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Abstract Keywords 
Phenotypic changes in cells are observed in many 
essential cellular processes. They are driven by exter-
nal and internal stimuli of a biochemical and/or phys-
ical nature. To describe the mechanical behavior of 
cells under various loading conditions, numerous 
experimental methods are currently available. The 
primary difficulty in developing and investigating 
mathematical models using numerical simulation lies 
in several aspects. These include accounting for the 
evolution of the cell’s internal structure, which direct-
ly influences its mechanical behavior, accurately 
describing the structural mechanisms and formulat-
ing constitutive relations with internal variables. In 
this study, we have performed numerical simulation 
of the process of instantaneous loading of a cell fol-
lowed by a dwell using a statistical-thermodynamic 
model. The proposed model, formulated for small 
deformations, allows for the description of orienta-
tion mechanisms associated with actin filament be-
havior in a representative cell volume. Numerical 
results were compared with experimental data ob-
tained via quantitative phase microscopy of cancer 
cells under shear stress conditions. An optimization 
problem was solved using the Nelder — Mead meth-
od to identify the model parameters. The evolution 
of the profile of the cytoskeleton’s free energy is pre-
sented. The dependence of the potential barrier 
on the loading time was determined for different 
applied stress values 
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Introduction. A range of significant cellular processes, including those contrib-
uting to pathological disease development, is critically associated with changes in 
cell phenotype. These changes manifest as alterations in cellular structure, me-
chanical properties, and the nature of cell interactions with the extracellular envi-
ronment. For instance, epithelial-mesenchymal transition (EMT) leads to cell 
elongation, gene expression, reduced cell adhesion, and increased cell invasion, 
ultimately enabling mesenchymal cells to overcome dense layers of the extracel-
lular matrix [1–3]. This transition is unequivocally important for the migratory 
behavior of normal cells in the context of wound healing and internal organ for-
mation during human embryonic development [4, 5]. On the other hand, EMT 
mechanisms pose a significant challenge to the treatment of oncological diseases 
characterized by the metastasis of primary tumors to secondary sites [4, 6–8]. 
Phenotypic changes in cells are also observed in cancerous diseases and are ac-
companied by genetic mutations, cytoskeleton reorganization, and a reduction  
in the stiffness of cancer cells [9–11]. Ultimately, these factors determine the ab-
errant behavior of cancer cells, including uncontrolled proliferation, resistance  
to apoptosis, tumor initiation capacity, and metastatic potential [9, 12, 13]. 

Changes in cell phenotype are driven by a combination of external and in-
ternal stimuli, which can be biochemical and/or physical in nature. Mechanical 
forces are a key type of physical stimuli. These forces are generated by both ex-
ternal “passive” forces, which can originate from the surrounding environment, 
and internal “active” forces, driven by gene regulation and the reorganization of 
internal structures. Notable examples include experimental studies investigating 
the impact of mechanical stimuli on cell differentiation, such as cyclic stretching 
[14–16], cyclic compression [17], shear stress [18, 19], and microgravity [20–22]. 
In particular, [14] reports that cyclic stretching induces morphological and func-
tional changes in osteosarcoma cells: elongation, increased surface area and 
roughness, and enhanced motility. An additional study [16] demonstrates that 
cardiomyocytes subjected to cyclic stretching exhibit elongation, accompanied 
by cytoskeletal reorganization and displacement of the cell nucleus towards one 
pole. Similar morphological alterations are observed in cells under cyclic com-
pression. In [17] ovarian cancer cells were subjected to cyclic compression, lead-
ing to an increase in nuclear surface area and a reduction in cell circularity after 
recovery. A primary outcome of the structural changes was the appearance with 
disrupted actin structures in the cytoplasm, while highly stressed fibers were lo-
cated at the cell membrane. The research in [18] investigates the response of en-
dothelial cells to shear stress induced by laminar fluid flow, resulting in elonga-
tion and alignment of actin filaments with the flow direction, and an increase  
in cell cortical stiffness. The study in [19] argues that shear stresses initiated  
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by fluid flow promote breast cancer cell death and regulate tumor prolifera- 
tion, but facilitate migration and metastasis of surviving cancer cells, while also  
increasing their adhesion, invasion, plasticity, and cell growth. More detailed 
information regarding the influence of fluid shear stress on cellular responses 
can be found in review articles [23, 24]. Microgravity can also trigger phenotypic 
changes in cells. Study [20] revealed reversible morphological and functional 
changes in MCF-7 breast cancer cells under microgravity, which manifested as 
two distinct cell phenotypes exhibiting differing proliferation and apoptosis 
rates. Reduced proliferation, adhesion, and migration of renal progenitor cells 
under simulated microgravity conditions were observed in [21], which was asso-
ciated with disrupted F-actin cytoskeleton formation within the cells. A similar 
disorganization of the endothelial cell cytoskeleton exposed to weightlessness 
was reported in [22], accompanied by a decrease in the total number of actin 
filaments and microtubules. In addition to structural alterations, microgravity 
significantly reduced cell stiffness and viscosity and increased their circularity. 

