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Abstract 

The mechanical characterization of brain tissue has been generally analyzed in the 

frequency and time domain. It is crucial to understand the mechanics of the brain 

under realistic, dynamic conditions and convert it to enable mathematical modelling 

in a time domain. In this study, the compressive viscoelastic properties of brain 

tissue were investigated under time and frequency domains with the same physical 

conditions and the theory of viscoelasticity was applied to estimate the prediction of 

viscoelastic response in the time domain based on frequency-dependent mechanical 

moduli through Finite Element models. Storage and loss modulus were obtained 

from white and grey matter, of bovine brains, using dynamic mechanical analysis 

and time domain material functions were derived based on a Prony series 

representation. The material models were evaluated using brain testing data from 

stress relaxation and hysteresis in the time dependent analysis. The Finite Element 

models were able to represent the trend of viscoelastic characterization of brain 

tissue under both testing domains. The outcomes of this study contribute to a better 

understanding of brain tissue mechanical behaviour and demonstrate the feasibility 

of deriving time-domain viscoelastic parameters from frequency-dependent 

compressive data for biological tissue, as validated by comparing experimental tests 

with computational simulations.    

 

Keywords: Brain tissue; Finite Element; Loss; Model; Modulus; Storage; 

Validation; Viscoelasticity  
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1. Introduction 

 

Brain tissue is soft and complex, and its mechanical characterization has been 

studied for decades. A recent study showed that the mechanical environment is an 

essential consideration for neurodevelopment[1]. Computational simulations are vital 

for medical training and the design of clinical tools. Also, mechanical models have 

been proven to be promising methods to analyze the mechanisms of brain injuries 

and predict the response of brain in various impact conditions[2][3]. Finite element 

(FE) simulations can incorporate real physical loading conditions allowing tissue 

characterization modelled more accurately and the application of brain tissue in head 

computational simulations have been recently performed to analyze brain-related 

injuries[4][5][6][7]. However, the level of accuracy in modelling tissue response 

requires quantitative data from experiments and depends on the material models. To 

simulate biological tissues, the simplest model which best describes the mechanical 

behavior of the tissue is preferred, which can be solved across a variety of loading 

conditions[8].  

 

The mechanical behavior of brain tissue has been studied under various test 

conditions. Brain injuries may be induced by angular, shear and translational force. 

Oscillations of the head leading to brain shaking within the skull can also produce 

brain trauma[9]. Comparison of the mechanical properties of brain tissue in the 

literature shows that there is a lack of standard testing protocols[10]. Some studies 

investigated brain tissue in the time domain[11] while dynamic sweep tests on brain 

tissue in the frequency domain have also been performed[12]. Further, the 

mechanical results also depend on sample preparation, indenter geometry and 

measurement length-scale. Compressive loading can lead to brain trauma[13][14] 

and compressive waves were found on the impact site of brain tissue during the 

course of head dynamics[15]. Although a range of dynamic mechanical data are 

available for various materials in the literature, it has rarely been applied in modelling 

to analyze and design structures, mainly because models are often solved under 

steady state conditions. Therefore, it is of great practical use to determine time-

dependent material properties from frequency-dependent data obtained from 

mechanical testing. 

 

Brains are viscoelastic and for viscoelastic materials, the relationship between stress 

and strain is dependent on time. Linear viscoelastic models are commonly used for 

biological tissue and it has the benefits of being easily optimized in the computation 

attributed to its physical theory of mechanical models dealing with linear springs and 

dashpots[16]. The Prony series was applied in this study since it has been widely 

used and proved to effectively represent the equations of the material’s viscoelastic 

properties[17]. Generally, viscoelastic characterization can be implemented either in 

the time or the frequency domain and this model is capable of describing the 

mechanical properties of a material from both testing domains. Based on the 

equivalent mathematical equations including integral and differential theory with 
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shared linear viscoelastic material parameters, it should be possible to link between 

time dependent and frequency dependent viscoelastic properties[18]. Even though 

frequency dependent properties and corresponding viscoelastic models of brain 

tissue have been recently studied[19], it remains unclear whether such data can be 

used in computational models to predict mechanical behavior under various loading 

conditions such as under time-dependent loading. In order to understand the 

mechanical properties of brain tissue under different testing impact conditions, the 

frequency-dependent and time-dependent relaxation behavior of brains were studied 

with the same physical conditions through compressive mechanical testing. 

 

 

For viscoelastic materials, a dynamic modulus is defined as the ratio of complex 

stress to complex strain during oscillation with a phase lag between the two waves; 

whereas, stress relaxation is the temporal response of a material to a constant 

strain. Dynamic mechanical analysis (DMA) has been considered as an effective 

technique for measuring the bulk mechanical properties of viscoelastic materials[20]. 

This method is flexible and powerful to map frequency-dependent viscoelastic 

properties of biological tissue over a range of frequencies covering physiological and 

injury loading conditions. The storage modulus in viscoelastic materials 

characterizes the ability of the material to store energy in the elastic phase and the 

loss modulus characterizes the ability of the material to dissipate energy, for instance 

as heat, in the viscous phase. The relaxation modulus can be determined in the time 

domain, however, it is limited to the strain rate range used in experiments and it can 

be time consuming leading to long measurement trials[21]. Thus, it is of value to 

characterize viscoelastic properties, such as Prony series, from dynamic moduli 

which can be used to predict time-domain phenomena such as stress relaxation 

when applied to FE models.  

 

The purpose of this study was to transform viscoelastic properties obtained 

experimentally via dynamic mechanical analysis to a Prony series, for white and grey 

brain matter. Prony series parameters were determined using a constitutive model 

and implemented in FE analysis. The FE model has been evaluated in both time and 

frequency domains against relevant experimental data. 

