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Brain tissue accommodates non-linear deformations and exhibits time-dependent mechanical
behaviour. The latter is one of the most pronounced features of brain tissue, manifesting itself primarily
through viscoelastic effects such as stress relaxation. To investigate its viscoelastic behaviour, we
performed ramp-and-hold relaxation tests in torsion on freshly slaughtered cylindrical ovine brain samples
(25 mm diameter and ~10 mm height). The tests were conducted using a commercial rheometer at
varying twist rates of {40, 240, 400} rad m~* s7%, with the twist remaining fixed at ~88 rad m™, which
generated two independent datasets for torque and normal force. The complete set of viscoelastic
material parameters was estimated via a simultaneous fit to the analytical expressions for the torque and
normal force predicted by the modified quasi-linear viscoelastic model. The model's predictions were
further validated through finite element simulations in FEniCS. Our results show that the modified quasi-
linear viscoelastic model—recently reappraised and largely unexploited—accurately fits the experimental
data. Moreover, the estimated material parameters are in line with those obtained in previous studies on
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brain samples under torsion. These material parameters could enhance our understanding of slow-
progressing pathologies such as tumour growth or neurodegeneration and inform the development of
improved in silico models for brain surgery planning and training. Our novel testing protocol also offers an
efficient, robust and reliable method for determining the viscoelastic properties of brain tissue under much
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1 Introduction

Among all the tissues in the human body, brain tissue is the
softest, with a shear modulus of the order of one kilopascal." It
is also, arguably, the most important, intricate and least under-
stood. As is the case for most biological soft tissues, brain
tissue displays highly complex mechanical behaviour: it can
accommodate finite deformations and its response to applied
forces is markedly non-linear;*? it is incompressible and
biphasic, consisting of a porous solid matrix saturated with
an interstitial fluid;"* it is structurally anisotropic’ and it
exhibits isotropic, time-dependent mechanical behaviour.>”
The latter is one of the most pronounced features of brain
tissue, manifesting itself primarily through so-called viscoelas-
tic effects. For instance, when brain tissue is deformed rapidly
and then held in position, the corresponding stress decreases
with time,® known as stress relaxation. Conversely, when a load
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more rapid loading conditions, which are of crucial importance for modelling traumatic brain injury.

is quickly applied and then maintained, the resulting strain
increases over time,” known as creep. This behaviour is com-
monly observed in many biological tissues and can be attributed
to either viscoelastic or plastic effects.'®"? Other time-dependent
mechanical effects exhibited by brain tissue include hysteresis
and softening resulting from cyclic loading and unloading.®

The remarkable growth in computational power and technol-
ogy since the turn of the millennium has led to increased demand
from the clinical and biomedical communities for robust, accurate
and efficient in silico mechanical models that can capture the
behaviour of brain tissue in complex real-world scenarios, such as
predicting disease progression,’ surgical planning and training®
and estimating injury risk for contact'* and equestrian sports."®
The wide range of applications above highlights one of the
significant challenges facing the computational mechanics com-
munity: realistic predictions of brain tissue’s mechanical
response require sophisticated constitutive models that capture
as much of the underlying physics as possible, yet these models
must be simple and tractable enough to enable rapid and
reliable estimation of their material parameters through calibra-
tion with experimental data.

Viscoelasticity is a major and active area of interest within
the field of soft tissue mechanics. For a comprehensive over-
view of the subject and review of the classical models, the
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reader is directed to the detailed articles.'®"”

The most straight-
forward constitutive theory that can be used to predict the
viscoelastic behaviour of brain tissue is linear viscoelasticity,
where the instantaneous stress is determined by convolving the
strain history with a time-dependent function that depends on
brain tissue’s material properties.'®'® In reality, brain tissue’s
viscoelastic response is markedly non-linear and its stress relaxa-
tion curves depend on the strain level. A non-linear viscoelastic
constitutive theory is, therefore, essential for accurate predictions.
Although the literature is replete with non-linear models,'®"” they
are generally difficult to employ in real-world biomechanical
scenarios and numerically costly vis-a-vis model fitting and
material parameter estimation. To this end, Fung, in his seminal
work,?® proposed a compromise approach now known as quasi-
linear viscoelasticity (QLV). The QLV model, which falls under
the umbrella of the more general Pipkin-Rogers model,'® is the
simplest extension of the linear viscoelastic theory to finite defor-
mations. In contrast to the Pipkin-Rogers model, QLV is limited to
materials whose viscous relaxation rates are independent of the
instantaneous local strain®" and thereby cannot account for the
non-linear phenomenon of strain-dependent relaxation commonly
observed in biological soft tissues.””>> Nevertheless, its relative
simplicity compared to more general non-linear viscoelastic
models has led to its widespread use. The QLV model has been
employed to model a myriad of biological soft tissues including
the skin,®*” liver,”® brain,>”*°>* lung,** eye,*® spinal cord,*>°
prostate gland,*® eardrum,*" oesophagal tissue,”> heart muscle
tissue,™® ligaments,***° tendons,***’ cartilage,***° arteries®® and
membranes.” As noted by De Pascalis et al.,>® QLV has been
criticised for not always exhibiting “physically reasonable beha-
viour.” In that article, the authors thoroughly reappraised the
theory and elucidated that its supposed unphysical behaviour
stemmed from different interpretations of Fung’s original one-
dimensional relationship. The main deficiencies in these anterior
studies, as summarised by De Pascalis et al,”> were using an
incorrect QLV relation (especially for incompressible materials)
and employing a stress measure other than the second Piola-
Kirchhoff stress, which guarantees objectivity. Using the reap-
praised QLV model (subsequently referred to as modified quasi-
linear viscoelasticity or MQLV), De Pascalis et al. studied uniaxial
tension”! and simple shear,>* while Righi and Balbi*® considered
torsion. Balbi et al’>**® extended the model to transversely
isotropic materials. In contrast to Fung’s QLV model, the MQLV
model has yet to be validated with experimental data. To the
authors’ knowledge, the only relevant example is the paper by De
Pascalis et al,*® which demonstrated that the MQLV model
provided a better fit to the relaxation data from inflation tests
on murine bladders compared to Fung’s model or linear viscoe-
lasticity. Consequently, MQLV’s potential for model fitting and
material parameter estimation has yet to be fully exploited.
The development of testing protocols to characterise brain
tissue’s viscoelastic properties presents numerous challenges.'*
For instance, brain tissue’s fragile, brittle and tacky nature
makes it susceptible to damage during sample preparation and
testing.' Furthermore, brain tissue is highly compliant and ultra-
soft, which can lead to significant deformation under the action
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of its own weight, making it difficult to control sample geometry
during extraction and testing." Additionally, the forces measured
during testing often approach the resolution limits of commer-
cially available testing equipment. All these factors and others—for
example, age,”” species,”” anatomical region,>® post-mortem sto-
rage time® and temperature®>®'—may contribute to the variations
in the mechanical properties of brain tissue reported in the
literature.