Understanding the patterns of cell response to external stimuli is crucial for 
comprehending the causes and development of various diseases according to 
specific scenarios. Modern methods for studying cellular responses allow for 
measuring mechanical properties and observing cell structure at the nanometer 
and piconewton scales. Atomic force microscopy (AFM) is a widely used meth-
od for studying the mechanical sensitivity of living cells [25, 26]. The operational 
principle of AFM relies on detecting the interaction between a probe and the 
cellular surface. This enables not only the examination of the cell surface, but 
also the evaluation of the nature of this interaction and the measurement of cel-
lular mechanical properties with nanoscale sensitivity over a wide range of ap-
plied force. Quantitative phase microscopy (QPM) is another promising method 
for studying cell mechanics [27–29]. In contrast to AFM, QPM employs optical 
techniques to track cell dynamics, providing a non-invasive and contactless ap-
proach to biological monitoring. Furthermore, QPM allows for high-throughput 
analysis of cell populations, retaining nanoscale sensitivity. Other methods for 
studying cells include optical, acoustic, and magnetic tweezers, micropipette as-
piration, substrate straining, microelectromechanical systems, and ultrasound 
stimulation [30]. 

To predict the mechanical behavior of cells in response to various external 
stimuli, mathematical models are developed and investigated that reflect the 
fundamental principles governing intracellular processes. Viscoelastic constitu-
tive or structural-mechanical models represent the most significant class of 
models [31–34]. In these models, the viscoelastic behavior of cells is described 
using corresponding elastic (spring) and viscous (damper) elements connected 
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in series or parallel to form a single scheme. Each element within the scheme 
possesses its own material property parameter (Young’s or shear modulus, vis-
cosity) and should reflect the impact of individual components of the intracellu-
lar structure on the overall mechanical properties of the model. The model out-
comes depend on the number of elements in the scheme, the type of element 
connections, and the values assigned to the viscosity and Young’s (or shear) 
modulus parameters of the elements. Introducing a fractional element into the 
scheme leads to a nonlinear stress-strain relationship within power-law rheology 
models [35–39]. Varying the parameter of the fractional derivative (from 0 to 1) 
contributes to a change in the properties of the fractional element, enabling  
a transition from perfectly elastic to perfectly viscous behavior. Other classes  
of models also warrant consideration for describing cell mechanics, such as the 
soft glassy rheology model [40–44], a bio-chemo-mechanical model [45–48]. 

