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1 Introduction

Cells live in a mechano-chemical environment and are sen-
sitive to changes in its properties. Reciprocal interactions 
between cells and their surroundings are crucial for cell 
viability and functions as proliferation, motility, differentia-
tion, shape control, cellular homeostasis, gene expression 
and protein secretion (Wang and Thampatty 2006, 2008; 
Discher et al. 2009; Hadjipanayi et al. 2009a,b; Friedman et 
al. 2009; Webster et al. 2009). In vivo, cells are 
continuously subjected to several biochemical and 
biophysical stimuli that regulate cell response. Cells can 
also exert forces to probe, sense and respond to changes in 
the surrounding microenviron-ment. In case of defects in 
cell microenvironment, including extracellular matrix 
(ECM) fibrolysis or rigidification (Gun-ther et al. 1999; 
Sugimoto et al. 2006), abnormal cell contraction or motility 
(Ingber 2008) can induce patho-logical processes. Even 
though the specific mechanisms by which mechanical 
irregularities lead to disease states remain still unclear, 
many pathological diseases, such as asthma (Affonce and 
Lutchen 2006), osteoporosis (Klein-Nulend et al. 2003), 
deafness (Vollrath et al. 2007), atheroscle-rosis (Gimbrone 
et al. 2000), cancer (Paszek et al. 2005), osteoarthritis 
(Judex et al. 1997), glaucoma (Tan et al. 2006) and 
muscular dystrophy (Heydemann and McNally 2007) can 
be directly caused by or catalysed by irregular cellular or 
tissue mechanics (Ingber 2008).

The process by which cells actively probe and sense phys-
ical and mechanical properties of the environment is known 
as mechanosensing. Mechanotransduction refers to the trans-
lation of mechanical stimuli into biochemical signals that



(Guilak et al. 2009) can affect cell function. For example,
when cells are subjected to stress, either by stretching the
substrate or by applying an aligned shear flow, the cells
actively reorient and align themselves in preferred directions
(Wojciak-Stothard and Ridley 2003; Prager-Khoutorsky et
al. 2011).

Besides experimental studies, several in silico models
have been developed not only for complementing experi-
mental observations, including morphological features, but
also for predicting quantitatively mechanical variables and
parameters that are difficult, almost impossible, to measure
at the cell or subcellular level (Anderson et al. 2007; Vaziri
and Gopinath 2008; Rodriguez et al. 2013).

In this paper, we review the existing literature on the
computational models developed to investigate adherent
eukaryotic cell mechanics and mechanobiology. This work
is organized as follows: in Sect. 2, the microstructural
components and their role in mechanotransduction and
physical transduction will be presented. In Sect. 3, the
two main classes of computational models of single-cell
mechanics will be presented: the discrete or microstructural-
based models and the continuum models. Our attention
will be devoted to a specific class of innovative contin-
uum models, the so- called bio-chemo-mechanical model
firstly developed by Deshpande et al. (2006). We also focus
on whole cell models that account for the nuclear con-
tribution to cell mechanics. Finally, in Sect. 4, the mod-
elling techniques will be analysed highlighting their abil-
ity in predicting cell behaviour in terms of cytoskeletal ten-
sion, stress distribution and stress propagation towards the
nucleus.

2 Microstructural components and mechanosensitivity

2.1 Cell chemical sensitivity

Living cells have the ability to actively sense and to react to
the biochemical and biophysical properties of the microenvi-
ronment in which they reside (Kress et al. 2012). In vitro, cell
behaviour has been proved to be influenced by several cues
that can be subdivided into two main classes: biochemical
cues and biophysical cues. Biochemical cues are provided
by reciprocal interactions between the cell, soluble bioactive
agents, and the ECM. Soluble factors, for example growth
factors and cytokines, when added to the cell culture, or
secreted by neighbouring cells, or delivered by the extra-
cellular matrix (ECM), diffuse and bind to cell membrane
receptors (Fig. 1a), activating cellular signalling pathways
which affects cell response (Fig. 1b) (Ding and Schultz 2004;
Liu et al. 2009).

enables cells to adjust their structure and function. Basically, 
in this process, cytoskeletal remodelling occurs due to cell–
matrix interactions causing soluble factors translocation to 
the nucleus via diffusive processes (Ingber 2006; Jaalouk 
and Lammerding 2009).

Interesting experimental studies in cell mechanics have 
demonstrated that cell nuclei, cytoskeletal filaments and 
integrins are directly connected through an intricate net-
work of cytoskeletal-nuclear components (Maniotis and 
Chen 1997). Among these components, a specific group of 
nuclear linker proteins, known as the perinuclear cap (or actin 
cap), has been reported to govern mechanosensing over a 
wide range of matrix stiffness (Kim et al. 2013a,b; Khatau 
et al. 2012) and to form physical pathway for mechanotrans-
duction (Chambliss et al. 2013). Perturbations occurring in 
the extracellular environment result in physical transmission 
of complex pattern of forces, both in terms of magnitude and 
spatial orientation, to the nucleus. The resulting stress and 
strain propagation towards the nuclear body have a signifi-
cant impact on its functions: for example, as firstly reported 
in Thomas et al. (Thomas et al. 1998), the transcription or 
suppression of specific genes and protein synthesis within 
the nucleus have been demonstrated to be influenced directly 
by nuclear strains. Moreover, tension and strain propagation 
to the nucleus, both in normal and pathological states, could 
induce modifications in nuclear architecture and shape (Dahl 
et al. 2008; Wang et al. 2009; Chalut et al. 2010; Heo et al. 
2011; Isermann and Lammerding 2013), in chromatin orga-
nization and accessibility (Iyer et al. 2012), in gene expres-
sion (Jerabek and Heermann 2014) and, finally, in nuclear 
membrane permeability to several factors involved in nuclear 
mechanotransduction pathways (Dupont et al. 2011; Gupta 
et al. 2012; Schachter et al. 2012).

In order to study cell mechanics, mechanosensitivity and 
mechanotransduction, several in vitro model systems try-
ing to mimic features of the physiological milieu and mea-
sure biophysical variables have been developed in the past 
years. A comprehensive review of the experimental tech-
nique for cell mechanics are (Huang et al. 2004; Loh et al. 
2009). In vitro model systems have elucidated that cell func-
tions are influenced by several mechanical cues (Nava et al. 
2012), including the stiffness of the substrate (Discher et al. 
2005, 2009; Engler et al. 2006), the local surface topography 
(Nikkhah et al. 2012) and the three-dimensional (3D) archi-
tecture of the matrix (Tibbitt and Anseth 2009; Raimondi 
et al. 2013). For example, the proliferation rate and lineage 
specification of stem cells towards neurons, myoblasts and 
osteoblasts have been demonstrated to be governed by sub-
strate compliance (Chen et al. 1997; Engler et al. 2006, 2008; 
Jacot et al. 2010).

It is well established that externally imposed forces (e.g. 
substrate stretching, cyclic pressurization and shear flow)



Fig. 1 Schematic representation of the cellular behaviour of an adher-
ent cell in response to biochemical cues. a Soluble bioactive agents
(e.g. growth factors and cytokines) diffuse in the extracellular microen-

vironment, bind to cell membrane receptors and b translocate within
the intracellular body where a cascade of reaction causes modifications
into the nuclear organization and functionality

2.2 Cell mechanosensitivity: mechanotransduction

In addition to soluble signals, cells are sensitive to biophysi-
cal and, specifically, to mechanical cues (Discher et al. 2005,
2009). In particular, adherent cell mechanosensitivity is gov-
erned by a dynamic and intricate network of filaments named
cytoskeleton. This intracellular structure, not only provides
mechanical stability to the cell, but also allows for trans-
mitting mechanical signals, in the forms of stress and strain
fields, from the environment to the nucleus (Wang et al. 2009;
Buxboim et al. 2010; Isermann and Lammerding 2013).