Budday et al." and Chatelin et al.>® provide extensive reviews
of the viscoelastic properties of brain tissue as measured in
various studies, drawing on over 50 years of research in brain
mechanics. These studies demonstrate that stress relaxation in
brain tissue has been tested under various deformation modes,
including uniaxial tension,” uniaxial compression,” simple
shear® and torsion.®” Typically, uniaxial tension and compres-
sion tests on brain tissue are performed by glueing the ends of a
cylindrical sample to the platens,>” restricting lateral expansion
or contraction at the sample’s ends. This restriction leads to
inhomogeneous deformations,>®® which cannot be accurately
modelled using the analytical solutions available for such tests;>"
instead, the equations of motion must be solved numerically,
complicating model fitting. By contrast, compression tests with
lubricated platens can achieve homogeneous deformation con-
ditions but only up to a strain of approximately 10%.*> Another
standard testing protocol for brain tissue that can achieve a
stretch of more than 60% is simple shear, which is performed by
glueing the opposite faces of a cuboidal sample to the platens
and recording the shear and normal forces required to move one
platen parallel to the other.® Additionally, surface tractions must
be applied to the slanted faces of the deformed sample to
prevent bending.®* In reality, these tractions are never applied;
more practically, the effect of deviation from ideal simple shear
conditions on the measured shear and normal forces is mini-
mised by using a thin sample whose width is less than four times
its height.>***** Furthermore, accurately quantifying the nor-
mal force is currently neither feasible nor practical, as it requires
recently developed, custom-designed testing equipment.®*®°
Thus, in practice, simple shear generates a single dataset for
the shear force, similar to uniaxial tension or compression tests
that produce a single dataset for the tensile or compressive force.
Alternatively, torsion is a more robust and reliable testing
protocol that can be readily implemented for brain tissue using
commercial devices known as rheometers. These devices mea-
sure the torque and normal force required to twist a cylindrical
sample, generating two independent datasets (the appearance
of a normal force as a result of twisting is an example of the so-
called Poynting effect®”°®). The first study to apply this protocol
to brain tissue was carried out by Balbi et al.,> who showed that
the instantaneous elastic response of brain tissue in torsion is
well-captured by a hyperelastic Mooney-Rivlin model and esti-
mated the corresponding elastic material parameters (the
instantaneous shear modulus and Mooney-Rivlin parameters).
Although stress relaxation in torsion has been investigated
in animal (porcine and bovine) and human brain tissues,"**
anterior studies have focused on measuring only the torque,
neglecting the normal force. In addition, torsion was modelled
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as simple shear but only locally is the torsion deformation that of
simple shear.” Consequently, the potential of torsion as a robust
and reliable testing protocol for determining the viscoelastic
properties of brain tissue has yet to be fully realised. We note
that Narayan et al.®® devised a similar protocol for asphalt binders
in torsion, measuring both torque and normal force during
relaxation. However, to the best of the authors’ knowledge, an
analogous protocol for soft tissues has yet to be developed.

In this work, we exploit the latent potentials of the torsion
protocol and the MQLV model to determine the viscoelastic
properties of brain tissue. The remainder of this paper is orga-
nised as follows. In Section 2, we describe the procedure for
preparing the cylindrical brain samples and testing them with the
rotational rheometer, with the results of the torsion tests pre-
sented in Section 3. In Section 4, we propose a novel fitting
procedure for determining brain tissue’s viscoelastic material
parameters based on the MQLV model. Following this, we present
a finite element implementation of the MQLV model in the open-
source software FEniCS, which we use to validate our estimates of
the viscoelastic material parameters through numerical simula-
tions of the experiments. We discuss the results and summarise
the important features of the paper in Section 5.

2 Materials and methods

In this section, we briefly describe the procedure for preparing
the cylindrical brain samples and testing them with the rota-
tional rheometer.

2.1 Tissue preparation

All experiments were performed using brains from 6 to 9-month-
old, mixed-sex sheep obtained from a local European Union-
approved slaughterhouse (Athenry Quality Meats Ltd, Galway, Ire-
land, Approval Number EC2875). As the animals were not sacrificed
specifically for this study, ethical approval was not required from
the University of Galway’s Research Ethics Committee.

The brains, which were received as separated cerebral hemi-
spheres, were placed in a phosphate buffered saline (PBS) solution
within 1 hour post-mortem to avoid tissue dehydration and
maintained at 11-15 °C during transportation. All samples were
prepared and tested at room temperature (19-23 °C). As shown in
Fig. 1(a), mixed grey and white matter cylindrical samples were
excised from the sagittal plane using a sharp 25 mm diameter
stainless steel punch, with at most two samples extracted from
each cerebral hemisphere: one from the frontal portion and the
other from the parietal portion. To prepare flat cylindrical sam-
ples of radius R, = 12.5 mm and height H, = 10 mm for testing,
each long sample was first inserted into a cutting guide of height
13 mm. The excess brain matter was then removed from the top of
the sample using an 8 inch MacroKnife (CellPath, Wales, United
Kingdom), as shown in Fig. 1(b). Finally, the opposite end of the
sample was cut flat with the aid of a cutting guide of height
10 mm, as shown in Fig. 1(c); the exact heights of the samples
were measured before testing. After this, the prepared sample and
cerebral hemisphere were placed in a PBS solution. Instead of
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Fig. 1 Procedure for preparing cylindrical brain samples of radius
12.5 mm and height 10 mm for testing: (a) long cylindrical sample excised
from the cerebral hemisphere using a steel punch; (b) top face cut flat using
a cutting guide of height 13 mm; (c) opposite face cut flat using a cutting
guide of height 10 mm and (d) flat cylindrical sample ready for testing.

preparing all the samples at once, each sample was tested
immediately after preparation, and then, if possible, another
was extracted from the cerebral hemisphere.® All samples were
tested within 8 hours post-mortem.

2.2 Mechanical testing

An Anton Paar MCR 302e rotational rheometer with parallel plate
geometry (Anton Paar, Graz, Austria) was used for the mechanical
testing (see Fig. 2). During the tests, the bottom Peltier plate
remained fixed, while the motion of the upper plate (which
contains the motors and sensors that measure the torque and
normal force) was controlled through the software RheoCompass
(Version 1.31). A 25 mm diameter upper plate was used, matching
the dimension of the samples tested. Masking tape of negligible
thickness compared to the sample height was applied to both
plates to prevent damage to the rheometer and enable easy removal
of the tested samples.”>® The sample was secured to the tape using
a thin layer of cyanoacrylate (RS Radionics, Dublin, Ireland).>” A
small pre-compression of approximately 0.03 N was applied by
manually lowering the upper plate to ensure proper sample adhe-
sion to the upper and lower plates. Ninety seconds was sufficient
time for the glue to set, after which the position of the upper plate
was slowly adjusted until the normal force read 0 N.

Our torsion testing protocol is summarised in Table 1 and
illustrated in Fig. 3. We performed three sets of ramp-and-hold
relaxation tests in torsion on the cylindrical samples at varying
twist rates of ¢, € {40, 240, 400} rad m~" s~* (angular velocity
of the upper plate per unit deformed height), while keeping the
twist fixed at ¢, = 88 rad m ' (angle of rotation per unit

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Anton Paar MCR 302e rotational rheometer with parallel plate
geometry used to perform the torsion tests and (b) side view of a twisted
sample during testing.

deformed height). Each torsion test consisted of two phases: a
ramp phase, in which the twist was increased linearly to ¢, = 88
rad m~ " over a time ¢* € {2.2,0.367,0.22} s, followed by a hold
phase lasting 200 s, during which the final value of the twist
reached at the end of the ramp phase was maintained. Both the
torque 7 and normal force N, required to twist the sample during
the ramp phase and maintain the sample in its deformed state
during the hold phase were recorded versus time ¢. No pre-
conditioning was performed on the samples, and each was
tested only once before being discarded. A total of 30 samples
were tested over several campaigns: 10 at 40 rad m "' s!
(samples S; to Syp); 10 at 240 rad m ™" s~ ' (samples S;; to S,)
and 10 at 400 rad m~" s~ (samples S,; to Szq).

3 Experimental results

In this section, we present representative torque and normal
force data from the rheometer for each of the twist rates 450 €
{40, 240, 400} rad m ™" s and describe the filtering procedure
applied to the data to prepare it for model fitting and material
parameter estimation.