In the context of developing mathematical models, it is crucial to determine 
the mechanical properties of cells by considering the evolving internal structure, 
as this evolution directly affects cellular mechanical behavior. In the article [49], 
a statistical-thermodynamic model was developed to describe the mechanical 
properties of eukaryotic cells, considering orientation mechanisms related  
to actin filament ordering. The viscoelastic behavior of the cell is characterized 
by two elastic elements and one orientation element with a defined viscosity pa-
rameter of actin filament. It is worthwhile to validate these model representa-
tions using various types of mechanical experiments, such as an instantaneous 
loading protocol with a dwell, which can provide new insights into the evolution 
of the cell’s internal structure. This knowledge could be valuable for understand-
ing the fundamental basis of the development of pathological conditions. 

This study aims to simulate the process of instantaneous cell loading fol-
lowed by a dwell using the statistical-thermodynamic model, and to compare 
the simulation results with experimental quantitative phase microscopy data ob-
tained from cancer cell subjected to shear stress. The article is structured as fol-
lows. The article describes an experimental setup for applying shear stress  
o breast cancer cells. The experiment aims to measure cell deformation under 
shear stress using quantitative phase microscopy The article also describes  
a mathematical model that describes the mechanical behavior of cells under in-
stantaneous loading with a dwell. The article contains the main results of nu-
merical simulations at different values of the applied load. The article compares 
and analyzes the numerical and experimental results concerning cell loading. 

Quantitative phase microscopy for detecting cellular deformations. 
Quantitative phase microscopy presents a promising methodology for investi-
gating the morphology, dynamics, and mechanical properties of biological  
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objects, such as DNA, cells, viruses, and cell monolayers. QPM provides the abil-
ity to perform non-invasive quantitative measurements of intracellular struc-
tures using low-intensity illumination. High-speed image acquisition enables  
the capture of biological processes and live cell dynamics in real-time, giving 
QPM unique advantages compared to other methods. Quantitative phase  
microscopy allows for the registration of spatial distributions of local optical 
path difference (OPD), also known as local phase difference or phase delay,  
introduced by optically transparent micro-objects. 

Local OPD values of biological objects can be defined as  

 
2, ( , ) , ,cell mediax y n x y n d x y  

where  is the wavelength; celln  is the refractive index of the object; median   
is the refractive index of the surrounding medium; d is the cellular axial height. 
The optical capabilities of QPM allow for measuring phase delay at each point 
within a cell. Using this data, it is possible to calculate the object’s geometry and 
measure its mechanical properties. 

The study reported in [50] utilized QPM to investigate the mechanical 
properties of human colon, breast, lung, skin cancer cell lines. Shear stress gen-
erated by flowing surrounding medium was applied to cells adhered to the bot-
tom of a rectangular channel flow cell. Data on the measured shear stress  and 
phase delay ,x y  were used to determine the shear modulus of a representa-
tive volume of a cell. The strain associated with that region was calculated ac-
cording to the following algorithm. 

A series of phase images of a cell were obtained during exposure to a given 
shear stress. From these images, the coordinates of the center of mass were cal-
culated 
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Here , ,C C Cx y z  denote the coordinates of the center of mass of the cell’s phase 
image. The magnitude of the displacement vector of the cell’s phase image cen-
ter of mass was determined as 
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and cellular deformation was then estimated according to the relationship 
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where eh  is the cell height; n  is the refractive index difference between a cell 
and the surrounding medium;  indicates averaging. As shown in [50], the 
displacement primarily occurs along the x-axis, implying     ,C xr  where x  is 
the displacement of the center of mass along the x-axis. Assuming small defor-
mation, the shear modulus of a representative cell volume is calculated as fol-
lows: 

 .e
expr

hG
x  (1) 

As cells are inherently heterogeneous and anisotropic, it is important to 
emphasize that the measured shear modulus values were obtained exclusively 
for a representative volume of the cytoskeleton, based on the assumption of its 
homogeneity and isotropy. Figure 1 provides a schematic representation of the 
experiment involving the deformation of an adherent cell under shear stress. 

