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ABSTRACT

The objective of this work was to validate the non-linear viscoelastic constitutive model
of brain tissue that was developed in Hrapko et al. (2006) and has shown to provide a good
prediction of the shear response. The model predictions were compared to compression re-
laxation results up to 20% strain of porcine brain tissue samples. Compression and shear
results were obtained from the same samples to reduce the effect of inter-sample variation.
Compression measurement 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.
The model has been implemented in the explicit Finite Element code MADYMO. Model
simulations with varying boundary conditions are used to interpret the compression results.
Simulations using the non-linear constitutive model and its linearised version in a 3-D head
model showed a difference in the maximum stress and strain responses of 20% and 50%,
respectively.
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OF ALL BODY PARTS, 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 (ETSC, 2003). To develop
protective measures, an accurate assessment of injury risk is required. In the early sixties,
the currently used Head Injury Criterion was developed (Versace, 1971) based on the Wayne
State Tolerance Curve (Gurdjian et al., 1962). However, it is based on linear head acceleration
only and it does not allow for a distinction between different injury mechanisms. By using a
detailed Finite Element (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 (1954) by studying the
response of porcine brain tissue to forced vibrations. The mechanical behaviour of brain
tissue has been tested mostly in vitro in shear (Arbogast and Margulies, 1998; Bilston et al.,
2001; Brands et al., 2000; Garo et al., 2007; Ning et al., 2006; Peters et al., 1997; Prange
and Margulies, 2002; Shen et al., 2006; Shuck and Advani, 1972; Thibault and Margulies,
1998), but also in compression (Cheng and Bilston, 2007; Estes and McElhaney, 1970; Miller,
2005; Miller and Chinzei, 1997; Prange and Margulies, 2002; Shen et al., 2006) and tension in
some studies (Franceschini et al., 2006; Miller and Chinzei, 2002; Velardi et al., 2006). Huge
variations are found in these studies, which makes it difficult to combine results from different
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deformation modes. To validate constitutive models, a consistent data set involving different
types of deformation is required. Ideally, the response in different deformation modes should
be measured for the same sample to reduce the effect of inter-sample variation.

Also, the effect of the experimental conditions during compression measurements, such as
frictional effects and consequences of different procedures for obtaining sample height,

Various aspects of the experimental procedure may influence the sample response and
subsequently affect the measurement result. In case of shear measurements, several aspects
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. (Bilston et al.,
2001; Brands et al., 2000; Garo et al., 2007; Hrapko et al., 2007; Nicolle et al., 2005). Also,
the effect of the experimental conditions during compression measurements, such as frictional
effects and consequences of different procedures for obtaining sample height, should be further
evaluated. Miller and Chinzei (1997) and Shen et al. (2006) 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 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. (2004) has used data and an Ogden hyper-elastic model from Miller
and Chinzei (1997) in a FE model. They compared results for friction coefficients of 0 to
0.5, applying Coulomb friction model, for different strain rates, and also different specimen
aspect ratios (diameter/height). Different strain rates were found to have no effect on model
predictions of the stress responses. However, they concluded that a higher friction coefficient
will increase the reaction force obtained during compression measurements. 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 (2005) 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 (2007) 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 simulations were found to be 3 times stiffer than the experimental
results. The equilibrium reaction force obtained from measurements with a no–slip boundary
condition was found to be 1.64 times higher than those obtained with a slip boundary condi-
tion. Notice that friction coefficients chosen in these studies are relatively high, whereas the
friction coefficient for Teflon is estimated to be 0.04 (Giancoli, 2000). Friction is apparently
an important aspect which influences compression measurement results and therefore it is
examined further in the current study.

A number of constitutive models have been developed to describe the mechanical be-
haviour of brain tissue. Some authors propose integral models (Mendis et al., 1995; Miller and
Chinzei, 1997; Nicolle et al., 2004; Ning et al., 2006; Prange and Margulies, 2002; Takhounts
et al., 2003) often in combination with Ogden hyper-elasticity, whereas others propose differ-
ential models (Bilston et al., 2001; Brands et al., 2004; Donnelly and Medige, 1997; Hrapko
et al., 2006; Shen et al., 2006). 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 deformations in different deformation modes. The ability of a model to describe the
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anisotropic behaviour of brain tissue may be of less importance, because of the relatively low
anisotropy of brain tissue (Nicolle et al., 2005; Prange and Margulies, 2002; Velardi et al.,
2006).

