and the samples were tested at a temperature of 37◦C. An eccentric configu-
ration was used, where the sample was placed at the edge of the plate [71], with a radius of
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Figure 4.1: Sample location in a coronal section of a porcine brain [78].

25 mm, see Figure 4.2. The shear stress τ and shear strain γ were then calculated from
the measured torque M and angle θ by:

τ =
Mr

2πr2
1

(

(r−r1)
2

2 +
r2

1
8

) , γ = θ
r
h , (4.1)

where r is the radius of the plate, r1 is the sample radius and h is the sample height.
It is assumed that the effect of the free boundaries can be neglected while the sample
thickness is much smaller than the sample diameter. The advantages of shifting the
sample to the edge of the plate are that the measured torque signal is increased and
the deformation is more homogeneous than in the conventional centred configuration.
Consequently, this configuration enables the study of the large strain response of the
material.
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Figure 4.2: Eccentric configuration for rotational shear experiments.

All shear experiments were preceded by a 10 cycle sinusoidal preconditioning with a fre-
quency of 0.16 Hz and a strain amplitude of 0.01, which was previously determined to be
the linear viscoelastic limit [37,56]. This was confirmed by strain sweep measurements
on the current setup. Thereafter, a dynamic sinusoidal strain was conducted with an am-
plitude of 0.01 and the frequency ranging from 0.04 to 16 Hz. For each frequency, the
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storage modulus G′ and the loss modulus G′′ were determined from cycle 2–6. Subse-
quently, the same sample was tested in either a series of stress relaxation experiments,
constant shear rate experiments for different shear rates, or constant shear rate exper-
iments with an increasing strain amplitude. The latter experiments were designed to
investigate any potential damaging effect of a previous strain history on the immedi-
ate mechanical response. These loading-unloading tests were conducted with a constant
shear rate of 1 s−1 and the strain was incrementally increased from 0.01 up to 0.5, see Fig-
ure 4.3a. After each loading-unloading cycle the sample was left to recover at zero strain
for at least 10 times the loading time. Thereafter, in the next cycle, the strain amplitude
was increased. In another test sequence (Figure 4.3b), loading-unloading cycles with a
strain amplitude of 0.15 were conducted with the constant shear rate per cycle increasing
from 0.01 s−1 to 1 s−1. Between two cycles, the sample was left to recover for at least
10 times the loading time. The stress relaxation experiments were composed of a series
of ramp-and-hold tests at different strain levels, see Figure 4.3c. The strain rate during
the loading phase was 1 s−1 and the strain was held for 10 s during which the relaxation
of the material was recorded and the relaxation modulus G(t) = τ(t)/γ was computed.
Then, the strain was released with a constant strain rate of 1 s−1 and the sample was left
to recover for a period of at least 100 s during which the tissue response was recorded as
well. The test was repeated for different strain levels where the strains were chosen to be:
0.01, 0.05, 0.1, 0.15, 0.2, respectively.PSfrag replacements
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Figure 4.3: Schematic illustration of test sequences for large strain shear experiments.

4.3 Results

Dynamic frequency sweep results of 21 samples in terms of storage modulus G′ and loss
modulus G′′ with an average standard deviation of 28% are shown in Figure 4.4. This
deviation may be caused by differences between the samples and the brains and by local
anisotropy. The results compare well with those from [38].

Results from constant shear rate experiments with an increasing strain amplitude are
presented for a representative sample in Figure 4.5. In Figure 4.5b, the 0.01 strain limit
for linear behaviour is clearly visible in the beginning of each loading part. There was
no yield or failure visible for the tested strain range. By comparing different loading-
unloading cycles, which were all applied at an identical strain rate, it can be observed
that there is no significant immediate mechanical damage affecting the stress-strain be-
haviour due to previous shear deformations (up to strains of 0.45) occurring at the time
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Figure 4.4: Storage modulus and loss modulus obtained in dynamic frequency sweep experi-

ments.

scale of the experiment. However, at larger time scales, functional damage or the devel-
opment of mechanical changes may still occur. For strains larger than 0.25, the stress-
strain curve starts to decrease slightly which is caused by incomplete recovery after the
unloading phase, although the time for recovery was more than 10 times the loading and
unloading time. This can be attributed to non-linearities in the material behaviour. How-
ever, the results obtained prove that measurements up to a strain of 0.2 and a shear rate
of 1 s−1 are reproducible for short time scales.
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Figure 4.5: Results of constant shear rate experiment with increasing strain amplitude (test se-

quence A). (a) Applied shear strain with reproducible strain rate, (b) stress-strain re-

sponse.

In Figure 4.6, results from constant shear rate experiments at different shear rates are
shown. These tests were performed to show the non-linear strain rate sensitivity of brain
tissue. The strain of 0.15 was chosen based on the results of test sequence A. From these
results it can be observed that also in the non-linear range, the stress as a function of
strain is strain rate dependent and that the response stiffens with increasing strain rate.
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The linear strain limit seems to be the same for all strain rates.
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Figure 4.6: Stress-strain response obtained during constant shear rate experiments at different

shear rates (test sequence B).

In Figure 4.7, results are shown from stress relaxation experiments on two samples. Dur-
ing the loading phase the stress response weakens above the linear viscoelastic strain
limit and is identical for each stress relaxation test, Figure 4.7b. This confirms the
conclusion from the constant strain rate tests that there is no immediate mechanical
damage for these strain levels. During stress relaxation, the relaxation modulus does
not reach a plateau value within the time range allowed, see Figure 4.7c. This is sup-
ported by the findings of other researchers who performed stress relaxation experiments
[31,36,38,56,63,68]. As is seen from Figure 4.7c, the observed relaxation modulus de-
creases as a function of applied strain, where the difference becomes smaller for larger
strains. This represents the true material behaviour and is in contrast with results of
other researchers using a rotational rheometer with a concentric configuration. Here an
approximately homogeneous shear field was obtained by placing the samples at the edge
of the plate. Similar behaviour was observed in simple shear measurements on a transla-
tional shearing device by Prange and Margulies [63]. Stress relaxation curves for different
strain values are nearly parallel. After unloading, the sample recovers completely for
strains in the linear region. For strains above the linear viscoelastic limit, the sample
does not recover completely, although the time for recovery was more than 10 times the
relaxation time.

4.4 Constitutive model

A parallel arrangement of a number of viscoelastic modes and a non-linear elastic mode
is chosen to model the mechanical behaviour of brain tissue. The total Cauchy stress
tensor σ is written as the summation of these contributions:

σ = −pI + σ
d
e +

N
∑
i=1

σ
d
vei , (4.2)
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Figure 4.7: Results of stress relaxation experiments in shear (test sequence C). (a) Stress vs. time
for one sample; (b) stress-strain behaviour for two samples; (c) average stress relax-

ation modulus from the two samples.

where the superscript “d” indicates that the extra stress is deviatoric and N represents the
number of viscoelastic modes. In the current considerations, the material is assumed to
be incompressible. A general differential framework is used to describe the viscoelastic
modes [79]. It is based on amultiplicative decomposition of the deformation gradient ten-
sor F into an elastic part and an inelastic part for each mode i, denoted by the subscripts
“e” and “v”, respectively:

F = Fe · Fv, (4.3)

where for clarity, the subscript i has been omitted. This decomposition considers the
concept of a local intermediate stress-free state which results from instantaneous elastic
unloading of the current configuration. Accordingly, the velocity gradient tensor L =
Ḟ · F−1 is decomposed as:

L = Le + Lv with Le = Ḟe · F−1
e and Lv = Fe · Ḟv · F−1

v · F−1
e . (4.4)

Furthermore, the inelastic deformations are chosen to be spin-free: Ωv = 1
2(Lv − LT

v) =
O. Based on the kinematics of this framework, the following evolution equation for the
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inelastic deformations can be derived:

Ċv = FT · B−1
e ·

[

(L − Le) · Be + Be · (LT − LT
e )

]

· B−1
e · F, (4.5)

where Cv and Be represent the inelastic right Cauchy-Green deformation tensor and the
elastic Finger tensor, respectively. An explicit integration procedure is used for this evo-
lution equation. In each viscoelastic mode of the model, the deviatoric part of the extra
stress tensor is assumed to be given by a relationship of the form σ

d
ve(Fe). Based on

the relaxation behaviour of brain tissue, a two-parameter Mooney-Rivlin model is chosen,
which reduces to a simple neo-Hookean model in shear and provides an extra parame-
ter to adapt the model to different deformation modes. This model can alternatively be
written as:

Wve =
1
2Gve [aIe1 + (1 − a)Ie2 − 3] → σ

d
ve = Gve

[

aBd
e − (1 − a)(B−1

e )d
]

, (4.6)

with Iei the invariants of Be and Wve(Ie1 , Ie2) the strain energy function. The inelastic
flow in a mode is driven by the deviatoric elastic stress and is given by the associated flow
rule:

Dv =
1

2η(τ)
σ

d
ve, (4.7)

where the viscosity parameter η may depend on the equivalent stress measure τ =
√

1
2σd : σd, where σ

d represents the deviatoric part of the total stress experienced by

the material.

This framework was used by Brands et al. [12] for the modelling of the mechanical be-
haviour of brain tissue. They used 4 viscoelastic modes, each with a constant viscosity ηi.
For the elastic part of the behaviour of each mode, a second order Mooney-Rivlin model
was used, leading to artificial softening effects. Experience with many other materials has
indicated that non-linearity often originates from the inelastic part. Here, the Ellis model
is chosen to describe the stress-dependence of the viscosity:

η = η∞ +
η0 − η∞

1 +

(

τ

τ0

)n−1 . (4.8)

This model considers a powerlaw dependence, with a plateau value η0 for small stress
levels and a value of η∞ for infinite values of τ. The latter is chosen here as η∞ = kη0.

A non-linear equilibrium mode is added to the viscoelastic modes. This mode is de-
scribed by a Mooney-Rivlin-type model, modified with a non-linear prefactor:

σ
d
e = 2∂We

∂I1
Bd − 2∂We

∂I2
(B−1)d, (4.9)
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with We = We(I1, I2) the strain energy function. The shape of the partial derivatives of
the strain energy function is chosen based on the non-linear strain dependence of the
equilibrated response to the shear relaxation tests:

We = Ge

{

− (1 − A)

C2 [(Cx + 1) exp (−Cx) − 1] +
1
2 Ax2

}

, (4.10)

with

x =
√

bI1 + (1 − b)I2 − 3. (4.11)

With this strain energy function, the constitutive relation for the equilibrium mode can
be written as:

σ
d
e = Ge

[

(1 − A)exp
(

−C
√

bI1 + (1 − b)I2 − 3
)

+A
][

bBd − (1 − b)(B−1)d
]

. (4.12)

The parameters a and b distinguish between the contribution of the first and the second
invariant of Be and B, respectively, to the strain energies and cannot be determined in
shear experiments. Therefore, these parameters can, without other than experimental
data in shear, be set to a = b = 1.

4.5 Model application

The model described in the previous section was fitted by a least-squares error method to
the loading and relaxation part of a shear stress relaxation test (sample 2). The parameters
obtained are given in Table 4.1. The coefficient τ0 was chosen as the stress corresponding
to the linear viscoelastic strain limit. The parameters A, C, and Ge in the elastic spring
contribution were fitted to the non-linear prefactor obtained from the end points of the
relaxation part of the stress relaxation experiments at different strain levels. Then, the
viscoelastic parameters Gi, λi of 5 modes and the viscous parameters n and k were fitted
to the loading and the relaxation part of the stress relaxation data for the test with a strain
of 0.2. The coefficients a and b should be fitted to the results from measurements in

Table 4.1: Model parameters.

Elastic and viscous Viscoelastic
parameters parameters

Ge = 182.9 Pa G1 = 835.5 Pa λ1 = 0.012 s
A = 0.73 G2 = 231.2 Pa λ2 = 0.35 s
C = 15.6 G3 = 67.1 Pa λ3 = 4.62 s
n = 1.65 G4 = 3.61 Pa λ4 = 12.1 s
τ0 = 9.7 Pa G5 = 2.79 Pa λ5 = 54.3 s
k = 0.39
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other deformation modes such as compression. In the current study these parameters
are arbitrarily chosen to be 1.

In Figure 4.8, the model fit, as well as predictions, are shown and are compared with
experimental results. It can be seen that the model was fitted well to the loading and
relaxation parts of the ramp-and-hold test with a strain of 0.2 and is able to predict the
response of the remaining stress relaxation tests. The unloading and recovery parts are
less well described. The determined parameter set was validated for the loading and
unloading part of constant shear rate experiments on a different sample, see Figure 4.9.
The model predicts the response of the loading-unloading cycles reasonably well, with a
maximum deviation of 12.4%.

0 5 10 15 20 25

−40

−20

0

20

40

60

80

time [s]

τ 
[P

a]

Measured data
Model

0 0.05 0.1 0.15 0.2

−40

−20

0

20

40

60

80

γ [−]

τ 
[P

a]
Measured data
Model

(a) (b)

Figure 4.8: Model fit and prediction for stress relaxation experiments.
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Figure 4.9: Model prediction for constant shear rate experiments on a different sample.
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4.6 Discussion and conclusions

In this paper, the in vitro large strainmechanical response of porcine brain tissue in shear
tests was investigated. An improved method for rotational shear experiments, with an
eccentric sample placement, was used. The occurrence of slippage duringmeasurements
was previously investigated [38] on a similar experimental setup and was found to be
absent. Also Bilston et al. [36] used sandpaper and reported no slip for strains up to 20
with similar shear rates as in the current study. Therefore, it is assumed that no slip was
present.

Results from dynamic frequency sweep tests showed that the samples stiffen with in-
creasing frequency. No cross point for the storage and loss modulus was found in the
frequency range used in these measurements. When comparing the linear viscoelastic
parameters with results presented by other authors, the values obtained in this study are
in the lower part of the range reported in literature and are comparable with the data pre-
sented by Arbogast and Margulies [32,34], Brands et al. [38], Peters et al. [59] and Thibault
and Margulies [70].

The occurrence of mechanical damage, defined as an immediate change of the mechan-
ical response due to previous deformation, was investigated by a sequence of loading-
unloading cycles. It was concluded that no significant immediate mechanical damage
affecting the stress-strain behaviour due to previous shear deformations was observed up
to a strain of 0.45. This conclusion is limited to the time scale of the experiment. At
these strain levels, functional damage may still occur (as observed by for example Bain
and Meaney [80] and Morrison III et al. [81]) and at larger time scales also mechanical
changes could develop. This observation is in agreement with results of Prange and Mar-
gulies [63] who reported no change in long term modulus and no structural changes in
the tissue during stress relaxation experiments up to a strain of 0.5 and shear rates of 8.33
s−1. Moreover, it was found that for strains larger than 0.2 the sample did not recover
completely after a loading-unloading cycle which indicates a non-linearity of the material
behaviour. No maximum in the stress-strain response was found in the constant strain
rate measurements even though the samples were tested up to a strain of 0.5. This is in
agreement with the findings of Arbogast et al. [31], Bilston et al. [36], and Donnelly and
Medige [42].