Fig. 1. Schematic representation of the experiment on the deformation  
of an adherent cell under the action of shear stress 

 
The experiments demonstrated a strong correlation between the shear modu-

lus and Young’s modulus values of a representative volume of the cytoskeleton, 
obtained using quantitative phase microscopy and atomic force microscopy, re-
spectively. Cell line samples were divided into three groups with different concen-
trations of an actin-depolymerizing toxin (0, 0.2, and 1 М). Shear moduli (see 
Eq. (1)) and Young’s moduli E were then determined using QPM and AFM. Spe-
cifically, at a zero concentration of the toxin, the average shear modulus values for 
cancer cells were 115 and 100 Pa, respectively. Assuming a Poisson’s ratio of 0.5 
for the cells, the relationship    3E G  was used to relate Young’s modulus and the 



 N.A. Knyazev, A.S. Nikityuk 

26  ISSN 1812-3368. Вестник МГТУ им. Н.Э. Баумана. Сер. Естественные науки. 2026. № 2 

shear modulus. It was observed that increasing the concentration of cytochalasin 
D led to a correlated decrease in both the shear modulus and Young’s modulus,  
as measured by different methods. This highlights the considerable significance 
and prospective utility of quantitative phase microscopy in the context of cell me-
chanical property measurements. Its non-invasive nature, leading to minimal dis-
ruption of biological processes and the absence of damaging effects, enable it to 
sensitively detect structural and dynamic changes within cells. 

These findings indicate that phase delay measurement techniques are prom-
ising tools for the investigation of the mechanics of living cells, taking into ac-
count their dynamically evolving internal structure. It is crucial, however,  
to have a model that directly accounts for the evolution of the internal structure. 
Therefore, the combination of QPM with such model representations has the 
potential to offer an effective approach for studying cell mechanical behavior, 
facilitating the development of new diagnostic tools and therapeutic strategies. 

Mathematical model of representative cell volume based on statistical 
thermodynamics. A nonlinear mathematical model, employing the principles 
of statistical physics and linear thermodynamics, is proposed in [49] for the de-
scription of the mechanical behavior of eukaryotic cells. The model is formulat-
ed for small deformations, enabling the tracking structural changes and ac-
counting for the influence of the evolving internal structure on the overall me-
chanical properties of the cell. A notable advantage of the model is the relatively 
small number of identifiable and verifiable parameters. Furthermore, numerical 
results from the model, describing deformation and stress relaxation processes 
in the cell, demonstrate good agreement with analogous results from fractional 
models.  

A key feature of the model is its description of the orientation properties of 
the cell. For the purposes of modeling the behavior of an individual actin fila-
ment segment in three dimensions, a “microscopic” tensor is introduced: 

 3 1 ,
4 3

s vv I  (2) 

where v is the unit vector along the segment axis; I is the unit tensor. In the tran-
sition to the macroscale, the tensor s is averaged over a small representative vol-
ume of the cell. The cell deformation tensor ,o  which reflects the orientation of 
the actin filaments, serves as a macroscopic order parameter and depends on the 
volume-averaged tensor s by the following expression: 

 1 1 ,
2 3o N Ns dd I  (3) 
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where N signifies the volumetric concentration of these segments within the rep-
resentative volume;  represents the volume of an actin filament segment; d de-
notes the unit vector defining the direction of the applied force on the cell.  
The anisotropy parameter  in (3) characterizes the degree of order of the seg-
ments within the representative volume: 

 23 1 .
2 3

v d  (4) 

The parameter  ranges from – 0.5 to 1, where  = – 0.5 corresponds to a per-
pendicular arrangement of vectors v with respect to d,  = 1 represents a parallel 
ordering of these vectors relative to d, and  = 0 indicates an isotropic spatial 
distribution of the vectors v. The resulting stress field acting on a single filament 
segment is then composed of external stresses o  and internal stresses associat-
ed with deformations o  during the remodeling of the actin cytoskeleton: 

