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1. Introduction 
 

One of the components of cytoskeleton is the 

microfilaments (MFs) also known as the actin filaments, are 

the polymers of protein actin within the cytoplasm of the 

cell. The cytoskeleton, in fact the network of protein fibers 

that extend within the whole cell by giving structure and 

shape to the cell, also keeping the organelles in their proper 

places (Wayne 2009). MFs are the smallest cytoskeletal 

components having the role of movements, contractions of 

muscles and the division of cell (Gunning et al. 2015). 

Structurally, MFs are composed of two constituents of 

protein actin subunits twisted in a coiled shape. Precisely, 

the protein actin subunits that are the basic units or building 

block of MFs are known as the globular actin or G-actin, 

once they joined together to form filamentous actin or F-

actin (Pieper et al. 2013, Sadegh et al. 2017). 

MFs are polar in nature like MTs with plus and minus 

ends. The plus end is barbed end while the negative end is 

pointed. Polarization, caused by the molecular binding 

pattern of the molecules that are the structural units of MFs. 

Similar to MTs, plus end grows faster than the minus end 

(Dickinson and Purich 2007). The diameter of MFs is the 

thinnest of all the cytoskeletal components, about 6 to 7 

nanometers (Fuchs and Cleveland 1998). MFs are formed, 

when the three G-actin joined together to form a trimer. 
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After that, more actin are fixed to the plus end (Dickinson et 

al. 2002). This process is known as the self-assembly and is 

supported by the proteins known as the autoclampin 

proteins that act as motors for the process of making MFs 

(Gervasi et al. 2018, Gokhin and Fowler 2016). The two 

long strands of actin protein are arranged in a spiral to form 

MFs (Dickinson et al. 2004). 

Cytoskeleton of almost all types of cells, a basic unit of 

living organisms, consists of three major components: 

microtubules (MTs), microfilaments (MFs) and intermediate 

filaments (IFs), biochemically composed of proteins 

subunits (Alberts et al. 2013). IFs are of rod shaped with 

diameter 10 nm which is intermediate of MTs and MFs 

diameters which are 12 nm and 7 nm respectively, and 

persistence lengths of IFs is varied in the range of a few 

hundred nm to few 𝜇𝑚 (Mofrad 2006, Franke et al. 1978, 

Herrmann et al. 2007). The rope like structure of IFs 

formed by extended 45 𝑛𝑚 and thin 2 − 3 𝑛𝑚 rod-like 

dimmers (Strelkov et al. 2003) provides the strength and 

shape to cytoskeleton along with other components (Chang 

et al. 2004). The most important function of MFs is to 

contract the muscles therefore the concentrations of MFs in 

the muscle’s cell is high where they form the myofibrils 

which are the basic building block of muscle cell. Actin 

protein is a vital protein for the movement of muscle and 

the MFs are also called actin filaments as the actin proteins 

are the most prominent in the muscular system of the body. 

In the cells of muscle, actin units work with protein myosin 

and allow the muscle to contract and relax (Galland et al. 

2013).   
Neither actin nor myosin work properly without each 

other and they jointly form a complex called actomyosin 
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(Dickinson and Purich 2006). This actomyosin are found in 

sarcomeres which is the basic unit of muscle tissue 

(Akintewe et al. 2017). The subunit of IFs is dimmeric fiber 

protein which has both amino-terminal and carboxy-

terminal globular on each monomer, and a central area is a 

α-helical coiled-coiled and rather stiff enough. Smallest unit 

of IFs observed in cytoplasm is, a tetramer of two such 

subunits, leaning head to tail (Wang et al. 2001). This 

position of tetramer keeps it indistinguishable on both ends 

and therefore non-polarized in nature (Qin et al. 2009), 

(Hanukoglu et al. 2014). IFs units line up with their long 

axis and width is determined by cross link of the dimmers 

and association and dissociation of these dimmers occurs all 

along their length (Crewther et al. 1983, Green et al. 1992). 

IFs are of different kinds known as vimentin, desmin, glial 

fribrillary acid protein (GFAP) and neurofilaments 

(Bornheim et al. 2008, Hanukoglu and  Fuchs, 1983), 

some are specialized to particular cell types such as neuro-

filaments are found particularly in neurons and some are 

expressed in variety of cells as vimentin is found in almost 

all cell types. Under these conditions, IFs are just like to 

buckle, but still there are no theoretical studies on buckling 

of IFs. IFs organize themselves in such a way that can 

provide mechanical stability to plasma membrane where it 

comes into contact with other cells or with the extracellular 

matrix (Fletcher and Mullins 2010). They also provide 

support to mechanically stressed cells such as muscle cells, 

neurons and some epithelial cells and also provide integrity 

to the entire cytoskeleton by organizing in rope like 

structure (Potschka et al. 1990, Wang et al. 2001). They are 

often most developed in areas of the cell which are 

subjected to regular mechanical stress by the extracellular 

environment. They can also provide support for the (MFs) 

and (MTs) which are more fragile and are connected to both 

of the other types of cytoskeletal fibres by plakin proteins. 

IFs are necessary for stretching in epithelial cells (Gittes et 

al. 1993). Under such circumstances, the IFs are just like to 

be buckle. But to date, there are no studies on buckling of 

these filaments. (Ackbarow et al. 2007) found these 

properties at molecular level. Later, in (Qin et al. 2009) an 

atomistic model is used for vimentin intermediate filament 

to measure mechanical stress, under tensile loading at 

nanolevel and found that stretching causes the transition 

from alpha-helices to beta-sheets, a phenomenon known as 

alpha–beta transition. IFs are semi-flexible biopolymers as 

their persistence length is rather short as compared to MTs 

and MFs which varies from 7 μm to several mm (Block et 

al. 2015) while for IFs, it ranges from few hundred nm to 

few μm. Thus, they are one order of magnitude more 

flexible than MFs. Furthermore, (Ramm et al. 2014) both 

experimentally and theoretically analyzed vimentin IFs for 

the folding and stability properties and observed that their 

physical and mechanical properties have a distinct 

dependence on the diameter/width which shows that due to 

large ratio of surface area to volume at nanoscale, the 

surface effects may affect their physical and mechanical 

properties (Guzman et al. 2006). Experimentally, the 

surface effects on nanomaterials have been discussed by 

using atomic force microscopy AFM and found that these 

effects have profound effects on elastic properties of 

nanowires due to large diameter. Theoretically, the size 

dependence of the stretching, bending and buckling 

behavior of such nanosized structural elements has been 

investigated. Akbaş (2018a) investigated the forced 

vibration responses of a cantilever nanobeam with crack for 

modified couple stress theory with damping effect. The 

crack is modeled with a rotational spring. The Kelvin–Voigt 

model is considered in the damping effect. In solution of the 

dynamic problem, finite element method is used within 

Timoshenko beam theory in the time domain. Influences of 

the geometry, crack and material parameters on forced 

vibration responses of cracked nanobeams were examined 

and discussed.  

