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In both finite element and physical surrogate models of head blast injury, accurate material properties of
the brain and/or tissue simulants are necessary to ensure biofidelity in predicted response. Thus, there is
a need for experimental comparisons between tissue and simulant materials under the same experimen-
tal conditions. This study compares the response of porcine brain tissue and a variety of brain tissue sim-
ulants in quasi-static and sinusoidal compression tests. Fresh porcine brain tissue was obtained from a
local abattoir and tested within 4 h post mortem. Additionally, the effect of post mortem time was inves-
tigated by comparing samples stored at room temperature and stored frozen (�18 �C), at various time
intervals. The brain tissue simulants tested were bovine gelatin (3%, 5%, and 10% concentration), agarose
gelatin (e0.4%, 0.6%, 0.8% concentration), and Sylgard 527. The experiments were performed using a DMA
apparatus (TA Instruments Q800). The quasi-static compression data were fit to Ogden hyperelastic func-
tions so that parameters could be compared. It was found that bovine gelatin at 3% and 5% concentration
demonstrated the closest response to brain tissue in quasi-static compression. Conversely, in sinusoidal
compression, the agarose gel and Sylgard 527 were found to be in closer agreement with the tissue, than
bovine gel. In terms of post mortem time and storage, there was no statistically significant difference
detected in the response of tissue samples after 48 h, regardless of storage method. However, samples
stored at room temperature after 48 h appeared to demonstrate a reduction in stiffness.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

A primary challenge in assessing the potential risk for head
injury, is the difficulty in measuring the loadings and deformations
present in the head and brain during injurious events, especially in
living humans. This has been addressed by researchers in a variety
of ways, including the use of physical surrogates (Merkle et al.,
2009; Ouellet et al., 2017) with corresponding computational mod-
els, and computational modeling of the human head and brain
(Takhounts et al., 2008; Panzer et al., 2012; Gayzik et al., 2012;
Singh et al., 2013; Ghajari et al., 2017). However, the utility of such
models depends on the quality of the mechanical properties that
define them, and thus underscores the need for accurate mechan-
ical properties of brain tissue and potential surrogate materials.

Most experimental studies on brain tissue have used animal tis-
sues, most prominently porcine or bovine, due to the availability of
material test specimens. The properties of porcine brain tissue
have been measured previously in tension, compression, and shear
at various strain rates (Miller and Chinzei, 2002; van Dommelen
et al., 2010; Kaster et al., 2011; Prevost et al., 2011a, 2011b;
Zhang et al., 2011; Rashid et al., 2012a, 2012b, 2013, 2014;
Falland-Cheung et al., 2018). However, the inherent complexity
of the tissue, and many experimental variables including post-
mortem time and temperature sensitivity, and regional and direc-
tional variation, have prevented a clear consensus. Consequently,
the experimental data demonstrates a large variance in the magni-
tudes of reported properties. For example, a sensitivity study on
the viscoelastic properties of the brain tissue in one blast head
model found that the predicted strains in the brain varied by an
order of magnitude when using the wide range of constitutive
properties presented in the literature (Singh et al., 2013).

The issue of post-mortem time is important when conducting
experiments on excised tissue samples, since the mechanical prop-
erties may change with time. The effect of post-mortem time has
been investigated to a limited extent in the literature, and the
results have varied from significant softening of tissue response
at 45 min post-mortem (Metz et al., 1970), to stiffening of tissue
response starting from 6 h (Garo et al., 2007; Zhang et al., 2011)
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Fig. 1. Exemplar porcine brain tissue samples for room temperature storage at (a)
fresh, (b) 24 h, (c) 48 h, and for frozen and thawed samples at (d) fresh, (e) 24 h, (f)
48 h (scale dimensions in cm).
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to 24 h (Nicolle et al., 2004) post-mortem, to no significant effects
up to five days post-mortem (Darvish and Crandall, 2001; Budday
et al., 2015). The variation in this data is thought to be due to dif-
ferent sample preparation and storage protocols by different
researchers.