As an example, the output data for sample S, recorded during
a torsion test performed at a twist rate of qSo =240rad m 's !, are
presented in Fig. 4. Fig. 4(a) and (b) show the twist ¢ and twist rate
¢ profiles for the test, while Fig. 4(c) and (d) display the measured
torque 7 and Fig. 4(e) and (f) the measured normal force N,. Since
the rheometer outputs the normal force exerted by the sample on
the upper plate, we changed the sign of the data so that it

Table 1 Torsion testing protocol
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Fig. 3 (a) Twist and (b) twist rate profiles for our proposed torsion testing

protocol. The twist for the three sets of tests was increased linearly to a final
value of ¢ = 88 rad m~* over durations of r* € {2.2,0.367,0.22} s, corres-
ponding to twist rates of ¢ € {40, 240, 400} rad m~* s~* respectively. After
reaching the final twist value, the twist was held constant for 200 s.

represents the normal force that must be applied to the sample
to maintain the deformation, consistent with the modelling
conventions adopted in Section 4 and anterior studies.>>*

From the data presented in Fig. 4(a) and (b), we can identify
four regions: (i) a region (black data) at the start of the ramp phase,
where the upper plate accelerates from rest to the target twist rate
of ¢ho = 240 rad m~* s~ %; (ii) a region (purple data), where this twist
rate is maintained until the twist reaches ¢, = 85 rad m™* at the
end of the ramp phase at time ¢* = 0.367 s (indicated by a dashed
line); (iii) a region (red data) at the start of the hold phase, where
the upper plate decelerates to rest and (iv) the remainder (orange
data) of the hold phase, where the final value of the twist reached
at the end of the ramp phase is maintained. We also note
experimental artefacts in the raw torque data in Fig. 4(c) in regions
where there is a rapid change in the twist rate—notably at the start
of the ramp phase when the upper plate is accelerating (black
data) and the start of the hold phase when it is decelerating (red
data)—confirmed by conducting control tests without any samples
between the plates (see the ESIT). Accordingly, these artefacts—
potentially due to the inertia of the motors in the upper
plate®*—were excluded from the torque data in Fig. 4(d). Following
the protocol of Balbi et al.,” we also excluded the raw normal force
data at the start of the ramp phase from the normal force data in
Fig. 4(f). However, unlike the torque, the raw normal force data
generated at the start of the hold phase does not appear to be
adversely affected by the rapid change in twist rate and was
therefore included in the normal force data.

During the gamut of tests, the achieved twist rates

q{)o were measured as 40.26 + 0.42; 239.95 £+ 0.25 and

e Ramp phase: twist increased linearly to ¢, = 88 rad m~* over durations of #* € {2.2,0.367,0.22} s at twist rates of ¢, € {40, 240, 400} rad m~* s

e Hold phase: twist maintained at ¢, = 88 rad m~* for 200 s

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Output data for sample Sy from a torsion test performed at a twist
rate of 240 rad m™ s™%: (a) and (b) twist and twist rate profiles; (c) and (e)
measured torque and normal force for the first second of the test
(including experimental artefacts) and (d) and (f) measured torque and normal
force for the entire duration of the test (excluding experimental artefacts).
Both the raw torque data generated when the upper plate was accelerating
(black) and decelerating (red) were excluded from the torque data in (c),
whereas only the raw normal force data generated when the upper plate was
accelerating were excluded from the normal force data in (f). A dashed line
indicates the end of the ramp phase.

400.06 £+ 0.27 rad m~ ' s7' (mean + SD). The corresponding
ramp times 7* were set to 2.2, 0.367 and 0.22 s to achieve the
target twist of ¢, = 88 rad m™ " at the end of the ramp phase.
However, in practice, the actual twist values reached were
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slightly lower and decreased with increasing twist rate:
87.48 + 0.51, 85.25 + 0.1 and 83.23 + 0.1 rad m~'. This
discrepancy was due to the inertia of the upper plate, which
caused the twist to continue increasing slightly at the start of
the hold phase while the upper plate decelerated to rest (see
Fig. 4(a)). As a result, the target twist was reached during the
hold phase rather than at the end of the ramp phase. This
deviation between the target and actual twist values at the end
of the ramp phase is a practical limitation of our protocol.

Following the protocol of Narayan et al.,*® we estimated the
rheometer’s torque and normal force resolutions to be approxi-
mately 0.15 mN m and 0.03 N by performing torsion tests at
each of the twist rates {40, 240, 400} rad m~' s~ without any
samples between the plates. Another source of noise in the
experiments was the attached compressor, which was required
for the proper operation of the rheometer. During each test, the
compressor would activate to supply fresh compressed air to
the air bearings of the rheometer’s motors, generating vibra-
tions that increased the noise in the torque and normal force
measurements (see Fig. 4(d) and (f) at ¢t ~ 50 s). In preparation
for model fitting, we smoothed the data by applying a Savitzky-
Golay filter using the MATLAB (Version 23.2.0.2485118
(R2023b)) function sgolayfilt.”® For the 40 rad m~ " s~ data,
we used a polynomial order of 5 and a window length of 61,
whereas for the 240 and 400 rad m™" s™! data, we used a
polynomial order of 5 and a window length of 31 (see the ESIT).
Fig. 5 shows representative torque, normal force and filtered
data for samples S,, S;¢ and S,4 at each twist rate.

4 Modelling

In this section, we use the MQLV theory to derive analytical
expressions for the torque and normal force for a ramp-and-
hold test. We then propose a fitting procedure for determining
brain tissue’s viscoelastic material parameters and apply it to
the experimental data. Finally, to validate our fitting results, we
perform numerical simulations of the experiments in FEniCS.

4.1 Theory

Here, we calculate the torque and normal force required to
maintain an isotropic, incompressible, viscoelastic cylinder in a
state of torsion, according to the MQLV theory. Although brain
tissue is neither strictly isotropic nor incompressible, experi-
ments indicate these are reasonable assumptions.’

We consider a cylinder of radius R, and height H, subjected
to a torsional deformation that takes the point with cylindrical
polar coordinates (R,0,Z) in the undeformed configuration
(at time ¢ = 0) to the point with cylindrical polar coordinates
(r,0,2) in the deformed configuration (at time ¢ > 0), both
relative to a fixed origin O. Since the rheometer’s normal
force sensor has a resolution of approximately 0.03 N, the
device cannot detect variations of the normal force within this
range. We, therefore, expect the samples to undergo a slight
axial contraction before being twisted, even though the upper
plate is adjusted until the normal force reads 0 N before each

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Representative torque, normal force and filtered data for samples
(@) S, (b) S16 and (c) S,4 from torsion tests performed at twist rates of {40,
240, 400} rad m~! s7%. The insets show the ramp phase and the initial part
of the hold phase in more detail.

test.”> This combined contraction-torsion can be modelled by
the following deformation:>”*

0() =0 +2p(0)Z, =)=z, (1)

where 0 < 4 < 1 is the (axial) pre-stretch and the twist ¢(¢) =
a(t)/ZH, is the angle of rotation « per unit deformed height (see

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Undeformed and (b) deformed cylinder. Torque and normal
force must be applied at the end of the cylinder to maintain the torsion
deformation.

Fig. 6). The pure torsion case (4 = 1) was considered by Righi
and Balbi.>® By introducing the cylindrical bases {Eg,Eq,Ez} and
{e,ep,e.} for the undeformed and deformed configurations, we
can write the deformation gradient F = F,pe, ® E, associated
with the deformation (1) as follows:

1
ﬁ 0 0
F(r,1) = 1 . (2)
0 7 (1)
0 0 A

Various tensors can be computed from the deformation gradi-
ent, such as the left Cauchy-Green deformation tensor
B = FF" and right Cauchy-Green deformation tensor C = F'F.
In their experimental study, Balbi et al.®> showed that the
instantaneous elastic response of brain tissue in torsion is well-
captured by a Mooney-Rivlin strain energy function:**”>”?