Benmansour et al. (2019a) analyzed the dynamic and 

bending behaviors of isolated protein microtubules. 

Microtubules (MTs) can be considered as bio-composite 

structures that are elements of the cytoskeleton in 

eukaryotic cells and posses considerable roles in cellular 

activities. They have higher mechanical characteristics such 

as superior flexibility and stiffness. Besides the above types, 

the main type of IFs is nuclear lamins in eukaryotic cells 

which is responsible for nuclear shape and structure and 

protects microorganisms inside the nuclear envelop 

(Gruenbaum et al. 2005), providing the attachment site for 

chromosomes but do break down during mitosis cell 

division (Ishikawa et al. 1968, Soltys et al. 1992, Osada et 

al. 2016, Goldman et al. 1996, Gittes et al. 1993). 

Organization of IFs and their involvement with plasma 

membranes suggests that their main function is to give 

shape and structure to the cell and perhaps the most 

important function is to provide mechanical support for the 

plasma membrane where it gets in touch with other cells or 

with extracellular matrix (Fuchs et al. 1994, Blobe et al. 

2000). IFs can be considered as internal guy ropes that 

support the whole cytoskeleton. They are abundant in the 

most developed areas of the cell and are subjected to usual 

automatic pressure by the extracellular surroundings. IFs 

also provide support to MFs and MTs which can easily be 

broken and are connected to both types of cytoskeletal 

fibrous by plakin proteins. IFs are essential for stretching in 

epithelial cells (Ackbarow et al. 2007). Akbaş (2018b) 

composed the static bending of an edge cracked cantilever 

nanobeam of functionally graded material (FGM) subjected 

to transversal point load at the free end based on modified 

couple stress theory. Material properties of the beam change 

in the height direction according to exponential 

distributions. The cracked nanobeam is modelled using a 

proper modification of the classical cracked-beam theory 

consisting of two sub-nanobeams connected through a 

massless elastic rotational spring. The inclusion of an 

additional material parameter enables the new beam model 

to capture the size effect. The new non-classical beam 

model reduces to the classical beam model when the length 

scale parameter is set to zero. Civalek et al. (2010) 

formulated the equations of motion and bending of Euler-

Bernoulli beam using the nonlocal elasticity theory for 

cantilever microtubules (MTs). The method of differential 

quadrature (DQ) has been used for numerical modeling. 

The size effect is taken into consideration using the 

Eringen’s non-local elasticity theory. Before, in strain 

hardening and viscoelasticity at IFs level are checked and 

confirmed that these phenomena occur at molecular level 

16



 

Bending behavior of microfilaments in living cell with nonlocal effects 

and firm association of dimmers provides high tensile 

strength to these filaments making sure the cell unity 

preventing the sharp crack of epithelial cell under tensile 

force by improving its resistance to compressive, twisting, 

stretching and bending forces which stabilize the extended 

axons of nerve cells as well as line the inside face of the 

nuclear envelope where they help harness and protect the 

cell’s DNA (Lee et al. 2012, Goldman et al. 2012, Fudge et 

al. 2003). Akbaş (2017) presented the stability analysis of a 

non-homogeneous plate wit porosity effect. Material 

properties of the plate vary in the thickness direction and 

depend on the porosity. In the solution of the problem, the 

Generalized Differential Quadrature method is used. In 

the porosity model, uniform porosity distribution is 

considered. The effects of the porosity and material 

distribution parameters on the critical buckling of the non-

homogeneous plate are investigated. In another study (Gao 

et al. 2009) tensile properties of IFs are measured 

experimentally. As it was observed earlier, IFs are rigid and 

give support to both nuclear and cell membrane so there is a 

natural question that whether IFs may buckle while 

performing various functions. But still there is no 

theoretical work has been done to study the buckling 

behaviors of IFs. MFs also play role in the movement of the 

cell and this happens in all over the body and is important 

especially in an organism with entire body consists of only 

one cell, such as amoeba. Without MFs amoeba would not 

be motile. Actomyosins also play the same role as they play 

in the muscle cells. For the movement of cell, one end of 

MFs elongate while the other end must be shorten and at the 

same time myosin acts as a motor to make all this happen 

(Mullins et al. 1998). Abouelregal et al. (2021) established 

the influence of thermal conductivity on the dynamics of a 

rotating nanobeam in the context of nonlocal thermo-

elasticity theory. To this end, the governing equations are 

derived using generalized heat conduction including phase 

lags on the basis of the Euler–Bernoulli beam theory. The 

thermal conductivity of the proposed model linearly 

changes with temperature and the considered nanobeam is 

excited with a variable harmonic heat source and exposed to 

a time-dependent load with exponential decay. 
Akbaş (2017a, b) investigated the free vibration analysis 

of edge cracked cantilever microscale beams composed of 
functionally graded material (FGM) based on the modified 
couple stress theory (MCST). The material properties of the 

beam are assumed to change in the height direction 
according to the exponential distribution. The FG nano-
beam is excited by a transverse triangular force impulse 
modulated by a harmonic motion. Mechanical properties of 
FG beam depends on the position. The Kelvin-Voigt model 
is considered in the damping effect. In solution of the 

dynamic problem, finite element method is used within 
Timoshenko beam theory. Considering the IFs as rod like as 
its structure suggests, here in the present article our aim is 
to explore the buckling behavior of IFs by using the Euler 
Bernoulli beam and Timoshenko beam theories. We also 
checked the effect of surface on critical buckling force 

because of Ramm et al. (2014) analyzed both experimentally 
and theoretically vimentin IFs for the folding and stability 
properties and observed that their physical and mechanical 
properties have a distinct dependence on the diameter/width 

which shows that due to large ratio of surface area to 
volume at nanoscale, the surface effects may affect their 
physical and mechanical properties (Guzman et al. 2006).  
Experimentally, the surface effects on nanomaterials have 

been discussed by using atomic force microscopy AFM and 
found that these surfaces have profound effects on elastic 
properties of nanowires due to large diameter (Cuenot et al. 
2004). Sae-Long presented a new analytical bar-substrate 
model for the analysis of an isotropic and homogeneous 
nanowire embedded in an elastic substrate. A fourth-order 

strain gradient model based on a thermodynamic approach 
is employed to represent the small-scale effect (nonlocal 
effect) while the Gurtin-Murdoch continuum model based 
on the surface elastic theory is used to account for the size-
dependent effect (surface energy effect). 

Koochi and Goharimanesh (2021) investigated the 

nonlinear oscillation of carbon nanotube manufactured 

nano-resonator. The governing equation of the nano-

resonator is extracted in the context of the nonlocal 

elasticity. The impact of the Casimir force is also 

incorporated in the developed model. A closed-form 

solution based on the energy balance method is presented 

for investigating the oscillations of the nano-resonator. 

