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Abstract

Understanding the viscoelastic behavior of pediatric brain tissue is critical to interpret how external mechanical forces
affect head injury in children. However, knowledge of the viscoelastic properties of pediatric brain tissue is limited, and this
reduces the biofidelity of developed numeric simulations of the pediatric head in analysis of brain injury. Thus, it is essential
to characterize the viscoelastic behavior of pediatric brain tissue in various loading conditions and to identify constitutive
models. In this study, the pediatric porcine brain tissue was investigated in compression with determine the viscoelasticity
under small and large strain, respectively. A range of frequencies between 0.1 and 40 Hz was applied to determine frequency-
dependent viscoelastic behavior via dynamic mechanical analysis, while brain samples were divided into three strain rate
groups of 0.01/s, 1/s and 10/s for compression up to 0.3 strain level and stress relaxation to obtain time-dependent viscoelastic
properties. At frequencies above 20 Hz, the storage modulus did not increase, while the loss modulus increased continuously.
With strain rate increasing from 0.01/s to 10/s, the mean stress at 0.1, 0.2 and 0.3 strain increased to approximate 6.8, 5.6
and 4.4 times, respectively. The brain compressive response was sensitive to strain rate and frequency. The characterization

of brain tissue will be valuable for development of head protection systems and prediction of brain injury.
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1 Introduction

Brain tissue can be damaged given external mechanical force
even though it is surrounded by the skull. Traffic accidents,
abuse and falls are primary causes of traumatic brain injury
(TBI) in children (Araki et al. 2017; Hon et al. 2019). Mild
traumatic brain injury (mTBI), such as concussion, is one
of the most common types of TBI for the overall popula-
tion (Nguyen et al. 2016) and damage caused by direct
concussive loading can occur both in the region of impact
and in regions distant from the impact site (Meaney and
Smith 2011). The symptoms of brain injuries including loss
of consciousness, headaches and mood changes can appear
immediately or several weeks later (Pujalte et al. 2020). Due
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to the development of computational modelling and medi-
cal imaging techniques, head simulation models have been
applied intensively to study injury mechanisms and predict
biomechanical characterization of brain injury induced by
different impact conditions (Roth et al. 2010; Sahoo et al.
2014). Besides the accurate anatomical structures, the biofi-
delity of the finite element (FE) simulation models requires
quantitative data from mechanical experiments to accu-
rately relate tissue stress to tissue deformation and is highly
dependent on the constitutive models applied.

Over the past decades, many experiments have been per-
formed to investigate the mechanical properties of brain tis-
sue obtained from adult human and animal brains (Bilston
et al. 2001; Budday et al. 2015; Rashid et al. 2012; Tak-
hounts et al. 2003). However, the mechanical analysis of
brain tissue obtained from pediatric cadavers has been lim-
ited. Some studies investigated brain tissue through dynamic
sweep tests in the frequency domain, while stress relaxation
tests in the time domain have also been carried out (Darvish
and Crandall 2001; Velardi et al. 2006). Furthermore, inden-
tation tests, considered as a type of compression, were also
employed to characterize the viscoelastic properties of brain
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tissue (Chen et al. 2020; Feng et al. 2013; Qiu et al. 2020).
Child brain samples, between the age of 5 months and
22 months, have been previously studied through dynamic
oscillatory shear experiments showing age-dependent mate-
rial properties (Chatelin et al. 2012). In addition, shear relax-
ation tests on the brain of a 5-year-old child were conducted
to analyze the shear stresses under large deformation condi-
tions (Prange 2002). Most experiments were performed in
shear, while compressive loading also plays a significant role
during head injuries (Bar-Kochba et al. 2016; Young et al.
2015). Thus it is essential to understand the compressive
behavior of pediatric brain tissue in both time and frequency
domains. Considering the similarities of the anatomical
structure between human and animal brains, young animal
brain tissue including immature porcine and mouse brains
has also been selected as a substitute for children in previous
studies to determine the brain’s mechanical properties (Li
et al. 2019; MacManus et al. 2017; Prange and Margulies
2002; Zhao et al. 2016).