(e )n -9+ 2G5 )m-n @

where p, is the instantaneous shear modulus, y is a constant,
I, = trB and I, = trB~'. For this model, the Mooney-Rivlin
parameters ¢; and c, are connected to u, and y through py =
2(¢c; + ¢;) and y = 1/2 — 2c¢,/uo. The same Mooney-Rivlin
behaviour was observed in simple shear’ and at dynamic
strain rates in simple shear,® uniaxial tension® and uniaxial
compression.” Under our assumptions, the elastic Cauchy

stress corresponding to (3) reads:”*7”>
r=20+2)8-20-2)8" -1, ()

where p°® is the elastic Lagrange multiplier introduced to
enforce the incompressibility constraint (J = detF = 1) and I is
the second-order identity tensor.

Soft Matter, 2025, 21, 5268-5283 | 5273


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00138b

Open Access Article. Published on 23 May 2025. Downloaded on 2/15/2026 1:01:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

According to the MQLYV theory, the viscoelastic Cauchy stress
can be expressed as follows:*">*°¢

T(r,t) = F(r,1) (l'[?)(r7 1)+ MLOJ.O,M’(I — )5 (r, s)ds) F(r,0)"
- p(l", l)Ia
(5)

where the prime denotes a derivative with respect to the argu-
ment of the function and p°® has been incorporated into the
viscoelastic Lagrange multiplier p, taken to be a function of r and
t only without loss of generality.>® The elastic response in the
above is captured by the second Piola-Kirchhoff stress tensor:

I, =F'TyF T

(6)
I e T{ G 1) Pope R 1] R )
3 2 2
corresponding to the deviatoric Cauchy stress Tg, = T° — (tr T%/3)I,

while the time-dependent behaviour is associated with the scalar
relaxation function u(z), taken to be an n-term Prony series of the
form:&5376-78

0=t + > e/, (7)
i=1

where u(0) = o and p, are the instantaneous and long-time
shear moduli, y; are the relaxation coefficients and 7; are the
relaxation times. From (2), (5), (6) and (7), we can determine the
components of T, shown in the ESL¥

In this work, we assume that the deformation is slow enough
that inertial effects can be ignored, although this assumption is
not strictly valid during the ramp phase.®’® In addition, we
neglect external body forces. The motion of the cylinder is there-
fore governed by the momentum balance equation div T'= 0, where
div is the divergence operator in the deformed configuration.”*”>
Upon inspection of the components of the equation of motion,
and assuming that the lateral surface of the cylinder is traction-
free, we arrive at the following equilibrium problem:*®

87117'("7 [) + ’Trr(ra [) - TW"("? l) _ 07
or r 8)
T,.,.(R(), l) =0.

By integrating (8); subject to (8),, we can determine the Lagrange
multiplier p (see the ESIY).
Given the expressions for the stress components Ty, and T,

in the ESI,} the torque t(¢) = ZEISO/ﬂI'z Ty.(r,t)dr and normal

) =2n J"Ro/frTﬂi (r,t)dr required to maintain the
deformatlon (1) can be determined by direct integration, with
explicit expressions shown in the ESI.{ Specialising these
equations to a ramp-and-hold test, which corresponds to a
twist history of the form (see Fig. 3(a)):

force N-(

(l)—i’l, 0<t<r
p(t) =1 1 ©)
¢03 t>[*7
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we find that the torque and normal force during the hold phase
(1 > t*) read respectively:

rh°‘d(z):”“jR° Ay )¢o+12 AL Zu, @ -ne
(2 =)o+ )
t
X i,uir,»e"/"' [—21,(1" +31,) 4" /7 (r? =4 +617) ] g’
o (10)
and
NS0 =R (") 4 T e

4 n
_%Z‘uie—rhi [(1 _2“/){6[*/” (3/131?,-[* _C(},)‘L’,-Z)
i=1

e}
1) t*z

—2A(2+2) 1 —24(2+2)17] by

~ D)+ EQ)ut +C()

22(23+2) e 4 22(07 -

R’ 4 .
—%B )77*)2#,-1,-26”/” [ef /i (r? —6rt*+1217)
p
— 611" — 121/ }(;50 ,

(11)

where the expressions for the functions A, B, C, D and E are
given in Appendix A. Analogous expressions for the ramp phase
(0<z<r*) are shown in the ESLi The results of Righi and
Balbi®® are recovered by setting A = 1.

4.2 Material parameter estimation

Righi and Balbi®>® proposed a fitting procedure for estimating
brain tissue’s viscoelastic properties in torsion based on the
MQLV model for the case when there is no pre-stretch (1 =1). In
their method, the material parameters u,, and c, are deter-
mined from the long-time (asymptotic) values of the torque and
normal force, while u; and t; are obtained by fitting the
measured torque for the hold phase to the MQLV analytical
prediction. Since this procedure does not incorporate a pre-
stretch, an alternative fitting procedure that accounts for the
effect of pre-stretch on the torque and normal force is required
to fit the experimental data accurately.

To this end, we estimated the complete set of viscoelastic
material parameters by simultaneously fitting the torque and
normal force datasets for each of the twist rates 430 € {40, 240,
400} rad m ' s~ to the MQLV analytical predictions (10) and
(11). This was done using the MATLAB function fmincon,?
which implements an algorithm based on the interior-point
method for solving constrained non-linear optimisation pro-
blems. Due to the increased noise during the ramp phase, we
confined the fitting to the final ramp phase point and the entire

This journal is © The Royal Society of Chemistry 2025
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hold phase, i.e. > ¢*. For the twists ¢,, we used the measured
values at the end of the ramp phase rather than the target value.
We minimised the following objective function:

2 2
ny MQLV Exp ny NMQLV _ NExp
2 _ Ti — T zi 2,
£=> ) T ) — | (12)

i=1 i i=1 z,i

where n; and n, are the numbers of considered torque and
normal force datapoints 7P and NP, while 7"V and
N are the corresponding MQLV analytical predictions. This
method is similar to that used by Anssari-Benam et al.®' The
advantage of this approach, which minimises the relative error,
over the more common approach of minimising the absolute
error was discussed by Destrade et al.*> We estimated the Prony
parameters (u., p; and t;) from a 4-term Prony series. The
rationale for choosing n = 4 was that it was the minimum
number of terms needed to accurately replicate the relaxation
curves for the torque and normal force across all samples and
was therefore the least computationally expensive choice for
the present application. This is in line with previous studies, in
which 2-, 3- or 4-term Prony series were used to model stress
relaxation in brain tissue.”””® To ensure that the fitting results were
physically plausible, we constrained the Prony and Mooney-Rivlin
parameters to be positive and limited the pre-stretch to no more
than 1%.

From each fit, we obtain 10 independent parameters: y ., ;,
7; and y. We then calculate a posteriori the instantaneous shear
modulus using uy = o, + Y. £ ,4; and the two Mooney-Rivlin
parameters using ¢, = po(1/2 — y)/2 and ¢; = /2 — ¢,. The fitting
results for each of the twist rates are shown in Tables 2-4, with the
a posteriori calculated parameters highlighted in bold. For each
sample, we found that ¢, > c¢;, implying that yy = 2c, and
consequently y & —0.5. Therefore, for brevity, the y values were
omitted from the tables. For the parameters uo, tto., 4; and c,, we
report the mean and standard deviation. For the remaining
parameters t; and ¢;, which have a non-symmetric distribution
due to potential outliers, we report the median and interquartile
range (IQR). The goodness of fit was assessed based on the relative
errors (%) in the torque and normal force, defined by err, = |(t¥?*Y
— t%P)tPP| % 100 and erry, = |(NY'?Y — NZP)/N;P| x 100. The
MQLV model provides good fits to both the torque and normal
force datasets simultaneously, exhibiting small to moderate max-
imal relative errors over the fitting range for all samples, with the
exception of S,, (see Tables 2-4). We note that the relative errors
observed here for the MQLV model are similar to those reported by
Anssari-Benam et al.,*' who simultaneously fit uniaxial tension/
compression and simple shear datasets for brain tissue to different
hyperelastic models.