 

2. Materials and Methods 

2.1 Sample preparation 

Eight whole bovine brains were obtained from animals under 12 months of age 

collected from a supplier (Samples for Schools, Portsmouth, UK), and all of the 

specimens were free from imperfections[19]. On arrival in the laboratory, the brains 

were stored at -40°C wrapped in tissue paper soaked in Ringer’ solution (Oxoid Ltd, 

Basingstoke, UK) following the standard procedure[22][23]. Prior to the mechanical 

tests, brain samples were thawed in Ringer’ solution for 12 hours before dissection. 

The freeze-thaw process has not been found to adversely affect the mechanical 

properties of biological tissue[24][25]. Slices of cerebrum were collected from brain 
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tissue using a surgical scalpel (Swann-Morton Limited, Sheffield, UK). During the 

dissection, specimens were immersed in Ringer’s solution and a circular trephine of 

8 mm diameter was applied to extract white and grey matter samples (Figure 1). The 

specimens of white matter were collected from regions of the corona radiata and 

corpus callosum, and the specimens of grey matter were collected from regions 

of the cortex and basal ganglia, which is in agreement to previous studies[26][27]. 

The variability of measured dimension may be increased due to the soft nature of 

brain tissue which can cause deformation under its own weight in preparation. Prior 

to the mechanical tests, geometric dimensions were determined using a Vernier 

calliper (Draper Tools Ltd, Hampshire, UK). The brain samples obtained were 8 ± 0.1 

mm in diameter and 5 ± 0.5 mm (mean ± standard deviation) in thickness.  

 

 

Figure 1: (a) A bovine brain obtained for dissection and specimens were collected 

from (b) a slice of cerebrum. (c) Representative cylindrical specimen for compressive 

mechanical testing. 

 

2.2 Experimental setup 

Mechanical testing was conducted using a Bose ElectroForce 3200 (Bose 

Corporation, ElectroForce Systems Group, Minnesota, USA) testing machine. This 

approach has been previously used to test many biological and synthetical 
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materials[20][28][29]. The brain specimens were placed in the sample container; 

force and displacement values were adjusted to be a zero. Prior to the data 

collection procedure, an upper flat indenter was lowered onto the specimen until a 

preload of 10 mN was observed using the WinTest DMA software (Bose 

Corporation, ElectroForce Systems Group, Minnesota, USA).  

 

The viscoelastic characterization was investigated both in the time (using stress-

relaxation) and the frequency domain (using DMA). For DMA, amplitude sweep tests 

were conducted at 1 Hz to determine the amplitude range within the linear 

viscoelastic region of the material. Samples were subjected to a pre-strain with a 

mean displacement of 1 mm (20% of a specimen height) and a 1 Hz pre-conditioning 

cycle[30][31]. A sinusoidally varying displacement was then performed with 1% 

dynamic amplitude between 0.95 and 1.05 mm (i.e. from peak to trough) across a 

frequency sweep of 0.5-35 Hz. This frequency range is relevant to the strain rates 

comparable with previous studies on porcine[32] and human brain tissue[33], and to 

which the brain might be exposed during physiological and traumatic loading 

conditions[9]. For each frequency, the sinusoidal force and displacement data were 

recorded and analyzed using a Fast Fourier Transform (FFT). The data-set length for 

force (F*) and displacement (d*) at the fundamental frequency were quantified and 

used to calculate the dynamic stiffness (k*). Then, the storage (E’) and loss (E’’) 

moduli were calculated by converting from the relevant stiffness through a shape 

factor from: 

𝑘∗ =
𝐹∗

𝑑∗
 (1) 

                                                        

𝐸′ =
𝑘∗𝑐𝑜𝑠𝛿

𝑆
 (2) 

                                                                

𝐸′′ =
𝑘∗𝑠𝑖𝑛𝛿

𝑆
 (3) 

                                                               

𝑆 =
𝜋𝑑2

4ℎ
 (4) 

 

where h and d are the thickness and diameter of a specimen. The phase angle 𝛿 is 

the phase lag between the applied compressive force and displacement. S is the 

shape factor for cylindrical samples. Further details on the characterization are 

provided elsewhere[22].  

 

For the stress relaxation tests, specimens were subjected to a compressive strain of 

0.1 and a relaxation step of 150 s was followed at this compression level. The 

process of stress relaxation shows how the stress induced in the material reduces 

following sudden deformation, from the corresponding stress-strain data and 

material’s viscoelastic response can be evaluated. The velocity of 180 mm/min was 
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set for the compression step. The stress was calculated from the ratio of measured 

force and sample original cross-sectional area.  

 

Further, samples were subjected to a sinusoidal compression with cyclic loading at a 

frequency of 35 Hz with 0.05 mm dynamic amplitude for about 2 s to collect 

hysteresis loops. A lag between the unloading and loading portions of the curve exist 

for a viscoelastic material. A total of 55 white matter and 41 grey matter samples 

were tested in the frequency domain through DMA, and 8 white matter and 10 grey 

matter samples were tested through stress relaxation and cyclic loading 

measurements. All 114 test samples were tested at room temperature and hydrated 

with Ringer’s solution during the testing. The collected experimental data were 

initially used to determine the viscoelastic parameters (from frequency domain tests) 

and compared with FE models under both testing domains for validation. For clarity, 

a schematic showing the experimental design is outlined in Figure 2. 

 

Figure 2: Outline of the experimental design used in this study. Blue boxes denote 

workflow linked to frequency domain and white boxes denote the workflow linked to 

time domain. 

