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NEUROMECHANICAL CHARACTERIZATION OF BRAIN 

DAMAGE IN RESPONSE TO HEAD IMPACT AND  

PATHOLOGICAL CHANGES 

Zolochevsky O. O., Martynenko O. V. 

 

Traumatic injuries to the central nervous system (brain and spinal cord) have received special attention 

because of their devastating socio-economical cost. Functional and morphological damage of brain is the most 

intricate phenomenon in the body. It is the major cause of disability and death. The paper involves 

constitutive modeling and computational investigations towards an understanding the mechanical and 

functional failure of brain due to the traumatic (head impact) and pathological (brain tumor) events within the 

framework of continuum damage mechanics of brain. Development of brain damage has been analyzed at the 

organ scale with the whole brain, tissue scale with white and gray tissue, and cellular scale with an individual 

neuron. The mechanisms of neurodamage growth have been specified in response to head impact and brain 

tumor. Swelling due to electrical activity of nervous cells under electrophysiological impairments, and 

elastoplastic deformation and creep under mechanical loading of the brain have been analyzed. The 

constitutive laws of neuromechanical behavior at large strains have been developed, and tension-compression 

asymmetry, as well as, initial anisotropy of brain tissue was taken into account. Implementation details of the 

integrated neuromechanical constitutive model including the Hodgkin-Huxley model for voltage into 

ABAQUS, ANSYS and in-house developed software have been considered in a form of the computer-based 

structural modeling tools for analyzing stress distributions over time in healthy and diseased brains, for 

neurodamage analysis and for lifetime predictions of diseased brains. The outcome of this analysis will be 

how the neuromechanical simulations applied to the head impact and brain tumor therapies may assist 

medical specialists with their decisions during planning and application of medical surgeries. 
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INTRODUCTION 

The functional state of the central nervous 

system (brain and spinal cord) is strongly 

dependent on adequate delivery of the main 

substrates, such as glucose and oxygen 

cerebral blood flow [1]. The decrease of these 

main substrates below a certain threshold for 

certain period of time may initiate destruction 

of the structural integrity of the brain. The 

upper level was termed as the flow threshold 

for failure of neuronal function while the 

lower level as the flow threshold for brain 

damage [1]. Thus, analysis to define the 

failure of neuronal function (total brain 

failure) requires the consideration of the 

damage accumulation in brain. In this way, 

determination of the flow threshold leads to 

the identification of the functional and 

morphological damage [1]. Studies to 

establish the threshold for the function of the 

whole brain are related to the consideration of 

the functional damage, as in the case of the 

traumatic brain injury. Traumatic brain injury 

results from a transfer of mechanical energy 

into the brain from traumatic events, such as 

head impact, rapid acceleration and 

deceleration in car accidents, or an explosive 

blast [2]. Morphological damage occurs when 

the consideration of the brain dysfunction 

exhibits the time dependence of process, as in 

the case pathological events due to brain 

tumor. As known [3], brain cancer is a very 

serious and dangerous disease because of 

their devastating socio-economical cost. 

The structural irreversible changes may be 
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found in the brain as the indicators of the 

functional and morphological damage. So, 

one of the main functions of tau proteins is to 

regulate the neuronal stability [4]. However, 

after head impact it is possible to see (Fig. 1) 

damage in a form of the aggregation of 

misfolded tau proteins around small blood 

vessels in the brain. The evolution of this 

damage over time is shown in Fig. 2 a, b, c 

and d. Damage initiates through the focal 

accumulation of tau protein tangles at the 

depth of cerebral sulci (Fig. 1 a) [4], and then 

misfolded tau proteins propagate to the 

closely surrounding cortex (Fig. 1 b). In the 

following stage (Fig. 1 c) protein misfolding 

is broadly spreads across the brain. Finally 

(Fig. 1 d), tau pathology affects the entire 

cerebral cortex and triggers brain atrophy, 

and total brain fracture occurs [4]. 

 

 

 

 

 

 

Fig. 1. Focal perivascular epicenter of neurofibrillary tangles in the frontal neocortex of post-

mortem brain affected by chronic traumatic encephalopathy [4] 

 

Fourier transform infrared (FTIR) spectra 

of RNA isolated from tumor brain (glioma) 

and DNA isolated from low-dose gamma-

irradiated epididymis cells of rats from the 

Chernobyl accident zone have been 

investigated in [5]. Observed changes in the 

FTIR spectra represent the damage in the 

primary, secondary and tertiary structure of 

nucleic acid. 

The importance of such discipline as 

biomechanics is well recognized as a 

foundation for further experimental and 

theoretical studies of bone [6, 7] and heart 

[8]. At present, biomechanics of the brain 

combined with neurophysiology 

(neuromechanics) is very multidisciplinary 

research area with a broad range of 

techniques, ranging from traditional mecha-

nical engineering techniques (mechanical 

testing, constitutive, mathematical, and 

computational modeling) to emerging 

imaging technique (magnetic resonance 

elastography) and biological (biophysical) 

techniques (atomic force microscopy, cellular 

patch clamp biophysics, and electrophy-

siology) [9]. However, during many years the 

brain had been largely neglected by 

biomechanics [10]. The first studies of the 

mechanical properties of the brain in the late 

1960s were motivated by the increasing 

number of traumatic brain injuries resulting 

from the car accidents. The first finite 

element models of the brain appeared in the 

early 1980s [11]. 
 