To investigate the relationship between the mechanical
characteristics of human and animal brain, various
mechanical experiments have been performed (Dickerson
et al. 1967; Franklyn et al. 2007). Compression tests were
conducted on porcine brain tissue for three age groups at
different strain rates (Fan et al. 2014). Shear tests were
carried out on brain tissue derived from 5-day-old, 4-week-
old piglets and 1-year-old pigs (Prange and Margulies 2002).
Large strain and various strain rates were applied on 8-week-
old pig brain tissue through compression to investigate the
material properties (Li et al. 2019). Tension tests with
dynamic strain rates were performed on the cerebellum and
the brainstem tissue of piglets aged 4 weeks to determine the
strain-dependent properties (Zhao et al. 2016). Further, the
mechanical behavior of 8-week-old porcine brain tissue has
been investigated through the combination of compression,
shear and tensile tests to analyze the region and strain-rate
dependent properties (Li et al. 2020a, b). For brain tissue
experiencing small deformation, linear viscoelastic models
were commonly used for modelling (Qian et al. 2018) while
in large strain conditions, quasi-linear viscoelastic models
composed of a hyperelastic part and a linear viscoelastic part
were used (Rashid et al. 2014).

The aim of this study was to characterize the viscoelastic
properties of pediatric porcine brain tissue in compression
through Dynamic Mechanical Analysis (DMA) over a
frequency range which is relevant to physiology and trauma,
and under nonlinear deformation over three strain rates.
The effect of frequency and strain rate on the viscoelastic
behavior of brain tissue have been evaluated statistically.
Linear and non-linear viscoelastic models have been
assessed by employing the experimental data to determine
material parameters appropriate for the computational
modelling of brain tissue. This work was organized as
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follows: Sect. 2 presented the methodology to carry out
the experiments on the brain tissue and the constitutive
formulation with linear and large strain viscoelastic models.
The experimental results with corresponding constitutive
models were displayed in Sect. 3. Section 4 discussed the
effects of loading conditions on the mechanical responses
of the brain tissue. Finally, the main conclusions obtained
were given in Sect. 5.

2 Materials and methods
2.1 Specimen preparation

Seven porcine brains of approximately 4 months age were
obtained from a supplier (Dissect Supplies, Kings Heath,
Birmingham, UK). Specimens were wrapped in tissue paper,
and soaked in Ringer’s solution (Oxoid Ltd, Basingstoke,
UK), on arrival in the laboratory. Specimens were then
stored at —40 °C in a freezer in double heat-sealed plastic
bags (Burton et al. 2017; Mahmood et al. 2018). Specimens
were thawed in Ringer’s solution for 12 h before mechanical
testing. The freezing treatment has not been found to
adversely affect the mechanical properties of biological
tissue (Chan and Titze 2003; Szarko et al. 2010). The
cerebellum and brain stem were removed, and cylindrical
specimens which comprised both white and grey matter
were obtained from the frontal, parietal and occipital lobes
of cerebrum in the coronal plane using a circular trephine.
Brain samples were 7 + 1 mm (mean + standard deviation)
in thickness and 28 + 0.1 mm in diameter, measured prior
to testing using a Vernier calliper (Draper Tools Ltd,
Hampshire, UK).

2.2 Experimental setup

The mechanical properties of brain specimens were deter-
mined using a Bose ElectroForce 3200 (Bose Corporation,
ElectroForce Systems Group, Minnesota, USA) testing
machine as shown in Fig. 1a. The apparatus was equipped
with a 22 N load cell and a linear displacement transducer
with a range of 8 mm displacement. A custom-designed
chamber with a 28 mm diameter was used to hold and con-
strain the brain specimens. To minimize the influence of
friction during compression, specimens and the surface
inside the chamber were hydrated with Ringer’s solution
before each test. A circular flat indenter with a diameter
of 20 mm, attached to the actuator of the testing machine,
was used to generate compressive forces (Fig. 1b). After the
load and displacement values were set to zero, a preload of
—10 mN was applied to the brain samples to ensure a zero-
strain. The negative sign in the stress and strain denotes the
compression of brain tissue. All samples were tested at room
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Fig. 1 (a) Experimental set-up
of a Bose ElectroForce 3200
testing system with WinTest
software and (b) compres-
sive testing setup for the brain
specimens

temperature (21 °C) and fully hydrated in Ringer’s solution
throughout preparation and testing.