The objective of this study is the validation of a non-linear viscoelastic constitutive model
for brain tissue in uniaxial deformation. The model was developed in Hrapko et al. (2006)
and 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. Several aspects of the compression protocol are examined to obtain reliable
results. Next, predictions of the constitutive model for shear and compression deformations
are compared. Numerical simulations using the constitutive model in a 3-D head model
were compared with predictions using a linear viscoelastic model and the constitutive model
developed in Brands et al. (2004).

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 (Prange and Margulies, 2002; Thibault and Margulies, 1998). 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 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 rheome-
ter with a 10GM FRT transducer in a plate-plate configuration. For shear measurements, an
eccentric configuration was used, in which the sample was placed at the edge of the plate (van
Turnhout et al., 2005). The advantages of shifting the sample to the edge of the plate are
the increased measured signal and more homogeneous deformation than in the conventional
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. (2001) and Brands et al.

(2000). 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 relaxation
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 referred to as protocol

1, see Figure 1a. Before any compression started, the sample was loaded in tension due to
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(a) Protocol 1 (b) Protocol 2

Figure 1: Compression protocol (a) without initial contact, (b) with initial contact.

the surface tension of a thin fluid layer on top of the sample. Subsequently, the height h0 of
each sample was defined as the height where the normal force FN was equal to zero. Due
to the viscoelastic behaviour of the material, this estimated sample height depends on the
compression rate. Starting from this estimated sample height, a second compression stress
relaxation experiment was conducted at the same constant velocity after a recovery period of
at least 100 s. This procedure is referred to as protocol 2, as is shown in Figure 1b. In both
protocols, the strain, defined as ε = λ − 1 where λ is the stretch ratio, was held for 10 s at
an amplitude of approximately −0.1. Then, the strain was released with the same strain rate
as during the loading phase and the sample was left to recover at zero strain for a minimum
of 100 s. Subsequently, the same sample was tested in a series of shear experiments. The
sample was pre-compressed by an axial force of 5 mN to generate the friction required to
prevent slip of the sample. The shear experiments consisted of a dynamic frequency sweep
test with a strain amplitude of 0.01 and a frequency ranging from 1 to 10 Hz. For each
frequency, the storage modulus G′ and the loss modulus G′′ were determined from cycles 2–6.
Subsequently, the sample was tested in a stress relaxation experiment at a strain of 10%. 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. In total, 28 samples were tested according to this procedure. The combined results of
the compression and shear tests will be used to validate a previously developed constitutive
model for brain tissue in different deformation modes.

EFFECT OF TEST CONDITIONS: It is hypothesised that the difference in results ob-
tained with the two compression protocols 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 validate the hypothesis. The model used
was developed in Hrapko et al. (2006). The deformations applied in protocols 1 and 2 were re-
produced and used as input for the constitutive model. In the first part of the loading history,
the material was loaded in tension prior to the compression test, followed by a strain history
similar to the experimental 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 model at the starting point of both compression tests was
identified by the values of the inelastic right Cauchy-Green tensors C pi

of all viscoelastic
modes i in the model.
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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 of friction between the samples and the
Teflon–coated plate, shear measurements were performed using the same sample-plate inter-
face conditions. Before these friction measurements, the height of the sample was estimated
from a compression measurement (protocol 1) as described before. The friction measure-
ments were performed in an eccentric configuration with Teflon tape attached to the top
plate, whereas sand paper was attached to the bottom plate. Consequently, the lowest fric-
tion was expected between the sample and the top plate. A series of four loading-unloading
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. The purpose of these tests was to determine the rate dependent
properties of the sample–plate friction when tested with a slip interface. 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 ex-
perience, 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.

MODEL VALIDATION: The results from the shear experiments were compared to pre-
dictions by the constitutive model by Hrapko et al. (2006). To simulate the compression
experiments, a compressible version of the constitutive model has been implemented in the
explicit FE code MADYMO. This model is summarised in the appendix. A 3-D model of
a quarter of a sample with similar dimensions (diameter = 8 mm, height = 2 mm) as the
samples used in the experiments was created in MADYMO (Figure 2a). 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.