In eukaryotic cells, the cytoskeleton extends through-
out the cell cytoplasm and consists of actin, microtubules
and a group of polymers known as intermediate filaments
(Ingber 1997; Bao and Suresh 2003; Fletcher and Mullins
2010). Actin filaments, also known as microfilaments, are
flexible structures, with a diameter of 5–9 nm. Microfila-
ments are composed of two stranded helical polymers of
the globular actin protein. Since these filamentous proteins
can assembly and disassembly very rapidly, they are cen-
tral to the formation of a variety of mechanosensing struc-
tures including linear bundles (e.g. filopodia, lamellipodia
protrusions), two-dimensional and three-dimensional net-
works (e.g. in migrating cells) (Alberts et al. 2007). Micro-
tubules are composed of the protein tubulin forming long
hollow cylinders with an outer diameter of 25 nm. They
are the stiffest of the three polymers and appear almost
linear. Actually, their persistence length, which is a mea-
sure of filament flexibility that increases with stiffness, is
large (~5 mm) compared with the other cytoskeleton pro-
teins. Microtubules have also the most complex assembly
and disassembly dynamics. They play an important role in
providing strength under compressive load in cells and are
involved in intracellular transport, cell division, and chromo-

some separation (Fletcher and Mullins 2010). Intermediate
filaments, the least stiff of the cytoskeletal components, pro-
vide strength to tensile forces much more effectively than
compressive forces (Alberts et al. 2007; Mofrad 2009). They
can be crosslinked to each other, as well as to actin filaments
and microtubules, by proteins called plectins (Wiche 1998).
One class of intermediate filaments, known as nuclear lamins,
contribute to the mechanical integrity of the cell nucleus (Tsai
et al. 2006). The cytoskeletal filaments interact with many
other proteins, including crosslinking proteins and molecu-
lar motors. Indeed, cell contractility is related to the activity
of myosin motors (e.g. myosin-II molecules) in association
with crosslinked actin filaments. Thanks to the activity of
actomyosin complexes, cells can maintain a prestressed state
that regulates cell adhesion and function. The cytoskeleton
in adherent cells terminates at dynamic clusters of proteins
at the plasma membrane known as focal adhesions (Lutolf
and Hubbell 2005; Schwartz 2010). Focal adhesions consist
of heterodimeric cell surface receptors known as integrins,
cytoskeletal-associated proteins such as talin, vinculin and/or
paxillin and other signalling molecules such as focal adhesion
kinase (FAK) (Fig. 2a). Traction forces generated by the acto-
myosin motors, and also superimposed extracellular forces,
are transmitted via the cytoskeleton both to the intracellular
environment and to the surroundings. The magnitude of the
resulting cytoskeletal strength are determined by an interplay
between the intracellular actomyosin contractility, the super-
imposed extracellular loads and the reaction forces relative to
the engineering properties (e.g. elasticity, shape) of the sub-
strate. This process leads to a cascade of biochemical reac-
tions (e.g. ion channel activation (Guharay and Sachs 1984)
or activation of other membrane-bound receptors (Chen et al.
1999; Correa-Meyer et al. 2002)) that influence cell function
(Fig. 2b) (Meyer et al. 2000).



Fig. 2 Schematic representation of the cellular mechanotransduction
in response to biomechanical cues. a Extracellular forces acting on the
adherent cell superimposed to intracellular tensions generated by stress
fibres, or bundles of actin filaments, forming a semi-sarcomere struc-
ture. External load and adhesive tractions are transmitted to the ECM
via focal adhesions that are located at both ends of the stress fibre and
on the substrate or the ECM. Focal adhesion are formed of ECM pro-

teins, transmembrane receptors, cytoplasmic structural and signalling
proteins. (e.g. σ is cyclic matrix stress, τ is cyclic fluid-induced shear).
b Mechanotransduction process consisting in cascade of reactions (sig-
nal intermediates) and soluble factors translocation to the nucleus via
diffusive processes in response to mechanical signals and changes in
physico-chemical microenvironment

Table 1 Cytoplasm and nuclear
stiffness experimentally
measured

Cell type Cytoplasm stiffness
(kPa)

Nuclear stiffness
(kPa)

Experimental
method

Endothelial 0.5 5 Compression in microplates
(Caille et al. 2002)

Chondrocytes 0.1 − 0.6 1 − 5 Micropipette aspiration
(Guilak et al. 2000)

Endothelial 0.1 − 0.8 1 − 5 Micropipette aspiration and
computational model
(Vaziri and Mofrad 2007)

Endothelial 3.2 28 Microtensile testing
(Deguchi et al. 2011)

2.3 Cell mechanosensitivity: direct cytoskeletal-nuclear
transmission mechanism

2011; Badique et al. 2013) (Table 1), experimental evidences
have highlighted the role of the nucleus as a mechanosen-
sor. For example, in Pajerowski et al., (Pajerowski et al.
2007), studies on human embryonic stem cells have shown
that nuclear stiffness increases as the cell commits to a dif-
ferentiation program. The change in nuclear compliance, as
described below, is a distinct feature of diseased cells.

The cell nucleus can be structurally and functionally
divided into two regions: the nuclear interior and the nuclear
envelope. The nuclear interior is largely aqueous, and it is
composed of functional substructures (e.g. nucleoli, Cajal
bodies) that could be influenced by mechanical forces (Dahl
et al. 2008). The nuclear envelope is composed of a dou-
ble lipid bilayer, the outer membrane which is continuous
with the endoplasmic reticulum, the inner nuclear membrane,
and the nuclear lamina. The inner and outer nuclear mem-
branes join at the nuclear pore complexes that allow nuclear-
cytoplasmic transport (Burns and Wente 2012). The nuclear
lamina consists of a dense network of proteins primarily com-
posed of lamins underneath the inner nuclear membrane.
Lamins, which are type V nuclear intermediate filaments,

Besides the mechanism by which mechanical forces are 
converted to biochemical signals, experimental evidences 
suggest that cell behaviour and lineage specification can 
be influenced by the physical transmission of stresses and 
strain propagation to the nucleus via an intricate network of 
cytoskeletal-nuclear connections (Dahl et al. 2008; Wang et 
al. 2009; Shivashankar 2011; Lombardi et al. 2011). Changes 
in nuclear mechanics, architecture and shape (Dahl et al. 
2008; Wang et al. 2009; Chalut et al. 2010; Heo et al. 2011; 
Isermann and Lammerding 2013) affect chromatin packing 
(Iyer et al. 2012), gene accessibility and expression (Thomas 
et al. 1998; Jerabek and Heermann 2014) and finally, nuclear 
membrane permeability to several factors (Dupont et al. 
2011; Gupta et al. 2012; Schachter et al. 2012).

Even though the cell nucleus itself is about 3-10 times 
stiffer than the surrounding cytoplasm depending either on 
cell type and measurement technique (Guilak et al. 2000; 
Caille et al. 2002; Vaziri and Mofrad 2007; Deguchi et al.



Fig. 3 Schematic representation of the cellular mechanotransduction
machinery in response to biomechanical cues. a Physical transmission
of active stresses to the nucleus via an intricate network of cytoskeletal-
nuclear connections, resulting in altered nuclear architecture and
mechanical properties. b Detail of direct force transmission mechanism
from the ECM to the nucleus through cytoskeletal-nuclear crosslink-
ers. Actin filaments are connected to microtubules through actin-

crosslinking factor 7 and to intermediate filaments through plectin-1.
Plectin-1 can directly bind to nesprin-3 on the outer nuclear membrane.
Nesprin-1 and nesprin-2 connect actin to SUN proteins which cross
the nuclear membrane. SUN proteins can bind lamins and other nuclear
membrane proteins, which, in turn, can bind DNA and chromatin. Force
propagation directly affect nuclear scaffold prestress and gene activa-
tion within milliseconds of local deformation

can be separated into A-type and B-type lamins (Lammerd-
ing 2011; Isermann and Lammerding 2013). Lamins expres-
sion, in particular of A-type lamins (in its isoforms A and
C), provides mechanical support and structural stability to
the nucleus (Lammerding et al. 2004, 2006). Furthermore,
lamins physically connect the nucleus to the cytoskeleton.
Therefore, forces can be transmitted from the surroundings to
the nuclear interior enabling nuclear deformation (Wang et al.
2009; Dechat et al. 2009), changes in nuclear architecture and
position (Maniotis and Chen 1997; Guilak 1995; Cusachs et
al. 2008; Isermann and Lammerding 2013), transport of fac-
tors across the nuclear envelope (Dupont et al. 2011; Gupta
et al. 2012; Schachter et al. 2012) and chromatin remodelling
(Thomas et al. 1998; Iyer et al. 2012; Jerabek and Heermann
2014).