 

Sigmaplot version 14.5 (Systat Software Inc., London, UK) was used for statistical 

analysis. Two-way analysis of variance (ANOVA) was performed for all pairwise 

comparisons between brain regions with Tukey post-hoc analysis. Statistical tests 

were assumed to be significant at 5% level. 

 

2.3 Constitutive modelling  

Linear viscoelastic theory has been used in computational studies to analyze the 

patterns of brain injuries and the relationship between strain and stress[34][27]. In 

addition, this model can be effectively applied in commercial FE software. The time 
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dependent response of the material is applied in the model determining the stress 

relaxation (𝜏(𝑡)) for a viscoelastic model: 

𝜏(𝑡) = ∫ 𝜇(𝑡 − 𝑡′)𝛾̇(𝑡′)𝑑𝑡′
𝑡

0

 (5) 

where 𝛾̇ is the strain rate tensor and 𝜇(𝑡) is the time-dependent relaxation 

modulus. The generalized Maxwell model is widely used to characterize the modulus 

function for linear viscoelastic materials with a main elastic branch and N spring-

dashpot pair branch shown in Figure 3. Using the Prony series, the constitutive 

relation of the viscoelastic response in the time domain is as follows: 

 

𝜇(𝑡) = 𝐺∞ + ∑ 𝑔𝑖 exp (−
𝑡

𝑡𝑖
′)

𝑁

𝑖=1

 (6) 

where 𝐺∞ is the equilibrium modulus, 𝑔𝑖 and 𝑡𝑖
′ are the relative moduli and the 

relaxation time of the Prony series for N relaxation modes where 𝑡𝑖
′ = 𝜂𝑖/𝑔𝑖; 𝜂𝑖 is 

the corresponding viscosity. The initial stress modulus can be obtained from the sum 

of 𝐺∞ and 𝑔𝑖.  

 

Figure 3: A schematic interpretation of the generalized Maxwell model. 

 

In the frequency domain, equation (5) can be transferred to the Laplace form by 

considering a pure imaginary variable s to 𝑗𝜔 as: 

 

𝑢∗(𝑗𝜔) = 𝑠𝑢̃(𝑠) =
𝜏̃(𝑠)

𝛾̃(𝑠)
=

𝜏̃(𝑗𝜔)

𝛾̃(𝑗𝜔)
 (7) 

 

where 𝑢̃ is the relaxation modulus, 𝜏̃ is the stress tensor and 𝛾̃ is the strain tensor 

in the Laplace form. 𝜔 is an angular frequency and 𝑗 =  √−1. The complex modulus 

𝑢∗ can be expressed from the dynamic storage modulus 𝑢′ and loss modulus 𝑢′′ 

as:   

 

𝑢∗ = 𝑢′ + 𝑗𝑢′′ (8) 
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A discrete relaxation spectrum is considered in physical models. The relaxation 

modulus 𝜇(𝑡) expressed above is in the form of a discrete set of exponential 

decays. Using this discrete function, the complex modulus 𝑢∗ can then be defined 

as: 

𝑢∗(𝑗𝜔) = 𝐺∞ + ∑ 𝑔𝑖

𝑡𝑖
′𝑗𝜔

1 + 𝑡𝑖
′𝑗𝜔

𝑁

𝑖=1

 (9) 

 

Thus, the Prony series representations of dynamic storage and loss modulus in the 

generalized Maxwell model can be obtained as functions of frequency: 

𝑢′(𝑗𝜔) = 𝐺∞ + ∑ 𝑔𝑖

(𝑡𝑖
′𝜔)2

1 + (𝑡𝑖
′𝜔)2

𝑁

𝑖=1

 (10) 

𝑢′′(𝑗𝜔) = ∑ 𝑔𝑖

𝑡𝑖
′𝜔

1 + (𝑡𝑖
′𝜔)2

𝑁

𝑖=1

 (11) 

The dynamic modulus and relaxation modulus shared the coefficients. The 

parameters of discrete frequency dependent relaxation modulus are estimated using 

a non-linear least algorithm by calibrating the constitutive models with the average 

experimental data based on the average square of deviation between the measured 

dynamic modulus from the mechanical tests and the predicted values via equation 

(12). 

∑ ((
𝑢′(𝜔𝑗)

𝑢̅𝑗
′ − 1)

2

+ (
𝑢′′(𝜔𝑗)

𝑢̅𝑗
′′ − 1)

2

)

𝑚

𝑗=1

= min (12) 

                                     

where 𝑢̅𝑗
′, 𝑢̅𝑗

′′ are the measured dynamic modulus at m frequencies 𝜔𝑗 with 𝑢′(𝜔𝑗) 

and  𝑢′′(𝜔𝑗) the predicted values calculated from equations (10) and (11), 

respectively. From here, the relaxation times 𝑡𝑖
′ are expected to be prescribed and 

the coefficients 𝑔𝑖 are subsequently calculated. The resulting constants are 

considered all positive. The spacing of relaxation times has been suggested around 

1 logarithmic time[35] and negative coefficients may appear when the interval is too 

small[36]. In addition, the number N of Maxwell elements is an important issue for 

the success of the nonlinear method. A large number of relaxation modes generally 

leads to higher accuracy, but more complexity is generated and negative constants 

start to occur with ill-posed issues[37]. In this study, the initial number of relaxation 

elements was empirically chosen around ten for transmission and redundant 

elements can be merged or eliminated. From the preliminary studies, an eight term 

Prony series was chosen for these linear viscoelastic models. The goodness of fit of 

data to the given model was assessed using the coefficient of determination R2. 
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2.4 FE Simulations 

The average mechanical behavior of brain tissue for white and grey matter was 

simulated, separately, both in the frequency and time domain using COMSOL 

Multiphysics 5.5 (COMSOL, Stockholm, Sweden). For simulations in both domains, 

an axisymmetric model was used with a cylindrical geometry representing the 

average tested brain specimen of 4 mm in radius and 5 mm in thickness. The bottom 

surface was restrained vertically while it was free to move and expand horizontally. A 

linear viscoelastic model was applied under the COMSOL solid mechanics module. 