As an example, Fig. 7 shows the MQLV analytical predictions
for the torque and normal force for samples S,, S;¢ and Sy,
while Fig. 8 displays the corresponding relative errors. As the
insets in Fig. 8 indicate, the relative errors in the torque are
initially moderate to large but rapidly decrease towards the end
of the ramp phase. By contrast, the relative errors in the force
during the ramp phase are small to moderate. Over the fitting
range, comprised of the final ramp phase point and the entire

This journal is © The Royal Society of Chemistry 2025

Table 2 Heights, estimated MQLV parameters and maximal relative errors in the torque and normal force over the fitting range for samples tested at 40 rad m™t st

max erry.
> ‘
(%]

max err;
>r
(%]

[Pal

[Pa]

C

T3

Hoo 11 Ho U3 Ha
[Pa] [Pa] [Pa] [Pa] [Pa]

Ho
y) [Pa]

[mm]

Sample

16.054
18.992
18.628

1

11.609
13.725
13.415
14.281
18.485
10.915
14.239
15.575
15.803
12.582
14.06

+ 2.2

325.58

0.10225
2.0793
0.4711

55.312
48.45

75.888
72.484
58.745
65.141

63.17

6.4136
82.406
2.3379
10.442
5.9739
8.4904

10.9

0.244

9.5764
9.4962
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0.1715
1.782

2.5286
0.7838
1.9388
1.1376

0.8397
0.6811
0.443

53.892
1.0213
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99.052
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57

85.831
73.07
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105.67 213.34 192.34

651.16

0.99
0.99
0.99
0.99

9.4065
8.8319
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125.55 606.76  111.28

917.69
973.9

486.95

95.025
110.42

583.34

128.37

S;

9.4

523.99

0.13183

0.4005
0.6455
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0.3639
0.194

0.3057
0.2027

142.97  628.57

1048

S4
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25.642
17.506
19.997
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20.8
+ 3.78

654.41
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+ 129
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+ 27
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+ 26

455.31
66.885
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+ 114

455.32
368.49
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258.68
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437.68
496
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161.91
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hold phase, the relative errors in both the torque and normal
force are similarly small to moderate. The exception is sample
S,4, where the relative error in the torque at the start of the hold
phase increases sharply before decreasing at a similar rate. This
is likely due to the high twist rate of 400 rad m™" s™' and
deviations from the ideal cylindrical geometry assumed by the
rheometer and MQLV model. Nevertheless, the relative errors
for the remainder of the hold phase are in line with those of
samples S, and Si6.

4.3 Computational validation

To validate the fitting results from Section 4.2, we conducted
brain torsion simulations using the open-source software
FEniCS.%*%* FEniCS provides a high-level Python and C++
interface for solving partial differential equations via the finite
element method. For the numerical implementation of the
problem, the governing equations for the torsion of a solid
cylinder were expressed in Cartesian coordinates and formu-
lated using a Lagrangian description of motion, where all
quantities of interest are represented in material coordinates.

In this framework, the governing equations are written as
Div P = 0 on the undeformed cylinder, where Div represents the
divergence operator with respect to the undeformed configu-
ration and P = JTF * denotes the first Piola-Kirchhoff stress
tensor.”*”> To enforce incompressibility, we included the con-
straint / = 1 in the model. Before applying torsion, an initial
step was introduced to simulate pre-compression, involving an
axial pre-stretch of 2 = 0.99. For the torsion simulation, a
reference point at the centre of the cylinder’s top surface was
defined and coupled to all other points on the top surface to
ensure uniform rotational displacement about the longitudinal
axis. Appropriate boundary conditions were applied as follows:
the bottom surface of the cylinder was fixed to prevent dis-
placement, while the lateral surface remained traction-free
throughout the simulation.

Numerical simulations were performed for samples S,, Si¢
and S,, at twist rates of {40, 240, 400} rad m~" s~ ". The twist
was ramped linearly to match experimental values at the end of
the ramp phase over time periods of {2.2, 0.367, 0.22} s, after
which it was held constant (see Fig. 3). The initial cylindrical
geometry for each sample was defined with a radius of R, =
12.5 mm, while the heights H, were specified in Tables 2-4.
Computational meshes were generated in FEniCS, consisting of
16 809, 17391 and 12547 tetrahedral elements for the respec-
tive samples. Although the same mesh density was prescribed
for the first two models, the total number of elements differed
due to variations in sample height. For the third sample, the
mesh density was slightly reduced to manage the increased
computational cost caused by a higher twist rate. To enable a
solution via the finite element method, the weak formulation of
the Lagrangian model was derived and a spatial discretisation
of the continuous variational problem was introduced. Specifi-
cally, quadratic tetrahedral elements [, were employed for the
displacement field, while linear tetrahedral elements [; were
used for the pressure field. This combination is commonly
referred to as Taylor-Hood elements, selected to prevent the
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Table 3 Heights, estimated MQLV parameters and maximal relative errors in the torque and normal force over the fitting range for samples tested at 240 rad m~ s™*
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Table 4 Heights, estimated MQLV parameters and maximal relative errors in the torque and normal force over the fitting range for samples tested at 400 rad m™ts
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(a) Torque and Normal Force at 40 rad m~! s~! for S,
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Fig. 7 Comparison of the resultant torque t and normal force N, for
sampiles (a) Sy, (b) S16 and (c) S4 at twist rates of {40, 240, 400} rad m~s™%,
Experimental data are denoted by circles, analytical predictions using the
MQLV model by solid black lines and the results of the numerical simula-
tions in FENICS by triangles. The insets show the ramp phase and the initial
part of the hold phase in more detail.

locking phenomenon and ensure stability in simulations invol-
ving incompressible materials. This strategy was adopted to
avoid the use of hexahedral elements, which, although recog-
nised as an effective method for mitigating volumetric locking,
require significantly more complex generation procedures,
typically involving external meshing tools and manual inter-
vention, and could not be directly implemented within FEniCS.
The time step was initially set to a small value (A¢ € (0.001,
0.01) s) during the early simulation phases to accurately capture
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large deformations. As deformation rates decreased, the time step
was progressively increased to enhance computational efficiency.
The estimated material parameters, determined via the MQLV
theory, were assigned as specified in Tables 2-4. The torque and
normal force were then computed with ParaView,®> an open-
source application for interactive scientific visualisation.

As illustrated in Fig. 7, the torque and normal force com-
puted from the numerical solutions closely align with both the

(a) Relative Errors in Torque and Normal Force at 40 rad m~! s~ for S,
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(b) Relative Errors in Torque and Normal Force at 240 rad m~! s~ for Sj6
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(c) Relative Errors in Torque and Normal Force at 400 rad m~! s~! for Sy,
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Fig. 8 Relative errors in the torque err, and force erry, for samples (a) Sy,
(b) S16 and (c) S,4 at twist rates of {40, 240, 400} rad m~* s™%. The insets
show the ramp phase in more detail. The dashed lines indicate the relative
errors at the end of the ramp phase.
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Fig. 9 Comparison of the displacement field magnitude |u| and the
components of the Cauchy stress tensor T, and T, for sample S,4att =5s.

MQLV analytical predictions and the experimental data. However,
a slight discrepancy is observed between the analytical predictions
and the simulations for sample S,,, likely due to the high twist
rate of 400 rad m™ ' s~ . In particular, achieving convergence at
high twist rates requires a very small time step, which substan-
tially increases the complexity of the simulations and poses
challenges in obtaining accurate results. Finally, in Fig. 9, we
present an example of the full 3D simulations, showing the
magnitude of the displacement field and the components of the
Cauchy stress tensor T, and Ty, for sample S,, at ¢t =5 s.