An overview of nuclear-cytoskeletal coupling is shown
Fig. 3a, b: SUN proteins, crossing the inner and outer nuclear
membrane, can interact with lamins, nuclear pore com-
plexes, and other proteins on the nuclear side. Additionally,
SUN complexes can bind to nesprins on the cytoplasmic
side. Nesprins are both localized at the inner nuclear mem-
brane, binding directly to lamin A, and at the outer nuclear
membrane. Nesprin-1 and 2 contain N-terminal actin bind-
ing domains, while Nesprin-3 can bind intermediate fila-
ments (Fig. 3b). The resulting complex, also known as LINC
(LInker of Nucleus and Cytoskeleton), provides a physical
connection between intermediate filaments, actin and the
nuclear internal region through lamins (A-type lamin) (Dahl
et al. 2008).

Recent findings in cell mechanics have highlighted a spe-
cific physical pathway for direct transmission of tension and
therefore strain, from the extracellular environment to the

nucleus (Kim et al. 2013a; Chambliss et al. 2013). This sys-
tem, known as perinuclear cap or actin cap, has been proved
to regulate nuclear shape (Khatau et al. 2009), 3D cell migra-
tion (Khatau et al. 2012) and to govern early mechanosensing
and mechanotransduction (Chambliss et al. 2013). The per-
inuclear cap is composed of thick, parallel, and highly con-
tractile actomyosin filament bundles which are functionally,
molecularly, and topologically different from conventional
actin stress fibres: conventional actin fibres are typically con-
fined to the basal layer or cortex layer of the cell and are
arranged in different directions. Moreover, these filaments
are directly or indirectly connected to the plasma membrane.
Conversely, the subset of actin cap fibres are typically highly
organized and oriented with the long axis of the cell. The
main distinctive feature concerns the tight connection to the
apical nuclear surface through the LINC complex as shown
in Fig. 4a, b (Khatau et al. 2009; Kim et al. 2013a).

Distortions in nucleo-cytoskeletal coupling have been
observed to give rise to a variety of diseases, also called
laminopathies. Mutations in lamins and/or LINC complex
components affect stability, shape and mechanical proper-
ties of the nucleus. For example, cells, it has been observed
an abnormal nuclear shape, a decrease in nuclear stiffness
and an increasing in nuclear fragility (Lee et al. 2007; Mejat
and Misteli 2010; Schreiber and Kennedy 2013). Conversely,
in Hutchinson–Gilford progeria syndrome cell nuclei are less
compliant due to the overexpression of lamin A (Dahl et al.
2006). Since nucleo-cytoskeletal coupling is also essential in
cell migration, associated mutations might influence wound
healing, inflammation, cancer metastasis, and development
process (Luxton et al. 2011; Gundersen and Worman 2013;
Luxton et al. 2010).



Fig. 4 Schematic of subcellular organization of the perinuclear actin
cap and associated focal adhesions. a The actin cap is tightly connected
to the apical surface of the nuclear envelope, not to the plasma mem-
brane. b Physical connections between the actin cap and the nucleus are

mediated by components of the linker of nucleoskeleton and cytoskele-
ton (LINC) complexes, including Nesprin-3 and Nesprin-2 giant,
which are connected to the nuclear lamina through SUN proteins
(Khatau et al. 2010)

Fig. 5 Schematic representation of computational models in cell mechanics. Reprinted and adapted by permission from Macmillan Publishers
Ltd: Nature Materials (Vaziri and Gopinath 2008)

tural models or continuum models (Lim et al. 2006; Vaziri
and Gopinath 2008). These two categories will be described
in the following.

3.1 Microstructural models

Microstructural or discrete models consider the overall cell
behaviour as the result of the collective physico-chemical
interactions between structures forming the cytoskeleton. In
general, despite its complex and dynamic architecture, the
cytoskeleton is modelled assuming relatively simple, ide-
alized structural geometries, material isotropy, homogene-
ity, and elasticity. The basic idea is that the mechanisms
by which idealized models develop mechanical stresses are
embodied within the CSK. Therefore, the model should be

3 Computational models

Besides experimental techniques, computational models 
have been used to describe cell and subcellular components. 
These models can not only complement and predict exper-
imentally observed cell responses, but also provide a bet-
ter understanding in behavioural aspects of living cells. The 
wide range of temporal and spatial scales involved in cellular 
processes, as well as the heterogeneous and active structure 
of cells, represent the two main issues of importance in the 
development of integrated computational models able to cap-
ture and simulate the response of cells and their components 
(Vaziri and Gopinath 2008).

The computational models in cell mechanics can be gener-
ally classified into two main categories (Fig. 5): microstruc-



able to capture key features of the mechanical behaviour of
the cell despite all those simplifications (Stamenovic and
Ingber 2002). According to this, several approaches have
been developed both for adherent and suspended cells. For
anchorage-dependent cells, in which cell shape and mechan-
ics are primarily governed by cytoskeleton, tensegrity-based
models (Stamenovic et al. 1996; Ingber 1993, 2003b; Wang
et al. 1993; Canadas et al. 2002, 2006), cable network models
Coughlin and Stamenovic (2003) and cell-foam approxima-
tions (Satcher and Dewey 1996; Satcher et al. 1997) have
been proposed. For non-adherent cells, such as erythrocytes,
in which the contribution of the cell membrane and spectrin
is central, the approach adopted consists in the development
of spectrin-network models (Boey et al. 1998; Li et al. 2005).

3.1.1 Tensegrity models

The first model to propose that the elastic stress in the
cytoskeleton is essential for the shape stability of the
cytoskeleton is the tensegrity model (Ingber 1993). These
models consist in reticulated mechanical structures that
require tension for shape stability. In these structures, the
greater the tension carried by the various elements in the
network, the more stable the overall structure under load
(Stamenovic and Wang 2000; Stamenovic and Ingber 2002).
In this class of mechanical objects, the actively generated
actomyosin tension in the cytoskeleton is balanced inter-
nally by cytoskeletal filaments such as microtubules, acting
as molecular struts and bear compressional load, and exter-
nally, via the anchorage of the cytoskeleton to the extracellu-
lar matrix. Thus, the mechanical stability of tensegrity archi-
tectures depends on the arrangement of the various elements
forming the network. This class of models was successful
in explaining both static and dynamic cell behaviour (Sultan
et al. 2004; Canadas et al. 2006). For example, consistent
with experimental observations, the stiffness of the object
increases linearly with the applied stress as predicted from a
simple tensegrity model (Stamenovic and Ingber 2002; Sta-
menovic et al. 2003; Stamenovic 2005). These models have
also been used to elucidate mechanotransduction pathways
(Rodriguez et al. 2013; Ingber 2003a; McGarry and Prender-
gast 2004; De Santis et al. 2011). To model specific mechan-
ical behaviour of the cell, more complex tensegrity mod-
els accounting for distinctive intracellular structures, hav-
ing their own materials properties and functions, have been
designed (McGarry et al. 2004; Baudriller et al. 2006; Bursa
et al. 2012; Mehrbod and Mofrad 2011; Chen et al. 2010;
Wang and Wolynes 2012; Kardas et al. 2013). However, since
the intracellular architecture is modelled as a prescribed and
idealized geometry, tensegrity structures have limitations in
predicting cell behaviour, for example in bearing compres-
sion loads.

3.1.2 Cable network models

Cable network models, based on the assumption that actin
filaments act as tensile elements, are structures composed
of cables that cannot resist compression. Cables carry initial
tension providing shape stability to the structure. The initial
tension, provided either externally (e.g. by the ECM), inter-
nally (e.g., by compression-supporting elements of the CSK
or by pressurized cytoplasm), or by a combination of the two,
defines the prestress. The prestress can be defined as the sum
of all tensile forces transmitted by cables across an arbitrary
cross-sectional area of the cell per unit area before application
of external loads (Stamenovic and Coughlin 1999; Coughlin
and Stamenovic 2003; Stamenovic and Ingber 2002). Tensed
cable models could mimic a number of behaviours observed
in cells during mechanical tests and, in some cases, they also
provided good quantitative correspondence to experimental
data. The main limitation to these models consists into the
applicability for adherent cells, in which actin filament reori-
entation is observed in 3-D in response to stress application
(Maniotis and Chen 1997).