To avoid ill-conditioning for incompressible materials in the FE simulation, a 

Poisson’s ratio of 0.49 was chosen[38]. The viscoelastic parameters obtained from 

dynamic modulus of white and grey brain tissue (derived from section 2.3) were 

inputted into the general Maxwell material constitutive model with eight viscoelastic 

branches under material setting to represent the mechanical behavior for both 

testing methods. A mapped 4 node was employed for brain tissue to create an 

axisymmetric quadrilateral mesh on boundaries and an element ratio node was 

applied to specify the element size in the distribution (Fig. 4). The applied mesh 

density was validated by a mesh convergence analysis.  

 

In the frequency domain analysis, the top surface was displaced on brain tissue by 1 

mm in the vertical direction, followed by a harmonic perturbation of 0.05 mm over a 

range of frequencies, 0.5-35 Hz. These models were solved under conditions which 

mimicked the experimental conditions of DMA tests.  

 

In the time domain analysis, the brain tissue was compressed to 0.1 strain and held 

for a relaxation step consistent to the experimental conditions to obtain simulated 

stress relaxation results. In addition, a sinusoidal prescribed displacement was set 

under the time dependent solver at 35 Hz for 2 s in the form sin(2𝜋𝑓𝑡), where f is 

the testing frequency and t is the time, to obtain the force displacement viscoelastic 

hysteresis loops. The comparison between the FE models and physical tests were 

used for validation.  

 

Figure 4: Finite element simulation used for the uniaxial compression of brain tissue 

in (a) axisymmetric and (b) deformed 2D revolution configurations. 
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3. Results 

3.1 Frequency dependency of viscoelasticity 

The frequency dependent mechanical behaviors of brain white and grey matter were 

characterized through dynamic mechanical testing, and our results show that the 

storage modulus is greater than the loss modulus over all tested frequencies. Figure 

5(a) illustrates an increasing trend with frequency for white matter storage and loss 

modulus with average values of 15.72 kPa and 7.97 kPa, respectively. Figure 5(b) 

illustrates the significantly lower storage and loss modulus (p < 0.05) for grey matter 

with average values of 7.97 kPa and 3.45 kPa, respectively. The mean results of the 

experimental dynamic moduli of brain tissue tested from various regions were used 

to determine the optimized parameters of the discrete relaxation spectrum with eight 

term Prony series (Table 1) with fairly good fitting results (0.996 < R2 < 0.999) and 

the equilibrium modulus was 0.48 kPa. The number of eight pairs of relaxation 

modes was adequate to simulate the mechanical behavior converted from the 

frequency-domain and redundant modes were merged. The FE models in the 

frequency domain were capable of capturing the trend for both storage and loss 

moduli across the frequencies investigated.  

 

Figure 5: Variation of mean storage (circle) and loss (squares) moduli against 

frequency for (a) white and (b) grey matter tissue obtained using DMA. Error bars 

represent 95% confidence intervals. Predictions of dynamic properties from FE 

simulations, in the frequency domain, are shown as the lines for dynamic storage 

(full black line) and loss (dashed grey line) modulus.  

 

3.2 Time dependency of viscoelasticity 

The mean stress relaxation behaviors were obtained and the material relaxation for 

both white and grey matter (Figure 6) showed immediately a drop after the 

compression platen was held. The stress drop for white matter is higher than that of 

grey matter. The viscoelastic parameters converted from dynamic modulus were 

applied in the time dependent simulations and the models were able to approximate 

the trend of stress relaxation responses. For the white matter, the prediction of the 

stress relaxed slower at the beginning than the experimental results, followed by a 
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faster relaxation and with longer relaxation process, the viscoelastic response was 

more closely approximated with a difference of less than 19%. For the grey matter, 

the prediction results appeared to relax faster at first and then exhibited similar 

relaxation behavior with a difference of up to 13%. The viscoelastic response in 

prediction of models was mostly approximated within the 95% confidence intervals 

through the measured relaxation process. 

 

 

 

Figure 6: Relaxation response of (a) white and (b) grey matter tissue obtained from 

the stress relaxation tests (full line) with 95% confidence intervals shown as error 

bars, and the prediction of stress relaxation (dash line) based on frequency domain 

derived parameters from FE simulations in the time domain.   

 

The hysteresis loops for white and grey matter tissue are shown in Figure 7 as a 

measure of observing the dissipated energy for the material. Under the same testing 

protocols, samples from white matter exhibited a larger hysteresis area than samples 

from grey matter, meaning the greater amount of energy dissipated for white matter 

tissue. The curves for both white and grey matter were approximately elliptical. This 

indicated the tested specimens showed linear viscoelastic mechanical behavior. In 

simulations, the viscoelastic parameters converted from dynamic modulus were 

applied in the time dependent models and used to predict the stress strain 

relationship; the range of stress was estimated well for both white and grey matter. 

The hysteresis behavior for white matter was closely approximated by model 

prediction with a difference in the area enclosed by hysteresis loops of up to 18%. 

For grey matter the predicted area was larger than the experimental results, with up 

to a 34% area difference.     
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Figure 7: Representative hysteresis loops of stress against strain for (a) white matter 

and (b) grey matter tissue obtained from cyclic loading tests with model prediction 

results (black line) based on frequency domain derived parameters following FE 

simulations in the time analysis. 