A decrease of the relaxation modulus with increasing strain was found in the stress re-
laxation measurements, which is in agreement with Arbogast et al. [31], Bilston et al. [36],
Brands et al. [38], Nicolle et al. [56], Peters et al. [59] and Prange and Margulies [63]. This
effect was decreasing with strain level for strains higher than the linear viscoelastic limit
which differs from the results of Brands et al. [38] and Nicolle et al. [56]. This difference
may be attributed to the non-homogeneous shear field in case of a conventional centred
rotational shear setup. It was found that for strains in the non-linear regime, the sample
did not recover completely.

Although the large strain experiments have been conducted on a limited number of sam-
ples, the experimental protocol, which was based on a well-defined series of repeated
tests, allowed to determine the non-linear response of brain tissue. The large strain re-
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sponse was found to be highly reproducible. In addition to the different samples used
in the stress relaxation experiments showing almost identical behaviour, also the differ-
ent samples used the test sequence to ascertain the absence of damage showed almost
identical behaviour, as could be observed from the model prediction in Figure 4.9.

Based on the experimental results, a new differential constitutive model was formulated
and subsequently fitted to the presented experimental data. The model predicts the re-
sponse during the loading phase and the relaxation phase well but is not able to correctly
predict the behaviour during unloading and recovery. Important for application in nu-
merical head models is its ability to accurately predict the mechanical response in other
deformation modes. The ability of the model to predict the mechanical response of brain
tissue in compression is addressed in Chapter 5.

The constitutive model presented in this Chapter is applicable in three-dimensional head
models, where the non-linear nature of the constitutive behaviour may have significant
consequences for the predicted mechanical response [82]. However, it should be noted
that the viscous non-linearities are moderate compared to many other materials.





CHAPTER FIVE

Validation in compression1

PSfrag replacements 5
Abstract

No validated, generally accepted dataset on the mechanical properties exists, not even for
small strains. Most of the experimental and methodological issues have previously been
addressed for linear shear loading. The objective of this work was to obtain a consistent
data set for the mechanical response of brain tissue to either compression and shear.
Results for these two deformation modes were obtained from the same samples to re-
duce the effect of inter-sample variation. Since compression tests are not very common,
the influence of several experimental conditions for the compression measurements was
analysed in detail. Results with and without initial contact of the sample with the loading
plate were compared. The influence of a fluid layer surrounding the sample and the effect
of friction were examined and were found to play an important role during compression
measurements.

To validate the non-linear viscoelastic constitutive model of brain tissue that was devel-
oped in Chapter 4 and has shown to provide a good prediction of the shear response, the
model has been implemented in the explicit FE code MADYMO. The model predictions
were compared to compression relaxation results up to 15% strain of porcine brain tissue
samples. Model simulations with boundary conditions varying within the physical ranges
of friction, initial contact and compression rate are used to interpret the compression re-
sults.

1 Partly reproduced from: M. Hrapko, J. A. W. van Dommelen, G. W. M. Peters, J. S. H. M. Wismans,
(2008). Characterisation of the mechanical behaviour of brain tissue in compression and shear, submitted.
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5.1 Introduction

The head is the most vulnerable part and it is often involved in life-threatening injury.
Transport crashes in the EU caused up to 40 thousand deaths, over 3.3 million casualties
and cost over 180 billion Euros in 2001 [75]. To develop protective measures, an accurate
assessment of injury risk is required. In the early sixties, the currently used Head Injury
Criterion was developed [7] based on the Wayne State Tolerance Curve [8]. However, it is
based on linear head acceleration only and it does not allow for a distinction between dif-
ferent injury mechanisms. By using a detailed FE model of the head, the behaviour of the
brain can be predicted and improved injury criteria can be developed and implemented
into safety standards. These FE models often contain a detailed geometrical description
of the anatomical components but lack accurate descriptions of the mechanical behaviour
of the brain tissue.

The research on the behaviour of brain tissue started by Franke [83] by studying the re-
sponse of porcine brain tissue to forced vibrations. The mechanical behaviour of brain
tissue has been tested mostly in vitro in shear [34,36,38,46,58,59,63–65,70], but also in
compression [39,43,53,84,63,64] and tension in some studies [44,55,66]. Although a large
collection of data is available, studies on the characterisation of brain properties by differ-
ent laboratories using different testing protocols have yielded a tremendously wide range
of results, already for the linear viscoelastic properties (for a complete overview, see Chap-
ter 2). As a consequence of the inconsistency inmethods and results, these results cannot
be combined to one data set that is covered by one (visco-elastic) constitutive model that
can be used for multiple deformation modes. Ideally, the response to different types of
deformation should be measured for the same sample to reduce the effect of inter-sample
variation.

Various aspects of the experimental procedure may influence the sample response and
subsequently affect the measurement result. In case of shear measurements, several as-
pects have been studied before, e.g. slip/no-slip boundary conditions, influence of the
height of the sample, influence of different temperatures, effect of post-mortem time,
etc. [36,38,57,46,85]. Also, the effect of the experimental conditions during compres-
sion measurements, such as frictional effects and consequences of different procedures
for obtaining sample height, should be further evaluated. Miller and Chinzei [53] and
Shen et al. [64] highlighted the tendency of a sample to adhere to the loading plate of a
rheometer, which takes place even before touching the sample. This is caused by the sur-
face tension of a thin fluid layer on top of the sample, and may affect the measurement
results. This effect is examined in the current study, by comparing model predictions
with measurement results using different compression protocols.

There are a few studies discussing the effect of friction between the sample and the load-
ing plate. Wu et al. [86] has used data and an Ogden hyper-elastic model from Miller
and Chinzei [53] in an FE model. They compared results for friction coefficients of 0
to 0.5, applying a Coulomb friction model, for different strain rates, and also different
specimen aspect ratios (diameter/height). Different strain rates were found to have no ef-
fect on model predictions of the stress responses. However, they concluded that a higher
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friction coefficient will increase the reaction force obtained during compressionmeasure-
ments. Also, the smaller the specimen aspect ratio, the smaller the friction effect on the
measured results is. The difference in stress results of a 20% strain compression with
friction coefficients of 0.1 and 0.3 versus frictionless compression was up to 10% and
60%, respectively. Miller [84] has investigated the effect of friction coefficients of 0-0.1
using an FE model. The stress increase for a 20% strain compression due to friction
coefficients of 0.05 and 0.1 was up to 7.5% and 15%, respectively. Recently, Cheng and
Bilston [39] compared experimental results and model predictions of pure slip, slip with
friction coefficients of 0.1, 0.3 and 0.5, and a no-slip boundary condition in compression.
The peak reaction force of a no-slip boundary condition obtained from numerical simu-
lations were found to be 3 times stiffer than the experimental results. The equilibrium
reaction force obtained frommeasurements with a no-slip boundary condition was found
to be 1.64 times higher than those obtained with a slip boundary condition. Friction is
apparently an important aspect which influences compression measurement results and
therefore it is examined further in the current study. It will be shown that a Coulomb
friction model is not valid.

A number of constitutive models have been developed to describe the mechanical be-
haviour of brain tissue. Some authors propose integral models [76,53,56,58,63,68] often
in combination with Ogden hyper-elasticity, whereas others propose differential models
[36,12,42,49,64]. Crucial for the use of these models to predict injury is the ability to
correctly describe the non-linear behaviour for complex loading histories and large defor-
mations in complex, mixed deformation modes. The ability of a model to describe the
anisotropic behaviour of brain tissue may be of less importance, because of the relatively
low anisotropy of brain tissue [57,63,66].

The objective of this study was to obtain a data set for the mechanical response of brain
tissue in different deformation modes and to validate a non-linear viscoelastic constitu-
tive model for brain tissue. The model developed in Chapter 4 has shown to provide a
good prediction of the shear response. A consistent data set was obtained by combining
measurements performed in shear and compression for the same samples. This way,
variation caused by inter-sample differences in experimental conditions is reduced. Sev-
eral aspects of the compression protocol are examined in order to correctly interpret the
results to obtain reliable results.

5.2 Materials and methods

Fresh halves of porcine brains from approximately 6 months old pigs were obtained from
a local slaughterhouse. At this age, tissue is considered to possess a fully developed
micro-structure [70,63]. Porcine brain tissue was chosen as a substitute for human brains
because of availability and the possibility to minimise the post-mortem time at testing. To
prevent dehydration and to slow down degradation of the tissue, the brains were placed in
an ice-cooled physiological saline solution immediately after acquisition. Samples were
prepared from the brain halves within 2 hours post-mortem. Slices were cut by a Leica
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VT1000S Vibrating-blade microtome in three different planes from the corona radiata
region. From these slices, cylindrically shaped samples that were composed of white
matter only were obtained with a cork bore. The diameter of the sample was 8 to 12 mm
and the height was approximately 2 mm. Immediately after sample preparation, samples
were placed in a physiological saline solution at 4◦C, and subsequently were tested within
0.5 to 5 hours. All samples were tested within post-mortem times ranging from 2.5 to 7
hours.

Both shear and compression experiments were performed on an ARES II rotational
rheometer with a 10GM FRT transducer in a plate-plate configuration. For shear mea-
surements, an eccentric configuration was used, in which the sample was placed at the
edge of the plate [71]. The advantages of shifting the sample to the edge of the plate are
the increased measured signal and a more homogeneous deformation than in the con-
ventional centred configuration. Consequently, this configuration enables the study of
the large strain response of the material. For shear tests, waterproof sandpaper with a
grain size of 0.18 mm was attached to the top and the bottom plate of the rheometer
to prevent slippage. This configuration was previously shown to be effective by Bilston
et al. [36] and Brands et al. [38]. In compression experiments, Teflon tape was attached
to the top and the bottom plate to minimise friction effects. During the test, samples
were covered by a moist chamber to prevent dehydration and the samples were tested at
a temperature of 23◦C.

The height of each sample h0 was estimated during an initial compression stress relax-
ation test at constant velocity (vc = 0.1 mm/s−1), starting without the top plate touching
the sample. This constant velocity corresponds to a compression rate of approximately
0.045 s−1 which is dependent on the height of the sample. This procedure will be re-
ferred to as protocol 1, see Figure 5.1a.
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Figure 5.1: Compression protocol (a) without initial contact, (b) with initial contact.

5.2.1 Effect of test conditions

It is hypothesised that the difference in results obtained with the two compression proto-
cols is caused by adhesion of the sample to the top plate of the rheometer before touching
the sample in protocol 1. This is caused by the surface tension of a thin fluid layer on the
top of the sample. The results of the two compression protocols were compared with
model predictions to test this hypothesis. The deformations applied in protocols 1 and
2 were reproduced and used as input for the constitutive model. In the first part of the
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loading history, the material was loaded in tension (mimicking the attachment of the fluid
layer) prior to the compression test, followed by a strain history similar to the experimen-
tal loading sequence. The height of the sample was determined from the zero force point
reached during the transition from tension to compression. From the model predictions,
the state of the material at the starting point of both compression tests was identified by
the values of the inelastic principal stretch ratios of all viscoelastic modes i in the model.

5.2.2 Effect of friction

To obtain a homogeneous state of deformation when testing soft tissue in unconfined
compression, it is required that friction between the sample and the plate is negligible.
To evaluate the amount and type of friction between the samples and the Teflon-coated
plate, shear measurements were performed using the same sample-plate interface con-
ditions. The purpose of these tests was to determine the rate dependent properties of
the sample-plate friction when tested with a slip interface. Before these friction mea-
surements, the height of the sample was estimated from a compression measurement
(protocol 1) as described before. The friction measurements were performed in an ec-
centric configuration with Teflon tape attached to the top plate, whereas sand paper was
attached to the bottom plate. Consequently, the lowest friction is between the sample and
the top plate. After a pre-compression of approximately 10 % was applied, a series of
four loading-unloading shearing cycles at a constant velocity per cycle was applied to the
samples. The loading up to a relative displacement (displacement/gap between plates) of
1 is applied to the bottom plate within 10, 5, 1, and 0.5 seconds. Between each cycle, the
material was left to recover for a period of 2 minutes at zero strain. Afterwards, the third
loading/unloading test was repeated with sandpaper attached on the top plate, to compare
the results from slip/no-slip boundary conditions. These tests were performed without
moist chamber to allow video-images of the deformation of the sample and the interface
to be taken. Since the tests were completed within 15 minutes, it is believed, based on
experimental experience, that the changes caused by moist reduction were minimal. The
friction obtained with a Teflon-coated top plate was measured for 9 samples, whereas
friction obtained with sandpaper attached to the top plate (i.e. no-slip) was measured for
5 samples.

5.2.3 Model validation

The results from the shear experiments were compared to predictions by the constitutive
model presented in Chapter 4. To enable the description of the response of the brain
tissue to sufficiently high frequencies, an extra viscoelastic mode has been added to the
model based on the experimental data by Shen et al. [64] and data obtained in Chapter 2.
The brain tissue was assumed to be homogeneous, isotropic with thematerial parameters
given in Table 5.1. To simulate the compression experiments, a compressible version of
the constitutive model has been implemented in the explicit FE code MADYMO, see
Appendix A. A 3-D model of a quarter of a sample with similar dimensions (diameter
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= 8 mm, height = 2 mm) as the samples used in the experiments was used to predict
the compressive response (see Figure 5.2). Symmetry conditions are used for the xz and
yz planes. The sample was compressed at a strain rate of – 0.1 s−1 prescribing the z-
displacement of the top nodes while suppressing vertical displacements of the bottom
nodes. The responses using two limiting conditions between the sample and the loading
plates were compared with the results of the compression experiments: (i) perfect slip
conditions and (ii) no-slip conditions obtained by suppressing all in-plane displacements
of the top and bottom nodes.
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Figure 5.2: Finite Element model of a quarter of a sample.

Table 5.1: Material parameters.