3.1.3 Open cell foams

Open cell foams are networks of interconnected struts. In
these models, bending and twisting of actin filaments is
assumed to be basic mode by which the actin network devel-
ops mechanical stress. This assumption was based on appar-
ent similarity between the actin network in endothelial cells
and microstructural networks of various natural and syn-
thetic materials that are known to resist distortion by bending
of their structural components (Satcher and Dewey 1996;
Satcher et al. 1997). The open cell-foam model predicts
strain hardening during compression, consistently with the
observed strain hardening of cultured adherent cells exposed
to local indentation (Radmacher 2002).

3.2 Continuum models

The continuum approach is generally applicable when the
smallest length scale of interest is much larger than the
length over which the structure and properties of the cell vary.
Continuum-based models treat the cell as deformable materi-
als with certain continuum material properties. An overview
of the models used to interpret experimental measurements
both for the whole cell and for isolated nuclei are summarized
in Tables 2 and 3, respectively.

Modelling cell behaviour, including adhesion, motility
and the response to applied mechanical stimuli, is chal-
lenging. Actually, cells are intrinsically heterogeneous mate-
rials; therefore, the choice of the constitutive parameters
and constitutive equations is a critical issue. Different to
classical engineering materials characterized by a passive



Table 2 Computational models
used to interpret cell
deformation measured with
common experimental
techniques

The model of the cell in Caille
et al. (2002), McGarry et al.
(2005), Ferko et al. (2007),
McGarry (2009), Slomka and
Gefen (2010), De Santis et al.
(2011), Ronan et al. (2012)
includes a separate component
representing the nucleus

Experimental method Material model References

Micropipette aspiration Linear elastic Haider and Guilak (2002)

Micropipette aspiration Nonlinear elastic Zhou et al. (2005), Baaijens et al. (2005)

Micropipette aspiration Maxwell viscoelastic Haider and Guilak (2000)

Micropipette aspiration Poroelastic Baaijens et al. (2005)

Micropipette aspiration Poroviscoelastic Baaijens et al. (2005), Trickey et al.
(2006)

AFM Linear elastic Costa and Yin (1999), Ohashi et al.
(2002), Ng et al. (2007)

AFM Nonlinear elastic Costa and Yin (1999), McElfresh et al.
(2002)

Cytoindentation Linear elastic Shin and Athanasiou (1999)

Cytoindentation Poroelastic Shin and Athanasiou (1999)

Optical tweezers Nonlinear elastic Dao et al. (2003), Mills et al. (2004),
Suresh et al. (2005)

Optical tweezers Modified Maxwell viscoelastic Mills et al. (2004)

Shear flow Linear elastic Charras and Horton (2002), Cao et al.
(2007), Ferko et al. (2007)

Shear flow Nonlinear elastic Jadhav et al. (2005)

Microplate compression Nonlinear elastic Caille et al. (2002), Slomka and Gefen
(2010)

Microplate compression Modified Maxwell viscoelastic Leipzig and Athanasiou (2005),
McGarry (2009)

Microarrays /substrate
strain

Linear elastic Nelson et al. (2005), Zeng and Li
(2011a), Zeng and Li (2011b)

Microarrays /substrate
strain

Modified Maxwell viscoelastic McGarry et al. (2005), Milner et al.
(2012), De Santis et al. (2011)

Microarrays /substrate
strain

Bio-chemo-mechanical Deshpande et al. (2006, 2007, 2008),
Pathak et al. (2008), McGarry (2009),
Wei et al. (2008), Ronan et al. (2012),
Ronan et al. (2013), Qian et al. (2013)

Table 3 Computational models
for deformation in isolated
nucleus

Experimental method Material model References

Micropipette aspiration Modified Maxwell viscoelastic Vaziri and Mofrad (2007)

AFM Maxwell viscoelastic Vaziri et al. (2006)

Microplate compression Nonlinear elastic Caille et al. (2002)

Microplate compression Maxwell viscoelastic Vaziri et al. (2007b)

tions to be imposed to the body and, finally, the loading
conditions.

An ultimate critical issue is the choice of the numeri-
cal algorithm. The finite element method is the most com-
mon technique used to solve constitutive equations in bio-
mechanics. Alternative techniques, such as the boundary
element method, which requires discretization only on the
domain boundary resulting in the computation time reduc-
tion, have also been used (Haider and Guilak 2002). Finite

response to an external field variable, cells undergo remod-
elling in response to physical changes in its surround-
ings or as a result of an applied external load. Since 
cellular processes occur at different spatial and tempo-
ral scales, further degrees of complexity in cell modelling 
arise: for instance, the active nature affects the complex-
ity in the choice of the initial and the reference configu-
ration of the body. Therefore, other critical issues in cell 
modelling concern initial conditions, the boundary condi-



element models have been used to study a wide range of
cellular processes. The main advantage of this technique is
that both material and geometrical nonlinearities can eas-
ily be incorporated. Furthermore, numerical schemes associ-
ated with this technique are well developed and efficient and
have been implemented in commercially available software
(Vaziri et al. 2007a).

The continuum-based computational models for the whole
cell and relevant experimental techniques are summarized
in Table 2. The material laws for modelling cell mechanics
vary from simple linear elasticity to more complex models
(Fig. 5).

Basic models refer to the elastic theory of continua. In this
kind of approach, the cell is defined as a solid with homoge-
nous, elastic properties obeying or not the Hooke’s law, in the
linear and the nonlinear case, respectively. In general, elastic
models are useful for determining cell material properties,
but fail to capture certain cellular behaviours, such as motil-
ity, because they are greatly oversimplified when compared
with living cells.

In viscoelastic material, cells are modelled as homoge-
neous elastic solid where the stress linearly (or nonlinearly)
depends on strains and its time derivative. The typical con-
stitutive equations refer to the Maxwell model. The mate-
rial law has been firstly adopted to estimate mechanical
properties of suspended cell via micropipette aspiration and,
then, to predict cellular deformation and mechanical para-
meters in adherent cells (Theret et al. 1988; Sato et al. 1990;
Shin and Athanasiou 1999; Haider and Guilak 2002; Trickey
et al. 2000; Leipzig and Athanasiou 2005; Guilak et al.
2002). A recent application of the viscoelastic model has
been developed by Milner et al., (Milner et al. 2012) to pre-
dict osteoblast response on an elastomeric surface subjected
to cyclic strain. The model accounts for distinct subcellu-
lar components including the cytoskeleton and the nucleus
(Mcgarry and McHugh 2008; McGarry 2009).

The biphasic approach has been developed to capture both
the solid and the fluid-like behaviour of the cell. The cell is
modelled as a combination of two phases: a solid phase (e.g.
polymer content in the cytoplasm) and a liquid phase (e.g. the
cytoplasm) that is able to diffuse through the solid phase (Lim
et al. 2006). The biphasic model has been applied, for exam-
ple in chondrocyte mechanics (Cao et al. 2009; Julkunen et
al. 2009; Huang et al. 2003). The main limitations consist in
to the formulation complexity.

Most of the material models described above (Fig. 5)
assume a passive nature of the cell behaviour. As discussed in
Sect. 2 and at the beginning of Sect. 3, living cells behave as
an active material; therefore, new approaches that account for
cytoskeletal contractility and for the structural role of the sub-
cellular organelle, such as the nucleus, have been developed
to study cell mechanics. In the following, we will describe
the bio-chemo-mechanical model that accounts for the active

nature of the cytoskeleton (e.g. contractility). Finally, we
will present and discuss computational models accounting
for nuclear mechanics.

3.2.1 Bio-chemo-mechanical model

The bio-chemo-mechanical model was first proposed by
Deshpande et al. in (2006). This model describes the bio-
chemistry of stress fibre remodelling with a biomechanical
description of stress fibre contractility.

The biomechanical response of the stress fibres due to
the biochemistry of stress fibres remodelling comprises three
coupled phenomena:

– an activation signal that triggers the formation of stress
fibres;

– a fibre formation rate dependent on the activation signal,
coupled with a dissociation rate dependent on the tension;

– a contraction rate (contractility) for the stress fibre that
depends on the tension of the network.