2.3 Dynamic mechanical analysis (DMA)

DMA testing was used to measure the viscoelastic
properties of the brain tissue over a frequency range from
0.1 to 40 Hz in 13 steps. The testing frequencies cover the
loading conditions to which the brain might be exposed
during physiological and mild traumatic loading (Laksari
et al. 2015; Yan et al. 2015). Amplitude sweep tests at
1 Hz were performed to determine the amplitude range
within the linear viscoelastic regime of the material and
a 1% dynamic amplitude was selected in the subsequent
dynamic testing. Parameters of testing and specimen
geometry were inputted into the WinTest DMA software,
which provides improved test control and analysis for
viscoelastic property measurement of materials in DMA.
All DMA tests were performed with the sampling rate
of acquisition at 5 kHz for the highest frequency tested.
An example of the raw data of stress against strain was
shown in Fig. 2. Prior to the frequency sweep testing,
brain specimens were subjected to an initial ramp of 10%
pre-strain to ensure robust sample contact and a pre-
conditioning cycle of 5 Hz with 0.07 mm amplitude to
minimize the sample variability (Cheng et al. 2009; Li
et al. 2020a, b; Wilcox et al. 2014). Twelve specimens were
tested using this protocol across a range of frequencies
tested. The storage modulus is the elastic component of
the dynamic modulus relating to the spring constant, and
the loss modulus is the viscous component of modulus
relating to damping. The ratio of loss to storage modulus
(G'/G) is defined as tan(delta), which is a measure of
energy dissipation in a system. For each frequency,
sinusoidal force and displacement data were recorded
and subjected to analysis using Fast Fourier Transform
(FFT) methodology. The dynamic stiffness (k*) was
calculated as the ratio of the data-set magnitude for force
and displacement at the fundamental frequency. Storage
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Fig.2 Representative stress strain experimental data, from multiple
cycles, for a given sample at 40 Hz

modulus (G') and loss modulus (G) were subsequently
quantified in WinTest DMA software by transforming from
the relevant stiffness, incorporating a shape factor (S) for
cylindrical samples:

k* cos o
G =—
S (1)
k*siné
G// —
< @)
d?
S=— 3
4h 3)

where h and d denote the thickness and diameter of the
specimen, respectively. The phase angle (6) was determined
as the phase relationship between the compressive force
and displacement. Further details are available elsewhere
(Barnes et al. 2016).
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2.4 Compression-relaxation tests

To investigate the compressive viscoelastic properties of
brain tissue at large strain, the specimens were compressed
by the indenter up to the displacement of 30% of the
height of the specimens (i.e. 0.3 nominal strain). The tests
were conducted at three pre-set deformation velocities
of 0.07 mm/s (low), 7 mm/s (medium) and 70 mm/s
(high), corresponding to the strain rates of 0.01/s, 1/s and
10/s, respectively. The force—displacement history was
recorded with a sampling rate of 1 kHz. These testing
velocities were comparable to the range of the frequencies
applied in Sect. 2.3 and with previous studies on human
and porcine brains (Forte et al. 2017; Li et al. 2019).
Five specimens were tested at each velocity. Totally, 27
brain specimens from seven porcine brains were tested
including 12 specimens for DMA tests and 15 specimens
for compression-relaxation tests. After the compression of
0.3 strain, the stress-relaxation behavior of pediatric brain
was observed by holding the peak strain for 200 s describing
the viscous response of the material. Before compression-
relaxation testing, specimens were subjected to two pre-
conditioning cycles with 10% strain to ensure comparable
and repeatable results, consistent to previous studies on
brain tissue (Budday et al. 2017a, b; Prange and Margulies
2002). The engineering stress was calculated as the applied
force divided by the nominal cross-sectional area which was
a certain value given the size of the circular indenter, and the
engineering strain was calculated as the deformation divided
by the initial height of sample measured prior to mechanical
testing.