MODEL APPLICATION: To investigate the consequences of using different constitutive
models for brain tissue in a finite element head model, the head model developed by Claessens
et al. (1997) and Brands et al. (2002) was used. The model used in the current work (see
Figure 2b) has been extended with a sliding interface between the dura mater and the pia
mater, which was modelled by shell elements. The skull was assumed to be rigid, whereas the
dura mater and the pia mater were modelled as linear elastic materials, see Table 1 for material
parameters. 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 fit by Hrapko et al.

(2006) based on the experimental data by Shen et al. (2006). The brain tissue was assumed
to be homogeneous and isotropic and was described by three different constitutive models:

• LVE - a linearised version of the constitutive model developed in Hrapko et al. (2006),
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Figure 2: Finite Element meshes (a) model of a sample, (b) head model.

obtained with k = 1, A = 1,

• NLVE-A - the non-linear viscoelastic model developed by Brands et al. (2002),

• NLVE-B - the non-linear constitutive model developed in Hrapko et al. (2006) using the
material parameters given in Table 1.

The skull was subjected to a transient eccentric rotation (Bandak and Eppinger, 1994), where
the axis of rotation was positioned 155 mm below the anatomical origin of the model corre-
sponding to the ear hole.

Table 1: Material parameters used in the FE head model.
Young’s modulus Poisson’s ratio Mass density No. of

E [Pa] ν [-] mode ρ [kg/m3] elements

Skull – – 2070 3211
Dura mater 3.15·107 0.45 1130 3177
Pia mater 3.15·107 0.45 1130 3209

Elastic and viscous Viscoelastic No. of
parameters parameters elements

Brain

Ge = 182.9 Pa G1 = 9884 Pa λ1 = 0.00013 s

7477

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 Pa

RESULTS

EFFECT OF TEST CONDITIONS: Compression measurement results of protocols 1 and
2 are shown in Figure 3. 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
corresponding to a stiffer response for small strains. The stress measured with protocol 2
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at a strain of 0.1% was found to be, in average, 6.6 times larger than the stress measured
with protocol 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
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Figure 3: Compression results of 28 samples (a) without initial contact - protocol 1, (b) with
initial contact - protocol 2.

predictions of the stress response with both compression protocols are compared in Figure 4.
A similar difference between protocols 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
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Figure 4: Model prediction for the compressive response using the two different protocols.

seen in Figure 4, the response differs 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 tensor, C p, for individual viscoelastic modes
are compared in Figure 5a. Values for the second compression test are almost the same for
each mode, whereas they deviate from the equilibrium value λ2 for protocol 1. This difference
confirms that the state of the material is being out of equilibrium which could be a source for
differences in the observed mechanical response (Figure 5b). Based on these results, protocol
2 is chosen for the model 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%.

EFFECT OF FRICTION: The measured shear force Fs during friction measurements is
normalised by the cross-sectional ares A of each sample. A clear dependence of the resulting
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Figure 5: (a) The axial inelastic deformation of each viscoelastic mode versus time for the
model prediction in Figure 4, (b) an enlargement of the response during the two compression
tests, where zero time corresponds to the 1st and 2nd starting point in Figure 4a.

shear stress on the normalised velocity is obtained from the shear measurements with a
Teflon–coated plate (Figure 6a). Also, the value of the relative displacement where the shear
stress reaches a plateau value is linearly increasing with the velocity. Figure 6b shows the
viscosity–like quantity τ/v∗

s [Pa.s/m] 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 the applied velocity and h0

is the initial sample height. The viscosity–like quantity τ/v∗

s is decreasing with increasing
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Figure 6: (a) Evolution of shear stress as a function of relative displacement for different
velocities, (b) rate dependence of measured stress response.

apparent shear rate before as well as after the maximum shear stress obtained. The maximum
shear stress obtained 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 Teflon–coated plate and a plate
coated with sandpaper are compared in Figure 7, where a relative displacement of 1 was
applied within 1 s. Sample five from Figure 7a was not accounted for in the mean value
and the standard deviation in Figure 7b because of the different characteristic shape. In
Figure 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
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Figure 7: Difference between shear stress obtained from measurements with no–slip and slip
interface for a relative velocity of 1 s−1.