Simple phenomenological relations have been used to
model these coupled phenomena for a single stress fibres,
and thereafter, the relations have been generalized to two
and three-dimensional cytoskeletal networks by homogeniz-
ing over all possible fibres orientations at each point in the
cell. Additive decomposition of the stress is assumed. There-
fore, the constitutive description of the cell includes both
the active contribution from the stress fibres and the passive
elastic (or hyperelastic) contribution from intracellular fil-
aments (Deshpande et al. 2006, 2007). Simulations of the
cell response have been carried out by solving the equations
of force equilibrium as the cytoskeleton forms to create a
contractile network.

Consistently with experiments (Chen et al. 2003; Wei et
al. 2008; Wang et al. 1995; Kaunas et al. 2005; Tan et al.
2006; Yang et al. 2007), the model is able to predict the key
behavioural aspects observed in cell mechanics, including
the decrease in the forces generated by the cell with increas-
ing substrate compliance, the cytoskeletal distribution and
anisotropy with changes to cell shape, boundary conditions
and loading conditions (Pathak et al. 2008; Deshpande et al.
2008; Wei et al. 2008), a high concentration of stress fibres in
the proximity of the attachment points and, finally, an increas-
ing in stress fibre assembly at points of force application.

Since the bio-chemo-mechanical formulation is general,
this model has been employed to one and two-dimensional
cellular migration to investigate cell traction forces distribu-
tion (Han and Sniadecki 2011). Furthermore, by introducing
equations accounting for focal adhesion, the model has been
used to study the relationship between cytoskeletal contrac-
tile forces and focal adhesion dynamics (Deshpande et al.
2008). Finally, three-dimensional active constitutive formu-



2005). In these works, the cell domain includes the major
subcellular structures (nucleus, cytoskeleton, cytosol, corti-
cal layer) that are treated as incompressible neo-Hookean
materials. The model is based on cell detachment experi-
ments. To model nuclear deformation, the pretension of the
cytoskeletal fibres associated with nucleus is modelled as a
pattern of reactive forces to the nucleus. Results have shown
that stresses experienced by the nucleus have an order of
magnitude that can be significant for the function of DNA
and chromatin (Jean et al. 2005). Other models accounting
for the nucleus and nuclear-cytoskeletal connections, mod-
elled as a network of cables, have been proposed to study
cell response to micromanipulation (Paul et al. 2008) and
substrate dynamic stretching (Milner et al. 2012).

As previously discussed, contractility and the effects on
the nucleus, both in terms of shape and functions, represent
an emerging field of study. In the continuum approach, cell
contraction has been modelled as a prescribed thermal dis-
placement (Nelson et al. 2005; Banerjee and Marchetti 2013).
The main limitation of these models is that the biochem-
istry of stress fibres formation, and dissociation is neglected
(Deshpande et al. 2006). To overcome this limitation, a bio-
chemo- mechanical model has been proposed (Sect. 3.2.1).
Within this framework, while first studies have been car-
ried out on simple idealized cell geometries, recently it has
been reported a three-dimensional constitutive formulations
accounting for a more realistic cell structure and behaviour
(Ronan et al. 2012; Dowling et al. 2013). Indeed, modelling
a cell as an active material has led to significant results in
comparison with the ones predicted by a passive formula-
tion of cell behaviour. Therefore, predicted nuclear strains
and stresses can greatly improve the understanding of exper-
imental observations in cell and nuclear mechanics.

4 Discussion

A better comprehension of the mechanism by which chem-
ical and physical signals are integrated into the cell nucleus
to induce a specific cell response represents a great chal-
lenge. Our current understanding of mechanotransduction
mechanisms to the cell nucleus to induce differential gene
regulation is still poorly understood. Great efforts have been
made within this field, both in terms of the development of
advanced culture platforms, and computational models to
interpret experimental observations.

In this work, we provide a review of the computational
models used in cell mechanics. Traditionally, the proposed
models are grouped in two categories: microstructural mod-
els and continuum models. The microstructural approach
assumes the cytoskeleton as a critical component in cell
morphology and function. These models, consisting in an
idealized geometry and simple constitutive equations, do

lations of the bio-chemo-mechanical model have been devel-
oped. It has been reported that stress distributions in the cell 
cytoplasm and nucleus computed using the active formula-
tion differ significantly from those computed using passive 
material models (Ronan et al. 2012; Dowling et al. 2013), 
confirming the importance of the active contribution to cell 
mechanics.

3.2.2 Computational models for nuclear mechanics

Increasing experimental evidences have shown the cru-
cial role played by the nuclear-cytoskeletal connections in 
cell mechanosensing and mechanotransduction. Changes in 
extracellular environment induce cytoskeletal remodelling 
that, thanks to the tight connection between the nuclear enve-
lope and stress fibres could lead nuclear deformation (Iser-
mann and Lammerding 2013), which in turn induce local 
transport of chemical factors through nuclear membrane 
(Dupont et al. 2011; Gupta et al. 2012; Schachter et al. 2012), 
chromatin disassembly (Iyer et al. 2012) and gene activation 
(Jerabek and Heermann 2014). For example, nuclear stresses 
and nuclear stiffness have been reported to be significantly 
different between undifferentiated stem cells and specialized 
cells (Pajerowski et al. 2007).

Most of the computational models described above do not 
incorporate either the nucleus itself or the cytoskeletal net-
work. Regarding discrete models, attempts to further predic-
tions in physiological cell responses have been made. Com-
plex tensegrity models accounting for cytoskeletal filaments, 
including microtubules and intermediate filaments, their spe-
cific material properties and (nonlinear) behaviour have been 
made (Baudriller et al. 2006; Chen et al. 2010; Mehrbod and 
Mofrad 2011; Wang and Wolynes 2012). Tensegrity struc-
tures completed with other cellular structure such as the 
plasma membrane, the cytoplasm and the nucleus, have been 
proposed (McGarry and Prendergast 2004; McGarry et al. 
2004, 2005; De Santis et al. 2011; Bursa et al. 2012; Kardas 
et al. 2013). Such a “hybrid approach” enabled to capture 
behaviours observed in experiments, including the relation-
ship between cell shape and the compliance of the underly-
ing substrate and the whole cell response to external loads. 
Despite simplifications, including the linear homogenous 
elastic material for the nucleus, these studies highlighted the 
role of the nucleus in cell mechanics. For example, a vis-
coelastic formulation for the cell and the nucleus are needed 
for a complete characterization of cells under compression 
(McGarry 2009).

Regarding the continuum approach, most computational 
studies aiming to estimate cell material parameters, typically 
do not account for intracellular organelles. To overcome these 
simplification/limitations, several models have been devel-
oped to study nuclear deformation as a result of the mechan-
ics of the cytoskeleton-nuclear pathway (Jean et al. 2004,



not represent the complex intracellular molecular networks.
Microstructural models, including more complex tensegrity
structures (Baudriller et al. 2006; Chen et al. 2010; Mehrbod
and Mofrad 2011; Wang and Wolynes 2012) completed with
other cellular components (McGarry and Prendergast 2004;
McGarry et al. 2004, 2005; De Santis et al. 2011; Bursa
et al. 2012; Kardas et al. 2013) have several limitations in
capturing cell behaviour due to an idealized and simplistic
representation of cytoskeletal structure when compared to
living cells. As a consequence, the initial configuration and
the relevant initial conditions and boundary conditions are
prescribed by the user; therefore, this kind of approach has a
limited capability in predicting cell mechanical behaviour.

In continuum-based approach, the cell is often mod-
elled as a continuum that contains an elastic cortex that
surrounds a viscous or viscoelastic fluid; a more complex
variation includes an elastic nucleus within a viscous cyto-
plasm. These models provide results fitting experimental
data measured in cells under specific experimental condi-
tions, but in general, they cannot predict from mechanis-
tic principles how these properties alter cell function (Vaziri
and Gopinath 2008). Continuum models also assume that
the physico-chemical interactions between structures form-
ing the cytoskeleton are infinitesimally small relative to the
size of the cell. Thus, they do not provide insights into
how distinct molecular structures contribute to cell mechan-
ics. This is a critical limitation because it is not possi-
ble to explain how mechanical forces regulate cell function
without linking mechanics to microstructure and molecular
biochemistry.