Elastic and viscous Viscoelastic
parameters parameters

Ge = 182.9 Pa G1 = 9884 Pa λ1 = 0.00013 s
A = 0.73 G2 = 835.5 Pa λ2 = 0.012 s
C = 15.6 G3 = 231.2 Pa λ3 = 0.35 s
n = 1.65 G4 = 67.1 Pa λ4 = 4.62 s
τ0 = 9.7 Pa G5 = 3.61 Pa λ5 = 12.1 s
k = 0.39 G6 = 2.79 Pa λ6 = 54.3 s
K = 2.5 GPa

5.3 Results

5.3.1 Effect of test conditions

Compression measurement results of protocol 1 and 2 are shown in Figure 5.3. Biolog-
ical variability and anisotropy are aspects that contributed to the variations in the data.
However, the characteristic shapes of the stress-strain responses are consistent for each
protocol. Whereas the stress obtained with protocol 1 exhibits a convex shape over the
whole strain domain, results of protocol 2 showed an initially concave shape correspond-
ing to a stiffer response for small strains. The stress measured with protocol 2 at a strain
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of 0.1% was found to be, in average, 6.6 times larger than the stress measured with pro-
tocol 1. The average initial Young’s modulus computed from these measurements was
found to be 606 Pa and 4017 Pa for protocol 1 and protocol 2, respectively. Model predic-

0 0.05 0.1 0.15 0.2
0

50

100

150

200

250

−ε [−]

−
σ 

[P
a]

0 0.05 0.1 0.15 0.2
0

50

100

150

200

250

−ε [−]
−

σ 
[P

a]
(a) (b)

Figure 5.3: Compression results of 28 samples (a) without initial contact - protocol 1, (b) with

initial contact - protocol 2.

tions of the stress response with both compression protocols are compared in Figure 5.4.
A similar difference between protocol 1 and 2 as found experimentally is obtained also
from the model predictions. The stress prediction obtained with protocol 2 at a strain of
0.1% was found to be 5.1 times larger than the stress prediction obtained with protocol
1. As can be seen in Figure 5.4, the difference in the response occurs in the beginning
of the loading phase. To investigate the state of the viscoelastic modes at the start of the
compression test, the values of the axial component of the inelastic right Cauchy-Green
deformation tensor, Cp, for individual viscoelastic modes are compared in Figure 5.5a.
Values for protocol 2 are almost the same for each mode, whereas for protocol 1 they
deviate from the equilibrium value λ2, which is the first component of the right Cauchy-
Green deformation tensor C. This difference confirms that the state of the material is
being out of equilibrium which explains the differences in the observed mechanical re-
sponse (Figure 5.5b). Based on these results, protocol 2 is chosen for themodel validation.
The standard deviation of stress response during the loading phase of protocol 1 is up to
28%, whereas for the protocol 2 it is up to 40%.

5.3.2 Effect of friction

The measured shear force Fs during friction measurements is normalised by the cross-
sectional areas A of each sample. A clear dependence of the resulting shear stress on the
velocity normalised by the height of the sample is obtained from the shearmeasurements
with a Teflon-coated plate (Figure 5.6a). Also, the value of the relative displacement where
the shear stress reaches a plateau value is linearly increasing with the velocity. Figure 5.6b
shows the viscosity-like quantity τ/v∗

s [Pa.s/mm] of the fluid layer on the sample versus
the scaled velocity v∗s = vsh0/h [mm/s], where τ is the measured shear stress, vs is
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Figure 5.4: Model prediction for the compressive response using the two different protocols.
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Figure 5.5: (a) The axial inelastic deformation of each viscoelastic mode versus time for the model

prediction in Figure 5.4, (b) an enlargement of the response during the two compres-

sion tests, where zero time corresponds to the 1st and 2nd starting point in Figure 5.4a.

the applied velocity and h0 is the initial sample height. The viscosity-like quantity τ/v∗
s is

decreasing with increasing apparent shear rate before as well as after the maximum shear
stress obtained. Themaximum shear stress at 5 s−1 was found for a relative displacement
of 0.9. Therefore, the maximum shear stress for this velocity could also be found at
a higher relative displacement. Results of friction measurements on five samples with a
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Figure 5.6: (a) Evolution of shear stress as a function of relative displacement for different veloci-

ties, (b) rate dependence of measured stress response.

Teflon-coated plate and a plate coated with sandpaper (i.e. no-slip) are compared in Figure
5.7, where a relative displacement of 1 was applied within 1 s. Sample five from Figure
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Figure 5.7: Difference between shear stress obtained from measurements with no-slip and slip

interface for a relative velocity of 1 s−1.

5.7a was not accounted for in the mean value and the standard deviation in Figure 5.7b
because of the different characteristic shape. In Figure 5.7a it can be seen that whereas
the shear force measured from a no-slip interface test continuously increases, the shear
force measured from a slip interface test reaches a plateau value after approximately a
relative displacement of 0.2. The average value of the maximum friction stress from
measurements with a Teflon-coated plate was found to be 27 Pa which corresponds to
a shear strain of the sample of 5% in the case of measurements with a plate coated by
sandpaper, assuming no-slip conditions for the latter. The differences between these two
tests were relatively small in the beginning of the test, when the response is determined
by the properties of the sample, whereas after a relative displacement of 0.1 the difference
increased linearly (see Figure 5.7b). The standard deviation of the stress response during
the loading phase in the shear measurements with a Teflon-coated top plate is 20-30%,
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depending on the applied velocity, whereas it is up to 25% for the test with sandpaper
attached to the top plate. Notice that the observed rate dependence indicates that this
friction behaviour is far more complicated than Coulomb friction.

5.3.3 Model validation

Figure 5.8 shows experimental results andmodel predictions for both shear and compres-
sion. Themodel prediction in shear is in a good agreement with the average experimental
results (Figure 5.8a). The initial slope of this curve is determined by the spectrum given
in Table 5.1 whereas the characteristic shape of this curve is dominated by the non-linear
parameters of the model. The model prediction of the shear stress is up to 10% stiffer
and up to 30%more compliant in the loading and the unloading phase, respectively, than
the mean of the measured responses. The standard deviation of the response during the
loading phase is up to 26%. In Figure 5.8b, the responses of the FE model of a brain
sample in compression using different sample-plate interface conditions are compared
with experimental results. The effect of the varying loading rates in the compression ex-
periments was found to be small in the model predictions, see Figure 5.8b. The model
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Figure 5.8: Comparison of model prediction with measurement results (a) for shear and (b) for

compression. The compression model predictions were made using an FEmodel with

a no-slip and slip interface. The shaded areas indicate the range of model predictions

for the range of loading rates used in the experiments.

simulation with slip conditions corresponds with the lower range of the experimental re-
sults. However, video images of the compression tests have indicated that friction plays
a significant role in these tests, even though the plates were Teflon-coated. This is to
be expected in view of the friction behaviour shown in the previous section. The re-
sponse of the simulation with no-slip conditions is found to correspond with the average
experimental behaviour in compression. The response of the simulation with a no-slip
condition is up to 70% stiffer than the results of the simulation with a slip condition for
strains up to 15%. In addition, a comparison of the strain rate dependency of the model
with experimental data is given in Appendix 5.A.
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5.4 Discussion and conclusions

To obtain a reliable prediction of injury from any FE model, constitutive models used for
the materials involved have to be chosen carefully. Crucial for head model simulations is
the ability of the constitutive model for brain tissue to correctly describe the non-linear
behaviour during complex loading histories and large deformations in different deforma-
tion modes. In the current study, several aspects of compression experiments have been
examined to obtain reliable results for the compressive behaviour of brain tissue. There-
after, a consistent data set has been obtained by combining measurements performed in
shear and compression for the same samples. This way, variation caused by inter-sample
differences is reduced. These results were used to validate the predictions of a constitutive
model developed in Chapter 4 for both shear and compression.

Effect of test conditions: Miller and Chinzei [53] and Shen et al. [64] have highlighted
the tendency of a sample to adhere to the top plate of a rheometer, which takes place
even before touching the sample. This is caused by the surface tension of a thin fluid
layer on top of the sample, and may affect the results. Whereas Miller and Chinzei [53]
and Estes and McElhaney [43] have started their compression tests without initial contact
between the sample and the top plate, Shen et al. [64] and Cheng and Bilston [39] con-
ducted compression tests with the top plate initially touching the sample. Measurements
according to these two methods were used to examine the effect of a fluid layer on the
measured response. When starting the compression without initial contact between the
sample and the top plate, the initial compressive response of the sample is underesti-
mated up to 6.6 times compared to the response to compression with initial contact. A
similar difference between the stress response of these two protocols is obtained from a
model prediction as well. It was shown, that the difference was caused by the state of the
material being different in the beginning of the loading part of each sequence. Due to
the tensile loading before a compression test without initial contact, the material is not
in an equilibrated state at the onset of the compression test, which leads to a compliant
initial response. Therefore, it was concluded that a compression test should start with the
top plate touching the sample, after the sample is fully recovered. The higher standard
deviation achieved in the case of compression tests performed according to protocol 2 can
be explained by the variation in compression rate which varied from sample to sample
according to the sample height.

Effect of friction: To obtain a homogeneous state of deformation when testing soft tissue
in unconfined compression, it is required that friction between the sample and the plate
is negligible. There are a few studies dealing with the effect of friction between the plates
and the sample by comparing FE model predictions with pure slip, slip with Coulomb
friction and with a no-slip boundary condition. However, little is known about the nature
and magnitude of friction in soft tissue compression tests. In the current study, the rate-
dependence of friction in the interface between brain tissue and a Teflon-coated plate has
been investigated using shear measurements. This friction was non-Coulombic due to its
rate-dependence and the absence of a compression force during the shearmeasurements.
The latter is caused by fast stress relaxation due to the viscoelastic behaviour of the brain
tissue. The shear stress response and also the relative displacement corresponding to the
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maximum shear stress obtained from measurements with a Teflon-coated plate increase
with the applied relative velocity. From results of the current study it can be concluded,
that the specimen/plate friction significantly affects the results in a compression test by
increasing the stress response. This effect should not be ignored when interpreting com-
pression experiments. Miller [84] has proposed a new method (“confined” compression)
for measuring the response of soft tissue in compression. The motivation for this was the
unknown friction coefficient during unconfined compression, which is usually assumed
to be zero. However, the limitation of the proposed method is that it cannot be used for
strains higher than 20%. In this work, FE simulations were used to account for the effect
of friction during compression measurements.

Model validation: Predictions of the shear response of brain tissue with the constitutive
model developed in Chapter 4 were found to be in good agreement with experimental re-
sults. Notice that themodel parameters were obtained from a fit to shearmeasuremens at
a temperature of 37◦C and the sample was pre-compressed by a force of 10 mN, whereas
the experimental data presented in this study were obtained at a temperature of 23◦C
and the sample was pre-compressed by a force of 5 mN. Results presented in Chapter 2
have showed a stiffening of the stress response of brain tissue with decreasing temper-
ature and an increase of the stress response with increasing pre-compression force. To
validate the constitutive model in another deformation mode, a compressible version of
this model has been implemented in the explicit FE code MADYMO. A prediction of the
compressive deformation of a 3-D model of a quarter of a sample was compared with ex-
perimental data. The model prediction with slip conditions at the sample-plate interface
corresponds with the lower range of the measured stress response, whereas the response
of the simulation with no-slip conditions corresponds with the average experimental be-
haviour in compression. The response of the simulation with a no-slip condition is up to
70% stiffer than the results of the simulation with a slip condition for strains up to 20%,
which is in a good agreement with the variation found by Wu et al. [86] and Miller [84].
Two other studies have presented combined shear and compression measurements and
subsequent model predictions but the results for different deformation modes have been
obtained from different samples [63,64]. Prange and Margulies [63] have shown a good
model prediction of shear stress relaxation, however the compressive response was vali-
dated only with the equilibrium stress obtained from compression stress relaxation. On
the other hand, Shen et al. [64] have validated a simplified version of a constitutive model
developed by Bilston et al. [36] with constant strain rate measurements in compression
only up to a strain of 5%, assuming frictionless loading. However, in both of these stud-
ies, the model tends to underpredict the tissue response in compression, which is similar
to results obtained in the current study using a slip boundary condition.

To be able to obtain accurate stress and strain levels from FE model predictions, the
correct description of the constitutive response of brain tissue is required. Only with
a well-validated and uniformly accepted constitutive model for brain tissue, numerical
head models may be accepted as injury predictors and can be incorporated in safety reg-
ulations. The constitutive model used in FE calculations should be based on accurate
measurements of the non-linear behaviour of brain tissue during complex loading his-
tories and large deformations in different deformation modes. The ability of a model to
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describe the behaviour in tension should be considered as well. Finally, the anisotropic
behaviour of brain tissue may be important for FE predictions, even though it was found
to be relatively low [85,57,63].

5.A Summary of results from compression experiments

In addition to the compression experiments on the ARES II rotational rheometer as de-
scribed in this chapter, similar compression experiments were conducted on an MTS
mechanical testing apparatus. These experiments were performed for a range of strain
rates. The results from compression tests on both devices is shown in Figure 5.9. These
results are found to agree with collective data from literature which are shown as well.
A model prediction assuming frictionless conditions for the tissue-plate interface (i.e. a
lower bound prediction) is found to correspond with the lower range of the experimental
data. The strain rate dependency of the model is in agreement with the dependency of
the experimental data on the strain rate.
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Figure 5.9: Summary of compression results obtained in the current study and from literature.

Compression moduli from this study were computed from the stress obtained for a

strain of 0.04.





CHAPTER SIX

Influence of constitutive modelling in a
3D head model1
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Abstract

The objective of this work was to investigate the influences of constitutive non-linearities
of brain tissue in numerical head model simulations by comparing the performance of
a recently developed non-linear constitutive model (see Appendix A) with a simplified
version, based on neo-Hookean elastic behaviour, and with a previously developed consti-
tutive model [12]. Numerical simulation results from an existing 3-D head model in the
explicit FE code MADYMO were compared. A head model containing a sliding interface
between the brain and the skull was used and results were compared with the results
obtained with a previously validated version possessing a tied skull-brain interface. For
these head models, the effects of different constitutive models were systematically inves-
tigated for different loading directions and varying loading amplitudes in both translation
and rotation. In the case of the simplified and fully non-linear version of the model, the
response predicted with a head model for varying conditions (i.e. severity and type of
loading) varies consistently with the constitutive behaviour. Consequently, when used
in a finite element head model, the response can be scaled according to the constitutive
model used. However, the differences found when using the non-linear model of [82]
were dependent on the loading conditions. Hence this model is less suitable for use in a
numerical head model.