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 0.1 seconds the difference increased linearly
(see Figure 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%, depending on the applied
velocity, whereas it is up to 25% for the test with sandpaper attached to the top plate. Notice
that this friction behaviour is far more complicated than Coulomb friction.

MODEL VALIDATION: Figure 8 shows experimental results and model predictions for
both shear and compression. The model prediction in shear is in a good agreement with the
average experimental results (Figure 8a). 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 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 model simulation with slip conditions corresponds with the lower
range of the experimental results. 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. The response 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 20%.

MODEL APPLICATION: Von Mises stress and Von Mises strain predictions with the
FE head model using different constitutive models for brain tissue are displayed in Figure
9. Stress and strain predictions obtained with the different constitutive models show similar
patterns, however, the magnitudes of stress and strain concentrations differ. The maximum
deformations were observed in the midbrain and the thalamus region of the brain at 11-14
ms. In Figure 10, the stress and strain histories are compared for individual elements in the
anterior part of the cerebrum, the superior part of the cerebrum and the thalamus region.
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Figure 8: Comparison of model prediction with measurement results (a) for shear and (b) for
compression. The compression model predictions were made using a FE model with a no–slip
and slip interface.

The location of these elements is indicated in Figure 2b. When assuming the LVE model to be
the reference model, the NLVE-A constitutive model predicts up to 6.5 times larger stress and
up to 1.5 times smaller strain levels in the thalamus region. Also the NLVE-B constitutive
model predictions shows different maximum stresses and strains. The stress predictions from
the new NLVE-B constitutive model were found to be up to 1.2 times smaller than the stress
of LVE constitutive model, and the strain predictions were found to be up 1.5 times larger
than the strains predicted when using the LVE constitutive model. The differences obtained
from model predictions in the anterior and the superior region were less significant than in the
thalamus region, although differences up to 90% in stress response and up to 40% in strain
response were found between the LVE and the NLVE-A constitutive model.

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 deformation modes. In
the current study, several aspects of compression experiments have been examined to obtain
reliable results for the compressive behaviour of brain tissue. Thereafter, 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 by Hrapko
et al. (2006) for both shear and compression.

EFFECT OF TEST CONDITIONS: Miller and Chinzei (1997) and Shen et al. (2006)
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 (1997)
and Estes and McElhaney (1970) have started their compression tests without initial contact
between the sample and the top plate, Shen et al. (2006) and Cheng and Bilston (2007)
conducted 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
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Figure 9: Sagittal cross-section of FE model simulation results with (a)–(c) Von Mises strain
and (d)–(f) Von Mises stress at 13 ms. (a), (d) LVE model, (b), (e) NLVE-A model, (c), (f)
NLVE-B model.

top plate, the initial compressive response of the sample is underestimated 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 shear measurements.
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Figure 10: FE model predictions of (a)–(c) Von Mises strain and (d)–(f) Von Mises stress
obtained with three different constitutive models in individual elements of (a), (d) the anterior
midbrain, (b), (e) the anterior region of the brain and (c), (f) the superior region.

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
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 compression experiments.
Miller (2005) 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 by Hrapko et al. (2006) were found to be in good agreement
with experimental results. Notice that the model parameters were obtained from a fit to shear
measurements 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. Previous studies have showed a
stiffening of the stress response of brain tissue with decreasing temperature 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 experimental data. The model prediction with
slip conditions at the sample–plate interface corresponds with the lower range of the measured
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stress response, whereas the response of the simulation with no–slip conditions corresponds
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 20%, which is in a good agreement with the variation found by Wu et al.

(2004) and Miller (2005). 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 (Prange and Margulies (2002) and Shen
et al. (2006)). Prange and Margulies (2002) have shown a good model prediction of shear
stress relaxation, however the compressive response was validated only with the equilibrium
stress obtained from compression stress relaxation. On the other hand, Shen et al. (2006)
have validated a simplified version of a constitutive model developed by Bilston et al. (2001)
with constant strain rate measurements in compression only up to a strain of 5%. However,
in both of these studies, the model tends to underpredict the tissue response in compression
deformation, which is similar to results obtained in the current study.