Experimental values were analyzed and plotted using
Sigmaplot version 14.5 (Systat Software Inc., London,
UK), and the effect of strain rates on stress for compression
tests was determined using a one-way analysis of variance
(ANOVA) test, by comparing the mean stress levels induced
at fixed strain increments (0.1, 0.2 and 0.3) between strain
rate groups with a Tukey HSD post-hoc analysis. For
each strain rate group, stress levels not sharing a letter are
considered significantly different. Statistical significance
was evaluated at the p <0.05 level.

2.5 Viscoelastic formulation
2.5.1 Linear viscoelastic model

Linear viscoelastic (LV) theory was previously applied to
represent the mechanical response of brain injury in the time
domain (Qian et al. 2018). In this study, the specimens were
tested using DMA within the linear viscoelastic regime. To
describe the dynamic frequency-dependent viscoelastic
properties of brain tissue, the constitutive parameters can be
obtained directly from frequency domain experimental data.
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The complex modulus G* = G/ + jG”, the storage modulus
G’ and the loss modulus G” of the generalized Maxwell
model in the Prony series form can be obtained as functions
of frequency:

N .

wreN Tjw

G*(jw) = G, + ; ST oy @)
N

po (o1,

G(@—Q*‘E&m %)
N T:

G’ — i—l 6
() ;1 T @) ©6)

where w is a single angular frequency, G, is the equilibrium
modulus and j = \/j}l5 standing for the imaginary number.
In the linear viscoelastic model, parameters g; and z; are
the relative moduli and the relaxation time of the Prony
series for N relaxation modes. Further details on the fre-
quency domain modelling are available elsewhere (Li et al.
2021a). The constitutive parameters were calibrated using
a nonlinear least-squares algorithm lsqnonlin in MATLAB
with the average experimental data of tested tissue samples
based on the average square of deviation between the pre-

dicted dynamic modulus (G (;), G (;)) and the measured

dynamic modulus (5[., Ei ) from experiment at n frequencies

1 %)

2.5.2 Large strain viscoelastic model

Within non-linear viscoelasticity, quasi-linear viscoelastic
(QLV) theory has been assumed for soft biological tissue
experiencing nonlinear strain conditions (Mendizabal et al.
2015), and it assumes the material behavior to be decoupled
into two responses including a time-independent elastic
response and a viscoelastic response. For the elastic response,
a hyperelastic material model was used to describe the
compressive properties of brain tissue for large strain analysis
and the brain was considered as an isotropic incompressible
material characterized by a strain-energy function W, such that.
aw

Su=—r

7 ®)
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W=W(I,L)orW = W(A, Ay, A3) )

where §;; is the nominal stress component along the
direction of compression. /; and I, are the first and second
strain invariants. 4, 4,, A5 are the principal stretches. Three
established hyperelastic constitutive models were evaluated
(Table 1) and model parameters were determined using
nonlinear optimization in MATLAB with the randomly
generated starting parameter set to achieve the global
optimal set. The appropriateness of fit of data to the given
model was assessed using the coefficient of determination
R? for various loading rates.

For the viscoelastic responses, the large strain viscoelastic
model was described by a Prony series expansion of the
relaxation modulus combined with the strain energy function
from Table 1 to describe the time-dependent properties
(Miller and Chinzei 1997),

' d
o1= [ {est- 0% }ar (10)

0

where @ is time dependent strain energy, w = W/y, is a
dimensionless strain-energy function. The viscoelastic
behavior was therefore presented by the time-dependent
shear modulus (Rashid et al. 2012),

N 1
g4(0) = mg ll - Zg,,<1 —ﬁ)] (11)
p=1

where p; is the initial shear modulus and can be obtained
from the time-independent large strain response of the
tissue. g, and 7, are material parameters of the pth term in
the number N Prony series and determined by fitting g,(¢)
with experimental values obtained from the relaxation tests.
A minimum of three pairs of Prony constants was deemed
necessary for replicating the time-dependent behavior of
brain tissue (Cheng and Bilston 2007; Forte et al. 2017) and
the preliminary studies indicated that a three-term Prony
series was needed for the brain viscoelastic response.