 ,o oH  (5) 
where  is a parameter characterizing the stress field due to interactions between 
segments. Equation (5) allows for the determination of the orientation compo-
nent of the actin filament segment energy, taking into account the traceless na-
ture of tensors H and s: 

 : : .o oE H s s  (6) 

To establish different orientation states of a system with energy E, the Boltz-
mann — Gibbs distribution is used. Within this framework, each actin filament 
segment is considered a quasi-closed system — a part of a closed system, in 
which the energy of interaction with other parts of the system is negligible [51]. 
The probability W of a state of an individual subsystem, when the orientation 
component of energy takes the value E, is calculated using the relation: 

 

1

exp exp ,E EW E d  (7) 

where  is the effective temperature factor;  is the phase space of possible seg-
ment orientation. The deformation tensor ,o  which describes orientation ef-
fects within the entire system (representative volume of the cell), is determined 
by employing Eq. (7): 

 .o N Wds  (8) 
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Equations (2)–(8) form a closed system, which reduces to the self-
consistence equation. Under conditions of simple shear loading, the expressions 
for the deformations and stresses are given by 

 ,
2
o

o id di  1 ,
2 3
o

o dd I  (9) 

where ,o o  represent the magnitudes of the shear stress and orientational de-
formation, respectively; i is the unit vector along the normal to the plane  
of shear. Since the orientational deformation under shear loading is defined  
by a single value ,o  the one-dimensional form of the self-consistency Eq. (8) 
may be considered to simplify the determination of 2/o  from (9): 
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z z dz

z dz
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Here ,o o  are dimensionless scalar values corresponding to the non-zero 
components of the tensors o  and o  in the one-dimensional case; z is the pro-
jection of the filament segment orientation vector onto the shear direction 
(   · ),z v d  (/ .)o  The derivation of Eq. (10) also involved the non-
dimensionalization of the model parameters ,s Ns  ,o o  )/(o o  
(dimensionless quantities are indicated by prime). 

A substitution 1  o o o  allows the self-consistency Eq. (10) to be ex-
pressed as a functional dependence .( )o  An approximation for the inverse 
relationship ( )o  takes the form 

 
260 123 200 76 250 114 200

.
0.124 0.1677 0.2067 0.0882

o o o

o o o o
 (11) 

This relation was obtained through an analytical solution of Eq. (10). Expres-
sions (10), (11) provide a pathway to determining the nonlinear function ( ),ow  
responsible for the orientation effects within the model: 

 1 ,o o o o o
o

Fw  (12) 

where ) / ,(F F  with F representing the Helmholtz free energy. In terms  
of the thermodynamic potential ( ) ( ),o o o o oF  Eq. (12) is trans-
formed into 
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 1 .o o o o
o

 

In addition to the description of the orientation properties of actin fila-
ments, the proposed statistical-thermodynamic model reflects the viscoelastic 
characteristics of other structural components of the cell. To model the proper-
ties of structural elements and determine the relationship between them, the 
representative volume of the cell is represented by a structural-mechanical ana-
logue, allowing for an adequate description of the behavioral characteristics  
of the representative volume. The scheme of the model consists of an elastic el-
ement, responsible for the reversible deformation of the entire system, and  
a Maxwell-type element, connected in parallel. The Maxwell-type element,  
in turn, comprises a series connection of an elastic element and an orientation 
element, characterizing the elastic and orientation properties of actin filament 
segments within the cell, respectively. The transition from Young’s moduli  
to shear moduli rG  and eG  is achieved through the following relation 3 ,E G  
derived from the relationship for an isotropic elastic material with 0.5,v  anal-
ogous to the work presented in [52]. 