 

 

Table 1: Material parameters of relaxation moduli obtained from the mean dynamic 

viscoelastic properties for white and grey brain matter. 

 
Linear viscoelastic model parameter 

White matter Grey matter 

𝑖 𝑔𝑖(𝑘𝑃𝑎) 𝑡𝑖
′(𝑠) 𝑔𝑖(𝑘𝑃𝑎) 𝑡𝑖

′(𝑠) 

1 24.33 7.36 × 10-4 7.30 1.00 × 10-4 

2 19.37 2.23 × 10-3 17.88 1.45 × 10-3 

3 4.87 2.51 × 10-2 2.43 1.55 × 10-2 

4 4.46 2.73 × 10-1 2.43 1.45 × 10-1 

5 2.43 1.00 × 101 1.46 1.00 × 101 

6 2.43 1.00 × 102 1.46 1.00 × 102 

7 1.46 1.00 × 103 0.49 1.00 × 103 

8 0.49 1.00 × 104 0.29 1.00 × 104 

 

 

4. Discussion 

This study has investigated the viscoelastic properties of brain tissue under time and 

frequency testing domains and computational models were performed to predict the 

mechanical behavior based on the parameters of a discrete relaxation spectrum from 

dynamic moduli. Dynamic mechanical experiments are effective for measuring the 

viscoelastic properties of biological tissue over a range of frequency and the dynamic 

properties of brain tissue measured can be converted in the time domain data which 

are applicable in engineering analysis. Frequency-dependent storage and loss 

moduli were collected from brain white and grey matter tissue in compression. Stress 

relaxation tests were performed to obtain the time-dependent viscoelastic behaviour 

and brain samples were subjected to a sinusoidal compressive displacement in the 
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time domain to obtain the hysteresis loops. For different testing protocols, the brain 

samples were kept under the same physical conditions. The time-dependent 

experimental results were compared to the predictions from simulations based on 

the constitutive linear viscoelastic, converting frequency to time-domain data. This is 

the first study to validate the use of viscoelastic data of brain tissue, derived from the 

frequency-domain, for use in FE models in the time-domain. 

 

The dynamic mechanical properties of brain tissue showed an increasing trend over 

tested frequencies from DMA measurements, which is in agreement with previous 

studies on porcine brains[39] as well as other biological materials, including human 

bladder tumors[29]. Frequency-dependent dynamic moduli showed brain white 

matter is stiffer. A similar trend for the regional difference was found on human brain 

tissue[40]. A wide range of loading conditions has been applied to determine the 

frequency-dependent viscoelastic properties. Human brain tissue has been studied 

in shear[41] and the frequency-dependent behaviour of porcine bladder was 

characterized in tensile[42]. Further, brain tissue has been investigated in the 

frequency domain through magnetic resonance elastography (MRE)[43]. However, 

the dynamic compressive properties of brain tissue have not been understood 

completely[10]. The compressive force is important in the analysis of brain injuries 

where the brain could be exposed to compressive waves during the course of head 

impact[15]. Even though potential differences exist in the various testing methods 

compared, the general trends for the dynamic storage and loss modulus versus 

frequency on these biological tissues were consistent across these.  

 

The standard mechanical models have been applied in this study to capture the 

linear viscoelastic material functions of brain tissue with Prony series 

representations, and the fitting of dynamic moduli from experiments and the time 

domain material functions are subsequently obtained. There are other mathematical 

models available to describe the linear viscoelastic response of a material[18]. The 

fractional derivative models with a fractional order ‘spring-dashpot’ element were 

used to determine the viscoelastic behavior in relaxation tests on brain tissue[44]. 

The modified power law, derived from the phenomenology of polymer was applied 

on soft and biological materials to describe their power law viscoelastic response 

from a wide range of test conditions[45]. These models are able to characterize 

viscoelastic properties using model coefficients, the determination of the constants 

from experimental results generally is less efficient due to the complicated 

mathematical expressions and it is limited for the conversion of parameters across 

material functions[16].  

 

The parameters in the simulations for linear viscoelastic models were determined by 

fitting the dynamic storage and loss modulus from experiments. There are various 

techniques for the fitting described in the literature. A simple collocation method has 

been applied on polymethylmethacrylate to fit the viscoelastic behavior from dynamic 

shear and tensile relaxation tests[46]. A least squares method was widely used to 
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obtain model coefficients on brain tissue viscoelastic properties and has the benefits 

of being easily implemented in commercial software[47][34]. In this study, the 

frequency dependent responses of brain white and grey matter tissue were evident 

from the discrete relaxation mode with the exponentially ascending order of 

relaxation times and positive constrains, which is consistent to a previous study 

which analyzed dynamic mechanical data[48]. The technique presented in this study 

can have wider applications for other biological tissues such as coronary arteries[49] 

and mitral valve[22], where the frequency dependent properties have been 

investigated and described using simple fitting equations obtained through 

regression analysis. It enables the viscoelastic properties of the brain to be 

measured under realistic, dynamic conditions and makes this information available 

for brain models which predict trauma[50][51][52]. 

  

The viscoelastic characterization of brain tissue in the time domain was studied 

through stress relaxation tests and the hysteresis loops were obtained to 

characterize the dissipated energy. The experimental results show that the behavior 

of brain tissue is not only frequency-dependent but also time-dependent. Further, the 

viscous relaxation for white and grey matter was similar with a stress relaxation of 

around 85% which is in agreement with a previous study on human brain tissue[47]. 