To overcome these simplifications/limitations, several
models accounting for the heterogeneous composition of
cells have been developed (Jean et al. 2004, 2005; Paul et
al. 2008; Milner et al. 2012). Although interesting results
reported, this kind of approach has a limited predictive
capability due to the prescribed (e.g. user-defined) net-
work between the cytoskeletal filaments and the nucleus.
Actually, cells are intrinsically active materials; therefore,
the choice of the initial and the reference configuration
of the body, the initial conditions, the boundary condi-
tions and loading conditions are critical issues. Moreover,
cellular processes occur at different spatial and tempo-
ral scales. Therefore, from a modelling perspective, the
development of integrated computational models for cell
mechanics and mechanobiology has several degrees of
complexity.

An interesting strategy within this context consists in
the bio-chemo-mechanical model. This framework has been
demonstrated to accurately simulate the response of cells to
a wide variety of different boundary conditions and applied
loadings. Since the bio-chemo-mechanical model accounts
for stress fibres dynamics in all the cytoplasm, it is also
entirely predictive, which means that with initial conditions

regarding stress fibre, distribution and orientation are not
required (Rodriguez et al. 2013).

Further strategies in computational cell mechanics will
consist in developing multiscale models that can predict the
distribution of stresses/strains in a certain range of scales and
relate that to the subcellular components and cytoskeleton
(downscaling) or to the tissue level (upscaling). Another chal-
lenge in this field is to properly couple macroscale dynam-
ics (e.g. at the tissue level) and cell kinetics and mechan-
ics. Finally, multiphysics models able to predict the inter-
play between whole cell deformation, nuclear deformation
and mass transport through the nuclear envelope and pores
(Dupont et al. 2011; Gupta et al. 2012; Schachter et al. 2012)
are needed to gain more insights in mechanotransduction
process.

Acknowledgments This project is funded by the Cariplo Foundation
(Milano), under grant 2010 “3D Micro structuring and Functionalisation
of Polymeric Materials for Scaffolds in Regenerative Medicine”.

References

Affonce D, Lutchen K (2006) New perspectives on the mechanical basis
for airway hyperreactivity and airway hypersensitivity in asthma. J
Appl Physiol 101(6):1710–1719

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P (2007)
Molecular biology of the cell, 5th edn. Garland Science, New York

Anderson AE, Ellis BJ, Weiss JA (2007) Verification, validation and
sensitivity studies in computational biomechanics. Comput Methods
Biomech Biomed Eng 10(3):171-1844

Baaijens F, Trickey W, Laursen T, Guilak F (2005) Large deforma-
tion finite element analysis of micropipette aspiration to determine
the mechanical properties of the chondrocyte. Ann Biomed Eng
33(4):494–501

Badique F, Stamov D, Davidson P, Veuillet M, Reiter G, Freund J, Franz
C, Anselme K (2013) Directing nuclear deformation on micropil-
lared surfaces by substrate geometry and cytoskeleton organization.
Biomaterials 34(12):2991–3001

Banerjee S, Marchetti M (2013) Controlling cell matrix traction forces
by extracellular geometry. New J Phys 15:035015

Bao G, Suresh S (2003) Cell and molecular mechanics of biological
materials. Nat Mater 2(11):715–725

Baudriller H, Maurin B, Canadas P, Montcourrier P, Parmeggiani A,
Bettache N (2006) Form-finding of complex tensegrity structures:
application to cell cytoskeleton modelling. C. R. Mech. 334(11):
662–668

Boey S, Boal D, Discher D (1998) Simulations of the erythrocyte
cytoskeleton at large deformation. I. Microscopic models. Biophys
J 75(3):1573–1583

Burns L, Wente S (2012) Trafficking to uncharted territory of the nuclear
envelope. Curr Opin Cell Biol 24(3):341–349

Bursa J, Lebis R, Holata J (2012) Tensegrity finite element models
of mechanical tests of individual cells. Technol Health Care 20(2):
135–150

Buxboim A, Ivanovska I, Discher D (2010) Matrix elasticity, cytoskele-
tal forces and physics of the nucleus: how deeply do cells ‘feel’
outside and in? J Cell Sci 123(3):297–308

Caille N, Thoumine O, Tardy Y, Meister J (2002) Contribution of the
nucleus to the mechanical properties of endothelial cells. J Biomech
35(2):177–187



Canadas P, Laurent V, Oddou C, Isabey D, Wendling S (2002) Cellu-
lar tensegrity model to analyse the structural viscoelasticity of the
cytoskeleton. J Theor Biol 218(2):155–173

Canadas P, Wendling-Mansuy S, Isabey D (2006) Frequency response
of a viscoelastic tensegrity model: structural rearrangement contri-
bution to cell dynamics. ASME J Biomech Eng 128(4):487–495

Cao Y, Bly R, Moore W, Gao Z, Cuitino A, Soboyejo W (2007) On
the measurement of human osteosarcoma cell elastic modulus using
shear assay experiment. J Mater Sci 18(1):103–109

Cao L, Guilak F, Setton L (2009) Pericellular matrix mechanics in
the anulus fibrosus predicted by a three-dimensional finite element
model and in situ morphology. Cell Mol Bioeng 2(3):306–319

Chalut K, Kulangara K, Giacomelli M, Wax A, Leong K (2010) Defor-
mation of stem cell nuclei by nanotopographical cues. Soft Matter
6(8):1675–1681

Chambliss A, Khatau S, Erdenberger N, Robinson D, Hodzic D, Long-
more G, Wirtz D (2013) The LINC-anchored actin cap connects the
extracellular milieu to the nucleus for ultrafast mechanotransduction.
Sci Rep 3(8):1087

Charras G, Horton M (2002) Determination of cellular strains by com-
bined atomic force microscopy and finite element modeling. Biophys
J 83(2):858–879

Chen C, Mrksich M, Huang S, Whitesides GM, Ingber DE (1997) Geo-
metric control of cell life and death. Science 276(5317):1425–1428

Chen K, Li Y, Kim M, Li S, Yuan S, Chien S, Shyy J (1999) Mechan-
otransduction in response to shear stress: roles of receptor tyrosine
kinases, integrins, and Shc. J Biol Chem 274(26):18393–18400

Chen CS, Tan JL, Tien J, Pirone DM, Gray DS, Bhadriraju K (2003)
Cells lying on a bed of microneedles: an approach to isolate mechan-
ical force. Proc Natl Acad Sci USA 100(4):1484–1489

Chen T, Wu C, Tang M, Huang J, Su F (2010) Complexity of the tenseg-
rity structure for dynamic energy and force distribution of cytoskele-
ton during cell spreading. PLoS One 5(12):e14392

Correa-Meyer E, Pesce L, Guerrero C, Sznajder J (2002) Cyclic stretch
activates ERK1/2 via G proteins and EGFR in alveolar epithelial
cells. Am J Physiol Lung Cell Mol Physiol 282(5):L883–L891

Costa K, Yin F (1999) Analysis of indentation: implications for measur-
ing mechanical properties with atomic force microscopy. J Biomech
Eng (Trans. ASME) 121:462–471

Coughlin MF, Stamenovic D (2003) A prestressed cable network model
of the adherent cell cytoskeleton. Biophys J 84:1328–1336

Cusachs P, Alcaraz J, Sunyer R, Samitier J, Farré R, Navajas D (2008)
Micropatterning of single endothelial cell shape reveals a tight cou-
pling between nuclear volume in g1 and proliferation. Biophys J
94(12):4984–4995

Dahl K, Scaffidi P, Islam M, Yodh A, Wilson K, Misteli T (2006) Dis-
tinct structural and mechanical properties of the nuclear lamina in
Hutchinson–Gilford progeria syndrome. Proc Natl Acad Sci USA
103(27):10271–10276

Dahl K, Ribeiro A, Lammerding J (2008) Nuclear shape, mechanics,
and mechanotransduction. Circ Res 102(11):1307–1318

Dao M, Lim C, Suresh S (2003) Mechanics of the human red blood
cell deformed by optical tweezers. J Mech Phys Solids 51(11–12):
2259–2280

De Santis G, Lennon A, Boschetti F, Verhegghe B, Verdonck P, Pren-
dergast P (2011) How can cells sense the elasticity of a substrate? An
analysis using a cell tensegrity model. Eur Cell Mater 22:202–213