Sedighi et al. (2020) studied the hybrid nanotubes 

composed of carbon and boron-nitride nanotubes have 

manifested as innovative building blocks to exploit the 

exceptional features of both structures simultaneously. On 

the other hand, by mixing with other types of materials, the 

fabrication of relatively large nanotubes would be feasible 

in the case of macroscale applications. Ouakad et al. (2020) 

studied the effects of material properties, nonlocal 

parameter, Lorentz and electric forces on maximum static 

deflections and natural frequencies of actuated hybrid 

carbon/boron-nitride nanotubes (CBNNT) subjected to 

thermal loads are studied for the first time. The displacement 

field of the nanotube satisfies assumptions of the Bernoulli-

Euler beam theory. The Green-Lagrange small strains and 

moderate rotations for geometric nonlinearity of the 

nanotube are taken into consideration. Sedighi and Malikan 

(2020) investigated the stress-driven nonlocal theory of 

elasticity, in its differential form, is applied to investigate 

the nonlinear vibrational characteristics of a hetero-

nanotube in magneto-thermal environment with the help of 

finite element method. In order to more precisely deal with 

the dynamic behavior of size-dependent nanotubes, a two-

node beam element with six degrees-of freedom including 

the nodal values of the deflection, slope and curvature is 

introduced. 

Theoretically in (Wang et al. 2009), the size dependence 

of the stretching bending and buckling behavior of such 

nanosized structural elements has been investigated. The 

nano mechanical properties of vimentin IFs dimers are 

investigated in (Qin et al. 2009, 2012) along with related 

deformation mechanisms. He employed an atomistic model 

of human vimentin dimer and carried out molecular 

dynamics simulations to estimate its reaction to mechanical 

stress under tensile loading. Miller and Shenoy observed the 

size dependence of stretching and bending behavior of such 

nano-sized structural elements.  

In cytoplasmic streaming, MFs also play role which is 

the flow of cytoplasm in the whole cell. It also allows the 
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waste products, nutrients and cell organelles to move from 

one part of the cell to others. MFs can also attach to the 

organelles of the cell and then helps in contractions, pulling 

of the cell organelles. MFs also participated in cell division 

during mitosis and in the process of cytokinesis and 

separate the cell into two daughter cells. In cytokinesis, a 

ring of actin protein forms a ring around the cell that is 

separating and then myosin proteins pull on the actin 

protein and the cell to contract. The size of the ring gets 

narrower around the cell and dragging the cell membrane 

with it until it separates into two cells. After all these 

process, MFs get depolymerize causing the ring to 

dissemble when it is no longer required (Rudan et al. 2015, 

Xu et al. 2013). 

As discussed above the role of MFs is very important 

within the cell like other filamentous, MTs and IFs. Many 

researchers have worked on the dynamics of these 

filaments. The dynamics of MTs and IFs are affected by the 

induction of nonlocal parameters (Civalek and Demir 2011, 

Miller et al. 2000).  

 Recently some researcher used different methods for 

nonlinear modeling (Tohidi et al. 2018, Arefi and Zenkour, 

2017, Araniet al. 2018, Krommer et al. 2016, Yeh 2016) and 

for other structures (Boussoula et al. 2020, AlSaleh and 

Fuggini, 2020, Lee et al. 2019, Zahrai and Kakouei 2019, 

Poplawski et al. 2019). Recently some researcher used 

different methods for nonlinear modeling (Eltaher et al. 

2019, Ebrahimi et al. 2019, Safaei et al. 2019, Shahsavari et 

al. 2019, Benmansour et al. 2019b). 

Mehar and Panda (2016a, b) computed the vibration 

behavior, bending and dynamic response of FG reinforced 

CNT using shear deformation theory and finite element 

method. For the sake of generality, the mathematical model 

was presented with the mixture of Green Lagrange method. 

The convergence of these methodologies has been checked 

for the variety of results. The composite plates with 

different graded was investigated with isotropic and core 

phase.  

The nonlocal theory of elasticity was pioneered by 

Eringen in 1972 (Eringen 1972a). According to this theory, 

the strain on the particular point is not only the function of 

stress acting on that point but also the function of the points 

in the neighborhood of that point. The results obtained by 

the applications of this theory are very near to the actual 

experimental verifications (Eringen 1984, Lazar et al. 2006, 

Lim et al. 2015, Zhang et al. 2005). Bending of protein 

MTs is also discussed in 2011 by (Civalek and Demir 2011) 

by using Euler Bernoulli beam theory (EBT) with nonlocal 

parametric effects. Inspired by the successful applications 

of EBT with nonlocal parametric effects on the dynamics of 

MTs, in the present study we investigated the bending and 

buckling of MFs by coupling the nonlocal effects. 
 

 

2. Materials and methods 
 
2.1 Euler beam theory 
 
The structure of MF is like solid rods. Therefore Euler-

Bernoulli’s theory also termed as a linear theory of elastics 
can be used to calculate the bending deflection, bending 

moment, and bending MF in homogenous loads 
(Timoshenko 1953). It is a particular example of 
Timoshenko beam theory, originally used and implemented 
on large scale in the late nineteenth century before the 
construction of the Eiffel Tower and the Ferris Wheel 
(Truesdell 1960, 1890). After those successful 
demonstrations, this is the cornerstone of technology. In the 
present study, we used this theory to calculate the bending 
and buckling of MF after the successful application of this 
theory in the study of the dynamics of proteins MTs and IFs 
(Domagala et al. 1986, Li 2008, Safeer et al. 2021). The 
mechanical properties of MFs that are used to study the 
bending, buckling, and persistent length, are 𝐿 = 6 × 10−6𝑚, 
radius, 𝑟 = 3.5 × 10−9𝑚 , modulus of rigidity, 𝐸𝐼 =
2.5 × 10−26𝑁𝑚2  and young’s modulus, 𝐸 = 2 × 109𝑃𝑎 
(Mofrad and Kamm 2006). 

 

 

3. Mathematical formulations for the problem 
 
3.1 Nonlocal constitutive relations 

 

According to Eringen (Eringen 1972b, Reddy and  

Pang 2008), the nonlocal stress tensor 𝜏 is given by the 

relation, 

𝜏 = ∮ 𝜅(|𝑥′ − 𝑥|, 𝑡)𝑇(𝑥′)𝑑𝑥′ (1) 

𝑇  is called the classical tensor at the point 𝑥  and 

𝜅(|𝑥′ − 𝑥|, 𝑡) represents the nonlocal modulus in which 

|𝑥′ − 𝑥|  is the distance, 𝑡  is a material constant that 

depends upon the internal and external characteristics 

lengths. The stress 𝑇 and the strain tensor 𝜀 are related by 

the relation, 

𝑇(𝑥) = 𝐶(𝑥): 𝜀(𝑥) (2) 

𝑪(𝒙) is the fourth order elasticity tensor, : denotes the 

double dot product. The equivalent differential form of (1) 

and (2) is, 

(1 − 𝑡2𝐿𝑒
2∇2) ∗ 𝜏 = 𝑇, 𝑡 =

𝑒0𝐿𝑖

𝐿𝑒
 (3) 

𝑒0 is the material constant, 𝐿𝑖 and 𝐿𝑒 are the internal 

and external characteristics of the material respectively. 