5 Discussion and conclusions

To investigate the differences between the estimated MQLV
parameters at the twist rates {40, 240, 400} rad m ' s~ ', we
performed Tukey multiple comparisons tests using the R (Ver-
sion 4.4.2) function TukeyHSD.*® The column plots in Fig. 10
show that there are no statistically significant differences
between the shear moduli and second Mooney-Rivlin para-
meters at the three twist rates, except for the u; values at
40 rad m ' s7' and 400 rad m ' s’ By contrast, there are
statistically significant differences between several of the relaxa-
tion times at the three twist rates (see Fig. 11). However, the
statistically significant differences for these Prony parameters may
be attributed to their high variability—in particular, the large
standard deviations observed for the shear moduli and the wide
interquartile ranges for the relaxation times. In practice, the
representation of relaxation data by a Prony series is non-
unique, with the Prony parameters being highly sensitive to small
changes in the data.>® The apparent strain rate-independence of
the material parameters is most likely a consequence of the
narrow range of twist rates considered in this study, which fall
within the quasi-static to moderate regime. Indeed, the values of
Uo and c, obtained here for ovine brain tissue using the MQLV
model are in line with those obtained by Balbi et al.> for porcine
brain tissue at 300 rad m~" s~ using a hyperelastic model. While
previous studies have reported a significant increase in brain
tissue stiffness with increasing strain rate in uniaxial tension,’
uniaxial compression” and simple shear® indicative of a strong
strain rate-dependency, the strain rates considered in those
studies ({30, 60, 90, 120} s~ ') were much higher than those
examined here ({0.5, 3, 5} s~'). Nevertheless, the values of
estimated in this study are comparable to those obtained by
Rashid et al® for porcine brain tissue from simple shear tests
conducted at a strain rate of 30 s~ '—a rate conducive to condi-
tions associated with traumatic brain injury (TBI), which typically

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Column plots (median and IQR) of the estimated MQLV parameters (a) 7y, (b) 7, (c) 73 and (d) 7, for samples tested at 40 rad m™* s (red), 240 rad m ™ s~

1

(blue) and 400 rad m™~1 s™* (orange). Also shown are the p-values obtained from Tukey multiple comparisons tests, with asterisks denoting a statistically significant

difference (p < 0.05).

exceed 10 s~ .%%7% Moreover, the strains we considered (~105-
110%) are substantially higher than the estimated axonal strain
threshold for diffuse axonal injury (~15% for a 50% risk), which
is the most prevalent neurological insult associated with TBL® In
future work, we will apply our protocol to estimate the material
parameters of brain tissue in torsion under conditions more
representative of TBI—namely, a minimum strain of 20% applied
at a strain rate exceeding 10 s~ %%

We note in passing that alternative fitting procedures to the
one outlined in this study have been proposed in the literature.

This journal is © The Royal Society of Chemistry 2025

One common approach that allows for reduced inter-sample
variability in the relaxation times involves fixing them a priori at
logarithmically spaced intervals over the experimental time
range, and then employing an optimisation algorithm to deter-
mine the remaining parameters.”””" See also ref. 92 for a
related but more refined procedure.

Our proposed testing protocol presents some challenges and
limitations. Due to natural variations in brain size between
sheep and brain tissue’s highly compliant and ultra-soft nature,
it was difficult to consistently and reliably prepare cylindrical
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samples of similar dimensions, as in Fig. 1. As a result, difficult-
to-obtain and otherwise useful brain samples were wasted,
leading to a smaller sample size. Furthermore, if the samples
are not satisfactorily cylindrical (as the rotational rheometer
requires), artefacts could potentially be introduced into the
measured torque and normal force.

Currently, there is no consensus on the effects of tempera-
ture and post-mortem storage time on the mechanical proper-
ties of brain tissue." Therefore, it is important to note that the
brains in this study were prepared and tested at room tempera-
ture (19-23 °C) within 8 hours post-mortem.

Given the limited availability and ethical challenges asso-
ciated with obtaining fresh human brains in Ireland, ovine
brains were used in this work. Despite the widespread use of
porcine®*?%%? and bovine”®°*°* brain tissues as surrogates for
characterising the mechanical properties of human brain tis-
sue, there are relatively few studies that focus on ovine brain
tissue.”>® By contrast, due to the neuroanatomical similarities
between the sheep and human brains,®” there is a growing body
of literature that utilises the ovine model to investigate
brain injuries, including strokes and epilepsy, among others.”®
Nevertheless, further comparative research is required to deter-
mine whether ovine brain tissue—like porcine and bovine brain
tissues—is a suitable mechanical surrogate for characterising
human brain tissue.

Additionally, in this study, we treated brain tissue as a single
homogeneous material. However, brain tissue is known to be
highly heterogeneous, with grey and white matter exhibiting
markedly different mechanical behaviour."®*’® More precise
material characterisation could be achieved by applying our
testing protocol to grey and white matter samples separately.

Despite the outlined limitations, in this paper, we devised
the first experimental protocol to determine the non-linear
viscoelastic properties of brain tissue in torsion. This protocol
allows us to obtain two independent datasets (torque and
normal force) with a single test, providing us with a much
more efficient protocol compared to protocols involving multi-
ple loading modes. The latter require a sample to be sequen-
tially tested under different deformation modes to obtain
independent datasets. Moreover, they often rely on expensive,
custom-made experimental rings or multiple testing devices.
Our novel protocol can be easily implemented in any commer-
cially available rheometer and has huge potential to accurately
model the non-linear viscoelastic properties of brain tissue.

Here, we applied the protocol to study the non-linear
viscoelastic behaviour of the brain in torsion at varying twist
rates. This protocol has huge potential not only to study the
strain-dependent relaxation of the brain but also its non-linear
creep behaviour. From the theoretical viewpoint, we showed
that the MQLV model provides a good fit to the experimental
data and allows us to estimate the time-dependent shear
modulus of an incompressible, viscoelastic, soft material such
as the brain. The fitting procedure that we proposed can also be
applied to compressible, viscoelastic, soft materials, whose
mechanical behaviour is determined by at least two material
functions.
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In view of the quasi-static to moderate twist rates considered
in this study, the estimated viscoelastic material parameters
could enhance our understanding of slow-progressing pathol-
ogies such as tumour growth or neurodegeneration and inform
the development of improved in silico models for brain surgery
planning and training. More broadly, our novel testing protocol
provides a new experimental method that can be applied to
measure the viscoelastic properties of soft tissues other than
the brain.

As previously discussed, another major direction in future
work will be applying our protocol to investigate the mechan-
ical behaviour of brain tissue at conditions conducive to TBI.
When coupled with bespoke finite element models such as the
University College Dublin Brain Trauma Model,”® the corres-
ponding viscoelastic material parameters could yield valuable
insights into the forces and deformations involved in traumatic
brain injury and contribute to the design of improved headgear
for sports such as boxing and motorsports.
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Appendices
Appendix A

The functions 4, B, C, D and E appearing in the torque (10) and
normal force (11) are given by

A(dy) = %u F 142902 —1)], (13)
B(2,7) = %[/1 +24+2y9(4A—2)], (14)
c)=72t+222+2) -2, (15)
D) =7 =2 —a+1, (16)
E()=2" =22 +2)—2. (17)

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.17632/m2jwdfgczs.1
https://github.com/francescaballatore/Brain_QLV_Torsion
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00138b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 23 May 2025. Downloaded on 2/15/2026 1:01:50 AM.

(cc)

Paper

Acknowledgements

This publication has emanated from research jointly funded by
Taighde Eireann - Research Ireland under grant number
GOIPG/2024/3552 (Griffen Small), and by the College of Science
and Engineering at the University of Galway under the Millennium
Fund scheme for the project “Modelling Brain Mechanics” (Valen-
tina Balbi). Francesca Ballatore acknowledges support from the
PNRR M4C2 through the project “Made in Italy Circolare e
Sostenibile (MICS)”, CUP: E13C22001900001. The authors are
grateful to the anonymous reviewers for their constructive criti-
cisms, helpful suggestions and insights.