 

 

 

 

 

 

 

 

a                                 b                                     c                                      d 

Fig. 2. Four characteristic stages of chronic traumatic encephalopathy ranging from focal pathology 

in initial stages (a, b, and c) to widespread inclusions and neurites in final stage (d) [4]
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The human brain is a complex structure 

(Fig. 3) made up gray matter, white matter, 

blood vessels, membranes, fissures and voids 

surrounded by, or filled with, cerebrospinal 

fluid [12-14]. In other words, brain tissue is 

highly heterogeneous, and, as mentioned 

above, it includes white and gray matter. 

Gray matter regions contain mainly neurons, 

and white matter regions contain mainly 

axons. Axons are the protrusions of neurons, 

and they carry electrophysiological and 

chemical signals through the brain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3. A three-dimensional finite element model of the brain [12, 13] 

 

At present, modeling in brain 

neuromechanics has been developed on the 

organ scale with the whole brain (Fig. 4a), 

tissue scale with white and gray tissue 

(Fig. 4b), and cellular scale with an individual 

neuron (Fig. 4c) [15]. 

Most of the studies in brain 

neuromechanics are mainly focused on the 

brain response due to traumatic brain injury 

caused by head impact [16]. Starting since the 

model of Mendis [17], researchers are trying 

to employ nonlinear viscoelastic properties of 

brain at large strains. Differences in brain 

response due to frontal and lateral impacts 

were investigated in [18]. It was shown that 

shear stress in the brain was much higher in a 

lateral impact in comparison with a frontal 

impact. Finite element analyses with a human 

head/brain model are given in [19] using the 

LS-DYNA software and constitutive model 

of brain parenchyma taking account of strain 

rate dependency with initial anisotropy. In the 

following [20], the characteristic features in 

the unloading process of brain were 

introduced additionally into brain injury 

prediction. A geometrically detailed finite 

element head/brain model was proposed in 

[21]. These brain features considered in [21] 

are important to predict specific injuries such 

as brain contusions. 

The studies in [22] were conducted using 

a well-known nonlinear explicit dynamics 

finite element code LS-DYNA. In this way, 

four approaches for modeling the brain–skull 

interface were applied. Hence, the following 

brain–skull interface models were used, such 

as, direct representation of the brain 

meninges and cerebrospinal fluid, outer 

brain surface rigidly attached to the skull, 

frictionless sliding contact, and a layer of 

spring-type cohesive elements between the 

brain and skull. Also, four constitutive 

models for the brain tissue in the numerical 

simulations were considered, such as, neo-

Hookean hyperviscoelastic, Ogden 

hyperviscoelastic, Mooney-Rivlin hyper-

viscoelastic and linear viscoelastic models. 

The obtained results show that accurate 

prediction of risk of brain injury may require 

representation of the meninges and 

cerebrospinal fluid in the modeling, as well 

as, application of hyperviscoelastic 

(preferably Ogden-type) model for the brain. 

A wrong targeted mechanism may be 

selected to predict the risk of sustaining 

brain injuries upon impacts [11, 23]. Then, 

the model predictions may not represent the 
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true responses of the brain. Thus, researchers 

must utilize high-quality brain models and 

have complete understanding of the 

underlying injury mechanisms [11, 23]. 

 

 

 

 

 

 

 

 

 

(a)                                  (b)                                     (c) 

Fig. 4. Multiscale model of the human brain: organ level (a),  

gray and white matter tissue level (b) and cell (neuron) level (c) [15] 

 

 

The cerebrospinal fluid is one of the most 

challenging features to represent correctly in 

a finite element model of the brain and head. 

Currently, researchers often employ a solid 

element, Lagrangian mesh representation of 

the cerebrospinal fluid, sometimes achieving 

fluid-like responses through manipulation of 

material properties in modeling injuries [24]. 

The approach given in [24] presents 

combination of a hybrid smoothed particle 

hydrodynamics and finite element model. 

However, limitations of this framework make 

further study necessary in investigating the 

accuracy and effectiveness of this approach. 

A comprehensive review of the numerical 

methods implemented in 16 brain finite 

element models during impact was 

performed in [25]. A mechanics-based brain 

damage framework developed in [26] has 

been able to correlate chronic traumatic 

encephalopathy pathology in deceased 

National Football League players (USA) to 

the damage nucleation, growth and 

coalescence mechanisms within the brain 

tissue. 

Computational neuromechanical models 

may find also applications in modeling the 

development of structural diseases of the 

brain, for example, for computer simulation 

of brain deformation affected by tumor [27]. 

Such application for neurosurgical simulation 

and brain image registration was considered 

in detail in [28]. Computation of the brain 

shift in response to tumor growth was done. 