The properties of white and gray matter have been distin-
guished in the literature, with white matter in general character-
ized as being approximately 30–50% stiffer (Pervin and Chen,
2009; van Dommelen et al., 2010; Kaster et al., 2011; Jin et al.,
2013; Budday et al., 2015; MacManus et al., 2017). Although some
computational models distinguish between gray and white matter
(Zhang et al., 2004; Ipek et al., 2009; Gayzik et al., 2012; Yang et al.,
2014; Ghajari et al., 2017), many established finite element head
models do not make this distinction (Horgan and Gilchrist, 2003;
Deck and Willinger, 2008; Takhounts et al., 2008; Ho and
Kleiven, 2009; Zhao et al., 2017; Migueis et al., 2019). Similarly,
most physical models (Merkle et al., 2009; Ouellet et al., 2017) of
the brain use a single surrogate material for the brain tissue with
no distinction between the gray and white matter. For the purpose
of providing mechanical properties for such models, there is a need
for characterizing mixed gray/white matter samples.

A variety of brain tissue simulant materials have been proposed
in the literature, most commonly gelatins (porcine and bovine),
hydrogels, and silicone elastomers. Pervin and Chen (2010)
reported that agarose gel in 0.4–0.6% concentration could be used
to simulate brain tissue, although they did not present a quantita-
tive comparison. Falland-Cheung et al. (2018) reported that the
apparent elastic moduli of agar gels matched more closely with
brain tissue at lower strains, while gelatin matched closer at larger
strains, although in both cases the simulant materials were stiffer
compared to brain tissue. However, they did not consider strain
rates exceeding 1.6 s�1, which limited their conclusions to low
deformation rate phenomena.

In summary, the material properties of brain tissue have been
characterized, but exhibit a large variance due to experimental
considerations, which prevent a direct comparison for evaluating
simulant materials. The goal of the current study was to measure
and compare the mechanical properties of porcine brain tissue
and a variety of surrogate materials using the same experimental
conditions, enabling a direct comparison of the materials.
2. Methods

2.1. Preparation of porcine brain tissues

Fresh porcine brain tissues were obtained from a local abattoir
in order to serve as a baseline for comparison to the deformation
behavior of the tissue simulant materials. Prior to obtaining the
fresh porcine brain tissues, ethics approval for the use of animal
tissues was received from the University of Waterloo Office of
Research Ethics (UW ORE# A-14-11).

The fresh porcine brains were collected approximately 15 min
post-mortem and tested within 4 h. The cerebral hemispheres
were received split into right and left halves by cutting along the
sagittal plane through the corpus callosum. Each of the cerebral
hemispheres were then cut in the coronal plane, and square sec-
tions (20 � 20 mm) were extracted from the anterior and posterior
directions of the frontal and parietal lobes of the cerebrum (Fig. 1).
The square shape of the specimens was chosen because it provided
the most dimensional consistency between samples. The speci-
mens excised from the porcine brain were composed of mixed
white and gray matter. Excess brain tissues were removed from
the square cross sections in order to maintain an approximate
specimen thickness of 10 ± 0.5 mm. The actual thickness of each
specimen was measured prior to testing. All specimens were pre-
pared at room temperature and saline solution was frequently
sprayed on the samples during cutting and before the tests in order
to prevent dehydration. The fresh porcine brain tissue was tested
at room temperature (22 �C) and body temperature (37 �C) using
an environment chamber, to characterize any differences in the
response from temperature.

The effect of post-mortem time (up to 48 h) on the mechanical
properties of the brain tissues was measured to determine if the
properties changed over time when stored at room temperature.
In addition, the effect of storage on the tissues was investigated,
by comparing frozen specimens with those stored at room temper-
ature. The collected fresh porcine brain tissues were divided into
two groups, with the first group stored at room temperature and
the second group frozen (�18 �C). Some specimens from each
group were tested after 24 h, and the remaining specimens were
tested after 48 h. Both the room temperature stored and frozen
specimens were sealed in small plastic containers, without sub-
mersion or hydration.