References

1

10

11

12

13

14

15

16
17

18

19

S. Budday, T. C. Ovaert, G. A. Holzapfel, P. Steinmann and
E. Kuhl, Arch. Comput. Methods Eng., 2020, 27, 1187-1230.
V. Balbi, A. Trotta, M. Destrade and A. N. Annaidh, Soft
Matter, 2019, 15, 5147-5153.

M. Destrade, M. D. Gilchrist, J. G. Murphy, B. Rashid and
G. Saccomandi, Int. J. Non Linear Mech., 2015, 75, 54-58.
A. Greiner, N. Reiter, F. Paulsen, G. A. Holzapfel,
P. Steinmann, E. Comellas and S. Budday, Front. Mech.
Eng., 2021, 7, 708350.

B. Rashid, M. Destrade and M. D. Gilchrist, J. Mech. Behav.
Biomed. Mater., 2014, 33, 43-54.

B. Rashid, M. Destrade and M. D. Gilchrist, J. Mech. Behav.
Biomed. Mater., 2013, 28, 71-85.

B. Rashid, M. Destrade and M. D. Gilchrist, Comput. Mater.
Sci., 2012, 10, 23-38.

S. Budday, G. Sommer, ]. Haybaeck, P. Steinmann,
G. A. Holzapfel and E. Kuhl, Acta Biomater., 2017, 60,
315-329.

W. Kang, L. Wang and Y. Fan, J. Biomech., 2024, 162, 111888.
C. Giverso and L. Preziosi, Math. Med. Biol., 2010, 29,
181-204.

D. Ambrosi and L. Preziosi, Biomech. Model. Mechanobiol.,
2009, 8, 397-413.

C. Giverso and L. Preziosi, Int. J. Non Linear Mech., 2013, 56,
50-55.

H. Delingette and N. Ayache, Handb. Numer. Anal., 2004, 12,
453-550.

S. Ji, M. Ghajari, H. Mao, R. H. Kraft, M. Hajiaghamemar,
M. B. Panzer, R. Willinger, M. D. Gilchrist, S. Kleiven and
J. D. Stitzel, Ann. Biomed. Eng., 2022, 50, 1389-1408.

T. A. Connor, J. M. Clark, J. Jayamohan, M. Stewart,
A. McGoldrick, C. Williams, B. M. Seemungal, R. Smith,
R. Burek and M. D. Gilchrist, Sports Med., 2019, 5,
1-8.

A. Wineman, Math. Mech. Solids, 2009, 14, 300-366.

C. S. Drapaca, S. Sivaloganathan and G. Tenti, Math. Mech.
Solids, 2007, 12, 475-501.

L. Anand and S. Govindjee, Continuum Mechanics of Solids,
Oxford University Press, 2020.

R. M. Christensen, Theory of Viscoelasticity: An Introduction,
Dover Publications, 2nd edn, 2003.

This journal is © The Royal Society of Chemistry 2025

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

View Article Online

Soft Matter

Y. C. Fung, Biomechanics: Mechanical Properties of Living
Tissues, Springer Science & Business Media, 2nd edn,
1993.

R. De Pascalis, D. I. Abrahams and W. J. Parnell, Proc. R. Soc.
A, 2014, 470, 20140058.

T. Shearer, W. ]J. Parnell, B. Lynch, H. R. Screen and
D. 1. Abrahams, J. Biomech. Eng., 2020, 142, 071003.

S. Chatelin, A. Constantinesco and R. Willinger, Biorheology,
2010, 47, 255-276.

S. E. Duenwald, R. Vanderby and R. S. Lakes, Ann. Biomed.
Eng., 2009, 37, 1131-1140.

S. Nasseri, L. E. Bilston and N. Phan-Thien, Rheol. Acta,
2002, 41, 180-192.

A. Karimi, M. Haghighatnama, A. Shojaei, M. Navidbakhsh,
A. Motevalli Haghi and S. J. Adnani Sadati, Proc. Inst. Mech.
Eng., Part L, 2016, 230, 418-425.

C. Flynn, A. J. Taberner, P. M. F. Nielsen and S. Fels, J. Mech.
Behav. Biomed. Mater., 2013, 28, 484-494.

D. B. MacManus, M. Maillet, S. O’Gorman, B. Pierrat,
J. G. Murphy and M. D. Gilchrist, J. Mech. Behav. Biomed.
Mater., 2019, 99, 240-246.

S. N. Sundaresh, J. D. Finan, B. S. Elkin, A. V. Basilio,
G. M. McKhann and B. Morrison III, Ann. Biomed. Eng.,
2022, 50, 1452-1460.

S. N. Sundaresh, J. D. Finan, B. S. Elkin, C. Lee, J. Xiao and
B. Morrison 111, Brain Multiphys., 2021, 2, 100041.

D. B. MacManus, A. Menichetti, B. Depreitere, N. Famaey,
J. Vander Sloten and M. Gilchrist, Brain Multiphys., 2020,
1, 100018.

M. Hosseini-Farid, A. Rezaei, A. Eslaminejad, M. Ramzan-
pour, M. Ziejewski and G. Karami, Sci. Iran., 2019, 26,
2047-2056.

D. Sahoo, C. Deck and R. Willinger, J. Mech. Behav. Biomed.
Mater., 2014, 33, 24-42.

S. Chatelin, C. Deck and R. Willinger, J. Biorheol., 2013, 27,
26-37.

N. Daphalapurkar, J. Riglin, A. Mohan, J. Harris and
J. Bernardin, Int. J. Numer. Methods Biomed. Eng., 2023,
39, e3744.

Z. H. Zhang, M. X. Pan, J. T. Cai, J. D. Weiland and K. Chen,
J. Biomed. Mater. Res., Part A, 2018, 106, 2151-2157.

A. Rycman, S. McLachlin and D. S. Cronin, Front. Bioeng.
Biotechnol., 2021, 9, 693120.

J. Yu, N. Manouchehri, S. Yamamoto, B. K. Kwon and
T. R. Oxland, J. Mech. Behav. Biomed. Mater., 2020,
112, 104044.

S. Jannesar, B. Nadler and C. J. Sparrey, J. Biomech. Eng.,
2016, 138, 091004.

H. Helisaz, E. Belanger, P. Black, M. Bacca and M. Chiao,
Acta Biomater., 2024, 173, 184-198.

H. Motallebzadeh, M. Charlebois and W. R. J. Funnell,
J- Acoust. Soc. Am., 2013, 134, 4427-4434.

W. Yang, T. C. Fung, K. S. Chian and C. K. Chong, J. Mech.
Med. Biol., 2006, 6, 261-272.

J. M. Huyghe, D. H. Van Campen, T. Arts
R. M. Heethaar, J. Biomech., 1991, 24, 841-849.

and

Soft Matter, 2025, 21, 5268-5283 | 5281


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00138b

Open Access Article. Published on 23 May 2025. Downloaded on 2/15/2026 1:01:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

G. Criscenti, C. De Maria, E. Sebastiani, M. Tei, G. Placella,
A. Speziali, G. Vozzi and G. Cerulli, J. Biomech., 2015, 48,
4297-4302.

S. D. Abramowitch and S. L. Woo, J. Biomed. Eng., 2004, 126,
92-97.

J. R. Funk, G. W. Hall, J. R. Crandall and W. D. Pilkey,
J. Biomech. Eng., 2000, 122, 15-22.

I. Bah, N. R. J. Fernandes, R. L. Chimenti, J. Ketz,
A. S. Flemister and M. R. Buckley, J. Mech. Behav. Biomed.
Mater., 2020, 112, 104031.