Hysteresis loops for white matter showed a larger area than that for grey matter. A 

similar trend was found on bovine brain tissue indicating that the white matter with 

larger dissipated energy shows more viscous than grey matter[53]. 

 

In FE simulations, the models with linear viscoelasticity were able to accurately 

capture the dynamic storage and loss modulus for both brain white and grey matter 

in the frequency domain. The model viscoelastic parameters were collected from 

dynamic mechanical tests and time domain material functions were derived based 

on the Prony series representation. Although the mild brain traumatic loading 

conditions were the focus of this study, there is future opportunity to investigate the 

applicability of the model at higher loading rates, such as blast brain 

impacts[54][55][56]. A previous study investigated the differences of converting 

dynamic modulus to relaxation modulus, however, there was no direct experimental 

data for validation[57]. The simulated results of the time domain in this study showed 

the general trends for stress relaxation behaviour on brain tissue which is 

comparable to the experimental data. Despite the initial difference between the 

predicted and measured results, the viscoelastic response in prediction of models 

was mostly approximated within the 95% confidence intervals which indicated 

the prediction of models was considered reliable. The hysteresis area for both brain 

white and grey matter was predicted to be larger in simulations and the simulated 

hysteresis area for white matter was larger than that of grey matter which is 

consistent to the experimental trends. The approach presented in this study of 

converting material properties between frequency and time domains enables brain 

modelling in the time domain based on the mechanics of brain tissue measured 

under dynamic loading conditions. 



 - 15 - 

 

To conclude, the viscoelastic behaviour of brain tissue was investigated under both 

time and frequency domains. Frequency-dependent storage and loss moduli were 

collected for both white and grey matter through dynamic mechanical tests which 

can be represented accurately by the linear viscoelastic models. The time-domain 

material functions were obtained through the corresponding frequency-domain 

material functions based on a Prony series representation. The stress relaxation and 

hysteresis characterizations were studied and compared to the predictions from 

model simulations. The outcomes provide a better understanding of the material 

viscoelastic behaviour and the linear viscoelasticity between the time and frequency 

dependent material functions of biological tissues. This analysis is of importance for 

a number of applications, for brain tissue is enables various loading conditions to be 

simulated using finite element simulations, including traumatic loading. 

 

Acknowledgements  

The authors would like to thank Lee Gauntlett from the Department of Mechanical 

Engineering, University of Birmingham for assistance in manufacturing of fixtures. 

The equipment used in this study was funded by Arthritis Research UK [H0671; now 

part of Versus Arthritis]. 

 

  



 - 16 - 

Reference: 

[1] P. V Bayly, L. A. Taber, and C. D. Kroenke, “Mechanical forces in cerebral 

cortical folding: A review of measurements and models,” J. Mech. Behav. 

Biomed. Mater., vol. 29, pp. 568–581, 2014. 

[2] E. G. Takhounts, R. H. Eppinger, J. Q. Campbell, R. E. Tannous, E. D. Power, 

and L. S. Shook, “On the Development of the SIMon Finite Element Head 

Model.,” Stapp Car Crash J., vol. 47, pp. 107–133, Oct. 2003. 

[3] A. Montanino and S. Kleiven, “Utilizing a Structural Mechanics Approach to 

Assess the Primary Effects of Injury Loads Onto the Axon and Its 

Components,” Front. Neurol., vol. 9, p. 643, 2018. 

[4] Y. Liu et al., “Validation and Comparison of Instrumented Mouthguards for 

Measuring Head Kinematics and Assessing Brain Deformation in Football 

Impacts,” Ann. Biomed. Eng., vol. 48, no. 11, pp. 2580–2598, 2020. 

[5] Y. C. Lu et al., “A 3D Computational Head Model Under Dynamic Head 

Rotation and Head Extension Validated Using Live Human Brain Data, 

Including the Falx and the Tentorium,” Ann. Biomed. Eng., vol. 47, no. 9, pp. 

1923–1940, 2019. 

[6] H. T. Garimella, R. R. Menghani, J. I. Gerber, S. Sridhar, and R. H. Kraft, 

“Embedded Finite Elements for Modeling Axonal Injury,” Ann. Biomed. Eng., 

vol. 47, no. 9, pp. 1889–1907, 2019. 

[7] A. Madhukar and M. Ostoja-Starzewski, “Finite Element Methods in Human 

Head Impact Simulations: A Review,” Ann. Biomed. Eng., vol. 47, no. 9, pp. 

1832–1854, 2019. 

[8] A. E. Kerdok, “Characterizing the nonlinear mechanical response of liver to 

surgical manipulation,” 2006. 

[9] K. Laksari, L. C. Wu, M. Kurt, C. Kuo, and D. C. Camarillo, “Resonance of 

human brain under head acceleration,” J. R. Soc. Interface, vol. 12, no. 108, 

2015. 

[10] S. Chatelin, A. Constantinesco, and R. Willinger, “Fifty years of brain tissue 

mechanical testing: from in vitro to in vivo investigations,” Biorheology, vol. 47, 

no. 5–6, pp. 255–276, 2010. 

[11] F. Velardi, F. Fraternali, and M. Angelillo, “Anisotropic constitutive equations 

and experimental tensile behavior of brain tissue,” Biomech. Model. 

Mechanobiol., vol. 5, no. 1, pp. 53–61, 2006. 

[12] K. K. Darvish and J. R. Crandall, “Nonlinear viscoelastic effects in oscillatory 

shear deformation of brain tissue,” Med. Eng. Phys., vol. 23, no. 9, pp. 633–

645, 2001. 

[13] E. Bar-Kochba, M. T. Scimone, J. B. Estrada, and C. Franck, “Strain and rate-

dependent neuronal injury in a 3D in vitro compression model of traumatic 

brain injury,” Sci. Rep., vol. 6, p. 30550, Aug. 2016. 