The constitutive relation for the proposed model was obtained by solving 
the system of evolutionary equations for the cell’s representative volume, utiliz-
ing the framework of linear thermodynamics. The system satisfies the thermo-
dynamic principles. The thermodynamic potential F was assumed to be a func-
tion of the parameters , ,e o  and T, thus depending on elastic ,e o  
orientation ,o  and thermal (T) effects. Throughout the development of the 
system, Onsager’s theorem was also applied, and a hypothesis of a linear rela-
tionship between thermodynamic forces and fluxes was proposed. The final 
form of the constitutive relation on the one-dimensional case under simple 
shear, neglecting large temperature gradient changes and non-local effects, is 
given by 

 3 ,
3

o r e
o r o

e e

v d G G dv G w
G dt G dt

 (13) 

where ov  is the viscosity coefficient of the orientation element; , erG G  are the 
shear moduli of the elastic elements;  is the shear stress;  is the shear strain. 
Equation (13) exhibits a strong resemblance to the constitutive relation of the 
standard linear solid viscoelastic model [53], with the exception of the nonlinear 
term ( ),ow  which describe the orientation properties within the cell’s repre-
sentative volume. In the numerical experiment involving instantaneous loading 
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with a dwell the shear stresses remain constant; therefore, the resulting form  
of the constitutive relation is 

 1 .e
r o

o r e

d G G w
dt v G G

 (14) 

The viscosity coefficient of the orientation element in (14) is calculated us-
ing the following expression: 3 exp ,o e ov G  where o  is the period  
of the natural oscillations of the actin filament segments;  is the magnitude 
of the potential barrier that the system must overcome to orient all segments 
within the cell’s representative volume in a specific direction. 

In this manner, the addition of initial conditions to Eq. (14) yields a closed 
system that enables the simulation of the response of the cell’s representative 
volume to an applied shear deformation. 

Numerical simulation of adherent cell deformation under shear loading. 
To evaluate the relevance of the proposed mathematical model of the cell, a se-
ries of numerical experiments simulating the loading process of the cell’s repre-
sentative volume were conducted. The presence of unknown parameters in the 
model necessitated a distinct stage of work to identify and verify these parame-
ters using experimental data [50] acquired under conditions of instantaneous 
loading followed by a dwell. 

Figure 2 presents a comparison of experimental and numerical results for the 
change in total strain over time at various shear stress values. The numerical re-
sults exhibit good agreement with the experimental data in both linear (Fig. 2, a) 
and logarithmic (Fig. 2, b) scales. For quantitative comparison, the maximum 
relative error was calculated for each numerical solution using the following for-
mula: 

 1,

( )max 100 %,
expr num
i i

expri n i
W x

 (15) 

where exp ,r num
i i  denote the experimental and numerical values of the total 

deformation at time ,it  respectively. The vector of identifiable model parame-
ters x in (15) consists of five components: the shear moduli , ,erG G  the orienta-
tion property parameters of the cell  and , and the period of the natural oscil-
lations of the actin filament segments .o  These parameters were determined by 
solving an optimization problem, specifically minimizing the functional 

 
2

1

( ) min.
expr numn
i i

expr
i i

S x  
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Fig. 2. Experimental (black dots) and numerical (red solid lines)  
plots illustrating the dependence of total deformation on time,  

shown in linear (a) and logarithmic (b) scales 
 
Maximum relative error of numerical solutions with characteristic shear 

stress , Pa, following: 

   0.633 0.4521 0.2713 0.0904 
W, %  .............................   10.7   12.5      6    5.3 

 
As a result, the values of the parameters , , , ,r e oG G  were computed for 

each curve corresponding to a specific shear stress  (with  assumed to be 
310 ,Bk J  where Bk  is the Boltzmann constant). The mean value and the stand-
ard deviation of these parameters, based on four curves, are presented below: 

Gr, Pa  .......................................   3.44 ± 0.83 
Ge, MPa  ...................................   12.7 ± 4.6 

, Pa  ........................................    0.9 ± 0.49 
, m3  ........................................   (7.45 ± 3.59) · 10–19 
o, s  ..........................................   (4.74 ± 1.76) · 10–7 

The value of the total deformation ε at the unloading point demonstrates  
a linear dependence on the magnitude of the applied stress in the model (Fig. 3). 
This indicates that the cells indeed exhibit linear viscoelastic properties, and the 
assumption of small deformations is adequate. 