Hence, two constitutive models for the 

brain were considered, such as, neo–

Hookean hyperviscoelastic and Ogden 

hyperviscoelastic models. Recent review [29] 

presents experience accumulated during 23 

years for analyses of surgical simulation 

problems that involve large deformations, 

nonlinear brain properties and nonlinear 

boundary conditions. However, accurate 

computations of the displacement field only 

are given in [27–29]. Precise stress 

computation is not considered here. 

Additionally, the computational results are 

available to an operating surgeon in less than 

40 s. The computational monitoring in real 

time is important, but the long-term 

deformations of healthy and diseased brains 

were not analyzed in [27–29]. 

Simulation of a promising treatment 

approach for brain related to the long-lasting 

drug infusion process was considered in [30–

36]. This problem is well known as 

convection-enhanced drug delivery. In this 

way, drug infusion processes in brain tumor 

therapies were analyzed. The fluid phase of 

brain tissue was taken into account by using 

a biphasic constitutive model. Various 

constitutive relations of poroelasticity and 

poroviscoelasticity were developed. 

Transport of therapeutic agent in the brain 

was studied. Again, the long-term 

deformations of diseased brains, as well as, 

the evolution of stresses were not considered 

here. 

Although the short-term biomechanical 

behavior of diseased brains after infusion of a 

therapeutic agent into brain is impressive, the 

long-term characteristic features of brain after 
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drug delivery are still unknown. The finite 

element investigations related to the lifetime 

prediction studies after such treatment have 

not been published so far. 

Biomechanical behavior of healthy and 

diseased brains can be associated with the 

several load and time dependent phenomena, 

such as, elastoplastic deformation, creep 

deformation, swelling and damage growth. 

These phenomena can be investigated 

experimentally in healthy and diseased 

brains. 

MATERIALS AND METHODS 

Stress-Strain Diagrams. Mechanically, 

the brain tissue behaves identically to any 

other soft material in that it undergoes large 

deformation when subject to an external load. 

Mechanical properties of brain are studied on 

the samples in basic experiments, such as, 

compression, tension, shear and indentation. 

The Young's modulus and Poisson ratio of 

white matter are [37] E = 350 Pa and  = 

0.35, respectively. These values were 

obtained from experimental results for 

compression test on the calves brain 

specimens. Indentation tests of bovine brain 

tissue revealed that white matter is 

approximately one-third stiffer than gray 

matter [38], i.e., E = 1.895 kPa for white 

matter and E = 1.389 kPa for gray matter. 

Stress-strain diagrams for swine brain 

tissue in tension and compression [39] are 

given in Fig. 5 a, b for the two values of the 

strain rate. The specimens used in the 

experiments consisted of the white matter and 

grey matter. The measurement results 

indicate that brain tissue properties in tension 

are very different to those in compression. 

Furthermore, stresses are significantly higher 

in compression than in tension, i. e., brain 

tissue is stiffer in compression than in 

tension. Also, comparison of the experimental 

data with the Ogden-type model predictions 

has been shown in Fig. 5 a, b. Therefore, such 

model can be applied to finite element 

computations using ABAQUS, which 

contains built-in commands to model Ogden-

type hyperelasticity. 

 

Fig. 5. Experimental (solid line) versus theoretical (dashed line) stress-strain curves for brain tissue in 

tension and compression at strain rates: 
-1

s0.64  (a) and  
-12

s100.64
  (b) [39] 

 

The results given in Fig. 6 are obtained for 

porcine brain tissue tested in simple shear 

experiments [40]. Tests include loading, 

unloading and further loading in the opposite 

direction. It is clear (Fig. 6) that total strain in 

the brain tissue includes linear elastic part, 

nonlinear elastic part and plastic (permanent) 

part.

 
 
 
 
 
 
 
 
 
 

 
Fig. 6. Stress–strain response of brain tissue obtained during constant  

shear rate experiments at three different constant values of shear rates [40]
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Figure 7 a, b illustrates that human brain 

tissue in the field of large strains,  studied 

experimentally in [41], not only stiffens with 

increasing strain, but also with increasing 

strain rate, as well as, that white matter is 

stiffer than gray matter. This conclusion 

coincides with one given in [14]. Also, the 

brain tissue had been shown to deviate from 

linearity at strains greater than 0.3 %. Same 

remark was given in [10]. 

Using tension-compression and 

compression-tension tests it was found [42] 

that the human white matter is stiffer during 

loading than during unloading (Fig. 8 a, b). 

Additionally, white matter shows different 

behavior in tension and compression, and 

permanent (plastic) strain occurs in the 

process of deformation. Also, brain deforms 

similarly to filled rubber, and demonstrates 

Mullins effect and hysteresis under cyclic 

loading [42]. Brain deformation found during 

cyclic loading can be described by the 

Ogden-type model as well. The stiffness of 

axonal fibers is about 10 times higher than 

the brain matrix stiffness at 50 % stretch. 