Dechat T, Adam S, Goldman R (2009) Nuclear lamins and chromatin:
when structure meets function. Adv Enzym Regul 49(1):157–166

Deguchi S, Yano M, Hashimoto K, Fukamachi H, Washio S, Tsujioka
K (2011) Assessment of the mechanical properties of the nucleus
inside a spherical endothelial cell based on microtensile test. J Mech
Mater Struct 2(6):1087–1102

Deshpande V, McMeeking R, Evans A (2006) A bio-chemo-mechanical
model for cell contractility. Proc Natl Acad Sci USA 103(38):14015–
14020

Deshpande V, McMeeking R, Evans A (2007) A model for the contrac-
tility of the cytoskeleton including the effects of stress-fibre forma-
tion and dissociation. Proc R Soc A 463(2079):787–815

Deshpande V, Mrksich M, McMeeking R, Evans A (2008) A bio-
mechanical model for coupling cell contractility with focal adhesion
formation. J Mech Phys Solids 56(4):1484–1510

Ding S, Schultz P (2004) A role for chemistry in stem cell biology. Nat
Biotechnol 22(7):833–840

Discher D, Janmey P, Wang Y-L (2005) Tissue cells feel and respond
to the stiffness of their substrate. Science 310(5751):1139–1143

Discher D, Mooney D, Zandstra P (2009) Growth factors, matrices,
and forces combine and control stem cells. Science 324(5935):
1673–1677

Dowling E, Ronan W, McGarry J (2013) Computational investigation of
in situ chondrocyte deformation and actin cytoskeleton remodelling
under physiological loading. Acta Biomater 9(4):5943–5955

Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M,
Zanconato F, Le Digabel J, Forcato M, Bicciato S, Elvassore N,
Piccolo S (2011) Role of YAP/TAZ in mechanotransduction. Nature
474(7350):179–183

Engler A, Sen S, Sweeney H, Discher D (2006) Matrix elasticity directs
stem cell lineage specification. Cell 126(4):677–689

Engler A, Carag-Krieger C, Johnson C, Raab M, Tang H, Speicher D,
Sanger J, Sanger J, Discher D (2008) Embryonic cardiomyocytes
beat best on a matrix with heart-like elasticity: scar-like rigidity
inhibits beating. J Cell Sci 121(22):3794–3802

Ferko M, Bhatnagar A, Garcia M, Butler P (2007) Finite-element stress
analysis of a multicomponent model of sheared and focally-adhered
endothelial cells. Ann Biomed Eng 35(2):858–859

Fletcher D, Mullins R (2010) Cell mechanics and the cytoskeleton.
Nature 463(7280):485–492

Friedman M, Li S, Li X (2009) Activation of gene transcription by heat
shock protein 27 may contribute to its neuronal protection. J Biol
Chem 284:27944–27951

Gimbrone M, Topper J, Nagel T, Anderson K, Garcia-Cardena G (2000)
Endothelial dysfunction, hemodynamic forces, and atherogenesis.
Ann NY Acad Sci 902:230–239

Guharay F, Sachs F (1984) Stretch-activated single ion channel cur-
rents in tissue-cultured embryonic chick skeletal muscle. J Physiol
352:685–701

Guilak F (1995) Compression-induced changes in the shape and volume
of the chondrocyte nucleus. J Biomech 28(12):1529–1541

Guilak F, Tedrow J, Burgkart R (2000) Viscoelastic properties of the
cell nucleus. Biochem Biophys Res Commun 269(3):781–786

Guilak F, Erickson G, Ting-Beall H (2002) The effects of osmotic stress
on the viscoelastic and physical properties of articular chondrocytes.
Biophys J 82(2):720–727

Guilak F, Cohen D, Estes B, Gimble J, Liedtke W, Chen C (2009) Con-
trol of stem cell fate by physical interactions with the extracellular
matrix. Cell Stem Cell 5(1):17–26

Gundersen G, Worman H (2013) Nuclear positioning. Cell 152:
1376–1389

Gunther U, Schuppan D, Bauer M, Matthes H, Stallmach A, Schmitt-
Graff A, Riecken E, Herbst H (1999) Fibrogenesis and fibrolysis in
collagenous colitis-patterns of procollagen types I and IV, matrix-
metalloproteinase-1 and -13, and TIMP-I gene expression. Am J
Pathol 155(2):493–503

Gupta S, Marcel N, Sarin A, Shivashankar G (2012) Role of actin depen-
dent nuclear deformation in regulating early gene expression. PLoS
One 7(12):e53031

Hadjipanayi E, Mudera V, Brown R (2009a) Close dependence of
fibroblast proliferation on collagen scaffold matrix stiffness. J Tissue
Eng Regen Med 3:77–84

Hadjipanayi E, Mudera V, Brown R (2009b) Guiding cell migration in
3D:a collagen matrix with graded directional stiffness. Cell Motil
Cytoskelet 66:121–128



Haider M, Guilak F (2000) An axisymmetric boundary integral
model for incompressible linear viscoelasticity: application to the
micropipette aspiration contact problem. J Biomech Eng (Trans.
ASME) 122(3):236–244

Haider M, Guilak F (2002) An axisymmetric boundary integral model
for assessing elastic cell properties in the micropipette aspiration
contact problem. J Biomech Eng 124(5):586–595

Han S, Sniadecki N (2011) Simulations of the contractile cycle in cell
migration using a bio-chemical-mechanical model. Comput Methods
Biomech Biomed Eng 14(5):459–468

Heo S, Nerurkar N, Baker B, Shin J, Elliott D, Mauck R (2011) Fiber
stretch and reorientation modulates mesenchymal stem cell morphol-
ogy and fibrous gene expression on oriented nanofibrous microenvi-
ronments. Ann Biomed Eng 39(11):2780–2790

Heydemann A, McNally E (2007) Consequences of disrupting the
dystrophin-sarcoglycan complex in cardiac and skeletal myopathy.
Trends Cardiovasc Med 17(2):55–59

Huang C, Soltz M, Kopacz M, Mow V, Ateshian G (2003) Experimen-
tal verification of the roles of intrinsic matrix viscoelasticity and
tension-compression nonlinearity in the biphasic response of carti-
lage. ASME J Biomech Eng 125(1):84–93

Huang H, Kamm R, Lee R (2004) Cell mechanics and mechanotrans-
duction: pathways, probes, and physiology. Stem Cells 287(1):
C1–11

Ingber D (1993) Cellular tensegrity: defining new rules of biolog-
ical design that govern the cytoskeleton. J Cell Sci 104(Pt. 3):
613–627

Ingber D (1997) Tensegrity: the architectural basis of cellular mechan-
otransduction. Annu Rev Physiol 59:575–599

Ingber D (2003a) Tensegrity I: cell structure and hierarchical systems
biology. J Cell Sci 116:1157–1173

Ingber D (2003b) Tensegrity II: how structural networks influence cel-
lula information processing networks. J Cell Sci 116:1397–1408

Ingber D (2006) Cellular mechanotransduction: putting all the pieces
together again. FASEB 20(7):811–827

Ingber D (2008) Mechanobiology and diseases of mechanotransduction.
Ann. Med. 35(8):564–577

Isermann P, Lammerding J (2013) Nuclear mechanics and mechan-
otransduction in health and disease. Curr Biol 23(24):R1113–R1121

Iyer K, Pulford S, Mogilner A, Shivashankar G (2012) Mechanical
activation of cells induces chromatin remodeling preceding MKL
nuclear transport. Biophys J 103(7):1416–1428

Jaalouk D, Lammerding J (2009) Mechanobiology gone awry. Nat Rev
Mol Cell Biol 10(1):63–73

Jacot J, Kita-Matsuo H, Wei K, Chen H, Omens J, Mercola M, McCul-
loch A (2010) Cardiac myocyte force development during differen-
tiation and maturation. Ann NY Acad Sci 1188:121–127

Jadhav S, Eggleton C, Konstantopoulos K (2005) A 3-D computational
model predicts that cell deformation affects selectin-mediated leuko-
cyte rolling. Biophys J 88(1):96–104

Jean R, Gray D, Spector A, Chen C (2004) Characterization of the
nuclear deformation caused by changes in endothelial cell shape. J
Biomech Eng 126(5):552–558