Using the identified model parameters corresponding to the curve with  
a shear stress of  = 0.633 Pa (see Fig. 2), graphical representations of the total 
deformation o e  and its components o  and e  as a function of the 
loading time were constructed (Fig. 4, a). The figure shows that the orientation 
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component of deformation o  closely 
approaches the magnitude of the total 
deformation  throughout the entire 
loading period, while its elastic compo-
nent e  remains negligibly small. 

Fig. 3. Total deformation at unloading 
versus applied stress (red dots) and its 
linear approximation (black solid line) 

 

Analogous plots showing the total stress o r  and its components 
,o  r  are presented in Fig. 4, b. The stress components ,o  r  mutually 

compensate to maintain the total stress  constant at 0.633 Pa throughout the 
loading period. 

Fig. 4. Dependence of deformations , o, e (a) and stresses , o, r (b)  
on loading time 

 
A distinctive feature of the statistical-thermodynamics model of the cell, de-

fining its potential, it the ability to analyze the orientation process of the cyto-
skeleton filament segments. Figure 5, a illustrates the profiles and instantaneous 
values of free energy, used to calculate the viscosity of the orientation element in 
the model, at times t = 0, 0.4, and 5 s. The instantaneous value of  is deter-
mined both by the magnitude of the stress ,o  affecting the profile curve’s 
shape, and by the deformation ,o  defining a specific point on that curve. As the 
loading time increases, the stress o  decreases (see Fig. 4, b), which is accompa-
nied by a decrease in the slope of the profile. A longer loading period also leads 
to growth in the deformation ,o  which influences the movement of the point 
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characterizing the instantaneous value of the thermodynamic potential  in the 
positive direction. 

Fig. 5. Profiles and instantaneous values of the thermodynamic potential   
at times t = 0, 0.4 and 5 s (а), potential barrier height as a function of loading time  

for different applied stress levels (b) 
 
The dependence of the potential barrier height  on the loading time for 

various values of the applied stress is depicted in Fig. 5, b. The energy barrier 
height continuously rises with lengthening loading time. Increasing the applied 
stress σ greatly affects the significant quantitative changes in .  Specifically, 
during the initial loading phase, the magnitude of the potential barrier  de-
creases with increasing σ, thereby facilitating the transition of the system between 
various states. At  = 0.0904 Pa, a sharp rise in the potential barrier height is ob-
served, followed by a negligible subsequent growth throughout the loading period. 

Discussion. This study investigates the mechanical response of cells under 
instantaneous loading followed by a dwell, using a statistical-thermodynamic 
model that incorporates the orientation properties of the cell cytoskeleton.  
The development of new methods and mathematical models for studying cell 
function at different stages of human life is driven by the necessity of accounting 
for alterations in cell structural features to determine their physical and bio-
chemical properties. To describe the mechanical behavior of cells, a theoretical 
approach was employed, based on self-consistent field methods and quasi-
equilibrium thermodynamics. The sufficiency of the numerical results was eval-
uated through comparison with experimental data derived from an investigation 
of the mechanical properties of cells using QPM under shear stress. 

A fundamental aspect of the cell model in this study is the description of the 
viscoelastic properties of filament segments and their collective behavior within 



 N.A. Knyazev, A.S. Nikityuk 

34  ISSN 1812-3368. Вестник МГТУ им. Н.Э. Баумана. Сер. Естественные науки. 2026. № 2 

a representative volume, as well as the interactions between these components. 
The structural-mechanical scheme and the constitutive relation of the model 
exhibit a significant similarity to those of the standard linear solid model [53].  
A distinctive feature of the considered model is its nonlinearity, which is at-
tributed to the necessity of accounting for the mechanism of inelastic defor-
mation associated with the orientation of actin filament segments. To describe 
orientation effects, an order parameter was introduced into the model, analo-
gous to the approach in [54], where orientation mechanisms were considered in 
the context of rigid polymer. The calculation of the orientation element’s vis-
cosity involves a continuous spectrum of stress relaxation, which changes dy-
namically and depends on the structural parameters. This allows for the descrip-
tion of multiple relaxation processes in cells and significantly reduces the num-
ber of model parameters. 