The comparison of the experimental data 

in tension and compression (Figs. 5 and 8) 

shows the effect of the kind of stress state on 

the processes of deformation of the brain 

tissue. Thus, it is possible to conclude that the 

brain tissue belongs to the broad class of the 

materials with different behavior under 

tensile and compressive loading types [43–

48].

 

 

 

 

 

 

 

 

 

 

 

 

 
a                                                                                                b 

Fig. 7. Compression tests on human grey (a) and white matter (b) at three different  

constant values of strain rates, height of cylindrical specimens is 7 mm [41] 

 

 

 

a                                                                       b 

Fig. 8. Nominal stress versus uniaxial stretch response of tension-compression test (a)  

and compression- tension test (b) performed on prismatic specimens of human  

white matter [42]. Arrows indicate the loading direction 

 

As mechanical properties of brain tissue 

are becoming more accurately characterized, 

the pronounced anisotropy (rather as 

transverse isotropy) of white matter becomes 
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more apparent due to its oriented axonal 

tracts [49–55], while grey matter has been 

observed to be isotropic [55]. Thus, according 

to the experimental data given in [49–55] 

white matter belongs to the initially 

anisotropic materials with different behavior 

in tension and compression [56–62]. On the 

other hand, no influence of anisotropic nerve 

fiber distribution on the mechanical response 

of the brain tissue in shear, compression and 

tension was found in [63]. The general 

conclusion given in [63] is that the human 

brain tissue is nearly isotropic. 

Brain Creep. The most of the in vitro 

tests used in creep analysis of brain are 

compression creep tests, and stress relaxation 

tests in compression and shear [64]. The first 

in vitro brain creep tests were performed on 

mouse brain samples under compressive 

loading type [65]. The creep curves have two 

distinct regimes (primary and secondary) by 

analogy with the engineering materials 

(steels, cast irons, light alloys) at high 

temperatures. In the following, creep tests in 

compression, and stress relaxation tests in 

compression were performed on human and 

monkey brain [66]. The stress exponent in the 

Norton law was found to be one, and the 

creep strains in brain were small. 

Stress relaxation after compression in the 

field of large strains was studied 

experimentally in [41] on human white matter 

and gray matter. These experimental results 

are given in Fig. 9 a, b. Stress relaxation tests 

in [67] were performed after compression and 

shear on the specimens taken in four regions 

of human brain. The further research obtained 

on the ten tested human brain slices has been 

discussed in [68]. 

Brain tissue demonstrates different stress 

relaxation response after tension and 

compression [54, 69–71], and, therefore, it 

represents the broad class of the materials 

with different creep behavior under tensile 

and compressive loading types [72–79]. 

 

 

 

 

 

 

 

 

 

 

 

 
a                                                                     b 

Fig. 9. Stress relaxation tests on human grey (a) and white matter (b) at three  

different constant values of strain rates, height of cylindrical specimens is 7 mm [41] 

 

Brain Swelling. Brain swelling, or edema, 

occurs when there is an abnormal 

accumulation of water within the brain tissue 

[80, 81]. Edema is a significant cause of 

morbidity and death [82]. Therefore, current 

medical strategies aim to reduce brain 

swelling in order to maintain blood supply 

and retain cerebral metabolism [83]. As 

known [84–88], swelling is a characteristic 

feature of many materials with defects of the 

microstructure. The water transport in the 

brain, as well as, transport of therapeutic 

agent in the brain with tumor can be 

described under assumption of Fickian 

diffusion [89–92] or non-Fickian diffusion 

[93]. 

Experiments on rat brain slices were 

performed by Elkin et al. [94], and the 

volume of the slices was measured when 

brain swelling occurred. The value of this 

volume change was found to be about 75 %. 

It was proposed [94] that brain tissue swelling 

observed experimentally is caused by fluid 

moved from the ionic solution into the porous 

medium, i. e., by an accumulation of non-

permeating (electrically) neutral solutes 

within the tissue. 

However, in the experiments of Elkin et 

al. [94] brain swelling evolved over several 
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hours. This suggests that brain swelling under 

study is maybe related to the biological 

processes that determine the swelling rate, 

such as, the fixed negative charges in the 

brain due to macromolecules (proteoglycans 

and DNA) rather than physical processes, 

such as, the rate of movement of water [95, 

96]. 

Below brain swelling will be considered 

from the neuromechanical point of view. For 

this purpose, we start from the classical work 

by Hodgkin and Huxley [97] used the 

voltage-clamp technique to investigate the 

mechanisms for conduction of the nerve 

impulse and generation of the action potential 

in the squid giant axon. In this way, they 

developed their model known as Hodgkin-

Huxley model [97]. Action potential 

generation was caused by the unequal 

distribution of ions, particularly K , Na and 
Cl , across the single axon. It was found [97] 

that axon has a threshold for the initialization 

of the action potential of about −45 to −55 

mV. The geometry of the axon can be 

modeled as a cylinder (Fig. 10a) with a thin 

wall representing the axon membrane with a 

constant thickness. The Hodgkin-Huxley 

model was used to calculate the changes of 

voltage field during an electrophysiological 

pulse for unmyelinated axons and the Nodes 

of Ranvier of myelinated axons (Fig. 10b) 

[98].