 

3.2 Stress resultants in nonlocal theories 
 

Using (3), we can write the stress resultants for nonlocal 

Euler Bernoulli beam theory as, 

𝜏𝑥𝑥 − 𝜇 ∗ 𝜏𝑥𝑥
′′ = 𝐸 ∗ 𝜀𝑥𝑥 , 

𝜏𝑥𝑧 − 𝜇 ∗ 𝜏𝑥𝑧
′′ = 2 ∗ 𝐺 ∗ 𝜀𝑥𝑧  (𝜇 = 𝑒0

2 ∗ 𝐿𝑖
2) 

(3a) 

where E is the young’s modulus and G is the shear modulus. 

In all the theories, the relation between axial force F and 

strain 𝜀 is given by, 

𝐹 − 𝜇𝐹′′ = 𝐸 ∗ 𝐴 ∗ 𝜀𝑥𝑥
0 , 𝜀𝑥𝑥

0 = 𝑢′ (4) 

where 𝑢 is the axial displacement. The displacement field 

for EBT is, 

𝑢1 = 𝑢 − 𝑧 ∗ 𝑤′′,  𝑢2 = 0,     𝑢3 = 𝑤 (5) 
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𝑤 is the transverse displacement of the point (𝑥, 0) on 

the middle plane of the filament. 

 

3.3 Governing equations for MFs 
 

The governing equations for MFs along with the 

nonlocal parametric effects are, 

𝑀 = −𝐸∗ ∗ 𝑤′′ + 𝜇 ∗ [(𝐹 ∗ 𝑤′)′ − 𝑞 + 𝑚0 ∗ 𝑤̈ − 𝑚2

∗ 𝑤̈′′ (6) 

(−𝐸∗ ∗ 𝑤′′)′′ + 𝜇 ∗ ((𝐹 ∗ 𝑤′)′ − 𝑞 + 𝑚0 ∗ 𝑤̈ − 𝑚2

∗ 𝑤̈′′)′′ = 𝑚0 ∗ 𝑤̈ − 𝑚2 ∗ 𝑤̈′′ (7) 

where, 

]𝐸∗ = 𝐸𝐼, 𝑤̈ =
𝜕2𝑤

𝜕𝑡2 , 𝑤′′ =
𝜕2𝑤

𝜕𝑥2 , 𝑚0 = ∮ 𝜌𝑑𝐴 , 𝑚2 = ∮ 𝜌𝑧2𝑑𝐴 

BC’s, involving specifying one variable of each of the 

following three pairs at 𝑥 = 0 and 𝑥 = 𝐿: 

𝑢 or 𝐹,  𝑤 or 𝑀′ and 𝑤′ or 𝑀 (8) 

The moment’s equation for Euler Bernoulli Beam is: 

𝑀 − 𝜇 ∗ 𝑀′′ = 𝐸∗ ∗ 𝑘 

𝑘 = −𝑤′′ 
(9) 

The symbols, 𝐴 and 𝐼 are: 

𝐴 = ∮ 𝑑𝐴 , 𝐼 = ∮ 𝑧2𝑑𝐴 (10) 

Eqs., (6) and (7) are valid for all nonlocal beam theories. 

Equation of motion of conventional EBT can be obtained 

by setting, 𝜇 = 0 in (6). The natural BC’S at the ends of 

MFs, 𝑥 = 0, 𝐿 are specified as: 

𝐹̅ − 𝐸 ∗ 𝐴 ∗ 𝑢′ − 𝜇 ∗ (𝑚0 ∗ 𝑢̈′ − 𝑓′) = 0 (11) 

𝑉̅ − 𝑚2 ∗ 𝑤̈′ + 𝐹 ∗ 𝑤′ + (𝐸∗ ∗ 𝑤′′)′ − 𝜇 

∗ (
(𝐹 ∗ 𝑤′)′ − 𝑞 + 𝑚0 ∗ 𝑤̈

−𝑚2 ∗ 𝑤̈′′ + 𝑞 − (𝐹 ∗ 𝑤′)′) = 0 
(12) 

−𝑀̅ − 𝐸∗ ∗ 𝑤′′ + 𝜇 ∗ (
(𝐹 ∗ 𝑤′)′ − 𝑞

+𝑚0 ∗ 𝑤̈ − 𝑚2 ∗ 𝑤̈′′) = 0 (13) 

Note that Eq. (12) is satisfied if the beam is fixed at the 

ends 𝑥 = 0 and 𝑥 = 𝑙. If the bar is fixed at the ends, the 

axial displacement and shear strain will be zero at each end 

(Rao 2019), thus 

𝑢(0, 𝑡) = 0, 𝑢(𝑙, 𝑡) = 0,
𝑑2𝑢(0, 𝑡)

𝑑𝑥2
= 0,

𝑑2𝑢(𝑙, 𝑡)

𝑑𝑥2
= 0 (13) 

where 𝐹̅, 𝑉̅, 𝑀̅ are the specified generalized forces. 
 

 

4. Results and discussions 
 
4.1 Bending solutions 
 

We consider MFs are isotropic and the geometric 

properties are same throughout the filament (Reddy 2006). 

We set here the nonlinear terms and time derivative to be 

zero, 𝑓 = 0 and take the distributed transverse load to be 

arbitrary, i.e., 𝑞(𝑥) = 𝑞. 
The equation for bending is, 

(−𝐸∗ ∗ 𝑤′′)′′ − 𝜇 ∗ 𝑞′′ + 𝑞 = 0 (14) 

On integrating the equation (14), it reduces to, 

𝑄 + 𝐸∗ ∗ 𝑤′′′ + 𝑞0 ∗ 𝑥 + 𝐾1 = 0 (15) 

𝑀 − 𝐸∗ ∗ 𝑤′′ − 𝜇 ∗ 𝑞0 + 𝑞0 ∗
𝑥2

2
+ 𝐾1 ∗ 𝑥 + 𝐾2 = 0 (16) 

𝐸∗ ∗ 𝑤′ + 𝜇 ∗ 𝑞0 ∗ 𝑥 − 𝑞0 ∗
𝑥3

6
 

−𝐾1 ∗
𝑥2

2
− 𝐾2 ∗ 𝑥 − 𝐾3 = 0 

(17) 

𝐸∗ ∗ 𝑤 + 𝜇 ∗ 𝑞0 ∗
𝑥2

2
− 𝜇 ∗ 𝑞0 ∗

𝑥4

24
 

−𝐾1 ∗
𝑥3

6
− 𝐾2 ∗

𝑥2

2
− 𝐾3 ∗ 𝑥 − 𝐾4 = 0 

(18) 

𝐾1 − 𝐾4 , are constants which can be determined by 

using the boundary conditions for uniformly distributed 

load of intensity, 𝑞 = 𝑞0. 