3 Results
3.1 Linear viscoelasticity

The mean storage modulus of brain samples showed an
increasing trend initially with frequency and then decreased
at higher frequencies with an average value of 10.94 kPa
(Fig. 3a). The mean loss modulus of brain samples showed
an increasing trend for all frequencies tested ranging
from 1.61 to 11.38 kPa with an average value of 6.68 kPa
(Fig. 3b). Notably, at frequencies above 20 Hz, storage
modulus did not increase, while the loss modulus increased
continuously. This was also reflected by the linear viscoe-
lastic constitutive model calibrating the mean storage and
loss modulus simultaneously with all viscoelastic response
approximated within the 95% confidence intervals (Fig. 3a
and b). The model was able to predict the increasing trend
of storage modulus up to around 20 Hz and loss modulus
of all frequencies tested. Table 2 summarizes the material
parameters of the linear viscoelastic model with the equilib-
rium modulus of 268.46 Pa and the quality of the calibra-
tion was tested by evaluating the coefficient of determination
with R>=0.85 for storage modulus and R’ =0.94 for loss
modulus. The comparatively low coefficient of determina-
tion in storage modulus arises from the decreasing trend at
frequencies above 20 Hz which might be due to the lateral
confinement of the specimens in compressive frequency
sweep testing.

The mean complex modulus of brain tissue with an
average value of 13.02 kPa increased rapidly at frequencies
between 0.1 and 20 Hz (Fig. 3c). The mean tan(delta) of
brain samples showed an increasing trend with frequency,
ranging from 0.28 to 1.08, with higher values beyond 20 Hz,
signifying a more dominant viscous response occurring
(Fig. 3d).

3.2 Large strain viscoelasticity
With the strain rate increasing from 0.01/s to 10/s, the mean

stress at 10, 20 and 30% strain increased to approximate
6.8, 5.6 and 4.4 times, respectively (Fig. 4a). For all three

Table 1 Incompressible strain

. Hyperelastic model
energy functions and the

Strain energy function

Uniaxial stress expression

uniaxial stress expression for
each hyperelastic model

Neo-Hookean
Gent

Ogden

W=t - 3) Sy = po(A =473

R R T
Su = J, 7/1272/1*@3( A )

m

Siy= %{/1"—1 - [GH)}

=—”7°Jmln(1— ’1;3)

= 2 (1% 4 2% + 28 - 3)

a?

Coefficients uy, J,, and a are the material parameters and A is the principle stretch in the uniaxial loading

direction
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Fig.3 Variation of (a) mean storage modulus, (b) mean loss modu-
lus, (¢) mean complex modulus and (d) tan(delta) for all brain sam-
ples against frequency using DMA, with the relevant linear viscoe-

Table 2 Constitutive parameters of frequency-dependent linear vis-
coelastic model derived from mean storage and loss modulus of brain
tissue simultaneously over all frequencies

Linear viscoelastic model parameter

Coefficient (kPa) Relaxation time (s)
81 82 &3 7 ) 3
3.1x10% 59x10' 55x10' 15x10° 4.6x102% 7.5x%x10°

strain increments, the stress at the high strain rate was signif-
icantly different from that of the medium and low strain rates
(» <0.05), and the stress levels at the medium and low strain
rate groups were not significantly different from each other
(Fig. 4b). Mean compressive stress—strain responses dis-
played an increase in the stiffness of the material with strain
up to around —0.2, and at higher strain level, the stiffness
then decreased to be stable, especially at higher strain rate
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lastic model (full black line) calibrated from the experimental storage
and loss modulus for all frequencies tested. Error bars represent 95%
confidence intervals

which might be due to some experimental artifacts including
the possible smoothed displacement profile of the indenter.

Three hyperelastic constitutive models were compared
to assess their performance in representing the hyperelastic
behavior of brain tissue using the time-independent elastic
experimental data of stress—strain response at different strain
rate groups (Fig. 5). The corresponding material parameters
and coefficients of determination of three strain rate groups
are summarized in Table 3. As the compressive behavior of
brain deviated from linearity, the Neo-Hookean constitu-
tive model was not able to predict the experimental data.
While the Ogden and Neo-Hookean constitutive models
represented the mechanical behavior, when calibrated with
each strain rate, the experimental data deviated from model
predictions as the strain was close to 0.3. This may indicate
that the calibration of the models overestimated the actual
experimental results for this strain level.