2.2. Preparation of brain tissue simulants

Three different tissue simulant materials (agarose gelatin,
bovine gelatin, and Sylgard 527) were obtained and prepared for
testing (Fig. 2). The concentrations of the simulant materials were
chosen based on the expected responses of these materials from
previous studies in the literature (Pervin and Chen, 2010;
Lazarjan et al., 2014; Falland-Cheung et al., 2018). The simulant
materials were mixed in a liquid form and then poured into cylin-
drical polycarbonate molds to obtain good geometry and ade-
quately shaped samples (supplementary images included in
Appendix A). For cylindrical samples, the ratio between the initial
length and the diameter of the sample is a pertinent parameter. In
reference to the ASM Handbook (ASM Handbook, 2000), the
length/diameter ratio for soft material compression samples
should be less than 2. This was taken into consideration when
the molds were designed. For the static compression tests,
10 � 9.5 mm cylindrical molds were designed, while 20 � 9.5 mm
cylindrical molds were designed for multi-frequency tests to pre-
vent sample slippage.

Bovine gel with concentrations (w/v) of 3%, 5% and 10% were
prepared by dissolving appropriate amount of gelatin powder
(Sigma-Aldrich, G9391) in distilled water. The mixture was slowly
stirred to minimize entrapment of air until all the gelatin powder
dissolved. The molds with the bovine gels were kept in sealed plas-



Fig. 2. Processed and cured tissue simulants for (a) agarose gelatin, (b) bovine gelatin, and (c) Sylgard 527 (scale dimensions in cm).
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tic bags to maintain humidity and held at room temperature for
24 h for curing. Bovine gelatin is known to exhibit variation in
properties with temperature, and is typically used at specific tem-
peratures according to its preparation (Cronin and Falzon, 2011). In
this study, the bovine gelatin samples were tested at room temper-
ature (22 �C), since this is the typical condition under which brain
tissue surrogates are often used in testing. Body temperature
(37 �C) tests were not undertaken with the bovine gel since this
material essentially becomes liquid at this temperature, for the
concentrations tested.

Agarose gels with concentrations (w/v) of 0.4%, 0.6% and 0.8%
were prepared by dissolving an appropriate amount of powdered
agarose (Bio-Rad Laboratories Canada Ltd) in distilled water. The
solution was heated to 90–95 �C for 15 min and stirred continu-
ously to aid dissolution of the powder and prevent bubbling. The
molds with the agarose gels were kept in sealed plastic bags to
maintain humidity and cured at room temperature for 24 h to cure
the samples. The agarose gels were tested at both room (22 �C) and
body temperatures (37 �C).

Commercially available PDMS, Sylgard 527 (Dow Corning Cor-
poration) gel was obtained and prepared per the manufacturer’s
instructions by mixing equal weights of part A and part B and stir-
red continuously to ensure that the components were thoroughly
mixed. The Sylgard samples were cured at room temperature in
sealed plastic bags for two weeks before testing at both room
(22 �C) and body temperatures (37 �C). Although the Sylgard 527
was expected to have physical properties similar to the agarose
and bovine gels, it tended to stick to the molds and consequently
deform during mold release. To help mitigate this, the interior sur-
faces of the Sylgard 527 molds were lined with plastic wrap. This
allowed easier demolding and handling of the cured samples. The
plastic wrap was removed prior to testing.
2.3. Mechanical characterization of brain tissue and simulant
materials

A Dynamic Mechanical Analyzer (DMA, TA Instruments Q800)
was used to perform the experiments. To determine the static com-
pression properties of the porcine brain tissues and the prepared
tissue simulant materials, a strain rate controlled compression
mode was used. The temperature was held constant within an
environment chamber, and the strain ramped at a constant strain
rate of 0.01 s�1. The DMA apparatus measured the stress and strain
response of the samples corresponding to the quasi-static stress-
strain curve.