1 Reproduced from: M. Hrapko, J. A. W. van Dommelen, G. W. M. Peters, J. S. H. M. Wismans, (2008).
On the consequences of nonlinear constitutive modelling of brain tissue for injury prediction with numer-
ical head models, submitted.
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6.1 Introduction

More than one third of all injuries are TBI, which also represent one of the major causes
of death resulting from traffic accidents [2]. Despite themajor advances in prevention and
treatment, head injury remains a major health and social problem. TBI can be caused
when the head is suddenly struck by an object with or without the object penetrating the
skull and the brain. These injuries can be divided into primary injuries, which occur
at the moment of impact, and secondary injuries, which develop at a later stage. The
majority of brain injuries are caused by DAI characterised by microscopic damage of
axons. DAI can occur without any direct impact on the head, as it can be the result of
rapid acceleration/deceleration. DAI is thought to be the most common and important
pathology in mild, moderate, and severe traumatic brain injury [3]. It may develop over a
period of hours or even days after an accident.

To develop protective measures, an accurate assessment of the risk of injury is required.
In the early sixties, the currently used Head Injury Criterion was developed [7] based on
the Wayne State Tolerance Curve [8]. However, it is based on translational head accelera-
tion only and it does not allow for a distinction between different injury mechanisms. By
using a detailed FE model of the head, the behaviour of the brain can be predicted for any
loading condition and such models can serve to provide improved injury criteria which
can be implemented into safety standards. These FE models often contain a detailed ge-
ometrical description of the anatomical components but lack accurate descriptions of the
mechanical behaviour of the brain tissue.

A number of constitutive models have been developed to describe the mechanical be-
haviour of brain tissue. Some authors propose integral models [76,53,56,58,63,68] often
in combination with Ogden hyper-elasticity, whereas others propose differential models
[36,12,42,49,64] which are more suitable for implementation in numerical codes. Impor-
tant for the use of these models to predict injury may be the ability to correctly describe
the non-linear behaviour for complex loading histories and large deformations in differ-
ent deformation modes.

To be able to use uniform tissue level injury criteria, i.e. injury criteria that can be trans-
ferred between different head models, accurate stress and strain levels should be pre-
dicted, for which the correct description of the constitutive response of brain tissue is
required. Therefore, the objective of this study is to investigate the consequences of us-
ing different constitutive descriptions of the mechanical response of brain tissue in FE
head models for injury prediction. For this purpose, a non-linear viscoelastic constitutive
model for brain tissue is used, see Chapter 4. This model has shown to provide a good
prediction of the response to both shear and compression, see Chapter 5. Numerical
simulations using the constitutive model in a 3-D head model were compared with pre-
dictions using a simplified version of this model and the constitutive model developed by
Brands et al. [12]. These constitutive models are used within a 3D head model with a slid-
ing interface between the brain and the skull. However first, this sliding interface model
is also compared to a previously validated 3D headmodel with a tied interface [87,82]. The
effect of the size of a subdural space in FE models, has been investigated by Kleiven and
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Von Holst [88], showing an increase in relative motion between the brain and the skull
with an increasing size of the subdural space. Kleiven and Hardy [89] have compared
predictions of models with tied and sliding interfaces with and without separation and
concluded the intracranial pressure of the tied interface model to correlate better with
experimental results than models with a sliding interface. On the other hand, Al-Bsharat
et al. [90] have compared predictions of models with tied and sliding interfaces and found
the results of a sliding interface model to compare better with experimental pressure data
of Nahum et al. [91]. However, Bradshaw and Morfey [92] have concluded that varying
the shear modulus by an order of magnitude produces little change in pressure response
in an FE model of TBI, while the peak maximum principal strain is very sensitive to
changes in shear modulus. Therefore, the head model with the sliding interface will be
used to assess the consequences of the different constitutive models for brain tissue for
equivalent stress and strain predictions.

6.2 Methods

An existing 3-D numerical head model with different skull-brain interfaces is used to
investigate the consequences of constitutive non-linearities. First, the effect of the dif-
ferent interface conditions will be examined. Thereafter, influences of constitutive non-
linearities of brain tissue in numerical head model simulations will be investigated by
comparing the performance of different constitutive models. For these simulations the
explicit FE code MADYMO, version 6.3.2 is used.

6.2.1 Effect of the skull-brain interface conditions

To investigate the consequences of using different skull-brain interfaces in a finite ele-
ment head model, two head models are compared.

First, a model developed by Claessens et al. [87] and Brands et al. [82] is used. In this
model the brain, dura mater and skull are tied, not allowing sliding and separation of
each other. This model will be referred to as the Tied interface model and was validated
[87] using the experimental data of Nahum et al. [91]. All anatomical components are
described by solid, reduced integration, eight node brick elements. The skull consists
of 3212 elements, the dura mater consists of 3178 elements, and the brain is modelled
by 7478 elements. The skull is assumed to be rigid and the dura mater is modelled as
a linear elastic material. Material parameters of these components are summarised in
Table 6.1.

For a comparison of these models, the brain tissue was assumed to be isotropic, homoge-
neous and it was modeled with the non-linear viscoelastic model developed in Chapter 4.
This model was validated for both shear and compression in Chapter 5. The model,
which is summarised in Appendix A, is of a multi-mode Maxwell type and consists of a
non-linear elastic mode in combination with a number of viscoelastic modes. These vis-
coelastic modes consist of an elastic Mooney-Rivlin model and a viscous Ellis model. The
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Table 6.1: Material parameters of the various anatomical components of the FE head model.

Young’s modulus Poisson’s ratio Mass density

E [Pa] ν [-] ρ [kg/m3]
Skull – – 2070

Dura mater 3.15·107 0.45 1130
Pia mater 3.15·107 0.45 1130

Elastic and viscous Viscoelastic
parameters parameters

Ge = 182.9 Pa G1 = 9884 Pa λ1 = 0.00013 s
A = 0.73 G2 = 835.5 Pa λ2 = 0.012 s

Brain
C = 15.6 G3 = 231.2 Pa λ3 = 0.35 s

(NLVE-A)
n = 1.65 G4 = 67.1 Pa λ4 = 4.62 s
τ0 = 9.7 Pa G5 = 3.61 Pa λ5 = 12.1 s
k = 0.39 G6 = 2.79 Pa λ6 = 54.3 s
K = 2.5 GPa

non-linear equilibrium mode is described by a Mooney-Rivlin-type model, modified with
a non-linear prefactor. The material parameters of the model see Table (6.1) were deter-
mined in Chapter 4 and extended with an extra viscoelastic mode for higher frequencies
based on experimental data by Shen et al. [64] and data obtained in Chapter 2.

In addition, a more realistic skull-brain interface is used for which the original model is
extended with a sliding interface [93,94] (see Figure 6.1). This model will be referred to as
the Sliding interface model. The interface between the skull and the brain was modelled
by a 0.5 mm gap between the dura mater and the pia mater. The brain is not restrained
in the foramen magnum in the current model. This was previously compared with the
brain being restrained in the foramenmagnum, showing only small differences in strains
and stresses [93]. In addition to the previous model, the pia mater is composed of 3210
shell elements with 0.5 mm thickness which completely envelope the brain. Sliding and
separation is enabled between the dura mater and pia mater by a frictionless contact
condition. The skull is assumed to be rigid, whereas the dura mater and the pia mater
are modelled as linear elastic materials, see Table 6.1 for material parameters.

PSfrag replacements

Skull

Dura mater

Pia mater

Brain

Figure 6.1: 3-D FE head model with a sliding interface.
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For a comparison of the two head models with different interface conditions, the skull
was subjected to sinusoidal acceleration pulses for anterior-posterior (AP) translation and
posterior-anterior (PA) rotation with six different acceleration pulse amplitudes, see Fig-
ure 6.2. The translational acceleration amplitudes were chosen according to HIC values
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Figure 6.2: Sinusoidal acceleration pulses applied to the head, (a) translation, (b) rotation around

the anatomical origin.

of 10, 100, 500, 1000, 1500 and 2000. These values are chosen in order to study the
model response in a range of loading conditions covering the non-injurious to the in-
jurious regime. For rotational acceleration, the axis of rotation was positioned in the
anatomical origin of the model corresponding to the ear hole projected to the sagittal
plane, see Figure 6.3. The acceleration amplitudes for rotation were chosen to produce
translational acceleration in the upper brain-skull interface approximately corresponding
to the previously chosen translational acceleration levels.

PSfrag replacements Lateral rotation

Lateral rotation

Lateral translation

PA rotation
PA rotation

AP translation

Axial rotation

SI translation

rotation axis for rotation axis for

Figure 6.3: Loading directions for translational and rotational accelerations applied to the skull.

(PA = Posterior-anterior, AP = anterior-posterior, SI = superior-inferior).
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6.2.2 Effect of different constitutive models

To investigate the consequences of using different constitutive models for brain tissue in
an FE head model, the head model developed by Claessens et al. [87] and Brands et al.
[82], extended with a sliding interface [94] was used. The brain tissue was assumed to be
homogeneous, isotropic and was described by three different constitutive models:

• NHVE - a simplified version of the constitutive model developed in Chapter 4, ob-
tained with k = 1, A = 1. The resulting model is a visco-hyperelastic model in which
the elastic behaviour is neo-Hookean. The model is also known as the Upper Con-
vected Maxwell (UCM) model.

• NLVE-A - the non-linear viscoelastic model developed in Chapter 4 which is an
extension of the UCM and was described in the previous section. This model is
summarised in Appendix A.

• NLVE-B - the non-linear constitutive model developed in Brands et al. [82], using
the material parameters obtained from the same study. The model is a non-linear
extension of a multi-mode UCM model. The elastic behaviour is modelled by a
hyper-elastic, higher order Mooney-Rivlin formulation. The inelastic, time depen-
dent behaviour is modelled using a Newtonian law, acting on the deviatoric part of
the stress only.

For each constitutive model, the skull was subjected to translational and rotational accel-
erations in three directions each, to study the model response in a total of six different
loading directions, see Figure 6.3. In addition to the previously described AP transla-
tion and PA rotation, translation in lateral and superior-inferior direction and rotation in
lateral and axial direction were applied. In all rotational cases, the axis of rotation was
chosen to coincide with the anatomical origin of the model, corresponding to the ear hole
projected to the sagittal plane. The translational and rotational acceleration pulses are
similar as described in the previous section and are depicted in figure 6.2. Results will
be presented in terms of equivalent Von Mises stress and strain levels which are defined

as: σ̄ =
√

3
2σ

d : σ
d and ε̄ =

√

3
2εd : εd, respectively, with σ the Cauchy stress tensor

and ε the Left Green-Lagrange strain tensor.

6.3 Results

6.3.1 Effect of the skull-brain interface conditions

In the case of the tied interface model, the largest deformations were produced mainly
in the interior regions of the brain. For the sliding interface model, the highest deforma-
tions were exclusively found in the outer regions of the brain. This was mainly caused
by the brain being obstructed by the dura mater, the falx cerebri or the tentorium cere-
belli. In the sliding interface model, the brain is lagging behind the motion of the skull
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during a few initial milliseconds, caused by the gap between the brain and other parts
of model. During simulations with AP translation, the tied interface model showed the
highest deformations in the anterior part of the corpus callosum at approximately 4 ms,
indicated by A in figure 6.4(a). They originated from the brain being obstructed by the
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Figure 6.4: FE model predictions of Von Mises stress in parasagittal (5 mm off-centre) cross-

section for (a)–(b) AP translation at 4.5 ms, (c) PA rotation at 9 ms, and (d) PA rotation

at 12.5 ms. (a), (c) tied interface model, (b), (d) sliding interface model.

anterior part of falx cerebri. The sliding interface model showed the maximum deforma-
tions in the posterior and inferior side of the region corresponding to the occipital lobe of
the brain at approximately 5 ms, indicated by B in figure 6.4(b). During simulations with
PA rotation, the tied interface model showed the maximum deformations in the centre
of the thalamus and midbrain regions at 12.5 ms, indicated by C in figure 6.4(c). The
second major deformation area was observed to be in the superior side of the regions
corresponding to the frontal and parietal lobe at 5.5 ms, indicated by D in figure 6.4(c).
The sliding interface model showed the highest deformations in the anterior and supe-
rior side of the region corresponding to the frontal lobe and anterior side of the region
corresponding to the temporal lobe of the brain at approximately 9 ms, indicated by D
and E in figure 6.4(d).

For the two head models with different interface conditions, the Von Mises stress or Von
Mises strain levels that are exceeded by a certain percentage of elements, are displayed
in Figure 6.5. In the case of the tied interface model, the predictions of Von Mises stress
and strain are linearly increasing with increasing translational acceleration levels, while
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Figure 6.5: FEmodel predictions of VonMises strain levels and VonMises stress levels that are ex-

ceeded by different percentages of elements for (a) AP translation and (b) PA rotation,

obtained with (•) the sliding interface model and (◦) tied interface model.

they are increasing non-linearly for the sliding interface model. The predictions of the
Von Mises stress during rotational acceleration are increasing non-linearly for both mod-
els, while the predictions of Von Mises strains are increasing almost linearly. The relative
differences between the Von Mises stress and strain predictions of the tied and sliding
interface models are non-linearly decreasing with applied translational acceleration from
approximately 9 in the case of 290 m/s2 to 3 in the case of 2400 m/s2, see Figure 6.6.
The differences between the Von Mises stress and strain predictions of the tied and slid-
ing interface models are mostly constant (approximately 1.15) with the level of applied
rotational acceleration in all cases.
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6.3.2 Effect of different constitutive models

The patterns of Von Mises stress and Von Mises strain predictions with the FE head
model using different constitutive models for brain tissue are compared in figure 6.7.
Stress and strain predictions obtained with the different constitutive models show similar
patterns. However, the magnitudes of stress and strain concentrations differ. During
simulations with translational acceleration, the highest deformations were in all cases
caused by the brain being obstructed by relatively stiff parts of the dura mater, the falx
cerebri or the tentorium cerebelli. For all models during AP translation, the maximum
deformations were observed in the posterior and inferior side of the region corresponding
to the occipital lobe of the brain at approximately 5 ms, indicated by A in figure 6.7. In
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Figure 6.7: FE model predictions of (a)–(c) Von Mises strain in a parasagittal cross-section (17.5
mm off-centre) during AP translation with an acceleration of 730m/s2 and (d)–(f) Von
Mises stress in a parasagittal cross-section (10 mm off-centre) during AP translational

with an acceleration of 2400 m/s2 at 5 ms. (a), (d) NHVE model, (b), (e) NLVE-A

model, (c), (f) NLVE-B model.

the case of lateral translation, the maximum deformations were observed in the lateral
side of the region corresponding to the occipital lobe and the cerebellum of the brain
at approximately 5 ms for the NHVE and NLVE-A models and at approximately 8 ms
for the NLVE-B model. For SI translation, the maximum deformations were observed
in the anterior and posterior side of the thalamus and midbrain regions of the brain at
approximately 10 ms for the NHVE and NLVE-A models and at approximately 5 ms for
the NLVE-B model.
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For all models during PA rotation, themaximumdeformations were observed in the ante-
rior, superior and inferior side of the region corresponding to the frontal lobe and anterior
side of the region corresponding to the temporal lobe of the brain at approximately 9 ms.
A comparison of the strain fields obtained with the different constitutive models for lat-
eral rotation is shown in figure 6.8. The maximum deformations were observed in the
posterior side of the corpus callosum of the brain which is caused by the falx cerebri at
10-13 ms, indicated by A in figure 6.8(a)–(c). The second major deformation area was
found to be the inferior side of the region corresponding to the frontal lobe at the same
time, indicated by B in figure 6.8(d)–(f). For axial rotation, the maximum deformations
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Figure 6.8: FE model predictions of Von Mises strain during lateral rotation in (a)–(c) a coronal
cross-section (24 mm off-centre) with an acceleration of 7.3 krad/s2 and (d)–(f) a coro-
nal cross-section (-14 mm off-centre) with an acceleration of 14 krad/s2 at 9 ms. (a),

(d) NHVE model, (b), (e) NLVE-A model, (c), (f) NLVE-B model.

were observed in the anterior side of the region corresponding to the frontal lobe and
the corpus callosum of the brain at approximately 8 ms for all constitutive models. The
second major deformation areas were observed in the anterior and the posterior side of
the corpus callosum at the same time.