The mean stress curves across a range of strain rates
are shown in Fig. 6. The material relaxation showed an
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Table 3 Constitutive parameters and corresponding coefficients of determination obtained by calibrating three hyperelastic constitutive models
including Ogden, Gent and Neo-Hookean with mean time-independent elastic response at three strain rate groups

Large strain hyperelastic model parameter

Ogden Gent Neo-Hookean
Strain rate a Ho (kPa) R? J, o (kPa) R? g (kPa) R?
0.01/s 13.65 0.51 0.98 0.71 0.46 0.97 0.68 0.91
1/s 11.17 1.38 0.97 0.95 121 0.97 1.57 0.93
10/s 10.04 3.23 0.96 1.13 2.79 0.97 3.47 0.95

immediate decrease after the compression platen was held
and the stress increased with higher strain rate. It can be
seen the most decay of stress occurred before 20 s, espe-
cially for a higher strain rate. For the reduced time constants
in the Prony series, the starting values were assumed to be

approximately equal to the average duration of loading in
each strain rate group and a 3-term Prony series was applied.
Table 4 summarizes the three pairs of viscoelastic param-
eters. Considering the lower relaxation percentage after
200 s at lower strain rate, the relaxation at higher strain rate
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Fig.6 Mean experimental data (full line) and Prony series model
(dashed line) for compression relaxation at high, medium and low
strain rates

appeared to respond faster with shorter time constants. The
sensitivity of the time constants was observed with respect
to the experimental data for the strain rate, especially for the
longer time scale.

4 Discussion

The current experimental study provided novel insights into
the compressive viscoelastic properties of pediatric brain tis-
sue under linear and large strain. It has also provided analy-
sis essential to establish and compare material constitutive
models capable of predicting the corresponding mechan-
ics of brain tissue. In agreement with previous studies on
the adult porcine brain (Rashid et al. 2012; Thibault and
Margulies 1998), the mechanical response of 4-month-old
porcine brain tissue showed time and frequency dependent

viscoelastic behavior. As compressive loading is the main
cause for most blunt head trauma (Young et al. 2015; Bar-
Kochba et al. 2016) and the impact loading sends stress
waves through the skull resulting in brain damage such as
contusion and hematomas (Hardman and Manoukian 2002),
characterizing the time and frequency dependent viscoelastic
response of pediatric brain tissue in compression is essential.

In comparison with a study on frequency-dependent
viscoelastic properties of bovine brain tissue where the
storage modulus increased across all frequencies (Li et al.
2021b), storage modulus in this study showed the limited
capacity for additional stress-stiffening at higher frequencies.
It indicated that the effect of lateral confinement in radial
direction is more dominant with higher frequency, leading
to the decrease in the elastic component of tissue modulus
from axial direction. The mean complex modulus of brain
tissue in this study was 13.02 kPa which is comparable to a
study via oscillatory shear protocol on 1-year-old pig brain
tissue with complex shear modulus of 12.49 kPa at 20 Hz
(Thibault and Margulies 1998). However, a comparison
of data obtained via loading protocols for shear and
compression tests is limited because fundamentally the
tests characterize different mechanical properties. With
frequencies above 20 Hz, there was a gradual plateau in
complex modulus indicating the balance occurred between
the elastic and viscous response. The mean tan(delta) of
tested brain samples increased significantly with frequency
above 20 Hz, indicating the dominance of viscous response
at higher frequencies. This may reflect injury adaptation as
the brain tissue has been reported to be more susceptible to
vibration at frequencies beyond 20 Hz (Laksari et al. 2018).