The viscoelastic properties of the materials were measured in
the DMA using a frequency sweep, where sinusoidal deformation
is applied at increasing frequencies. The amplitude at which to
apply the frequency sweep was determined from the linear vis-
coelastic strain limit, found to be between 0.20% and 0.37% for
the materials tested. To determine this amplitude, the samples
were placed in the DMA and oscillated at constant frequencies
(2 Hz and 50 Hz) while the strain was gradually increased in ampli-
tude. The DMA measured the complex modulus, and the strains at
which the modulus began to vary with frequency were identified
as the linear viscoelastic strain limit. In the multi-frequency sweep
mode tests, the samples were placed in the DMA and oscillated at a
constant strain amplitude while the frequency was increased. This
information is presented in this paper as complex modulus as a
function of frequency.

All of the materials, both tissue and simulant, were tested in
quasi-static compression and dynamic mechanical analysis
(Table 1).

2.4. Statistical comparison methodology for quasi-static compression
results

A methodology for comparing the results of the quasi-static
compression tests was employed, that allowed for tests of statisti-
cal significance. Each individual experimental stress-strain curve
was fit to an Ogden hyperelastic constitutive model (Eq. (1)), from
which the initial shear modulus could be calculated (Eq. (2)). This
allowed for a common set of parameters to be compared across the
various materials using statistical methods.

Wðk1; k2; k3Þ ¼
Xn

i¼1

li

ai
k1

ai þ k2
ai þ k3

ai � 3ð Þ

Ogden Hyperelastic Function ð1Þ

G ¼ 1
2

Xn

i¼1

liai Initial Shear Modulus ð2Þ

where W = strain energy density; k1,2,3 = principal stretch ratios; n,
l, a = material constants; G = initial shear modulus.

3. Results

3.1. Quasi-static compression testing

The results of the quasi-static compression tests on fresh por-
cine brain tissue demonstrated a typical hyperelastic response
(Fung, 1993) for both room temperature and body temperature
responses (Fig. 3). The experimental variation in the data was gen-
erally on the order of typical biological tissues. The tissue simu-
lants demonstrated similar hyperelastic responses (Fig. 4), albeit
with less variability. Results for all individual test curves for the
tissue simulants are included in Appendix B.

The stress-strain curves for each experiment were fit to the
Ogden hyperelastic constitutive equation (Eq. (1)). A single term
(n = 1) model was sufficient for all materials except that agar gels,
which required a three term (n = 3) model. The resulting curve fits
produced R2 values exceeding 0.99 for all curves. The responses of
each material and temperature condition were also averaged, and
the average curves were fit using the Ogden model. The Ogden
parameters of each individual test and the averaged material
responses are included in Appendix C.



Table 1
Test matrix of tissue and simulant materials and test modes.

Test Temp. QS Compression DMA

Tissue Fresh 22 �C X X
37 �C X

Room Temp. Storage 24 h 22 �C X
48 h X

Frozen Storage 24 h 22 �C X
48 h X

Simulants Agarose Gel 0.4% 22 �C X X
0.6% X X
0.8% X X
0.4% 37 �C X
0.6% X
0.8% X

Bovine Gel 3% 22 �C X X
5% X X
10% X X

Sylgard 527 1:1 22 �C X X
37 �C X

(a)

(b)

Fig. 3. Quasi-static compression response of porcine brain tissue at (a) room
temperature and (b) body temperature.
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The initial shear moduli (Eq. (2)) were compared between
materials using two tailed t-tests, assuming unequal variance, to
test for statistically significant differences (Table 2). The tissue
simulants were compared to either fresh room temperature or
body temperature brain tissue, corresponding to the temperature
at which the simulant was tested. All of the brain tissue groups
(temperature, time, and frozen/unfrozen) were compared to fresh
room temperature brain tissue.