The deflection and bending moment are calculated by 

using the four different boundary conditions, (i). MFs are 

simply supported at both the ends, (ii). The edges of MFs 

are clamped at the ends, (iii). The case of cantilever, (iv). 

The case of propped cantilever of MFs. 

(i). when MFs are considered as simply supported, the 

boundary conditions are, 𝑤 = 0, 𝑀 = −𝐸∗ ∗ 𝑤′′ − 𝜇 ∗
𝑞0,  at 𝑥 = 0  𝑎𝑛𝑑  𝑥 = 𝐿. (ii). When both the edges are 

clamped at both the ends at 𝑥 = 0 𝑎𝑛𝑑 𝑥 = 𝐿 , the 

boundary conditions are, 𝑤 = 0, 𝑤′ = 0.  (iii). For 

cantilever case, 𝑤 = 0, 𝑤′ = 0 𝑎𝑡 𝑥 = 0  and 𝑉 = 𝑀 =
0 𝑎𝑡 𝑥 = 𝐿 . (iv). For the case of propped cantilever 

boundary conditions, 𝑤 = 0, 𝑤′ = 0 𝑎𝑡 𝑥 = 0  and  𝑤 =
𝑀 = 0 𝑎𝑡 𝑥 = 𝐿. 

By using all these conditions, deflection and bending 

moment of IFs are calculated as, 

(i). MFs are simply supported at both the ends, 

𝑤(𝑥) =
𝑞0 ∗ 𝐿4

24 ∗ 𝐸∗ [(
𝑥

𝐿
)

4

− 2 (
𝑥

𝐿
)

3

+ (
𝑥

𝐿
)] 

+
𝜇̅ ∗ 𝑞0∗𝐿4

2 ∗ 𝐸∗ [(
𝑥

𝐿
) − (

𝑥

𝐿
)

2

] 

(19) 

𝑀(𝑥) = −
𝑞0 ∗ 𝐿2

2
[(

𝑥

𝐿
)

2

− (
𝑥

𝐿
)] (20) 

(ii). The edges of MFs are clamped at the ends, 

𝑤(𝑥) =
𝑞0 ∗ 𝐿4

24 ∗ 𝐸∗ [(
𝑥

𝐿
)

4

− 2 (
𝑥

𝐿
)

3

+ (
𝑥

𝐿
)

2

] (21) 

𝑀(𝑥) = −
𝑞0 ∗ 𝐿2

12
[1 − 6 (

𝑥

𝐿
) + 6 (

𝑥

𝐿
)

2

] − 𝜇̅ ∗ 𝑞0 ∗ 𝐿2 (22) 

(iii). For cantilever case, 

𝑤(𝑥) =
𝑞0 ∗ 𝐿4

24 ∗ 𝐸∗ [(
𝑥

𝐿
)

4

− 4 (
𝑥

𝐿
)

3

+ 6 (
𝑥

𝐿
)

2

]

−
𝜇̅ ∗ 𝑞0 ∗ 𝐿4

2 ∗ 𝐸∗
(

𝑥

𝐿
)

2

 
(23) 
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Fig. 1 Effect of bending with simply supported case 

 

 

Fig. 2 Effect of bending with clamped case 

 

 

𝑀(𝑥) =
𝑞0 ∗ 𝐿2

2
[1 − (

𝑥

𝐿
)]

2

 (24) 

(iv). For the case of propped cantilever, 

𝑤(𝑥) =
𝑞0 ∗ 𝐿4

48 ∗ 𝐸∗
[2 (

𝑥

𝐿
)

4

− 5 (
𝑥

𝐿
)

3

+ 3 (
𝑥

𝐿
)

2

] (25) 

𝑀(𝑥) = −
𝑞0 ∗ 𝐿2

24
[3 − 15 (

𝑥

𝐿
) + 12 (

𝑥

𝐿
)

2

] − 𝜇̅ ∗ 𝑞0 ∗ 𝐿2 (26) 

where, 𝜇̅ =
𝜇

𝐿2 

Figs. 1-4 shows the bending behavior of microfilaments 

with four different conditions. When filaments are 

considered as simply supported bean then the effects of 𝜇 

is on the bending deflection of filaments and does not affect 

the bending moment as shown in Fig. 1. In Fig. 2, when 

MFs are clamped at the ends then the bending moment is 

affected by 𝜇 instead of bending deflections. In Fig. 3 for 

cantilever case, again the bending deflection of MFs are  

 

Fig. 3 Effect of bending with cantilever case 

 

 

Fig. 4 Effect of bending with propped cantilever case 

  

 

affected by 𝜇 and bending moment is free from 𝜇. In Fig. 

4, for propped cantilever beam, the effects of 𝜇 is on the 

bending moment of MFs and bending deflection is free 

from 𝜇. 

 
 
5. Conclusions 

 

Euler Bernoulli beam theory is used here to study the 

bending of MFs by considering the nonlocal parametric 

effects, 𝜇. It is found that the impact of nonlocal parameter 

on bending of MFs is not ignorable and it affects the 

dynamics of the filaments. The four BC’S are used to study 

the dynamics of MFs and it is found that, 

• When filaments are considered as simply supported 

bean then the effects of 𝜇 is on the bending deflection of 

filaments and does not affect the bending moment. 

• In second case when MFs are clamped at the ends then 

the bending moment is affected by 𝜇 instead of bending 
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deflections. 

• In the third case (cantilever case), again the bending 

deflection of MFs are affected by 𝜇 and bending moment 

is free from 𝜇. 

• In fourth case as propped cantilever beam, the effects 

of 𝜇  is on the bending moment of MFs and bending 

deflection is free from 𝜇. 

The graphical results show that the bending behavior of 

MFs is different when the effects of 𝜇 is considered. 