[14] L. Young, G. T. Rule, R. T. Bocchieri, T. J. Walilko, J. M. Burns, and G. Ling, 

“When physics meets biology: low and high-velocity penetration, blunt impact, 

and blast injuries to the brain.,” Front. Neurol., vol. 6, p. 89, 2015. 



 - 17 - 

[15] J. D. Morse, J. A. Franck, B. J. Wilcox, J. J. Crisco, and C. Franck, “An 

experimental and numerical investigation of head dynamics due to stick 

impacts in girls’ lacrosse.,” Ann. Biomed. Eng., vol. 42, no. 12, pp. 2501–2511, 

Dec. 2014. 

[16] S. W. Park, “Analytical modeling of viscoelastic dampers for structural and 

vibration control,” Int. J. Solids Struct., vol. 38, no. 44, pp. 8065–8092, 2001. 

[17] S. A. Forough, F. M. Nejad, and A. Khodaii, “Comparing various fitting models 

to construct the tensile relaxation modulus master curve of asphalt mixes,” Int. 

J. Pavement Eng., vol. 17, no. 4, pp. 314–330, 2016. 

[18] N. W. Tschoegl, The phenomenological theory of linear viscoelastic behavior: 

an introduction. Springer Science & Business Media, 2012. 

[19] W. Li, D. E. T. Shepherd, and D. M. Espino, “Dynamic mechanical 

characterization and viscoelastic modeling of bovine brain tissue,” J. Mech. 

Behav. Biomed. Mater., vol. 114, no. October 2020, p. 104204, 2020. 

[20] R. D. Bartlett, D. Eleftheriadou, R. Evans, D. Choi, and J. B. Phillips, 

“Mechanical properties of the spinal cord and brain: Comparison with clinical-

grade biomaterials for tissue engineering and regenerative medicine,” 

Biomaterials, p. 120303, 2020. 

[21] S. E. Zeltmann, B. R. Bharath Kumar, M. Doddamani, and N. Gupta, 

“Prediction of strain rate sensitivity of high density polyethylene using integral 

transform of dynamic mechanical analysis data,” Polymer (Guildf)., vol. 101, 

pp. 1–6, 2016. 

[22] A. G. Wilcox, K. G. Buchan, and D. M. Espino, “Frequency and diameter 

dependent viscoelastic properties of mitral valve chordae tendineae,” J Mech 

Behav Biomed Mater, vol. 30, pp. 186–195, 2014. 

[23] W. Li, D. E. T. Shepherd, and D. M. Espino, “Frequency dependent 

viscoelastic properties of porcine brain tissue,” J. Mech. Behav. Biomed. 

Mater., vol. 102, p. 103460, 2020. 

[24] R. W. Chan and I. R. Titze, “Effect of postmortem changes and freezing on the 

viscoelastic properties of vocal fold tissues.,” Ann. Biomed. Eng., vol. 31, no. 4, 

pp. 482–491, Apr. 2003. 

[25] M. Szarko, K. Muldrew, and J. E. A. Bertram, “Freeze-thaw treatment effects 

on the dynamic mechanical properties of articular cartilage,” Bmc 

Musculoskelet. Disord., vol. 11, 2010. 

[26] Z. G. Li, H. F. Yang, G. L. Wang, X. Q. Han, and S. P. Zhang, “Compressive 

properties and constitutive modeling of different regions of 8-week-old pediatric 

porcine brain under large strain and wide strain rates,” J. Mech. Behav. 

Biomed. Mater., vol. 89, pp. 122–131, 2019. 

[27] S. Budday, G. Sommer, G. A. Holzapfel, P. Steinmann, and E. Kuhl, 

“Viscoelastic parameter identification of human brain tissue,” J Mech Behav 

Biomed Mater, vol. 74, pp. 463–476, 2017. 

[28] S. Jannesar et al., “Compressive mechanical characterization of non-human 

primate spinal cord white matter,” Acta Biomater, vol. 74, pp. 260–269, 2018. 



 - 18 - 

[29] S. C. Barnes, B. M. Lawless, D. E. T. Shepherd, D. M. Espino, G. R. Bicknell, 

and R. T. Bryan, “Viscoelastic properties of human bladder tumours,” J Mech 

Behav Biomed Mater, vol. 61, pp. 250–257, 2016. 

[30] S. Cheng, E. C. Clarke, and L. E. Bilston, “The effects of preconditioning strain 

on measured tissue properties,” J. Biomech., vol. 42, no. 9, pp. 1360–1362, 

2009. 

[31] C. Ohman, M. Baleani, and M. Viceconti, “Repeatability of experimental 

procedures to determine mechanical behaviour of ligaments.,” Acta Bioeng. 

Biomech., vol. 11, no. 1, pp. 19–23, 2009. 

[32] M. T. Prange and S. S. Margulies, “Regional, directional, and age-dependent 

properties of the brain undergoing large deformation,” J. Biomech. Eng. Asme, 

vol. 124, no. 2, pp. 244–252, 2002. 

[33] A. E. Forte, S. M. Gentleman, and D. Dini, “On the characterization of the 

heterogeneous mechanical response of human brain tissue,” Biomech Model 

Mechanobiol, vol. 16, no. 3, pp. 907–920, 2017. 

[34] S. Cheng and L. E. Bilston, “Unconfined compression of white matter,” J 

Biomech, vol. 40, no. 1, pp. 117–124, 2007. 