There was found to be no statistically significant difference in
the response of brain tissue at room and body temperatures
(p = 0.061). All of the agar gels were found to be significantly stiffer
than the brain tissue (p < 0.005), primarily due to an initial higher
stiffness region at low strains evident in their stress–strain
responses (Fig. 4a and b). In comparing the bovine gels to brain tis-
sue, there was found to be no statistically significant difference at
3% (p = 0.967) and 5% (p = 0.197) concentrations, whereas the 10%
concentration bovine gel was stiffer (p = 0.022). The Sylgard 527
response demonstrated a statistically significant difference when
compared to brain tissue at room temperature (p = 0.044), how-
ever no statistically significant difference was detected at body
temperature (p = 0.100).

The responses of brain tissue samples that were stored for 24 h
at room temperature (p = 0.784) or in a freezer (p = 0.382) were not
found to be significantly different from fresh tissue. At 48 h, there
was similarly no statistically significant difference between the
frozen (p = 0.916) and room temperature (p = 0.085) stored tissues,
although the samples that were stored at room temperature
appeared to have softened in their response (Fig. 5).
3.2. Sinusoidal compression testing

The complex moduli of the porcine brain tissue demonstrated
an increase in magnitude with increasing frequency of oscillation
(Fig. 6). The DMA apparatus was unable to resolve the phase angle
between the inputted and measured output curves during the test-
ing, therefore the storage and loss moduli are not reported. How-
ever, the complex modulus, which was a direct measurement
based on the applied sinusoidal strain amplitude and the ampli-
tude of the resulting stress, was an accurate and representative
measurement of the material response that could be used for a
qualitative comparison of the different materials.

The complex modulus of the bovine gelatins was in reasonable
agreement with the brain tissue at lower frequencies, up to about
100 Hz (Fig. 7a). However, the response at higher frequencies
diverged significantly from the brain tissue response (Fig. 7b). In
contrast to the bovine gel, the complex moduli of the agar gels
were in general greater than the brain tissue at lower frequencies,
and in reasonable agreement at frequencies greater than 100 Hz



(a) (b)

(d)(c)

Fig. 4. Quasi-static compression response of agar gel at 0.4%, 0.6%, 0.8% concentrations at (a) room temperature and (b) body temperature; (c) bovine gel at 3%, 5%, 10%
concentrations at room temperature; (d) Sylgard 527 at room temperature and body temperature. Solid lines are mean curves, and dashed lines are standard deviations.

Table 2
Comparison of initial shear moduli (kPa) of tissue and simulants, quasi-static compression. Bolded rows indicate materials that were not found to be significantly different than
porcine brain tissue.

Material; Test Temp. Initial shear moduli Mean Stdev t stat t crit p

Brain, Fresh; Room Temp. 0.149, 0.233, 0.173, 0.149, 0.290, 0.102 0.183 0.068 – – –
Brain, Fresh; Body Temp. 0.358, 0.326, 0.203, 0.193, 0.206, 0.353 0.273 0.080 �2.11 2.23 0.061 *