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a                                                                     b 

Fig. 10. Representation of the axon in a local cylindrical coordinate system (a) with two  

scenarios for consideration (b): unmyelinated axons (1) and myelinated axons (2) [98] 

 

Initially, swelling of cell membranes 

associated with action potential was measured 

for squid giant axons [99–101] and HEK293 

cells [102, 103]. Then swelling of biological 

membranes has been observed experimentally 

in many neuronal and non-neuronal cells 

[104]. The review of these investigations can 

be found in [105]. 

Brain Damage. The neurodamage in 

brain is a naturally occurring event that 

appears at the reference state, at least, in a 

form of voids and fissures. In general, defects 

of brain microstructure can be classified as 

point, linear, planar (interfacial) and volume 

defects. In this regard, there are four distinct 

varieties of neurodamage in brain, 

respectively. These types of brain damage are 

distinguished by their morphology and 

location, as well as, the nature of the 

neurological and mechanical stimuli that 

cause them to form. 

From the continuum damage mechanics 

point of view [106–111], neurodamage 

decreases stiffness and strength of brain 

tissue, and eventually leads to collapse of 

whole brain. In this sense, neurodamage 

deteriorates the mechanical properties of 

brain. 

Two mechanisms of brain tissue damage 

have been discussed by Lang [96]. The first 

one is axonal stretch [112]. Thus, mechanical 

deformation can cause axonal stretch, hence, 

preventing the brain from functioning [96, 

112]. 

The second one is compression of 

capillaries leading to hypoxia and subsequent 

cell death [95]. In this case, brain damage 

will be tracked by the compressive stress 

within the tissue. 
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As an example, schematic of damage 

mechanisms [96, 113] by which local 

ischemia can cause the ischemic region to 

propagate through the brain is given in 

Fig. 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Schematic of the mechanism by which local edema and oxygen delivery  

can cause tissue damage to propagate through healthy brain tissue [96, 113] 

 

Recently, magnetic resonance 

elastography (MRE) has been widely applied 

to brain in order to determine whether local 

changes in mechanical properties might arise 

during development of cancer [114]. In this 

way, it was found (Fig. 12) that brain tumor 

from a patient with a meningioma is stiffer 

than the surrounding healthy tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Stiffening of meningioma as measured by MRE : CT image of the head (A),  

corresponding MRI (B) and corresponding MRE image (C) showing homogenous tumor  

with the stiffness greater than surrounding healthy tissue (in green) [114] 

 

Similarly, the stiffness of neuronal cells 

increases after treatment with amyloid-β 

protein, which is considered as the prime 

suspect for initiating the neuronal dysfunction 

in Alzheimer’s disease [115]. Thus, 

development of new approaches to find the 

relationship between brain cell architecture, 

infused drug, biological environment, 

mechano-electrophysiological loading, 

damage growth and damage repair in 

diseased brain could be an important area of 

focus in neuromechanics.  

Neuromechanics. Let  321 ,,ixi   denote 

coordinates of a material point in the initial 

(undeformed) configuration of the brain 

tissue, while iX  are its coordinates in the 

deformed (current) configuration at a given 

instant of time t   0t . Assume, for 

simplicity, that the initial configuration of the 

brain tissue and its current configuration are 

referred to the same coordinate 

frame  3,2,1ixi
. 

In the Lagrangian formulation of the 

neuromechanical model at large strains it is 

necessary to introduce the Cauchy-Green 

strain tensor as an important strain measure in 

the reference configuration of the brain tissue 

in the following form [116]: 
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 
jkikijjiij uuuu ,,,,5.0  , (1) 

where   iii xXt,x,x,xu 321  are the 

components of the displacement vector of the 

material points at time t  in directions 

321 x,x,x , respectively. It is not difficult to 

obtain the material time derivative of the 

Cauchy-Green strain tensor 

 3,2,1,,,5.0 ,,,,,, 











kjiuuuuuu ikjkjkikijjiij

  
 (2) 

where the dot above the symbol denotes a 

material time derivative. The rate of strain 

tensor in the current brain configuration can 

be defined as [116]:  


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


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(3) 

The connection between 


ij  and ijd  has a 

form [116]: 
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j

l

i

k
ij d

x

X

x

X
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






    (4) 

or 









 kl

j

l

i

k
ij

x

X

x

X
d  .   (5) 

Then the additive decomposition of the 

time derivative of the total Cauchy-Green 

strain tensor and of the rate of strain tensor 

acting on the current brain configuration to a 

linear elastic part, nonlinear elastic part, 

plastic part, creep part and swelling one may 

be postulated, respectively, in the following 

form: 
s

ij

c

ij

p

ij

ne

ij

e

ijij



    (6) 

and 
s

ij

c

ij

p

ij

ne

ij

e

ijij dddddd  . (7) 

The second Piola-Kirchhoff stress tensor 

ij  in the brain tissue can be expressed in 

term of the Cauchy stress tensor ij  such that 

[116] 
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
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and 

l

j

k

i
klij

x

X

x

X
J








   1 ,  (9) 

where J  is the Jacobian of deformation; F  is 

the matrix of the deformation gradients in the 

current configuration at time t ; FdetJ ; 

   321 ,,j,i,u
x

X
j,iij

j

i 















 F ; ij  is the 

Kronecker delta. 