 
 
Acknowledgment 
 

This study is supported via funding from Prince Satam 

bin Abdulaziz University project number (PSAU/2023/R/ 

1444) 

 
 
References  

 
Abouelregal, A.E., Mohammad-Sedighi, H., Faghidian, S.A. and 

Shirazi, A.H. (2021), “Temperature-dependent physical 

characteristics of the rotating nonlocal nanobeams subject to a 

varying heat source and a dynamic load”, Facta Univ. Series 

Mech. Eng., 19(4), 633-656.  

https://doi.org/10.22190/FUME201222024A 

Ackbarow, T., Chen, X., Keten, S., and  Buehler, M. J. (2007), “ 

Hierarchies, multiple energy barriers, and robustness govern the 

fracture mechanics of α-helical and β-sheet protein domains”,  

Proceedings of the National Academy of Sciences, 104(42), 

16410-16415. https://doi.org/10.1073/pnas.0705759104  

Akbaş Ş.D. (2017a), “Free vibration of edge cracked functionally 

graded microscale beams based on the modified couple stress 

theory”, Int. J. Struct. Stabil. Dyn., 17(3), 1750033.  

https://doi.org/10.21923/jesd.553328 

Akbaş, Ş.D. (2016a), “Forced vibration analysis of viscoelastic 

nanobeams embedded in an elastic medium”, Smart Struct. 

Syst., 18(6), 1125-1143.  

https://doi.org/10.12989/sss.2016.18.6.1125 

Akbaş, Ş.D. (2016b), “Analytical solutions for static bending of 

edge cracked micro beams”, Struct. Eng. Mech., 59(3), 579-599.  

https://doi.org/10.12989/SEM.2016.59.3.579 

Akbaş, Ş.D. (2017b), “Forced vibration analysis of functionally 

graded nanobeams”, Int. J. Appl. Mech., 9(7), 1750100.  

https://doi.org/10.1142/S1758825117501009 

Akintewe, O.O., Roberts, E.G., Rim, N.G., Ferguson, M.A. and  

Wong, J.Y. (2017), “Design approaches to myocardial and 

vascular tissue engineering”, Annual Rev. Biomed. Eng., 19, 

389-414.   

https://doi.org/10.1146/annurev-bioeng-071516-044641 

Alberts, B., Bray, D., Hopkin, K., Johnson, A. D., Lewis, J., Raff, 

M., Roberts, K and Walter, P. (2013), Essential Cell Biology, 

Garland Science. 

AlSaleh, R.J. and Fuggini, C. (2020), “Combining GPS and 

accelerometers’ records to capture torsional response of 

cylindrical tower”, Smart Struct. Syst., 25(1), 111.   

https://doi.org/10.12989/sss.2020.25.1.111. 

Arani, A.G., Kolahchi, R. and Esmailpour, M. (2016), “Nonlinear 

vibration analysis of piezoelectric plates reinforced with carbon 

nanotubes using DQM”, Smart Struct Syst, 18, 787-800.  

http://doi.org/10.12989/sss.2016.18.4.787 

Arefi, M. and Zenkour, A. M. (2017), “Nonlinear and linear 

thermo-elastic analyses of a functionally graded spherical shell 

using the Lagrange strain tensor”, Smart Struct Syst, 19, 33-38.  

https://doi.org/10.12989/sss.2017.19.1.033 

Benmansour, D.L., Kaci, A., Bousahla, A.A., Heireche, H., Tounsi, 

A., Alwabli, A.S., Alhebshi, A.M., Al-ghmady, K. and 

Mahmoud, S.R. (2019), “The nano scale bending and dynamic 

properties of isolated protein microtubules based on modified 

strain gradient theory”, Adv. Nano Res., 7(6), 443. 213840154 

Blobe, G.C., Schiemann, W.P. and Lodish, H.F. (2000), “Role of 

transforming growth factor β in human disease”, New England 

J. Med., 342(18), 1350-1358.  

https://doi.org/10.1056/NEJM200005043421807 

Block, J., Schroeder, V., Pawelzyk, P., Willenbacher, N. and 

Köster, S. (2015), “Physical properties of cytoplasmic 

intermediate filaments”, Biochimica et Biophysica Acta Mol. 

Cell Res., 1853, 3053-3064.  

https://doi.org/10.1016/j.bbamcr.2015.05.009. 

Bornheim, R., Müller, M., Reuter, U., Herrmann, H., Büssow, H. 

and  Magin, T.M. (2008), “A dominant vimentin mutant 

upregulates Hsp70 and the activity of the ubiquitin-proteasome 

system, and causes posterior cataracts in transgenic mice”, J. 

Cell Sci., 121(22), 3737-3746.  

https://doi.org/10.1242/jcs.030312  

Boussoula, A., Boucham, B., Bourada, M., Bourada, F., Tounsi, A., 

Bousahla, A.A. and Tounsi, A. (2019), “A simple nth-order 

shear deformation theory for thermomechanical bending 

analysis of different configurations of FG sandwich plates”, 

Smart Struct. Syst., 25(2), 197.  

https://doi.org/10.12989/sss.2020.25.2.197 

Chang, L. and Goldman, R.D. (2004), “Intermediate filaments 

mediate cytoskeletal crosstalk”, Nature Rev. Mol. Cell Biol., 

5(8), 601-613. https://doi.org/10.1063/1.3050108  

Chen, T., Chiu, M.S. and Weng, C.N. (2006), “Derivation of the 

generalized Young-Laplace equation of curved interfaces in 

nanoscaled solids”, J. Appl. Phys., 100(7), 074308. 

https://doi.org/10.1063/1.3050108   

Civalek, Ö . and Demir, Ç . (2011), “Bending analysis of 

microtubules using nonlocal Euler–Bernoulli beam theory”,  

Appl. Math. Modell., 35(5), 2053-2067.  

https://doi.org/10.1016/j.apm.2010.11.004  

Crewther, W., Dowling, L., Steinert, P. and Parry, D. (1983), 

“Structure of intermediate filaments”, Int. J. Biol. Macromol., 

5(5), 267-274. https://doi.org/10.1242/jcs.089516 

Cuenot, S., Frétigny, C., Demoustier-Champagne, S. and  Nysten, 

B. (2004), “Surface tension effect on the mechanical properties 

of nanomaterials measured by atomic force microscopy”, Phys. 

Rev. B, 69(16), 165410.  

https://doi.org/10.1103/PhysRevB.69.165410  

Dickinson, R.B. and Purich, D.L. (2006), “Diffusion rate 

limitations in actin-based propulsion of hard and deformable 

particles”, Biophys. J., 91(4), 1548-1563.   

https://doi.org/10.1529/biophysj.106.082362   

Dickinson, R.B. and Purich, D.L. (2007), “Nematode sperm 

motility: nonpolar filament polymerization mediated by end-

tracking motors”, Biophys. J., 92(2), 622-631.  

https://doi.org/10.1529/biophysj.106.090472  

Dickinson, R.B., Caro, L. and Purich, D.L. (2004), “Force 

generation by cytoskeletal filament end-tracking proteins”, 

Biophys. J., 87(4), 2838-2854.  

https://doi.org/10.1529/biophysj.104.045211 

Dickinson, R.B., Southwick, F.S. and Purich, D.L. (2002), “A 

direct-transfer polymerization model explains how the multiple 

profilin-binding sites in the actoclampin motor promote rapid 

actin-based motility”, Arch. Biochem. Biophys., 406(2), 296-

301. https://doi.org/10.1016/s0003-9861(02)00212-6 

Ebrahimi, F., Dabbagh, A., Rabczuk, T. and Tornabene, F. (2019), 

“Analysis of propagation characteristics of elastic waves in 

heterogeneous nanobeams employing a new two-step porosity-

dependent homogenization scheme”, Adv. Nano Res., 7(2), 135.  

https://doi.org/10.12989/anr.2019.7.2.135 

21



 

Muhammad Safeer et al. 