Von Mises stress and Von Mises strain values that are exceeded by various amounts of
elements in the predictions with the sliding interface model, using different constitutive
models for brain tissue are shown in Figure 6.9 and Figure 6.10. For simplicity, only
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maximum values obtained during the first 15 ms of the simulation are shown in these
figures. The entire time dependent response can be found in Figure 6.13 and 6.14 of
Appendix 6.B.
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Figure 6.9: FE model predictions of Von Mises strains and Von Mises stress in (a) anterior-

posterior translation, (b) lateral translation, and in (c) superior-inferior translation.

◦ - NHVE, • - NLVE-A, × - NLVE-B.
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Figure 6.10: FE model predictions of Von Mises strains and Von Mises stress in (a) posterior-
anterior rotation, in (b) lateral rotation, and in (c) axial rotation. ◦ - NHVE, • - NLVE-

A, × - NLVE-B.

The differences found between the NLVE-A and NHVE models are slightly dependent
on the applied acceleration amplitude in both translation and rotation. Also the differ-
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ences found between predictions with the NLVE-A and NLVE-B model for translation are
slightly dependent on the applied acceleration amplitude. However, the differences found
between the NLVE-A and NLVE-B model predictions in rotation are strongly depending
on the applied acceleration amplitude. In the case of translational acceleration, the rel-
ative differences between predictions with different constitutive models are up to 55%.
When assuming the NLVE-A model to be the reference model, the NHVE constitutive
model predicts up to 10% smaller strains and up to 40% larger stresses, depending on
the acceleration amplitude. The strain predictions from the NLVE-B constitutive model
were found to be up to 15% larger than the strains obtained with the NLVE-A constitutive
model, and the stresses predicted were found to be up to 55% smaller than the stresses
predicted when using the NLVE-A constitutive model. In the case of rotational accel-
eration, the relative differences between predictions of different constitutive models are
found to be up to 630% in the case of 24 krad/s2. The NHVE constitutive model pre-
dicts up to 17% smaller strains and up to 27% larger stresses than the NLVE-A model.
The strain predictions from the NLVE-B constitutive model were found to be up to 450%
smaller than the stress obtained with the NLVE-A constitutive model, and the strain pre-
dictions were found to be up 630% larger than the strains predicted when using the
NLVE-A constitutive model.
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Figure 6.11: Difference in the Von Mises strain and Von Mises stress levels that are exceeded

by 10% of elements of results plotted in Figure 6.9 and 6.10. • - PA rotation, AP

translation, × - lateral rotation, translation, ◦ - axial rotation, SI translation.

6.4 Discussion and conclusions

To obtain a reliable prediction of a mechanical response from any FE model, the consti-
tutive models used for the materials involved have to be chosen carefully. The aim of
the current study was to analyse the consequences of using different material models for
brain tissue in 3D FE head models for injury prediction. For this purpose, a non-linear
viscoelastic constitutive model for brain tissue developed in Chapter 4, a simplified ver-
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sion of this model, and a previously developed non-linear model [12] were compared.

Before analysing the consequences of different constitutive models, two 3D head models
with different skull-brain interface conditions were compared. A more realistic, sliding
interface model showed higher deformations for both translational and rotational acceler-
ation than the model containing a tied interface. The differences were most pronounced
in the case of translational acceleration and they were dependent on the applied accelera-
tion level. For rotational acceleration the differences were not dependent on the applied
acceleration level and were approximately 15%. For the sliding interfacemodel, the higher
relative motion is causing the brain to be obstructed by the relatively stiff dura mater, falx
cerebri or tentorium cerebelli, therefore the higher deformations are found in the outher
regions of the brain. Kleiven and Von Holst [88] showed that by increasing the thickness
of the subdural space (1 - 7.3 mm), the relative motion between the brain and the skull is
also increasing. Al-Bsharat et al. [90] have found a relative motion of about 5 mm during
impact studies on animal and human cadaver heads. They have also compared FE head
models with a tied and sliding interface with experimental pressure data of Nahum et al.
[91] and concluded the sliding interface to be more realistic. Both of these studies have
used solid elements with a low shear modulus representing the CSF layer instead of a
frictionless contact between the dura mater and the pia mater, and found similar results.
Based on these findings, the head model with a sliding interface was chosen for studing
the influences of constitutive non-linearities of brain tissue in FE simulations.

Simulations using a non-linear constitutive model developed in Chapter 4 in a 3-D head
model extended with a sliding interface for the skull-brain interaction were compared
with predictions obtained from its simplified viscoelastic version and the constitutive
model developed by Brands et al. [12]. Different constitutivemodels show similar patterns
for the stress and strain predictions, however, the magnitudes differ. Regions exhibit-
ing maximum deformations were similar for different constitutive models. Comparing
predictions of the two non-linear constitutive models, relative differences of 4.5 for Von
Mises strain and 6.3 for VonMises stress levels that are exceeded by 10% of elements were
found in the case of rotational acceleration with the highest amplitude. Differences found
in translational acceleration were more than a decade smaller. An important observation
is that these differences were non-linearly increasing with an increasing amplitude of the
acceleration applied. This is due to the non-linearity of the stress response of the NLVE-B
constitutive model above shear strains of 0.25, see Appendix 6.A. This non-linearity is
considered to be non-physical. Contrary, the variation in the Von Mises stress and Von
Mises strain response between the simplified and the non-linear version of the constitu-
tive model developed in Chapter 4 which was found to accurately describe the non-linear
response of brain tissue in both shear and compression, was found to be only up to 17%
and 40%, respectively. These differences were not dependent on the applied acceleration
level in both translation and rotation. Therefore, the simplified version of the recently
developed model could be used instead of the non-linear model to obtain reliable injury
predictions with FE simulations, since the response can easily be scaled according to the
constitutive model used.

In the current study it was shown that choosing a different constitutive model for brain



74 6 INFLUENCE OF CONSTITUTIVE MODELLING IN A 3D HEAD MODEL

tissue to be used in a FE model can have large consequences, depending on the presence
of non-linearities in the model. However, in the case of a simplified and non-linear ver-
sion of a model that has been shown to match the non-linear response of brain tissue,
the response predicted with a numerical head model for different conditions (i.e. severity
and type of loading) varies consistently with the constitutive behaviour used. Therefore,
still a reliable assessment of injury can be made with the less accurate simplified consti-
tutive model by using a model-specific injury criterion that then is not a true threshold
for injury of brain tissue.

6.A Model performances

Figure 6.12 shows the response of the NHVE, NLVE-A, and NLVE-B models for pure
shear deformation with γ̇ = 1 s−1 and unconfined compression with ε̇ = 0.05 s−1, where
the compressive strain is defined as ε = λ – 1 and λ is the stretch ratio.
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Figure 6.12: Comparison of the response of different constitutive models. (a) Shear, (b) compres-
sion.

6.B Influence of constitutive models for varying loading con-

ditions

The VonMises stress and VonMises strain levels that are exceeded by a certain percentage
of elements, obtained with FE simulations with different constitutive models are shown
in figures 6.13 and 6.14.
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Figure 6.13: FE model predictions of the Von Mises stress or Von Mises strain levels that are

exceeded by 10% of elements for translation in different directions.
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Figure 6.14: FE model predictions of the Von Mises stress or Von Mises strain levels that are

exceeded by 10% of elements for rotation in different directions.



CHAPTER SEVEN

Effect of brain heterogeneity1

PSfrag replacements 7
Abstract

The aim of this study was to measure high-resolution strain fields in planar sections of
brain tissue during translational acceleration to examine the effect of the geometrical
heterogeneities on the mechanical response. Slices were made from fresh, porcine brain
tissue, and contained both grey and white matter as well as the complex folding structure
of the cortex. The brain slices were immersed in artificial cerebrospinal fluid (aCSF) and
were encapsulated in a rigid cavity representing the actual shape of the skull. The rigid
cavity sustained an acceleration of about 900 m/s2 to a velocity of 4 m/s followed by a
deceleration of more than 2000 m/s2. During the experiment, images were taken using
a high-speed video camera and Von Mises strains were calculated using a digital image
correlation technique. The acceleration of the sampleholder was determined using the
same digital image correlation technique. A rotational motion of the brain slice relative
to the sampleholder was observed, whichmay have been caused by a thicker posterior part
of the slice. Local variations in the displacement field were found, which were related to
the sulci and the grey and white matter composition of the slice. Furthermore, higher
Von Mises strains were seen in the areas around the sulci.

1 Reproduced from: C. Lauret, M. Hrapko, J. A. W. van Dommelen, G. W. M. Peters, J. S. H. M. Wismans,
(2008). Optical characterization of acceleration-induced strain fields in inhomogeneous brain slices, sub-
mitted.
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7.1 Introduction

Annually 1.4 million people sustain a TBI in the United States, of which 20% is caused by
vehicle traffic accidents [2]. Although vehicles are already equippedwith belts and airbags,
even more sophisticated preventive measures are needed to further reduce this number
of injuries. The development of these measures can be based on injury predictions with
numerical head models, by simulating crash situations.

Many numerical headmodels have been developed [87,82,12,95–97], differing in the con-
stitutive models used and the level of detail in the modelled geometries of the brain and
the skull. Constitutive models describe the mechanical behaviour of tissue, which is
nonlinear and visco-elastic in the case of brain tissue [49]. Moreover, brain tissue may be
anisotropic and show inter-regional variations. The quality of numerical head model sim-
ulations depends partly on the ability of the constitutive model to describe this complex
mechanical behaviour, and partly on the modelled geometry. Therefore, the constitutive
model and the head model need to be validated in order to give reliable and represen-
tative injury predictions. However, only limited experimental data exist because of the
inaccessibility of the cranium.

Pudenz and Shelden [98] measured the deformation in amacaque brain through a cranial
window. Although this was one of the first successful strain measurements of the brain
during acceleration, only the deformation of the surface could be observed. Furthermore,
in the past two decades the use of living animals is being restricted due to legislations.

To validate model predictions, Brands et al. [82] used both open and closed cylindrical
cups filled with silicon gel, which were subjected to transient rotational acceleration. In
both setups, the gel response wasmeasured using optical markers and a high-speed video
camera. Ivarsson et al. [99,100] studied the natural protection of the brain, also using gel
and high-speed tracing of markers. More specifically, lateral ventricle substitutes were
included in this physical model to investigate if these structures give strain relief during
head impact. Margulies et al. [101] and Meaney et al. [102] recorded the motion of grid
patterns painted on gel inside animal and human skulls during angular acceleration.
The overall deformation pattern as a result of rotation was compared to the pathological
portrait of diffuse brain injury, as determined from animal studies and autopsy reports.
Although gel-based setups can provide insight in the global mechanical behaviour, they
are unable to mimic the local brain structures like grey and white matter boundaries and
the folding structure of the cortex.

Hardy and colleagues used neutral density accelerometers [103] and targets [104] to mea-
sure brain motion in human cadavers via high-speed X-ray imaging during angular ac-
celeration. The spatial resolution of these measurements was too low to estimate local
strain fields.

Bayly et al. [105] used MRI to measure the deformation of brain tissue induced by mild
acceleration in human volunteers. Strains of 0.02 – 0.05 were typical during the occipi-
tal deceleration, and compression in anterior regions and stretching in posterior regions
were observed. Moreover, the motion of the brain appeared to be constrained by struc-
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tures at the frontal base of the skull. A drawback of volunteer tests is that they can only
be performed at a level well below the injury threshold. The same method was used to
obtain strain fields in the brain of a perinatal rat [106,107]. In these experiments the
brain was not accelerated, but the flexible skull was indented by 2 mm and during 21 ms.
Lagrangian strains of more than 0.20 at strain rates exceeding 40 s−1 were observed.

The main objective of this study was to develop an experiment in which a realistic crash
situation was mimicked and that can be used to validate numerical head models. There-
fore, high-resolution strain-fields were measured in inhomogeneous, planar sections of
fresh porcine brain tissue with a complex and detailed geometry, during translational ac-
celeration normally occurring in crash situations. The planar brain samples contained
both grey and white matter as well as the complex folding structure of the cortex. It was
hypothesized that these inhomogeneities influence the acceleration-induced strain pat-
tern. Since fresh porcine tissue was used, the experiment was conducted within 6 hours
post-mortem in order to prevent any time-related changes of the mechanical behaviour
of the tissue [46].

During translational acceleration, the samples were immersed in aCSF to prevent de-
hydration of the tissue. Furthermore, in order to obtain a representative model of the
relative motion of the brain inside the skull during acceleration, the sample together with
the aCSF layer was encapsulated in an almost rigid cavity with the shape of the actual
brain slice. The motion was recorded by a high-speed video camera and displacements
and strain fields were obtained using digital image correlation. The strain patterns ob-
tained were qualitatively compared with the grey and white matter composition of the
slice and the positions of the sulci.