Now we introduce objective stress rate, 

such as, the Truesdell derivative Tr
kl  of the 

Cauchy stress tensor which is essential in 

order to formulate the constitutive equations 

of the brain behavior in the rate form. Note 

also that the material time derivative of the 

Cauchy stress tensor kl , i.e. kl



 , is affected 

by rigid-body motions, and it is not objective 

(not frame-indifferent) [116]. The Truesdell 

derivative of the Cauchy stress tensor and the 

material derivative of the second Piola-

Kirchhoff stress tensor are connected by the 

relation [116]: 

l

j

k

i
klij

X

x

X

x
J











Tr ,  (10) 

which is similar to (8). Then the relation 

between Tr
kl  and e

ijd  will be accepted in such 

a form 

 s

rs

c

rs

p

rs

ne

rsrsklrskl dddddA  Tr . (11) 

Here 
klrsA  is the symmetrical tensor of the 

appropriate elastic constants. By substituting 

Eq. (11) into Eq. (10) and then taking into 

account Eq. (5) we obtain  
















 s

kl

c

kl

p

kl

ne

klklijklij A  , (12) 

where 

 321 ,,s,r,n,m
X

x

X

x

X

x

X

x
JAA

s

l

r

k

n

j

m

i
mnrsijkl 
















  .(13) 

It is not difficult to establish that condition 

klijijkl AA   of symmetry is valid. 

Considering brain tissue as the anisotropic 

material with different behavior in tension 

and compression, the connection between the 

kinematic tensor kle  in the current 

configuration and the Kirchhoff stress tensor 

klT can be written as follows [117-119]: 














 ij

klijkl
ij b

T

Ta
ee

2
0 .  (14) 

Here klkl JT  ; ijije eTTe 0 ; 

21 TTTe  ; ijijTbT 1 ; klijijkl TTaT 2
2 ; ijb and 

ijkla are the second order and fourth order 

material tensors;  1T  and 2
2T are the linear and 

quadratic joint invariants of the Kirchhoff 

stress and the material tensors; eT  is the 

equivalent Kirchhoff stress; 0e is the scalar 

function which depends on eT , as well as, 

some structural parameters and which 
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specifies for each physical state of the brain 

(nonlinear elasticity, plasticity, creep). 

In the case of the nonlinear elasticity, the 

kinematic tensor 
ne
klkl de  is the nonlinear 

elastic part of the rate of strain tensor in the 

current configuration, and it is necessary to 

specify 0e  as the function of eT and of some 

parameters affecting damage growth, 

deformation hardening and deformation 

softening in the brain under nonlinear elastic 

deformation. 

For plastic deformation of anisotropic 

brain tissue, the kinematic tensor 
p
klkl de   in 

Eq. (14) is the plastic part of the rate of strain 

tensor in the current configuration, and it is 

necessary to define the conditions when 
p
kld =0 in the cases of elastic deformation, of 

unloading or neutral loading, as well as, the 

condition of loading. 

Considering creep hardening with the 

measure q and creep damage development 

with damage parameter  for anisotropic 

brain tissue, it is possible to assume that the 

kinematic tensor 
c
klkl de   in Eq. (14) is the 

creep part of the rate of strain tensor in the 

current configuration, and the scalar 

multiplier in Eq. (14) can be defined as  
   
 m

e qTv
e








1
0 .   (15) 

Different examples on how to specify the 

functions  eTv ,  q and damage evolution 

equation for  are given in [109, 111]. 
Now, a number of comments need to be made 

in reference to the constitutive model given 

by Eqs. (12) and (14). First, using the spin 

tensor 



























i

j

j

i

ij
X

u

X

u
5.0

 
and the Jaumann stress derivative [116] 

rjirrjirijij 


 J
 instead of the 

Truesdell stress derivative in Eq. (11) does 

not provide satisfaction of the symmetry 

condition klijijkl AA  . Second, the tensor 

relationship defined by Eq. (14) was used in 

[120–127] for modeling of the biological 

tissues, however, without referencing sources 

[117–119]. Third, the present model reflects 

the characteristic features of the anisotropic 

bimodular materials [128, 129]. Finally, the 

model under discussion can be extended to 

the case of the anisotropic creep hardening 

under nonproportional loading according to 

the approaches [130, 131]. 