 

Eltaher, M.A., Almalki, T.A., Ahmed, K.I. and Almitani, K.H. 

(2019), “Characterization and behaviors of single walled carbon 

nanotube by equivalent-continuum mechanics approach”, Adv. 

Nano Res., 7(1), 39. https://doi.org/10.12989/anr.2019.7.1.039  

Eringen, A.C. (1972a), “Linear theory of nonlocal elasticity and 

dispersion of plane waves”, Int. J. Eng. Sci., 10(5), 425-435.  

https://doi.org/10.1016/0020-7225(72)90050-X  

Eringen, A.C. (1972b), “Nonlocal polar elastic continua”, Int. J. 

Eng. Sci., 10(1), 1-16.  

https://doi.org/10.1016/0020-7225(72)90070-5 

Eringen, A.C. (1984), “Theory of nonlocal elasticity and some 

applications”, Res Mech., 21(4), 313-342. 

Fletcher, D.A. and Mullins, R.D. (2010), “Cell mechanics and the 

cytoskeleton”, Nature, 463, 485.  

https://doi.org/10.1038/nature08908 

Franke, W.W., Schmid, E., Osborn, M. and Weber, K. (1978), 

“Different intermediate-sized filaments distinguished by immuno- 

fluorescence microscopy”, Proceedings of the National 

Academy of Sciences, 75(10), 5034-5038.   

https://doi.org/10.1073/pnas.75.10.5034  

Fuchs, E. and Cleveland, D.W. (1998), “A structural scaffolding of 

intermediate filaments in health and disease”, Science, 

279(5350), 514-519.  

https://doi.org/10.1126/science.279.5350.514. 

Fuchs, E. and Weber, K. (1994), “Intermediate filaments: 

structure, dynamics, function and disease”, Annual Rev. 

Biochem., 63(1), 345-382.  

https://doi.org/10.1016/S0014-5793(98)01190-9 

Fudge, D.S., Gardner, K.H., Forsyth, V.T., Riekel, C. and  

Gosline, J.M. (2003), “The mechanical properties of hydrated 

intermediate filaments: insights from hagfish slime threads”, 

Biophys. J., 85(3), 2015-2027. https://doi.org/10.1242/jeb.02067 

Galland, R., Leduc, P., Guérin, C., Peyrade, D., Blanchoin, L. and  

Théry, M. (2013), “Fabrication of three-dimensional electrical 

connections by means of directed actin self-organization”, 

Nature Mater., 12(5), 416-421. 

Gao, Y. and Lei, F.M. (2009), “Small scale effects on the 

mechanical behaviors of protein microtubules based on the 

nonlocal elasticity theory”, Biochem. Biophys. Res. Commun., 

387(3), 467-471. https://doi.org/10.1021/nl025724i  

Gervasi, M.G., Xu, X., Carbajal-Gonzalez, B., Buffone, M.G., 

Visconti, P.E. and Krapf, D. (2018), “The actin cytoskeleton of 

the mouse sperm flagellum is organized in a helical structure”, 

J. Cell Sci., 131(11), jcs215897.  

https://doi.org/10.1242/jcs.215897 

Gittes, F., Mickey, B., Nettleton, J. and Howard, J. (1993), 

“Flexural rigidity of microtubules and actin filaments measured 

from thermal fluctuations in shape”, J. Cell Biol., 120(4), 923-

934. https://doi.org/10.1016/j.jmb.2012.08.006  

Gokhin, D.S. and Fowler, V.M. (2016), “Feisty filaments: actin 

dynamics in the red blood cell membrane skeleton”, Curr. 

Opinion Hematol., 23(3), 206.  

https://doi.org/10.1097/MOH.0000000000000227 

Goldman, R.D., Cleland, M.M., Murthy, S.P., Mahammad, S. and  

Kuczmarski, E.R. (2012), “Inroads into the structure and 

function of intermediate filament networks”, J. Struct. Biol., 

177(1), 14-23. https://doi.org/10.1016/j.jsb.2011.11.017 

Goldman, R.D., Khuon, S., Chou, Y.H., Opal, P. and Steinert, P.M. 

(1996), “The function of intermediate filaments in cell shape 

and cytoskeletal integrity”, J. Cell. Biol, 134(4), 971-983.  

https://doi.org/10.1083/jcb.134.4.971 

Gruenbaum, Y., Margalit, A., Goldman, R.D., Shumaker, D.K. and 

Wilson, K.L. (2005), “The nuclear lamina comes of age”, 

Nature Rev. Mol. Cell Biol., 6(1), 21-31.  

https://doi.org/10.1053/j.gastro.2018.03.026 

Gunning, P.W., Ghoshdastider, U., Whitaker, S., Popp, D. and  

Robinson, R.C. (2015), “The evolution of compositionally and 

functionally distinct actin filaments”, J. Cell Sci., 128(11), 

2009-2019. https://doi.org/10.1242/jcs.165563.  

Guzman, C., Jeney, S., Kreplak, L., Kasas, S., Kulik, A., Aebi, U. 

and  Forro, L. (2006), “Exploring the mechanical properties of 

single vimentin intermediate filaments by atomic force 

microscopy”, J. Mol. Biol., 360(3), 623-630.  

https://doi.org/10.1016/j.jmb.2006.05.030 

Hanukoglu, I. and Ezra, L. (2014), “Proteopedia entry: Coiled‐coil 

structure of keratins”, Biochem. Mol. Biol. Educ., 42(1), 93-94. 

https://doi.org/10.1002/bmb.20746 

Hanukoglu, I. and Fuchs, E. (1983), “The cDNA sequence of a 

type II cytoskeletal keratin reveals constant and variable 

structural domains among keratins”, Cell, 33(3), 915-924.  

https://doi.org/10.1016/0092-8674(83)90034-X 

Herrmann, H., Bär, H., Kreplak, L., Strelkov, S. V. and  Aebi, U. 

(2007), “Intermediate filaments: From cell architecture to 

nanomechanics”, Nature Rev. Mol. Cell Biol., 8(7), 562-573.  

https://doi.org/10.1038/ncb1886  

Pieper, K., Grimbacher, B. and Eibel, H. (2013), “B-cell biology 

and development”, J. Allergy Clin. Immunol., 131(4), 959-971. 

https://doi.org/10.1016/j.jaci.2013.01.046. 