7.2 Materials and methods

Planar brain slices were prepared from female pig brains (Dutch landrace hybrid) of 4–6
months old, obtained at a local slaughterhouse. During transport and preparation, the
brains were cooled and stored in porcine based aCSF [108] to prevent dehydration and to
slow down the degradation and swelling process of the tissue. Sagittal slices of 4 mm in
thickness were made using a standard slicing machine (Bizerba) from the region about 2
cm outwards from the mid-sagittal plane, see Figure 7.1. The medial and lateral sides of
the slices differed in grey and white matter distribution and in the geometry of the sulci.
However, when comparing corresponding sides of different brain slices, the geometries
and distributions of matter were qualitatively similar. The experimental procedure was
carried out for two different para-sagittal brain slices and multiple acceleration measure-
ments were conducted on each side of the slice with at least one minute duration between
subsequent measurements. Repetitive mechanical loading of brain tissue was found not
to affect its constitutive response in a previous study [49]. All the measurements were
carried out at room temperature and were completed within 6 hours post-mortem.

In order to use a digital image correlation technique [110–112], a fine, random speckled
pattern was applied on the surfaces of the slice, using matte black Enamel (Alkyd resin,
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(a) (b)

Figure 7.1: Lateral (a) and top (b) view of a brain, with indicated sample region [109].

Airbrush email color, Revell GmbH) and an airbrush (Aztek, A4305, The Testor Corpo-
ration, USA), see Figure 7.2a. The average dot diameter of the pattern was about 0.5
mm.

(a) (b)

Figure 7.2: (a) A brain slice with the applied speckled pattern and a magnification of this pattern,

(b) the sampleholder with a milled out sample cavity.

The sample holder (Figure 7.2b) consisted of three plates (125 x 100mm); two outer plates
of transparent polycarbonate and a themiddle plate of black polyvinylchloride (PVC), each
with a thickness of 5 mm. A cavity with the actual shape of the slice was created in the
middle plate by CNC (Computer Numerical Control) milling, but with an additional space
of 2 mm around the brain slice for a surrounding aCSF layer. Moreover, the thickness
of the middle plate was 1 mm larger than the thickness of the slice, allowing for natural
aCSF layers. For the CNC milling, a numerical description of the sample contour was
obtained from a digital image of the slice. To prevent the brain tissue from adhering to
the inner surface of the plates, they were coated with a Teflon spray. Because of gravity,
the slice rested on the bottom of the cavity.

The experimental setup is schematically shown in Figure 7.3 and consisted of an air
spring (Amoteck, type Deamv) connected to the sampleholder. The sampleholder sus-
tained an acceleration of about 900 m/s2 to a velocity of 4 m/s followed by a deceleration
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Airspring

Sampleholder

High-speed video camera

Figure 7.3: Schematic illustration of the experimental setup, with an airspring, sampleholder and

high-speed video camera.

of more than 2000 m/s2. The acceleration of the sampleholder was measured using dig-
ital image correlation of a patch on the surface of the sampleholder. The sampleholder
was initially moved in the posterior-anterior direction. Digital images were collected with
a high-speed video camera (Phantom v9.0, Vision Research Inc., New Jersey) at a frame
rate of 1600 Hz The 8-bit grey-scale images (1440 x 952 pixels) were cross-correlated
(Aramis software, v5.4.1-5, GOM Optical Measuring Techniques GmbH) with an opti-
mised facet size of 15 x 15 pixels.

After the images were cross-correlated, the rigid body movement of the cavity was elim-
inated from the displacement field by minimising the sum of the displacements of the
speckled pattern of the patch, between the reference and the deformed [113]. The resulting
displacement field shows the relative movement of the tissue with respect to the sample-
holder. Because of this larger relative motion, smaller, local displacement variations were
not visible. Therefore this relative (mostly rotational) displacement field of the tissue was
eliminated in the same way as the rigid body motion of the cavity, but now the speckled
pattern of the tissue was used. The local displacement field shows the internal displace-
ments of the tissue with respect to the rest of the slice. Finally, an equivalent Von Mises
strain field was calculated, for which the out-of-plane strains were computed assuming
incompressibility of the tissue. This equivalent strain measure is defined as:

ε̄ =

√

3
2εd : εd, (7.1)

with ε the logarithmic strain tensor and the superscript “d” denoting the deviatoric part.

7.3 Results

7.3.1 Strain fields

Two brain slices, obtained from different brains, were used and 17 measurements were
conducted in total. Field information was obtained from either the lateral or the medial
side of the slice. The results are shown from both the lateral and medial sides of one
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slice, at the most pronounced moments in time. The displacements are presented as
vector fields, plotted on an image of the corresponding brain slice, taken before spraying a
pattern on the surface. The vectors were scaled corresponding to the largest displacement
value present in each stage. Vectors are only shown for locations where a successful
image correlation was obtained.
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Figure 7.4: Displacement, velocity and acceleration of the sampleholder during two experiments

in which images from the lateral side (dashed line) and medial side (solid line) of the

same sample are obtained.

The dashed line in Figure 7.4 shows the displacement, velocity and acceleration of the
sampleholder of which the corresponding global, rotational motion of the lateral side of
the brain tissue relative to the sampleholder can be seen in Figure 7.5. The clockwise
relative motion n Figure 7.5a corresponds to the maximum velocity of the sampleholder
to the right (12 ms), whereas the counter-clockwise relative motion in Figure 7.5b corre-
sponds to a second positive acceleration after the backward motion has halted (23 ms).
Because the centre of rotation is in the middle of the slice, these relative displacements
are gradually increasing towards the edge. However, two regions can be observed with
almost no displacement relative to the sampleholder, indicated by A. In Figure 7.6, the
local displacement patterns are visualised after eliminating the tissue rotation relative to
the sampleholder, from the displacement field. A local displacement pattern parallel to
the sulcus can be observed, indicated by B. Just below the horizontal sulcus on the border
of grey and white tissue, the displacement field changes sign over a relatively small dis-
tance, indicated by C. However, this last pattern cannot be found in Figure 7.6, as here a
more local centre of rotation can be seen at that position. The vertical sulcus on the pos-
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Figure 7.5: Relative displacements of the lateral side of the brain slice with respect to the sample-

holder, with an initial posterior-anterior acceleration, indicated by ~a, with a displace-

ment vector magnification factor of 2.2. Areas indicated by A show almost no relative

displacement.

terior side and the small sulcus above the midline both influence the displacement field
locally, indicated by D and E, respectively. From the displacement field, the logarithmic
strain field with respect to the initial configuration has been calculated. In Figure 7.7, the
equivalent Von Mises strain is shown, where strains of 11% can be seen in the regions
around the vertical sulci, indicated by F. In addition, Figure 7.7a shows Von Mises strains
between 0 and 2% in the region around the horizontal sulcus, indicated by G. However,
this pattern is less pronounced in Figure 7.7b.
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(a) Situation at 12 ms.
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(b) Situation at 23 ms.

Figure 7.6: Local displacement fields of the lateral side of the brain slice with an initial posterior-
anterior acceleration, and with a vector magnification factor of 3.1. (a) Obtained af-

ter correction for a rigid body rotation of the results in Figure 7.5a by 1.5◦ (counter-

clockwise) and (b) obtained after correction for a rigid body rotation of the results in

Figure 7.5b by 0.6◦ (clockwise). The areas indicated by A show the opposite local dis-

placement of the tissue, areas indicated by B, C, D and E show the influences of the

inhomogeneities on the local displacement field.

The solid line in Figure 7.4 shows the displacement, velocity and acceleration of the sam-
pleholder of which the corresponding motion relative to the sampleholder and the local
displacement fields of the medial side of the same slice discussed previously, can be seen
in Figure 7.8. These results correspond to a maximum velocity of the sampleholder to
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(a) Situation at 12 ms

(b) Situation at 23 ms

Figure 7.7: Equivalent Von Mises strains of the lateral side of the brain slice, with F indicating

Von Mises strains of 11% around the vertical sulcus on the posterior side, and G the

Von Mises strains of 0-2% in the area around the horizontal sulcus. Only for coloured

regions, digital image correlation results were obtained.

the left (at 12.5 ms). In Figure 7.8a, a rotational motion of the brain tissue with respect to
the sampleholder can be seen, with three areas with almost no displacement, indicated
by H.

The centre of rotation was not located in the middle region of the sample, as it was for the
lateral side. In the top part of the cavity a small air bubble was present, influencing the
relative, rotational motion, as well as the local displacements. Although the medial side
had less pronounced inhomogeneities compared with the lateral side, still influences of
the substructure could be observed. For example, arrows I and J indicate two areas where
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local changes in the direction of the vector field occur. Figure 7.9 shows the equivalent
Von Mises strains of the medial side of the brain slice. In the central region of the slice,
Von Mises strains of 0–2% can be seen, indicated by K. L indicates areas with Von Mises
strains of up to 14% in the grey matter areas. These areas correspond with grey matter
regions, see Figure 7.8. M indicates the area where the air bubble was present, which
induced apparent Von Mises strains of up to 17%. Finally, the area indicated by N also
shows Von Mises strains up to 17% as well.

7.3.2 Reproducibility

The data of 17 measurements were used in order to investigate the reproducibility of the
setup and the influence of the severity of the acceleration pulse on the strain levels ob-
tained. For this, two different samples were used, and a distinction was made between
the medial and lateral side of the samples. Figure 7.10a presents the displacement, ve-
locity and acceleration histories of sample 1, and shows the repeatability of the actuation
of the experimental setup. The relative number of correlated facets that exceed a cer-
tain Von Mises strain level at the time of maximum velocity is displayed in Figure 7.10b.
This excludes peak Von Mises strains calculated for a small percentage of facets, possibly
caused by incorrect image correlation. Figure 7.11a represents the progression of the Von
Mises strain in time averaged for all the experiments done on sample 1 (except for the ex-
periment with lower acceleration magnitude) and corresponding to a fixed percentage of
facets. After the first acceleration peak has been reached, the Von Mises strain obtained
for 10% of the facets remains in the range of 0.08–0.1. Figure 7.11b shows the sustained
Von Mises strain at the moment of maximum velocity corresponding to a fixed percent-
age of facets versus the maximum velocity applied. One measurement was done with a
significantly lower acceleration level. Figures 7.10b and 7.11b show that the tissue in this
measurement sustained lower Von Mises strains compared to the other measurements.

7.4 Discussion and conclusions

Strain fields were measured in porcine brain tissue slices, during translational accelera-
tion. Although the sampleholder was accelerated translationally, a rotation of brain tissue
relative to it was found. This may have been induced by a small rotation of the sample-
holder during the onset of the acceleration pulse. However, this rotation was limited to
about 2◦, compared to a maximum translation of about 23 mm. Instead, the rotational
displacement field could also be due to variations in slice thickness. Unpublished finite
element simulations have shown a rotational displacement field to appear due to rela-
tively small thickness variations (order of magnitude 1%). Moreover, this mechanism was
found to be independent of the sample geometry. Thickness variations may have been
caused by the slicing procedure. Furthermore, during the experiment the lower part of
the sample was resting on the sampleholder, which could have influenced the relative
motion of the tissue.
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Figure 7.8: (a) Relative displacement field of the medial side of the brain slice with respect to the

sampleholder and with a vector magnification factor of 1.8. Initial posterior-anterior

acceleration indicated by vector ~a. Areas indicated by H show almost no relative dis-
placement. (b) Local displacement field of the medial side of the brain slice and with a

vector magnification factor of 2.7, obtained after correction for a rigid body rotation of

the results in Figure 7.8a by 1.8◦ (clockwise). Areas indicated by H show the opposite

internal displacement; areas I and J show the influences of the inhomogeneities on

the local displacement field.

The internal displacement patterns showed an influence of geometrical heterogeneities
such as sulci and constitutive variations between the surrounding grey and white mat-
ter on the local displacement field. Sulci are geometrical boundaries and the opposite



88 7 EFFECT OF BRAIN HETEROGENEITY

Figure 7.9: Equivalent Von Mises strains of the medial side of the brain slice, with K indicating

Von Mises strains of 0–2%, L indicating strains of up to 14% in the grey matter areas,

M indicating the area with Von Mises strains of more than 17% in the area of the

airbubble and N also showing higher Von Mises strains, around a thicker part of the

brain slice. Only for coloured regions, digital image correlation results were obtained.
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Figure 7.10: (a) Displacement, velocity and acceleration of the sampleholder and (b) relative num-

ber of facets exceeding a certain Von Mises strain at the time of maximum velocity,

for 14 measurements conducted on sample 1 for the lateral (black) and medial (grey)

side.

surfaces may slide relative to each other. In addition, sulci are always surrounded by
grey matter which differs in mechanical properties from its neighbouring white matter.
Cloots et al. [114] have shown the potential importance of geometrical heterogeneities for
the stress or strain levels that occur in brain tissue during severe inertial loading with nu-
merical simulations. Bayly et al. [105] presentedMRI data with indications that there were
strain concentrations at the interface of grey and white matter, but could not unambigu-
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Figure 7.11: (a) Evolution of Von Mises strain in time, averaged for all measurements of each side

of sample 1 and (b) VonMises strain for sample 1 (open symbols) and sample 2 (closed
symbols) at the maximum velocity corresponding to a certain fraction of facets versus

the velocity of the sampleholder. The medial side is indicated in black and the lateral

side is grey.

ously identify these effects. Moreover, Graham et al. [115] supported these indications by
observations of more severe local injury near these boundaries. The highest strains expe-
rienced by 10% of the correlated surface area of the sample was found to be in the range
of 0.08–0.1 for the typical acceleration level applied in these experiments. Furthermore,
this strain level was found to depend on the severity of the acceleration pulse.

Enamel was used for the application of a speckled pattern because of its relatively good
adherence to the wet surface of the tissue. Narmoneva et al. [116], used Enamel to apply
a speckled pattern on cartilage. A microscopic examination of the cartilage sample sur-
face showed that the water-resistant Enamel was attached well to the surface. Moreover,
the paint was found not to penetrate into the sample, and the dot size and shape were
preserved during the experiment. Although the digital image correlation software can
correlate the pattern present on the brain slices, the pattern is less fine than in a standard
experiment where the specimen does not need to be hydrated and for which an accuracy
of 0.1% can be achieved [113]. Therefore, the accuracy of the correlated regions was inves-
tigated for this specific experimental situation. For this purpose, two experiments were
done in which a known rigid body translation was applied to the sampleholder contain-
ing a tissue slice similar to the samples used in the actual experiment. The displacement
obtained with the correlation technique was found to be 4.8% smaller than the applied
displacement. This deviation is believed to be due to inaccuracy in scaling to actual coor-
dinates, in combination with reflections of the wet surface and the motion of the sample
relative to the lights. Moreover, the pattern density on the grey matter was lower than
on the white matter because of a difference in adherence capacity of the two tissues with
Enamel. The maximum Von Mises strain of the surface obtained for this rigid body
translation was found to be 0.4%.