R. Springhetti and N. S. Selyutina, Meccanica, 2018, 53,
519-530.

N. S. Selyutina, I. I. Argatov and G. S. Mishuris, Mech. Res.
Commun., 2015, 67, 24-30.

A. Giudici, K. W. F. van der Laan, M. M. van der Bruggen,
S. Parikh, E. Berends, S. Foulquier, T. Delhaas,
K. D. Reesink and B. Spronck, Biomech. Model. Mechanobiol.,
2023, 22, 1607-1623.

F. Dadgar-Rad and N. Firouzi, Int. J. Appl. Mech., 2021,
13, 2150036.

R. De Pascalis, D. I. Abrahams and W. ]J. Parnell, Int. J. Eng.
Sci., 2015, 88, 64-72.

M. Righi and V. Balbi, Modeling Biomaterials, Springer, 2021,
ch. 3, pp. 71-103.

V. Balbi, T. Shearer and W. J. Parnell, Math. Mech. Solids,
2023, 1-25.

V. Balbi, T. Shearer and W. ]. Parnell, Proc. R. Soc. A, 2018,
474, 20180231.

R. De Pascalis, W. J. Parnell, D. I. Abrahams, T. Shearer,
D. M. Daly and D. Grundy, Proc. R Soc. A, 2018,
474, 20180102.

D. B. MacManus, B. Pierrat, ]J. G. Murphy and
M. D. Gilchrist, Sci. Rep., 2017, 7, 13729.

A. Menichetti, D. B. MacManus, M. D. Gilchrist,
B. Depreitere, J. Vander Sloten and N. Famaey, Int. J. Eng.
Sci., 2020, 155, 103355.

A. Garo, M. Hrapko, J. A. W. Van Dommelen and
G. W. M. Peters, Biorheology, 2007, 44, 51-58.

B. Rashid, M. Destrade and M. D. Gilchrist, J. Mech. Behav.
Biomed. Mater., 2012, 14, 113-118.

B. Rashid, M. Destrade and M. D. Gilchrist, J. Biomech.,
2013, 46, 1276-1281.

K. B. Arbogast and S. S. Margulies, J. Biomech., 1998, 31,
801-807.

B. Rashid, M. Destrade and M. D. Gilchrist, Comput. Mater.
Sci., 2012, 64, 295-300.

M. Destrade, Y. Du, J. Blackwell, N. Colgan and V. Balbi,
Phys. Rev. E, 2023, 107, L053001.

British Standards, Physical Testing of Rubber, British
Standards Institution Technical Report BS 903-0:2012, 2012.
S. Yan, D. Jia, Y. Yu, L. Wang, Y. Qiu and Q. Wan, Eur.
J. Mech. A/Solids, 2021, 86, 104154.

R. S. Rivlin, Philos. Trans. R. Soc. London, Ser. A, 1949, 242,
173-195.

J. H. Poynting, Proc. R. Soc. London, Ser. A, 1909, 82,
546-559.

5282 | Soft Matter, 2025, 21, 5268-5283

69

70

71

72
73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

View Article Online

Paper

S. P. A. Narayan, ]J. M. Krishnan, A. P. Deshpande and
K. R. Rajagopal, Mech. Res. Commun., 2012, 43, 66-74.

The MathWorks Inc., Documentation for sgolayfilt, https://
mathworks.com/help/signal/ref/sgolayfilt.html.

P. Ciarletta and M. Destrade, IMA J. Appl. Math., 2014, 79,
804-819.

M. Mooney, J. Appl. Phys., 1940, 11, 582-592.

R. S. Rivlin, Philos. Trans. R. Soc. London, Ser. A, 1948, 241,
379-397.

G. A. Holzapfel, Nonlinear Solid Mechanics: A Continuum
Approach for Engineering, John Wiley & Sons Ltd., 2000.

R. W. Ogden, Non-Linear Elastic Deformations, Dover Pub-
lications, 1997.

O. Morrison, M. Destrade and B. B. Tripathi, Acta Biomater.,
2023, 169, 66-87.

K. M. Labus and C. M. Puttlitz, J. Mech. Phys. Solids, 2016,
96, 591-604.

S. Budday, R. Nay, R. De Rooij, P. Steinmann, T. Wyrobek,
T. C. Ovaert and E. Kuhl, J. Mech. Behav. Biomed. Mater.,
2015, 46, 318-330.

M. D. Gilchrist, B. Rashid, J. G. Murphy and G. Saccomandi,
Math. Mech. Solids, 2013, 18, 622-633.

The MathWorks Inc., Documentation for fmincon, https://
mathworks.com/help/optim/ug/fmincon.html.

A. Anssari-Benam, M. Destrade and G. Saccomandi, Philos.
Trans. R. Soc., A, 2022, 380, 20210325.

M. Destrade, G. Saccomandi and I. Sgura, Proc. R. Soc. A,
2017, 473, 20160811.

M. Alnzs, J. Blechta, J. Hake, A. Johansson, B. Kehlet,
A. Logg, C. Richardson, J. Ring, M. E. Rognes and
G. N. Wells, Arch. Numer. Software, 2015, 3, 9-23.

A. Logg, K. A. Mardal and G. Wells, Automated Solution of
Differential Equations by the Finite Element Method, Springer,
2012.

U. Ayachit, The ParaView Guide: A Parallel Visualization
Application, Kitware Inc., 2015.

R Core Team, Documentation for TukeyHSD, https://www.rdocu
mentation.org/packages/stats/versions/3.6.2/topics/TukeyHSD.
D. B. MacManus and M. Ghajari, Brain Multiphys., 2022,
3, 100059.

A. Tamura, S. Hayashi, I. Watanabe, K. Nagayama and
T. Matsumoto, J. Biomech. Sci. Eng., 2007, 2, 115-126.

D. Sahoo, C. Deck and R. Willinger, Accid. Anal. Prev., 2016,
92, 53-70.

W. G. Knauss and J. Zhao, Mech. Time-Depend. Mater., 2007,
11, 199-216.

J. N. Antonakakis, P. Bhargava, K. C. Chuang and
A. T. Zehnder, J. Appl. Polym. Sci., 2006, 100, 3255-3263.

J. Ciambella, A. Paolone and S. Vidoli, Mech. Mater., 2010,
42, 932-944,

E. G. Takhounts, J. R. Crandall and K. Darvish, Stapp Car
Crash J., 2003, 47, 107-134.

L. E. Bilston, Z. Liu and N. Phan-Thien, Biorheology, 2001,
38, 335-345.

R. Lilley, A. Reynaud, P. D. Docherty, N. Smith and
N. Kabaliuk, IFAC-Papers Online, 2020, 53, 16275-16280.

This journal is © The Royal Society of Chemistry 2025


https://mathworks.com/help/signal/ref/sgolayfilt.html
https://mathworks.com/help/signal/ref/sgolayfilt.html
https://mathworks.com/help/optim/ug/fmincon.html
https://mathworks.com/help/optim/ug/fmincon.html
https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/TukeyHSD
https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/TukeyHSD
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00138b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 23 May 2025. Downloaded on 2/15/2026 1:01:50 AM.

(cc)

View Article Online

Paper Soft Matter

96 Y. Feng, R. J. Okamoto, R. Namani, G. M. Genin and 98 W. Lee, S. D. Lee, M. Y. Park, L. Foley, E. Purcell-Estabrook,

P. V. Bayly, J. Mech. Behav. Biomed. Mater., 2013, 23, 117-132. H. Kim and S. S. Yoo, BMC Vet. Res., 2015, 11, 1-8.
97 A. Banstola and J. N. J. Reynolds, Front. Vet. Sci., 2022, 99 T. J. Horgan and M. D. Gilchrist, Int. J. Crashworthiness,
9, 961413. 2003, 8, 353-366.

This journal is © The Royal Society of Chemistry 2025 Soft Matter, 2025, 21, 5268-5283 | 5283


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00138b