Ishikawa, H., Bischoff, R. and Holtzer, H. (1968), “Mitosis and 

intermediate-sized filaments in developing skeletal muscle”, J. 

Cell Biol., 38(3), 538-555. https://doi.org/10.1016/0012 

Koochi, A. and Goharimanesh, M. (2021), “Nonlinear oscillations 

of CNT nano-resonator based on nonlocal elasticity: The energy 

balance method”, Rep. Mech. Eng., 2(1), 41-50.  

https://doi.org/10.31181/RME200102041G 

Lazar, M., Maugin, G.A. and Aifantis, E.C. (2006), “On a theory 

of nonlocal elasticity of bi-Helmholtz type and some 

applications”, Int. J. Solids Struct., 43(6), 1404-1421.  

https://doi.org/10.1016/j.ijsolstr.2005.04.027 

Lim, C., Zhang, G. and Reddy, J. (2015), “A higher-order nonlocal 

elasticity and strain gradient theory and its applications in wave 

propagation”, J. Mech. Phys. Solid, 78, 298-313.  

https://doi.org/10.1016/j.jmps.2015.02.001 

Mehar, K. and Panda, S.K. (2016a), “Geometrical nonlinear free 

vibration analysis of FG-CNT reinforced composite flat panel 

under uniform thermal field”, Compos. Struct., 143, 336-346.  

https://doi.org/10.1016/J.COMPSTRUCT.2016.02.038 

Mehar, K. and Panda, S.K. (2016b), “Free vibration and bending 

behaviour of CNT reinforced composite plate using different 

shear deformation theory”, In IOP Conference Series: Materials 

Science and Engineering, 115(1), 012014. IOP Publishing.  

https://doi.org/10.1088/1757-899X/115/1/012014 

Mofrad, M.R. and Kamm, R.D. (2006), Cytoskeletal Mechanics: 

Models and Measurements in Cell Mechanics, Cambridge 

University Press. https://doi.org/10.1017/CBO9780511607318 

Mullins, R.D., Heuser, J.A. and Pollard, T.D. (1998), “The 

interaction of Arp2/3 complex with actin: nucleation, high 

affinity pointed end capping, and formation of branching 

networks of filaments”, Proceedings of the National Academy of 

Sciences, 95(11), 6181-6186.  

https://doi.org/10.1073/pnas.95.11.6181 

Ouakad, H.M., Valipour, A., Żur, K.K., Sedighi, H.M. and Reddy, 

J.N. (2020), “On the nonlinear vibration and static deflection 

problems of actuated hybrid nanotubes based on the stress-

driven nonlocal integral elasticity”, Mech. Mater., 148, 103532.  

https://doi.org/10.1016/j.mechmat.2020.103532 

Pieper, K., Grimbacher, B. and Eibel, H. (2013), “B-cell biology 

and development”, J. Allergy Clin., 131(4), 959-971.  

https://doi.org/10.1016/j.jaci.2013.01.046.  

Reddy, J.N. (2006), Theory and Analysis of Elastic Plates and 

Shells, CRC press. 

https://doi.org/10.1201/9780849384165. 

Reddy, J. and Pang, S. (2008), “Nonlocal continuum theories of 

beams for the analysis of carbon nanotubes”, J. Appl. Phys., 

22



 

Bending behavior of microfilaments in living cell with nonlocal effects 

103(2), 023511. 

Rudan, M.V., Barrington, C., Henderson, S., Ernst, C., Odom, 

D.T., Tanay, A. and Hadjur, S. (2015), “Comparative Hi-C 

reveals that CTCF underlies evolution of chromosomal domain 

architecture”, Cell Rep., 10(8), 1297-1309.  

https://doi.org/10.1016/j.celrep.2015.02.004.  

Sadegh, S., Higgins, J.L., Mannion, P.C., Tamkun, M.M. and  

Krapf, D. (2017), “Plasma membrane is compartmentalized by a 

self-similar cortical actin meshwork”, Phys. Rev. X, 7(1), 

011031. https://doi.org/10.1103/PhysRevX.7.011031 

Sae-Long, W., Limkatanyu, S., Sukontasukkul, P., 

Damrongwiriyanupap, N., Rungamornrat, J. and Prachasaree, 

W. (2021), “Fourth-order strain gradient bar-substrate model 

with nonlocal and surface effects for the analysis of nanowires 

embedded in substrate media.”, Facta Univ. Series Mech. 

Eng., 19(4), 657-680. 10.1002/zamm.201700311 

Safaei, B., Khoda, F.H. and Fattahi, A.M. (2019), “Non-classical 

plate model for single-layered graphene sheet for axial 

buckling”, Adv Nano Res, 7(4), 265-275.  

https://doi.org/10.12989/anr.2019.7.4.265 

Sedighi, H.M. and Malikan, M. (2020), “Stress-driven nonlocal 

elasticity for nonlinear vibration characteristics of carbon/ 

boron-nitride hetero-nanotube subject to magneto-thermal 

environment”, Physica Scripta, 95(5), 055218.  

https://doi.org/10.1088/1402-4896/ab7a38 

Sedighi, H.M., Malikan, M., Valipour, A. and Żur, K.K. (2020), 

“Nonlocal vibration of carbon/boron-nitride nano-hetero-

structure in thermal and magnetic fields by means of nonlinear 

finite element method”, J. Comput. Des. Eng., 7(5), 591-602.  

https://doi.org/10.1093/jcde/qwaa041 

Shahsavari, D., Karami, B. and  Janghorban, M. (2019), “Size-

dependent vibration analysis of laminated composite plates”, 

Adv. Nano Res., 7(5), 337-349.  

https://doi.org/10.12989/anr.2019.7.5.337 

Pradhan, S.C. and Phadikar, J.K. (2009), “Nonlocal elasticity 

theory for vibration of nanoplates”, J. Sound Vib., 325(1-2), 

206-223.https://doi.org/10.1016/j.jsv.2009.03.007 

Wayne, R.O. (2009), “Plant cell biology”, Astronom. Zool., 

106(4). https://doi.org/10.1093/aob/mcq161 

Xu, K., Zhong, G. and Zhuang, X. (2013), “Actin, spectrin, and 

associated proteins form a periodic cytoskeletal structure in 

axons”, Science, 339(6118), 452-456.  

https://doi.org/10.1126/science.1232251. 

Zhang, Y., Liu, G. and Xie, X. (2005),”Free transverse vibrations 

of double-walled carbon nanotubes using a theory of nonlocal 

elasticity”, Phys. Rev. B, 71(19), 195404.  

https://doi.org/10.1103/PhysRevB.71.195404 

 

 

AT 

 

23