For orthotropic materials with coincidence 

of the coordinate axes with the principal 

directions of anisotropy Eq. (14) takes the 

following form [117–119]: 

 

 














 11

2

331133221122111111
011 b

T

TaTaTa
ee , 

2

121212
012 2

T

Ta
ee   (1, 2, 3).  (16) 

Here the symbol (1, 2, 3) means that the rest of the relations can be obtained from Eq. (16) by 

circular transposition of lower indexes 1, 2 and 3;  
2

232323

2

131313

2

121212332222333311113322111122

2

333333

2

222222

2

111111

2

2 444222 TaTaTaTTaTTaTTaTaTaTaT  , 

  3333222211111 TbTbTbT  .    (17) 

Further simplification of Eqs (16), (17) for orthotropic materials when the coordinate axes 

coincide with the principal directions of anisotropy is related to the following requirements [132, 

133] 
2

111111 aa  , 221111222 aaa  , 2

1222111212 34 aaaa   (1, 2, 3)   (18) 

using the six material parameters 11a , 22a , 33a , 12a , 23a and 13a . Then it is easy to obtain from Eqs. 

(16)–(18) the following tensor relationship [133] 

 





















 11

2

33331122221111

2

11

011
2

1

b
T

TaaTaaTa

ee , 
 

2

12

2

122211
012

3

2

1

T

Taaa
ee


   (1, 2, 3), (19) 

where 

22112211

2

33

2

33

2

22

2

22

2

11

2

11

2

2 TTaaTaTaTaT       2

13

2

133311

2

12

2

1222113322332233113311 33 TaaaTaaaTTaaTTaa  

  2

23

2

2333223 Taaa  . 
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Another possible simplification of Eqs (16), (17) for orthotropic materials with coincidence 

of the coordinate axes with the principal directions of anisotropy is related to the requirements 

,001111 HGa   

 ,2,2,2,,,,, 013130232301212011330223301122003333002222 MaLaNaGaFaHaFGaHFa   
based on the six material parameters

0G , ,0H 0F ,
0N , 0L and

0M . Then the equivalent Kirchhoff 

stress has a form 

      2

130

2

230

2

120

2

11330

2

33220

2

221101 222 TMTLTNTTGTTFTTHTTe  .  (20) 

Note that the expression given by Eq. (20) has been discussed recently in [134], however, without 

referencing sources [117–119]. 

In a particular case of the transverse isotropy of white matter with a single axis of symmetry 

1 the following equalities in Eqs. (16), (17) take place [135]  

3322 bb  , 33332222 aa  , 11331122 aa  , 13131212 aa  , 223323232222 2 aaa  . 

For gray matter tissue with the initial isotropy of mechanical properties it is necessary to 

accept in Eqs. (16), (17) the following conditions  

, , 333322221111332211 aaabbb   232313131212223311331122 , aaaaaa  , 112212121111 2 aaa  . 

The swelling part of the rate of strain tensor defined by Eq. (7) in the conditions of 

electrophysiological impairments of brain can be determined as [136, 137] 


 Vcd ij

s

ij .        (21) 

 

Here, V is the voltage across the nerve 

membrane, the material tensor ijc has to be 

introduced under assumption of orthotropy 

and coincidence of the coordinate axes with 

the principal directions of anisotropy, and, as 

earlier, the dot above the symbol denotes a 

material time derivative. Additionally, it is 

necessary to take into account that swelling is 

only relevant in the through-thickness 

direction of the nerve membrane, and zero in 

the longitudinal and circumferential 

directions [136]. The voltage across the 

membrane as a function of time can be found 

using the Hodgkin-Huxley model [97, 98, 

136, 137]. 

The axon can be considered as a cylinder 

(Fig. 10a) with a radius ranging from 0.05 to 

10 μm [138] and with a thickness about 3–4 

nm [98, 137]. Neuromechanical analysis of 

damage in a single axon can be performed 

using the models of a thin shell [56, 111, 

139–141] and a moderately thick shell [142, 

143], as well as, the 3D theory [144, 145]. 

The electrical and mechanical phenomena 

were considered simultaneously in a nerve 

bundle (Fig. 13) in order to understand the 

electrophysiological changes due to trauma 

[13, 136].The electro-thermal analogy in the 

finite element software ABAQUS was used. 

It was established numerically that at high 

impact speed, mechanical failure occurs at 

lower strain values in large unmyelinated 

bundles than in myelinated bundles or small 

unmyelinated bundles [13]. 

 

 

 

 

 

 

 

 

 

 
a                                                        b 

Fig. 13. 3D representation of the nerve bundle with four identical neurites:  

the isometric view (a) and the frontal view (b) [136] 
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Constitutive models implemented into 

ANSYS [84, 88, 92, 146] and ABAQUS 

[147, 148] give the possibility to predict the 

mechanical and functional failure of brain 

due to the traumatic (head impact) and 

pathological (brain tumor) events within the 

framework of continuum damage mechanics 

of brain. 

CONCLUSIONS 

Computer-implemented modeling 

systems, and methods for analyzing and 

predicting brain behavior can overcome many 

of the limitations of traditional surgery. 

Computer-integrated surgery systems can be 

used as a supporting tool for diagnosis and 

prognosis of brain disease, as well as, for 

surgical simulation and image-guided 

neurosurgery. 