Agar, 0.4%; Room Temp. 3.459, 3.009, 3.009 3.159 0.260 �19.50 4.30 0.002 *

Agar, 0.6%; Room Temp. 5.729, 5.410, 5.777 5.638 0.199 �46.06 4.30 0.000 *

Agar, 0.8%; Room Temp. 6.542, 6.475, 6.066 6.361 0.257 �40.86 4.30 0.000 *

Agar, 0.4%; Body Temp. 2.370, 2.426, 2.555 2.450 0.095 �34.17 2.78 0.000 **

Agar, 0.6%; Body Temp 3.716, 3.147, 3.020 3.294 0.371 �13.95 4.30 0.005 **

Agar, 0.8%; Body Temp. 6.963, 7.014, 6.929 6.968 0.043 �162.84 2.37 0.000 **

Bovine 3%; Room Temp. 0.259, 0.135, 0.159 0.185 0.066 �0.04 2.78 0.967 *

Bovine 5%; Room Temp. 0.155, 0.095, 0.153 0.134 0.034 1.43 2.37 0.197 *

Bovine 10%; Room Temp. 0.742, 1.105, 1.064 0.970 0.199 �6.68 4.30 0.022 *

Sylgard 527; Room Temp. 0.784, 1.038, 0.582 0.801 0.228 �4.59 4.30 0.044 *

Sylgard 527; Body Temp. 1.159, 1.486 1.322 0.231 �6.29 12.71 0.100 **

24 h Frozen; Room Temp. 0.122, 0.117, 0.202, 0.164 0.151 0.040 0.92 2.31 0.382 *

24 h RT Stored; Room Temp. 0.191, 0.176, 0.155 0.174 0.018 0.29 2.54 0.784 *

48 h Frozen; Room Temp. 0.141, 0.144, 0.248 0.178 0.061 0.11 2.57 0.916 *

48 h RT Stored; Room Temp. 0.064, 0.134, 0.133 0.111 0.040 2.00 2.37 0.085 *

*Compared to Brain, Fresh, Room Temp.
**Compared to Brain, Fresh, Body Temp.
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(a)

(b)

Fig. 5. Quasi-static compression response of porcine brain tissue after (a) 24 h and
(b) 48 h stored at room temperature (22C) and frozen (�18C). Solid lines are mean
curves, and dashed lines are standard deviations.

Fig. 6. Complex modulus vs frequency response of room temperature porcine brain
tissue.
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(Fig. 7c). The viscoelastic response of Sylgard 527 was found to
match the porcine tissue response well at both low and high fre-
quencies (Fig. 7d).

4. Discussion and conclusions

This study measured the quasi-static and sinusoidal compres-
sion response of porcine brain tissue and a variety of brain tissue
simulant materials using the same methodology. The purpose of
the tissue testing was to provide a benchmark upon which to com-
pare the various simulant materials, used for simulating the
response of actual brain tissue in physical surrogate head models.
The tissue testing also provides additional data that can be used to
inform finite element models through properties that could be
implemented in constitutive relationships, although it is acknowl-
edged that further high deformation rate testing is required.

In terms of the quasi-static compression response, the Ogden
constitutive models (R2 values greater than 0.99 in all cases) are
used to compare the simulant materials to the brain tissue. The
3% and 5% concentration bovine gels best matched the response
of brain tissue in quasi-static compression. These findings were
further supported by a simple analysis of calculating the area
under the stress strain curves at two discrete strain values: 5%
strain and 30% strain (Appendix D). The 5% strain value was chosen
because it corresponds generally to the level of strain seen in brain
tissue during typical blast-induced mTBI loadings (Singh et al.,
2013), and the 30% strain value was chosen because it corresponds
to strain injury criteria reported in the literature (Mao et al., 2011;
Deck and Willinger, 2008; Kleiven, 2008).

Two of the tested materials (bovine gel and agar gel) could be
created at different concentrations. Although the 3% and 5% bovine
gels were representative of brain tissue at room temperature under
quasi-static loading, and thus the range of concentrations consid-
ered was appropriate, these gels were effectively liquid at body
temperature, which may be a limitation in application for physical
surrogates if high temperature testing is considered. Bovine gelatin
is most commonly used for ballistic testing at the 10%, 4 �C and
20%, 10 �C concentrations and is known to demonstrate a sensitiv-
ity to temperature in the mechanical properties (Cronin and
Falzon, 2011).