The large strain compressive response of 4-month-old
porcine brain tissue at low, medium and high strain rates
was compared with those in other studies of porcine brains
at different ages under comparable strain level (Fig. 7) (Li
et al. 2019; Tamura et al. 2007), which provides essential
information on age dependence of pediatric brain material
properties. Even though the experimental variability exists
in the tests, the stress values are generally in the same level
as the strain increases. The brain in this study showed lim-
ited capacity for further stress-stiffening beyond 0.2 strain,
especially at higher strain rate. It may provide insights into
why the brain tissue is easily injured at higher strain levels

Table 4 Viscoelastic
parameters and coefficients

Large strain viscoelastic model parameter

of determination calibrated Coefficient Relaxation time (s)

with the mean compression . 5

relaxation at three strain rates Strain rate 81 83 7 ) 73 R
0.01/s 0.3 0.16 0.15 0.01 30.2 153.9 0.96
1/s 0.25 0.23 0.18 0.01 13.1 121.2 0.98
10/s 0.36 0.25 0.16 0.01 32 52.1 0.99
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Fig.7 Comparison of the compressive response of porcine brain tis-
sue from different studies at three applied strain rates. The 4-month-
old porcine brain tissue in this study showed limited capacity for fur-
ther stress-stiffening beyond 0.2 strain, especially at a higher strain
rate

and indicate that longitudinally compressed brain tissue was
unable to accommodate higher strains, suggesting that the
tissue may have mechanically failed or been irreversibly
altered.

Although heterogeneity of brain tissue and variation
between white and grey matter were previously studied
(Elkin et al. 2011; Prange and Margulies 2002), our results
provide a useful measure of the macroscopic mechanical
response of pediatric brain tissue. Moreover, the average
mechanical properties (mixed white and grey matter) of
brain tissue have usually been analyzed in compression
and indentation tests (Qian et al. 2018; Rashid et al. 2012).
For brain injury, understanding the disparities between
healthy and injured brain tissues is vital for advancing
the comprehension of TBI mechanisms and developing
effective diagnostic and therapeutic strategies. when brains
subjected to traumatic forces, such as those experienced
during TBI events, the mechanical behavior of brain tissues
undergoes significant alterations. Therefore, there is a future
opportunity to perform biomechanical testing of healthy
and injured pediatric brain tissue samples to investigate the
biomechanical changes induced by trauma.

In this study, linear viscoelastic models were applied
to fit frequency-dependent values through Prony series
representations following adaptation of the storage and
loss moduli simultaneously. These models have the benefits
of being easily applied in commercial software and more
computationally cost effective. The mass density of brain
tissue to be considered in numerical simulations is 1040 kg/
m°. The linear viscoelastic model was previously adopted to
capture the small strain mechanical response of brain tissue
with time-domain experimental data (Budday et al. 2017a,

b; Qian et al. 2018). Although the model in the present study
overestimated the dynamic storage modulus at frequencies
above 20 Hz, not capable of describing the decreasing trend,
all frequency-dependent viscoelastic response through
linear viscoelastic models was approximated within the
95% confidence intervals of experimental data. Despite
limited viscoelastic models in frequency domain compared
with that in time domain, there is future opportunity for
model development considering alternative boundary
conditions. The viscoelastic parameters of brain tissue
exhibited substantial differences between linear and large
strain conditions. These variations were primarily due to
the employment of distinct viscoelastic models and the
acquisition of different experimental data.

A small amount of variability was encountered during
sample preparation due to the soft nature of brain tissue
leading to some deformation of specimens. Further, the
samples were constrained to some extent in the radial
direction presenting the limitations of measurement,
especially at frequencies above 20 Hz. Although there was
the decrease in the elastic component of tissue modulus with
higher frequency, the trend of pediatric brain modulus was
consistent with previous studies at tested frequencies below
20 Hz (Darvish and Crandall 2001; Li et al. 2021b).

5 Conclusion

To conclude, the viscoelastic behavior of pediatric porcine
brain tissue was investigated in compression through DMA
over a range of frequencies and at nonlinear deformation
for three strain rates. The brain tissue is highly sensitive
to the tested frequency and loading rate. Specifically, the
complex modulus increased rapidly at lower frequencies
with an average value of 13.02 kPa and stress increased at
a higher strain rate. In this study, the constitutive properties
of pediatric brain tissue were determined in terms of linear
and large strain viscoelasticity, and the frequency and
time dependent compressive behavior can be predicted
satisfactorily through linear and quasi-linear viscoelastic
models. The knowledge of the brain’s viscoelastic properties
is valuable to help improve the diagnosis of brain injury,
to develop better smart head protection systems, and to
establish complex head simulations.
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