Numerical modeling was performed to simulate the process of instantane-
ous loading of a representative cell volume followed by a dwell. Creep behavior 
was observed under the specified loading conditions. The model parameters 
were identified based in experiments [50]. A comparison of the numerical and 
experimental data for shear strain as a function of loading time showed good 
agreement in both linear and logarithmic scales. The maximum relative error for 
the stress levels 0.633, 0.4521, 0.2713, and 0.0904 Pa was 10.7, 12.5, 6, and 5.3 %, 
respectively. The mean value and standard deviation for each model parameter 
were then calculated using the four curve sets.  

An analysis was performed to define how the deformation at unloading de-
pends on the magnitude of the applied shear stress within the model. A linear 
relationship between these parameters was confirmed, indicating a linear viscoe-
lastic behavior and agreeing well with the assumption of small deformations  
in the model. The time-dependent behavior of the strains , ,o  and e  and 
stresses , ,o  and r  was illustrated graphically. Numerical simulations per-
formed at  = 0.633 Pa revealed a significant contribution of the orientation 
strain component o  to the total strain . The extremely small deformation e  
arises from the large elastic modulus eG  of the Maxwell-type element, suggest-
ing that the orientation mechanism dominates over the elastic mechanism  
in describing the deformation of actin filaments in the model. The analysis of 
the time-dependent stress profiles ( ), ( ),ot t  and ( )r t  confirmed that the 
total stress remained constant. Profiles and instantaneous values of the thermo-
dynamic potential , depending on the parameters o  and ,o  were illustrated 
at various time points. The variation in  during loading result from both the 
transformation of the profile curve’s shape and the movement of the point, rep-
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resenting the instantaneous value of , along the specified curve. The barrier 
height ,  calculated from the shape of the free energy profile, continuously 
increases throughout the loading process. Variations in the magnitude of the 
applied external shear stress have a significant impact on the value of .  

The presented mathematical model of the cell allows for the description  
of purely mechanical effects on the cell cytoskeleton, which constitutes a limita-
tion of the model. To understand native morphological and functional changes 
in cells during various cellular processes, it is necessary to consider the influence 
of biochemical and physical (non-mechanical) stimuli. Furthermore, the current 
model primarily focuses on the deformation mechanisms of actin filament seg-
ments within the cell, while the role of other structural elements in the cells me-
chanical response remains unclear. This highlights a potential direction for fur-
ther model development by incorporating other mechanisms and their carriers, 
such as Ca2+ ion diffusion (responsible for actin filament polymerization and 
depolymerization), other chemical signals, microtubules, intermediate filaments, 
the plasma membrane, or the nucleus. This incorporation can be achieved  
by defining appropriate internal variables and constitutive relations for them. 

Conclusion. A numerical simulation was performed to investigate the re-
sponse of a cell to instantaneous loading followed by a dwell, utilizing a statisti-
cal-thermodynamic model that incorporates the orientational properties of the 
cell’s cytoskeleton. The model parameters were identified, demonstrating strong 
concordance between numerical and experimental data in both linear and loga-
rithmic scales. A linear relationship was confirmed between deformation at un-
loading and the magnitude of the applied shear stress, indicating a linearly vis-
coelastic deformation behavior. The temporal evolution of deformations ,  ,o  

,e  and stresses , ,o r  was plotted, revealing a creep phenomenon under the 
specified loading conditions. The variation of the potential  and the barrier 
height  with respect to parameters ,o  ,o  and  was demonstrated. 
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