The outcome of the computational 

analysis will be how the neuromechanical 

simulations applied to the head impact and 

brain tumor therapies may assist medical 

specialists with their decisions during 

planning and application of medical 

surgeries. 
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НЕЙРОМЕХАНІЧНА ХАРАКТЕРИСТИКА ПОШКОДЖЕННЯ МОЗКУ У ЗВ'ЯЗКУ З 

ТРАВМОЮ ГОЛОВИ ТА ПАТОЛОГІЧНИМИ ЗМІНАМИ 

Золочевський О. О., Мартиненко О. В. 

 

Травматичним пошкодженням центральної нервової системи (головного та спинного мозку) 

приділяється значна увага через їх руйнівні соціально-економічні наслідки. Функціональне та 

морфологічне ураження мозку – найскладніше явище в організмі. Це основна причина втрати 

працездатності та смерті. Стаття містить в собі конституційне моделювання і обчислювальні 

дослідження для розуміння механічного та функціонального руйнування мозку, викликаного 

травматичними (травма голови) та патологічними (пухлина головного мозку) явищами, в рамках 

континуальної механіки пошкоджень мозку. Розвиток пошкодження мозку проаналізовано на рівні 

органа (мозку), тканини (білої та сірої речовини), та клітини (окремого нейрону). Механізми росту 

нейропошкоджень були визначені у зв'язку з травмою голови та пухлиною мозку. Проаналізовано 

набряк внаслідок електричної активності нервових клітин при електрофізіологічних порушеннях, і 

пружнопластична деформація та повзучість при механічному навантаженні мозку. Розроблено 

конституційні закони нейромеханічної поведінки в умовах значних деформацій, враховано асиметрію 

розтягування-стиснення, а також початкову анізотропію мозкової тканини. Деталі щодо впровадження 

інтегрованої нейромеханічної конституційної моделі, включаючи модель Ходжкіна-Хакслі для 

напруги, в ABAQUS, ANSYS та внутрішньо розроблене програмне забезпечення, розглядалися у 

формі комп'ютерних інструментів структурного моделювання для аналізу розподілу механічної 

напруги за часом у мозку, як у здорових так і хворих, а також для аналізу нейропошкоджень та 

прогнозування життя пацієнтів з патологічними змінами мозку. Результатом аналізу буде те, як 

нейромеханічні комп'ютерні симуляції, застосовувані для моделювання травми  голови та терапії 

пухлини мозку, можуть допомогти медичним спеціалістам у прийнятті рішень під час планування та 

здійснення медичних операцій. 

КЛЮЧОВІ СЛОВА: пошкодження мозку, нейромеханіка, травма голови, пухлина мозку, 

моделювання, симуляція 
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НЕЙРОМЕХАНИЧЕСКАЯ ХАРАКТЕРИСТИКА ПОВРЕЖДЕНИЯ МОЗГА В СВЯЗИ С 

ТРАВМОЙ ГОЛОВЫ И ПАТОЛОГИЧЕСКИМИ ИЗМЕНЕНИЯМИ 

Золочевский А. А., Мартыненко А. В. 

 

Травматическим повреждениям центральной нервной системы (головного и спинного мозга) 

уделяется значительное внимание из-за их разрушительных социально-экономических последствий. 

Функциональное и морфологическое поражение мозга - самое сложное явление в организме. Это 

основная причина потери трудоспособности и смерти. Статья содержит в себе конституционное 

моделирование и вычислительные исследования для понимания механического и функционального 

разрушения мозга, вызванного травматическими (травма головы) и патологическими (опухоль 

головного мозга) явлениями, в рамках континуальной механики повреждений мозга. Развитие 

повреждения мозга проанализировано на уровне органа (мозга), ткани (белого и серого вещества), и 

клетки (отдельного нейрона). Механизмы роста нейроповреждений были определены в связи с 

травмой головы и опухолью мозга. Проанализированы распухание вследствие электрической 

активности нервных клеток при электрофизиологических нарушениях, и упругопластическое 
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деформирование и ползучесть при механическом нагружении мозга. Разработаны конституционные 

законы нейромеханичного поведения в условиях значительных деформаций, учтена асимметрия 

растяжению-сжатию, а также начальная анизотропия мозговой ткани. Детали по имплементации 

интегрированной нейромеханической конституционной модели, включая модель Ходжкина-Хаксли 

для напряжения, в ABAQUS, ANSYS и внутренне разработанное программное обеспечение, 

рассматривались в форме компьютерных инструментов структурного моделирования для анализа 

распределения механических напряжений по времени в мозге у здоровых и больных, а также для 

анализа нейроповреждений и прогнозирования жизни пациента с патологическими изменениями 

мозга. Результатом анализа является то, как нейромеханические компьютерные симуляции, 

применяемые для моделирования травмы головы и терапии опухоли мозга, могут помочь 

медицинским специалистам в принятии решений при планировании и осуществлении операций. 

КЛЮЧЕВЫЕ СЛОВА: повреждение мозга, нейромеханика, травма головы, опухоль мозга, 

моделирование, симуляция 
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