[35] S. Park and R. Schapery, “Methods of interconversion between linear 

viscoelastic material functions. Part I--a numerical method based on Prony 

series,” Int. J. Solids Struct., vol. 36, no. 11, pp. 1653–1675, 1999. 

[36] C. Friedrich and B. Hofmann, “Nichtkorrekte Aufgaben in der Rheometrie,” 

Rheol. acta, vol. 22, no. 5, pp. 425–434, 1983. 

[37] X. Tian, L. Liu, F. Yu, and L. He, “Relaxation Modulus Model of Aged Asphalt 

Mixture,” J. Highw. Transp. Res. Dev. (English Ed., vol. 9, no. 3, pp. 1–6, 

2015. 

[38] J. T. Maikos, R. A. I. Elias, and D. I. Shreiber, “Mechanical Properties of Dura 

Mater from the Rat Brain and Spinal Cord,” J. Neurotrauma, vol. 25, no. 1, pp. 

38–51, Jan. 2008. 

[39] M. Hrapko, J. A. W. van Dommelen, G. W. M. Peters, and J. S. H. M. 

Wismans, “The influence of test conditions on characterization of the 

mechanical properties of brain tissue,” J. Biomech. Eng. Asme, vol. 130, no. 3, 

2008. 

[40] X. Jin, F. Zhu, H. Mao, M. Shen, and K. H. Yang, “A comprehensive 

experimental study on material properties of human brain tissue,” J. Biomech., 

vol. 46, no. 16, pp. 2795–2801, 2013. 

[41] G. T. Fallenstein, V. D. Hulce, and J. W. Melvin, “Dynamic Mechanical 

Properties of Human Brain Tissue,” J. Biomech., vol. 2, no. 3, pp. 217-+, 1969. 

[42] S. C. Barnes, D. E. Shepherd, D. M. Espino, and R. T. Bryan, “Frequency 

dependent viscoelastic properties of porcine bladder,” J Mech Behav Biomed 

Mater, vol. 42, pp. 168–176, 2015. 

[43] E. H. Clayton, G. M. Genin, and P. V. Bayly, “Transmission, attenuation and 

reflection of shear waves in the human brain,” J. R. Soc. Interface, vol. 9, no. 

76, pp. 2899–2910, 2012. 



 - 19 - 

[44] L. Zhang, W. J. Jackson, and S. A. Bentil, “The mechanical behavior of brain 

surrogates manufactured from silicone elastomers,” J. Mech. Behav. Biomed. 

Mater., vol. 95, no. April, pp. 180–190, 2019. 

[45] A. Bonfanti, J. L. Kaplan, G. Charras, and A. Kabla, “Fractional viscoelastic 

models for power-law materials,” Soft Matter, vol. 16, no. 26, pp. 6002–6020, 

2020. 

[46] R. A. Schapery, “A simple collocation method for fitting viscoelastic models to 

experimental data,” 1962. 

[47] S. Budday et al., “Mechanical characterization of human brain tissue,” Acta 

Biomater, vol. 48, pp. 319–340, 2017. 

[48] M. Baumgaertel and H. H. Winter, “Determination of Discrete Relaxation and 

Retardation Time Spectra from Dynamic Mechanical Data,” Rheol. Acta, vol. 

28, no. 6, pp. 511–519, 1989. 

[49] H. Burton, J. Freij, and D. M. Espino, “Dynamic Viscoelasticity and Surface 

Properties of Porcine Left Anterior Descending Coronary Arteries,” Cardiovasc. 

Eng. Technol., vol. 8, no. 1, pp. 41–56, 2017. 

[50] M. T. Townsend, E. Alay, M. Skotak, and N. Chandra, “Effect of Tissue 

Material Properties in Blast Loading: Coupled Experimentation and Finite 

Element Simulation,” Ann. Biomed. Eng., vol. 47, no. 9, pp. 2019–2032, 2019. 

[51] T. Wu, A. Alshareef, J. S. Giudice, and M. B. Panzer, “Explicit Modeling of 

White Matter Axonal Fiber Tracts in a Finite Element Brain Model,” Ann. 

Biomed. Eng., vol. 47, no. 9, pp. 1908–1922, 2019. 

[52] F. A. Madouh and K. T. Ramesh, “The Influence of Shear Anisotropy in mTBI: 

A White Matter Constitutive Model,” Ann. Biomed. Eng., vol. 47, no. 9, pp. 

1960–1970, 2019. 

[53] J. A. W. van Dommelen, T. P. J. van der Sande, M. Hrapko, and G. W. M. 

Peters, “Mechanical properties of brain tissue by indentation: Interregional 

variation,” J. Mech. Behav. Biomed. Mater., vol. 3, no. 2, pp. 158–166, 2010. 

[54] G. Unnikrishnan et al., “A 3-D Rat Brain Model for Blast-Wave Exposure: 

Effects of Brain Vasculature and Material Properties,” Ann. Biomed. Eng., vol. 

47, no. 9, pp. 2033–2044, 2019. 

[55] D. Singh and D. Cronin, “Multi-Scale Modeling of Head Kinematics and Brain 

Tissue Response to Blast Exposure,” Ann. Biomed. Eng., vol. 47, no. 9, pp. 

1993–2004, 2019. 

[56] E. W. Vogel et al., “Direct Observation of Low Strain, High Rate Deformation of 

Cultured Brain Tissue During Primary Blast,” Ann. Biomed. Eng., vol. 48, no. 4, 

pp. 1196–1206, 2020. 

[57] W. Zhang, B. Cui, X. Gu, and Q. Dong, “Comparison of relaxation modulus 

converted from frequency- and time-dependent viscoelastic functions through 

numerical methods,” Appl. Sci., vol. 8, no. 12, 2018. 

 