MODEL APPLICATION: To enable the description of the response of the brain tissue
to sufficiently high frequencies, the constitutive model developed by Hrapko et al. (2006) was
extended by an extra viscoelastic mode. Simulations using the constitutive model (NLVE-B)
in a 3-D head model extended with a sliding interface between the dura mater and the pia
mater were compared with predictions obtained from its linear viscoelastic modification (LVE)
and the constitutive model developed in Brands et al. (2004) (NLVE-A). Different constitutive
models show similar patterns in the stress and strain predictions, however, the magnitudes
differ. The maximum deformations were observed in the midbrain and the thalamus region of
the brain, where the constitutive model developed in Brands et al. (2004) showed a 6.5 times
larger stress response than in the case of the linear viscoelastic modification of the model
developed by Hrapko et al. (2006). The variation in stress and strain response between the
linear and the non-linear version of the constitutive model developed by Hrapko et al. (2006)
was found to be up to 20% and 50%, respectively. Choosing a different constitutive model for
calculating brain deformations with a FE model can have large consequences. To be able to
use uniform true tissue level injury criteria, which can be transferred between different head
models, accurate stress and strain levels should be predicted, for which the correct description
of the constitutive response of brain tissue is required. Furthermore, even more crucial is
whether the response predicted with a head model for different conditions (e.g. severity and
type of loading) varies proportionally with the constitutive behaviour. In that case, still a
reliable assessment of injury could be made with a less accurate constitutive model by using
a model-specific injury criterion that then is not a true threshold for injury of brain tissue.
However in case nonlinearities are present in the dependence of the head model response on
the material model and the loading conditions, no reliable assessment of injury can be made
without an accurate and well validated constitutive model for brain tissue. An evaluation
of these aspects will be the subject of further investigation. In any case, the constitutive
model used in FE calculations should be based on accurate measurements of the non-linear
behaviour of brain tissue during complex loading histories and large deformations in different
deformation modes. The ability of a model to 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.
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APPENDIX

A compressible version of the differential constitutive model by Hrapko et al. (2006) has been
implemented in the explicit FE code MADYMO. Material parameters for brain tissue can be
found in Table 1.

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. The
total Cauchy stress tensor σ is written as

σ = σ
h
e + σ

d
e +

N
∑

i=1

σ
d
vei

(1)

in which superscripts h and d denote the hydrostatic and the deviatoric part, respectively.
The hydrostatic part of Equation 1 is defined as

σ
h
e = K(J − 1)I (2)

where K is the bulk modulus and J =
√

I3 = det(F ) is the change in volume and I3 is the
third invariant of the Finger tensor B . The non-linear deviatoric elastic mode is given by:

σ
d
e =

G∞
√

I3

[

(1 − A)exp

(

−C

√

bĨ1 + (1 − b)Ĩ2 − 3

)

+ A

]

[

bB̃
d
− (1 − b)(B̃

−1
)d

]

(3)

where G∞ is the elastic shear modulus, I3 is the third invariant of the Finger tensor B ,
B̃ = J−

2

3B is the isochoric part of the Finger tensor B , and Ĩ1 and Ĩ2 are the first and
second invariant of the isochoric Finger tensor B̃ , respectively. The third term on the right
hand side of Equation 1 consists of the summation of the viscoelastic modes, which are based
on a decomposition of the deformation gradient tensor F into an elastic deformation gradient
tensor F ei

and a viscous deformation gradient tensor F vi

F = F ei
· F vi

. (4)

The viscoelastic contribution to the stress is given by:

σ
d
vei

=
G
√

I3

[

aB̃
d

ei
− (1 − a)(B̃

−1

ei
)d

]

(5)

with Gi the shear modulus, I3 the third invariant of the Finger tensor B , B̃ei
the isochoric

part of the elastic Finger tensor B ei
. The viscous deformation F vi

is assumed to be volume-
invariant. The viscous rate of deformation tensor, is calculated from the flow rule, assuming
incompressibility, as

Dvi
=

σ
d
vei

2ηi(τ)
(6)

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

τ =
√

1
2
σ

d : σ
d. It is described by the Ellis model, which states

ηi(τ) = η∞i
+

η0i
− η∞i

1 +

(

τ

τ0

)n−1
(7)

with subscripts 0 and ∞ denoting the initial and infinite values, respectively. The initial value
for viscosity is defined as η0i

= Giλi, whereas the infinite viscosity is defined as η∞i
= kη0i

.
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