The medial and lateral sides of the slices differed considerably in grey and white matter
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distribution and geometry of sulci. Both sides were measured, however, this could not be
done in the same experiment. However, strain levels obtained in repeated experiments
were found to be well reproducible. In future studies, the setup could be extended to a
system that is able to obtain field information from both sides of the slice simultaneously.
Furthermore, the setup could be modified to apply rotational accelerations as well.



CHAPTER EIGHT

Discussion, conclusions and
recommendations

PSfrag replacements 8

8.1 Discussion and conclusions

The brain is a part of the central nervous system which controls and regulates all body
activity. This makes the brain one of the most important parts of the body. Even though
it is enclosed in a relatively stiff skull, it is very sensitive to either very fast or very high
loads, which often originate from falls, traffic accidents, assaults, etc.

Mechanical properties of brain tissue have been studied for almost half a century. During
this period, several properties were solidly settled in the research community. Brain tis-
sue is now clearly defined as a heterogeneous, viscoelastic solid that exhibits a relatively
high bulk modulus compared to the shear modulus [117] and consists for up to 80%
of water [118]. However, for another group of properties no consensus has been found,
among which the linear viscoelastic moduli of brain tissue. An overview of studies on
the mechanical properties of brain tissue was given in Chapter 2, focusing on testing
methods. The influence of important test conditions such as temperature, anisotropy,
pre-compression, the sample preparation procedure, different loading histories and post-
mortem time on the mechanical response of porcine brain tissue for shear deforma-
tion was experimentally determined in Chapter 2 and 3, mostly in the linear viscoelastic
regime. Results measured at room temperature show a stiffer response than those mea-
sured at body temperature with a horizontal shift factor of up to 11. The variation caused
by anisotropy between planes and within the same plane of individual samples was found
to be up to 30% and 60%, respectively. The effect of pre-compression on shear results was
investigated and was found to stiffen the sample response. The stress response showed
a clear dependency on post-mortem time, becoming more stiff with increasing time. In
addition, the effects of some conditions for compression measurements were studied in
Chapter 5. Combinations of these and other factors can lead to large differences among
different studies, depending on the different test conditions. Therefore, the experimen-
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tal conditions during characterisation tests of brain tissue should be carefully controlled
and reported. In addition it should be noted that the variations due to varying test con-
ditions found can not completely explain the differences found between different studies
in literature.

Two important aspects of testing biological material, were not investigated in the current
study. One aspect which always affects in vitro biological material tests is the differ-
ence between the in vitro and the in vivo state. The post-mortem time causes the tissue
to degenerate depending on the surrounding temperature due to various reasons (e.g.
autolytic processes, completion of rigor mortis, osmotic swelling, etc.). In addition to
this effect, properties obtained in in vitro measurements may deviate from the original
properties of the in vivo state. Although in the current study, the effects caused by in-
creasing post-mortem time were minimised by limiting the post-mortem time to about 6
hours, the properties obtained may differ from the in vivo properties. In an earlier study,
Metz et al. [52] have reported an up to 70% decrease of the tissue stiffness within 1 hour
post-mortem. In a more recent study of Gefen and Margulies [48] the force response of
indentation measurements was found to decrease by 10 to 50% from the in vivo to the
in situ situation. The difference seemed to be increasing with decreasing rate of indenta-
tion. Another important aspect of the experiments is the donor type. Some studies have
been performed on human brains obtained from autopsies or lobotomies on epileptic
patients, however most studies were performed on animal brains. Sherwood et al. [119]
have investigated whether the glial-neuron ratio differ between 18 species of anthropoids
in the frontal cortex region of the brain. The human glial-neuron ratio was found to be
higher than in other primates, however this ratio did not differ significantly when scaled
by brain size. Even though structural differences are present between human and animal
brains, based on ethical reasons large domesticated animals and small rodents are pre-
ferred over other primates. Porcine brain resembles the human brain more in anatomy,
growth and development than small laboratory animals and therefore are preferred as
a substitute for human brains in neuroscience [120]. Furthermore, the differences be-
tween the measured mechanical response of tissue from human and animal brains are
often considered relatively small, 30–40%, which enables animal brains to be used as a
substitute for human brains [63,68] in mechanical testing. In the current study, all exper-
iments were conducted on porcine brain tissue. Eventually, a scaling of results to in vivo
human brain tissue may be needed. However, since these differences (in vivo vs. in vitro,
human vs. porcine) may depend on the rate of deformation and on other still unknown
factors, no scaling of the constitutive behaviour was applied in the current study.

After establishing the effect of test conditions in the linear viscoelastic regime, the me-
chanical behaviour of brain tissue was determined for large shear deformations with
strains up to 0.5 and strain rates from 0.01 to 1 s−1, see Chapter 4. A technique pro-
ducing an approximately homogeneous strain field and leading to an enhanced accuracy
was used during rotational shear experiments. No significant immediate mechanical
damage was observed for these shear deformations up to strains of 0.45. A new differ-
ential viscoelastic model has been developed based on the large strain response to shear
deformation of a representative sample. A sample was chosen for which the response
was close to the mean response of a total of 21 samples. This way, the non-linearity of
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the tissue behaviour was preserved while still keeping a statistically relevant response.
The behaviour of this representative material was then compared to more shear results
and was also validated for compression measurements in Chapter 5. Results for these
two deformation modes were obtained from the same 28 samples. It should be men-
tioned that these measurements were performed at a different temperature. However
also pre-compression applied prior to shear measurements was altered. These effects
were previously studied and proved to compensate each other. Therefore the model fit
based on the previous set of data was found to be applicable. Since techniques for testing
soft tissue in compression are not well established, different measurement protocols and
testing conditions affecting the results of compression measurements were examined be-
forehand. The initial conditions of a compression test were found to be highly important
and were defined such that the material was in an equilibrated state.

Several constitutive models for brain tissue have been presented in literature so far. The
material model presented here was developed based on the material response obtained
from stress relaxation measurements. In this model, an elastic mode was added to a
number of viscoelastic modes. This elastic mode is described by a Mooney-Rivlin-type
model, modified with a non-linear prefactor. The shape of this non-linear prefactor was
obtained from the equilibrated response of the stress relaxation experiments at different
strain levels. Currently this model seems to accurately describe the response of brain tis-
sue to dynamic loading, constant strain rate loading and stress relaxation in shear defor-
mation. The unloading and recovery parts after stress relaxation are less well described.
To enable the description of the response of the brain tissue for impact conditions, the
constitutive model was extended with an extra viscoelastic mode for high frequencies,
based on experimental data. In addition to shear deformation, the model was validated
for constant strain rate loading in compression. This was done by comparing the re-
sults of a 3-D model of a quarter of a sample with frictionless and no-slip sample-plate
interface conditions in the FE code MADYMO. While the model prediction with fric-
tionless conditions at the sample-plate interface corresponds with the lower range of the
measured stress response, the response of the simulation with no-slip conditions cor-
responds with the average experimental behaviour in compression. The Mooney-Rivlin
parameters were set to a = b = 1, allowing for a simplification of the model. So far, only
two other studies have shown amaterial model for brain tissue to describe both shear and
compression deformation modes. Prange and Margulies [63] used an integral model in
combination with Ogden hyper-elasticity to predict shear stress relaxation, however the
behaviour during constant strain rate loading was not considered. The compressive re-
sponse was validated only with the equilibrium stress obtained from compression stress
relaxation. Furthermore, the model with the parameters as determined in that study can
not predict the response for frequencies as high as the model presented in current study,
which is a very important aspect for application in a FE head model for assessment of
injury levels. Shen et al. [64] have validated a simplified version of a constitutive model
developed by Bilston et al. [36] with constant strain rate measurements in compression
only up to a strain of 5%, assuming frictionless loading. Similar to results obtained in
the current study when using a slip boundary condition, the models presented in these
studies tend to underpredict the tissue response in compression.
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A compressible version of the newly developed non-linear viscoelastic model was imple-
mented in the explicit FE codeMADYMO see Appendix A. The performance of a 3-D head
model with a sliding skull-brain interface was compared with a previously developed and
more extensively validated headmodel with a tied skull-brain interface, see Chapter 6. For
an assessment of consequences of constitutive non-linearities in a numerical headmodel,
a sliding interface model was preferred over a tied interface model, based on results of
the current study and those presented in literature. Although, the sliding interface model
is considered to be a more realistic one, the thickness of the gap of approximately 0.5
mm in the current configuration can have an influence on the relative motion between
the brain and the skull. Similar to a previous study in literature, this may affect the de-
formations observed in the FE simulation. The influences of constitutive nonlinearities
of brain tissue in numerical head model simulations are investigated by comparing the
performance of the new constitutive model with its simplified version and with a previ-
ously developed constitutive model. FE simulation predictions of the simplified and the
fully non-linear version of the model varied consistently with the constitutive behaviour.
Therefore, the simplified version of the newly developed model could be used for reliable
injury predictions with FE simulations instead of the non-linear model, since the results
can be easily scaled for the constitutive model used. The other constitutive model con-
sidered [82] contains non-physical non-linearities causing differences of the head model
response that vary with the loading conditions. Hence, no reliable assessment of injury
can be made with that constitutive model for brain tissue.

A digital image correlation technique was used to obtain high-resolution strain field infor-
mation in planar sections of the brain. The brain slices containing the complex folding
structure are encapsulated in a cavity filled with artificial cerebrospinal fluid and sub-
jected to translational acceleration of 800 - 1000 m/s2. Geometrical heterogeneities such
as sulci and constitutive variations between the surrounding grey and white matter were
experimentally found to have an influence on the local strain field in brain slices subjected
to transient translational acceleration. However this study has some limitations such as
some uncertainty about possible friction between the tissue and the covering plate and
geometrical variations through the thickness although the thickness was limited to 4mm.
Nevertheless, the experimental results demonstrate the potential importance of these ge-
ometrical heterogeneities for the next generation of injury assessment tools. However
this would require a large number of elements, which would results in an enormous in-
crease of computational time. This seems feasible in coming years considering the rapid
advances in computer hardware.

8.2 Recommendations

The aim of this thesis was to develop a constitutive model for brain tissue based on reli-
able measurements. Because of variation in measurement results found in literature, a
new data set covering two deformation modes was obtained. Samples of porcine brain
tissue were mechanically loaded in shear and compression. The properties were obtained
at the level of homogeneous brain tissue and a constitutive description of these properties
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was given. Some recommendations are given for future studies:

• The experimental conditions during characterisation tests of brain tissue should be
carefully controlled and reported. They were found to affect measured properties.

• Other techniques like ultrasound [27] ormagnetic resonance elastography [121] have
already been used to obtain material properties of brain tissue and maybe used in
future studies to investigate inter-regional variations and in vivo behaviour.

• The methodology developed and used in the current study can possibly be applied
to study the mechanical properties of human brain tissue.

• For compression experiments, better defined boundary conditions may be obtained
if slip between the tissue and the loading plate is prevented rather than promoted.

• In addition to the current deformation modes, tensile experiments can be used to
validate the model.

• The constitutive model developed in this work could be further improved to provide
a better description of recovery after unloading of a stress relaxation test in shear
deformation.

• With improvement of micro and nano measurement techniques, the mechanical
response of single nerve cells or the axons connecting them could also be studied
in support of micromechanics-based studies on brain injury.

• Similar to the miniaturisation of measurements mentioned before, new constitu-
tive models can be developed based on a micro-macro modeling approach. This
may provide deeper insight into the origin and magnitude of anisotropy and inter-
regional variations.

The final test for a constitutive model is the validation with experiments on a real head or
with an alternative experiment that has all important features of the brain-skull contribu-
tion, i.e. inhomogeneous material behaviour, geometrical details, and complex boundary
conditions. Such an experiment is preferred since it can be designed to be accessible for
strain measurements at impact conditions. For this purpose the following recommenda-
tions are made:

• The technique for measuring a strain field in planar sections of brain tissue pre-
sented in Chapter 7 could be used in the future for validation of constitutive models
in a finite element context.

• Displacement fields from both side could be used to account for through-thickness
variations.

• Further development of the technique is necessary with more focus on the effect of
boundary conditions. The size of the cavity which encloses the brain slice could be
increased. This would deviate from reality but would be preferred for constitutive
model validation.
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• The acceleration pulse could be better controlled.

• 3D experiments for further numerical model or constitutive model validation can
be developed based on e.g. magnetic resonance imaging.

• The experimental results presented in Chapter 7 and numerical results of Cloots
et al. [114] showed the geometrical heterogeneities to influence the mechanical re-
sponse of brain tissue resulting from inertial loading. Therefore, 3-D head models
may need to account for the consequences of these details.

• The mechanical behaviour of the pia mater and other meninges have not been de-
fined yet, and could have an influence on FE predictions.

• Further refinement of the 3-D head model used in the current study is required.
The size of elements of the mesh used in the FE head model has been previously
criticised and it was suggested to decrease this element size [93,94].

• The effect of the size of the gap representing the CSF should be investigated, since
it is suggested to have an influence on the relative motion between the brain and
the skull.

3D FE head models can be used to assess injury based on predictions of the mechanical
response of the contents of the head during impact. To successfully use numerical head
models as an injury criterion, the following recommendations are made:

• World-wide agreement on the mechanical properties of brain tissue is required.

• Similarly, agreement on other aspects of numerical head models is required.

• To accurately obtain true tissue level deformations and stresses would require to
incorporate the influence of details such as heterogeneities, grey and white matter,
etc.
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Finite element implementation
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Abstract

A constitutive description capturing the material behaviour of porcine brain tissue, ob-
served in the experiments is extended with compressibility. The model is based on a
multi-modeMaxwellmodel and consists of a non-linear elastic mode in combination with
a number of viscoelastic modes. These viscoelastic modes consist of an elastic Mooney-
Rivlin model and a viscous Ellis model.