The agar gel was tested in 0.4%, 0.6%, and 0.8% concentrations,
all of which were stiffer in comparison to the tissue. Concentra-
tions of agar gel below 0.4% were not tested, and would presum-
ably have a lower stiffness; however, the agar gels demonstrated
an atypical initial high stiffness region at small strains, which
was not observed in the brain tissue or the simulant materials. This
was further evidenced by the need for a three-term Ogden model
for the agar gel, while all other materials were adequately fit with
a one-term model, thus the agar gel demonstrated a different
shape of stress-strain response compared to brain tissue.

The Sylgard 527 was found to be stiffer than brain tissue at
room temperature, although there were no statistically significant
differences when the materials responses at body temperature
were compared. However, there were only two tests measured
for Sylgard 527 at body temperature, which limited the ability of
the statistical comparison to detect differences in this case.

The porcine brain tissue was also tested at 24 h and 48 h post
mortem, after being stored at room temperature and in cold stor-
age. The time and storage method sensitivity of brain tissue has
been reported previously in the literature, but with no clear con-
sensus on the effects (McElhaney et al., 1973; Darvish and
Crandall, 2001; Budday et al., 2015; Garo et al., 2007; Prevost
et al., 2011a, 2011b; Zhang et al., 2011). In the current study, it
was found that there was no statistically significant difference in
the quasi-static compression response of brain tissue samples after
48 h, regardless of storage method. However, the response of the
samples that were stored at 48 h at room temperature demon-
strated a visible reduction in stiffness when comparing stress
strain curves (Fig. 5b), demonstrated in part by the relatively smal-
ler p value (0.085) for this case. The tests for statistical significance
used initial shear moduli determined from the Ogden model
parameters. While this provided a common set of parameters that
could be compared across materials, it may not fully capture non-
linearities in the material response. Regardless, these differences



(a) (b)

(d)(c)

Fig. 7. Complex modulus vs frequency response of room temperature bovine gel at (a) low frequencies and (b) high frequencies; (c) agar gel; (d) Sylgard 527.
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indicate that storage methodology should be an important consid-
eration for researchers undertaking physical experiments with
brain tissue.

The viscoelastic properties, presented in terms of complex mod-
ulus of the materials were compared up to an oscillation frequency
of 200 Hz. In general, the agar gel and Sylgard 527 demonstrated
complex moduli on the same order as the porcine brain tissue,
whereas the bovine gel was significantly higher at frequencies
beyond 130 Hz. The DMA apparatus was limited to a maximum
frequency of 200 Hz, so greater frequencies were not tested,
although would be informative.

A limitation of this study was the low number of samples
tested; however, the test results were generally consistent in the
shape and magnitude, and were able to demonstrate trends. The
brain tissue samples tested were mixed grey/white matter sam-
ples, which provided a more appropriate benchmark for evaluating
the tissue simulants where a single material is used to represent
brain tissue as a whole. However, recent advances in medical imag-
ing and computational efficiency have seen the development of
finite element models that can model distinguish between white
and grey matter in the brain, so future work should isolate and
characterize white and grey matter separately. The brain tissue
was tested using samples with a square cross-section, due to the
difficulty in creating cylindrical samples of sufficient quality,
whereas the tissue simulants were tested using cylindrical samples
from molds. This approach is common in the literature and the
effect of test sample shape should be investigated further, particu-
larly at larger deformations.
In assessing the brain tissue simulants, the bovine gelatin pro-
duced the most comparable response to brain tissue in quasi-
static compression. However, the bovine gelatin diverged from
the tissue response for the sinusoidal compression tests, whereas
the agar gels and Sylgard 527 were found to be comparable. This
highlights a general limitation of physical surrogate models where
no single material may achieve correspondence across a range of
temperatures and deformation rates, since certain materials can
match better in a particular loading condition, and not as well in
another. Further, it underscores the importance of loading mode
and rate on the choice of simulant material for a particular applica-
tion. With regards to tissue simulants, there are often other factors,
such as bio-compatibility or material longevity, that may be impor-
tant considerations for the selection of tissue simulants, that were
not considered in this work. Future work should focus on high
deformation rate characterization of tissue simulants.
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