The constitutive model is implemented in the explicit FE code MADYMO. For time inte-
gration, an improved Euler integration method (Heun’s predictor-corrector) was applied
to obtain sufficient accuracy for time steps commonly used in explicit head impact simu-
lations.
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A.1 Compressible viscoelastic model for brain tissue

The constitutive model consists of an elastic part, denoted by the subscript “e” and a
(deviatoric) viscoelastic part, denoted by the subscript “ve”, with N viscoelastic modes. In
analogy to Equation (4.2), the total Cauchy stress is written as:

σ = σe +
N
∑
i=1

σ
d
ve, (A.1)

in which the superscript “d” indicates a deviatoric tensor. The viscoelastic model is
schematically represented in Figure A.1. It shows the elastic mode (σe) and the vis-
coelastic modes (σd

vei with i = 1, . . . , N). In Chapter 4, the elastic stress was derived
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Figure A.1: Schematic illustration of the viscoelastic model. The viscoelastic modes (σ d
vei) are

represented by elastic springs (Fei) and dashpots (Fvi) and a non-linear elastic model

(σe) is represented by an elastic spring.

from the strain energy function We(I1, I2) which was given by Equations (4.10) and (4.11)
and where Ii denotes the ith invariant of the Finger tensor B. Here, a generalised com-
pressible extension of this strain energy function is used:

We = W̃e( Ĩ1, Ĩ2) + Wh(I3), (A.2)

where Ĩ1 = I−
1
3

3 I1, Ĩ2 = I−
2
3

3 I2 are the invariants of the isochoric Finger tensor B̃ =

I−
1
3

3 B and where for the function W̃e( Ĩ1, Ĩ2) the same function as the original function
We(I1, I2) is used. The stress in the elastic mode can then be written as:

σe = σ
d
e + σ

h
e , (A.3)

where “h” indicates the hydrostatic part. The deviatoric part of the elastic stress is ob-
tained as:

σ
d
e =

2√
I3

[

∂W̃
∂ Ĩ1

B̃d − ∂W̃
∂ Ĩ2

(B̃−1
)d

]

(A.4)
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=
G∞√

I3

[

(1 − A)exp
(

−C
√

bĨ1 + (1 − b) Ĩ2 − 3
)

+ A
]

[

bB̃d − (1 − b)(B̃−1
)d

]

, (A.5)

with G∞ the elastic shear modulus and A, C, and b elastic fitting parameters.

For the hydrostatic part, the following strain energy function is assumed:

Wh =
1
2K(

√

I3 − 1)2, (A.6)

with K the bulk modulus and
√

I3 = det(F) the volume ratio. Then, the hydrostatic part
of the elastic stress is given by:

σ
h = 2

√

I3
∂Wh

∂I3
I (A.7)

= K(J − 1)I with J =
√

I3. (A.8)

The second term on the right hand side of Equation (A.1) consists of the summation of
the viscoelastic modes. For these modes, the deformation gradient tensor F is partitioned
into an elastic deformation gradient tensor Fei and a viscous deformation gradient tensor
Fvi [79]. The partitioning of the viscoelastic deformations is depicted in Figure A.2. For
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Figure A.2: Partitioning of the deformation gradient tensor F into an elastic deformation gradient

tensor Fe and a viscous deformation gradient tensor Fv in order to obtain a fictitious

stress-free state Cv between the initial configuration C0 and the current configuration

C t.

simplicity, the subscript i indicating the viscoelastic mode i is omitted throughout the re-
maining part of this section. A multiplicative decomposition of the deformation gradient
tensor F is assumed:

F = Fe · Fv. (A.9)
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The decomposition involves a fictitious intermediate state, which could exist after applica-
tion of merely the viscous deformation gradient tensor Fv. After application of the elastic
deformation tensor Fe, this stress-free state transforms into the final state.

By using Equation (A.9) with the definition of the velocity gradient tensor L = Ḟ · F−1, it
follows that

L = Le + Lv with Le = Ḟe · F−1
e and Lv = Fe · Ḟv · F−1

v · F−1
e . (A.10)

The velocity gradient tensor L can also be decomposed as

L = D + Ω and Le = De + Ωe and Lv = Dv + Ωv. (A.11)

in which D = 1
2(L + LT) is the symmetric rate of deformation tensor and Ω = 1

2(L−LT)
is the skew-symmetric spin tensor. To obtain a unique intermediate state, the viscous
deformations are chosen to be spin-free, so that Ωv = O.

Furthermore, the viscous right Cauchy-Green deformation tensor is defined as

Cv = FT
v · Fv. (A.12)

In order to update the tensor Cv in the time integration scheme (see section A.2), use is
made of its time derivative, which can be written as:

Ċv = FT · B−1
e · [(L − Le) · Be + Be · (LT − LT

e )] · B−1
e · F. (A.13)

Using the assumption of a spin-free viscous deformation, the time derivative of the vis-
cous right Cauchy-Green deformation tensor for a unique intermediate state yields

Ċv = 2 · FT · B−1
e · Dv · F, (A.14)

where the elastic Finger tensor is calculated by

Be = F · C−1
v · FT. (A.15)

For the response of the viscoelastic modes, in analogy to the elastic mode, the elastic
strain energy is assumed to be given by

Wve =
1
2G

[

aĨe1 + (1 − a) Ĩe2 − 3
]

, (A.16)

with G the shear modulus, Ĩei the invariants of the isochoric elastic Finger tensor B̃e, and
a a fitting parameter. As a result, the viscoelastic stress is given by:

σ
d
ve =

G√
I3

[

aB̃d
e − (1 − a)(B̃−1

e )d
]

. (A.17)
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The viscous deformation Fv is assumed to be volume-invariant, so that det(Fv) = 1 and
det(Fe) = det(F). This justifies the use of the third invariant of B instead of Be in
Equation (A.17).

The viscous rate of deformation tensor is calculated from the following flow rule, assum-
ing viscous incompressibility:

Dv =
σ

d
ve

2η(τ)
(A.18)

where the dynamic viscosity η is a function of the scalar equivalent stress measure

τ =
√

1
2σd : σd. It is described by the Ellis model, which states

η(τ) = η∞ +
η0 − η∞

1 +

(

τ

τ0

)n−1 . (A.19)

with subscripts “0” and “∞” denoting the initial and infinite values, respectively. The
initial value for viscosity is defined as η0 = Gλ, whereas the infinite viscosity is written
as η∞ = kη0. For viscoelastic parameters G and λ see Table 5.1.

A.2 Numerical implementation

For the computation of the Cauchy stress (Equation (A.1) for a given deformation F(t) at
the end of an increment from t − ∆t to t, several steps are taken (see Figure A.3). The
elastic stresses σ

h
e (t) and σ

d
e (t) can be computed directly. For the time integration of

the viscoelastic stress modes, the Heun’s method, also known as the improved Euler’s
method, is used [82]. This involves an explicit time integration scheme for Equation
(A.14). First, a prediction (indicated by the superscript “∗”) of the time derivatives of the
viscous right Cauchy-Green deformation tensors C∗

vi(t) are computed using the Euler for-

wardmethod. These are used to calculateσ
∗d
vei(t) and Ċ∗

vi(t). After that, the tensorsCvi(t)
are more accurately determined by applying the trapezoidal rule, after which σ

d
vei(t) and

subsequently σ are calculated. For each time step, the values of tensors Cvi(t) and Ċvi(t),
are stored for the next time increment. For the initial values, no deformation is assumed,
which yields F(0) = I, Cvi(0) = I, and Ċvi(0) = O. These steps are implemented in the
usersubroutine USRMV1TNO of the explicit FE code Madymo, version 6.3.2, according
to the following scheme:

1. Compute the deformation F(t) from the nodal displacements.

2. Compute σ
h
e (t) = K(J(t) − 1)I

3. Compute σ
d
e (t)=

= G∞√
I3(t)

[

(1−A)exp
(

−C
√

bĨ1(t)+(1 − b) Ĩ2(t)−3
)

+A
]

[

bB̃d
(t)−(1−b)(B̃−1

(t))d
]
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4. (a) Retrieve Cvi(t − ∆t) and Ċvi(t − ∆t) from the previous time increment for
each mode i = 1 to N.

(b) For mode i = 1 to N, predict Cvi(t), Bei(t), and σ
d
vei(t)

C∗
vi(t) = Cvi(t − ∆t) + Ċvi(t − ∆t)∆t

B∗
ei(t) = F(t) · C∗−1

vi (t) · FT(t)

σ
∗d
vei(t) = Gi√

I3(t)

[

aB̃∗d
ei (t) − (1 − a)(B̃∗−1

ei (t))d
]

(c) Predict σ
d(t) and τ(t)

σ
∗d(t) = σ

d
e (t) + ∑

N
i=1 σ

∗d
vei(t)

τ∗(t) =
√

1
2σ

∗d(t) : σ
∗d(t)

(d) For mode i = 1 to N, predict ηi(t), Dvi(t), and Ċvi(t)
η∗

i (t) = η∞i +
η0i−η∞i

1+
(

τ∗(t)
τ0

)(ni−1)

D∗
vi(t) =

σ
∗d
vei (t)

2η∗
i (t)

Ċ∗
vi(t) = 2 · FT(t) · B∗−1

ei (t) · D∗
vi(t) · F(t)

and determine

Cvi(t) = Cvi(t − ∆t) + 1
2(Ċvi(t − ∆t) + Ċ∗

vi(t))∆t

Bei(t) = F(t) · C−1
vi (t) · FT(t)

σ
d
vei(t) = Gi√

I3(t)

[

aB̃d
ei(t) − (1 − a)(B̃−1

ei (t))d
]

and store Cvi(t) for the next time increment.

(e) Determine
σ

d(t) = σ
d
e (t) + ∑

N
i=1 σ

d
vei(t)

τ(t) =
√

1
2σd(t) : σd(t)

(f) For mode i = 1 to N, determine
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ηi(t) = η∞i +
η0i−η∞i

1+
(

τ(t)
τ0

)(ni−1)

Dvi(t) =
σ

d
vei (t)

2ηi(t)

Ċvi(t) = 2 · FT(t) · B−1
ei (t) · Dvi(t) · F(t)

and store Ċvi(t) for the next time increment.

5. Compute σ(t) = σ
h
e (t) + σ

d(t)

PSfrag replacements

Ċv(t − ∆t)

Cv(t) = Cv(t − ∆t) + ∆tĊv

Be

σ
d
ve

σ Dv Ċv

Ċ∗
v(t)

Ċv =
Ċv(t−∆t)+Ċ∗

v(t)
2

1.

2.

3.

Eq. (A.15)

Eq. (A.17)

Eq. (A.1)

Eq. (A.18) Eq. (A.14)

=

Figure A.3: Flow diagram of integration scheme. Each increment starts at (1). Subsequently,

routes (2) and (3) are followed.
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Bij botsingen is het hoofd het meest kwetsbare deel van het menselijk lichaam en het
loopt daarbij vaak levensbedreigend letsel op. Om inzicht te verwerven in de vervormin-
gen die aan de basis van dit letsel liggen, en deze te kunnen voorspellen voor een gegeven
uitwendige belasting op het hoofd, is het noodzakelijk om het mechanisch gedrag van
hersenweefsel te kennen. Deze kennis kan vervolgens, in de vorm van een wiskundige
beschrijving van hetmechanische gedrag, worden gebruikt in een eindige elementenmo-
del van het hoofd, waarmee zulke voorspellingen kunnen worden gedaan. Ondanks dat
de mechanische eigenschappen van hersenweefsel al worden bestudeerd sinds de jaren
zestig van de vorige eeuw, zijn ze tot nu toe niet binnen redelijke marges vastgelegd; de
resultaten van verschillende studies liggen soms decades uit elkaar.

De hoofddoelen van deze studie zijn het vaststellen van het mechanisch gedrag van her-
senweefsel onder invloed van grote rekken bij verschillende typen vervormingen, zoals
afschuiving en compressie, het vastleggen van dit gedrag in een constitutief model, en
gebruiken van deze beschrijving in een numeriek model dat de respons van de hersenen
kan voorspellen tijdens botsingen. Een dergelijk model geeft bovendien de mogelijkheid
om de invloed van structurele veranderingen in de constitutieve vergelijking te onderzoe-
ken, in het bijzonder veranderingen van de niet-lineaire termen die het gedrag bij grote
vervormingen beschrijven.

Het mechanisch gedrag van hersenweefsel kenmerkt zich als viscoelastisch. Voor de ka-
rakterisering van dit viscoelastisch gedrag zijn zowel lineaire en niet-lineaire metingen
gedaan aan weefsel van varkenshersenen. Varkenshersenen zijn gekozen vanwege be-
schikbaarheid en de mogelijkheid om de post-mortem tijd gedurende de metingen te
minimaliseren. Afschuif- en compressiemetingen zijn uitgevoerd op een ARES-II ro-
tatiereometer, gebruik makend van een plaat-plaat geometrie. Bij de afschuifmetingen
werd het monster excentrisch geplaatst om zodoende de signaal-ruis verhouding te ver-
beteren en een nagenoeg homogene deformatie in het monster te bewerkstelligen.

De effecten van verschillende testomstandigheden zijn onderzocht voor afschuifproeven;
in het bijzonder de procedure voor monsterpreparatie, post-mortem tijd, testtempera-
tuur, precompressie en eventueel aanwezige anisotropie in relatie tot de afschuifrichting.
Voor de compressieproeven is aangetoond dat zowel de, altijd op het weefsel aanwezige,
vloeistoflaag en de wrijving tussen weefsel en omgeving een belangrijke rol spelen in de
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uiteindelijke respons van het monster.

Vervolgens is de weefselrespons voor grote afschuifrekken onderzocht. Tot rekken van
0.45 is geen directe mechanische schade, dat wil zeggen een substantiële verandering van
de mechanische respons, gevonden en dus kon met deze proeven het materiaalgedrag
voor complexe deformatie geschiedenissen worden bepaald. Op basis van de resultaten is
een nieuwe constitutieve vergelijking van het differentiaal type opgesteld die vervolgens is
gevalideerd in gecombineerde afschuif- en compressiemetingen aan dezelfde monsters.

Een compressibele versie van dit model, gecombineerd met een expliciet tijdsintegratie
schema, is geïmplementeerd in het botssimulatie software pakket MADYMO. Resulta-
ten van simulaties met dit constitutieve model, toegepast in een 3-dimensionaal eindige
elementen hoofdmodel, zijn vergeleken met simulatie resultaten op basis van een ver-
eenvoudigde versie van het model en met die van een niet-lineair model uit de literatuur.
Hiermee is de gevoeligheid van de resultaten voor niet-lineariteiten in de constitutieve
modelvorming van hersenweefsel onderzocht.

Verder zijn experimenten uitgevoerd aan plakken hersenweefsel, gebruik makend van
beeldcorrelatie technieken, die bedoeld zijn als de opstap naar experimenten die toegan-
kelijk zijn voor het meten van grote vervormingen onder botsingcondities. Aangetoond
is dat geometrische en materiaal heterogeniteiten een belangrijke rol spelen in de locale
respons van hersenweefsel en dus voor de mechanismen die ten grondslag liggen aan
traumatisch hersenletsel. Het inbouwen van zulke heterogeniteiten in de volgende gene-
ratie letselanalyse gereedschappen is dan ook aan te bevelen.
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