Jean R, Chen C, Spector A (2005) Finite-element analysis of the
adhesion-cytoskeleton-nucleus mechanotransduction pathway dur-
ing endothelial cell rounding: axisymmetric model. J Biomech Eng
127(4):594–600

Jerabek H, Heermann D (2014) How chromatin looping and nuclear
envelope attachment affect genome organization in eukaryotic cell
nuclei. Int Rev Cell Mol Biol 307:351–381

Judex S, Gross T, Bray R, Zernicke R (1997) Adaptation of bone to
physiological stimuli. J Biomech 30(5):421–429

Julkunen P, Wilson W, Jurvelin J, Korhonen R (2009) Composition
of the pericellular matrix modulates the deformation behaviour of
chondrocytes in articular cartilage under static loading. Med Biol
Eng Comput 47(12):1281–1290

Kardas D, Nackenhorst U, Balzani D (2013) Computational model for
the cell mechanical response of the osteocyte cytoskeleton based on
self-stabilizing tensegrity structures. Biomech Model Mechanobiol
12(1):167–183

Kaunas R, Nguyen P, Usami S, Chien S (2005) Cooperative effects of
rho and mechanical stretch on stress fiber organization. Stem Cells
102(44):15895–15900

Khatau S, Hale C, Stewart-Hutchinson P, Patel M, Stewart C, Searson P,
Hodzic D, Wirtz D (2009) A perinuclear actin cap regulates nuclear
shape. Proc Natl Acad Sci USA 106(45):19017–19022

Khatau S, Kim D, Hale C, Bloom R, Wirtz D (2010) The perinuclear
actin cap in health and disease. Nucleus 1(4):337–342

Khatau SB, Bloom R, Bajpai S, Razafsky D, Zang S, Giri A, Wu P,
Marchand J, Celedon A, Hale C, Sun SX, Hodzic D, Wirtz D (2012)
The distinct roles of the nucleus and nucleus-cytoskeleton connec-
tions in three-dimensional cell migration. Sci Rep 2:488

Kim D, Chambliss A, Wirtz D (2013a) The multi-faceted role of the
actin cap in cellular mechanosensation and mechanotransduction.
Soft Matter 9(23):5516–5523

Kim D, Khatau S, Feng Y, Walcott S, Sun S, Longmore GA (2013b)
Actin cap associated focal adhesions and their distinct role in cellular
mechanosensing. Sci Rep 2:5516–5523

Klein-Nulend J, Bacabac R, Veldhuijzen J, Van Loon J (2003)
Microgravity and bone cell mechanosensitivity. Adv Space Res
32(8):1551–1559

Kress S, Neumann A, Weyand B, Kasper C (2012) Stem cell differenti-
ation depending on different surfaces. Adv Biochem Eng Biotechnol
126:263–283

Lammerding J, Schulze P, Takahashi T, Kozlov S, Sullivan T, Kamm
R, Stewart C, Lee R (2004) Lamin A/C deficiency causes defec-
tive nuclear mechanics and mechanotransduction. J Clin Investig
113(3):370–378

Lammerding J, Fong L, Ji J, Reue K, Stewart C, Young S, Lee R (2006)
Lamins A and C but not lamin B1 regulate nuclear mechanics. J Biol
Chem 281(35):25768–25780

Lammerding J (2011) Mechanics of the nucleus. Compr Physiol
1(2):783–807

Lee J, Hale C, Panorchan P, Khatau S, George J, Tseng Y, Stewart
C, Hodzic D, Wirtz D (2007) Nuclear lamin a/c deficiency induces
defects in cell mechanics, polarization, and migration. Biophys J
93(7):2542–2552

Leipzig N, Athanasiou K (2005) Unconfined creep compression of
chondrocytes. J Biomech 38(1):77–85

Li J, Dao M, Lim C, Suresh S (2005) Spectrin-level modeling of the
cytoskeleton and optical tweezers stretching of the erythrocyte. J
Biomech 88(5):3707–3719

Lim C, Zhou E, Quek S (2006) Mechanical models for living cells—a
review. J Biomech 39(2):195–216

Liu Z, Zhuge Y, Velazquez O (2009) Trafficking and differentiation of
mesenchymal stem cells. J Cell Biochem 106(6):984–991

Loh O, Vaziri A, Espinosa H (2009) The potential of MEMS for
advancing experiments and modeling in cell mechanics. Exp Mech
49(1):105–124

Lombardi M, Jaalouk D, Shanahan C, Burke B, Roux K, Lammerd-
ing J (2011) The interaction between nesprins and SUN proteins at
the nuclear envelope is critical for force transmission between the
nucleus and cytoskeleton. J Biol Chem 286(1):26473–26753124

Lutolf M, Hubbell J (2005) Synthetic biomaterials as instructive extra-
cellular microenvironments for morphogenesis in tissue engineering.
Nat Biotechnol 23(1):47–55

Luxton G, Gomes E, Folker E, Vintinner E, Gundersen G (2010) Linear
arrays of nuclear envelope proteins harness retrograde actin flow for
nuclear movement. Science 329(5994):956–959

Luxton G, Gomes E, Folker E, Worman H, Gundersen G (2011) TAN
lines: a novel nuclear envelope structure involved in nuclear posi-
tioning. Nucleus 2(3):173–181



Maniotis A, Chen C, Ingber DE (1997) Demonstration of mechanical
connections between integrins, cytoskeletal filaments, and nucle-
oplasm that stabilize nuclear structure. Proc Natl Acad Sci USA
94(3):849–854

McElfresh M, Baesu E, Balhorn R, Belak J, Allen M, Rudd R
(2002) Combining constitutive materials modeling with atomic force
microscopy to understand the mechanical properties of living cells.
Proc Natl Acad Sci USA 99(2):6493–6497

McGarry J, Klein-Nulend J, Mullender M, Prendergast P (2004) A
comparison of strain and fluid shear stress in stimulating bone
cell responses–a computational and experimental study. FASEB J
19(3):482–484

McGarry J, Prendergast P (2004) A three-dimensional finite element
model of an adherent eukaryotic cell. Eur Cell Mater 7:27–33

McGarry J, Murphy B, McHugh P (2005) Computational mechanics
modelling of cell-substrate contact during cyclic substrate deforma-
tion. J Mech Phys Solids 53(12):2597–2637

Mcgarry J, McHugh P (2008) Modelling of in vitro chondrocyte detach-
ment. J Mech Phys Solids 56(4):1554–1565

McGarry J (2009) Characterization of cell mechanical properties by
computational modeling of parallel plate compression. Ann Biomed
Eng 37(11):2317–2325

Mehrbod M, Mofrad M (2011) On the significance of microtubule flex-
ural behavior in cytoskeletal mechanics. PLoS One 6(10):e25627

Mejat A, Misteli T (2010) LINC complexes in health and disease.
Nucleus 1(1):40–52

Meyer C, Alenghat F, Rim P, Fong J, Fabry B, Ingber D (2000) Mechan-
ical control of cyclic AMP signalling and gene transcription through
integrins. Nat Cell Biol 2(9):666–668

Mills J, Qie L, Dao M, Lim C, Suresh S (2004) Nonlinear elastic and
viscoelastic deformation of the human red blood cell with optical
tweezers. Mech Chem Biosyst 1(3):169–180

Milner J, Grol M, Beaucage K, Dixon S, Holdsworth DW (2012) Finite-
element modeling of viscoelastic cells during high- frequency cyclic
strain. J Funct Biomater 3(1):209–224

Mofrad M (2009) Rheology of the cytoskeleton. Annu Rev Fluid Mech
41:433–453

Nava M, Raimondi M, Pietrabissa R (2012) Controlling self-renewal
and differentiation of stem cells via mechanical cues. J Biomed
Biotechnol 2012:797410

Nelson C, Jean R, Tan J, Liu W, Sniadecki N, Spector A, Chen C (2005)
Emergent patterns of growth controlled by multicellular form and
mechanics. Proc Natl Acad Sci USA 102(33):11594–11599

Ng L, Hung H, Sprunt A, Chubinskaya S, Ortiz C, Grodzinsky A
(2007) Nanomechanical properties of individual chondrocytes and
their developing growth factor-stimulated pericellular matrix. Bio-
materials 40(5):1011–1123

Nikkhah M, Edalat F, Manoucheri S, Khademhosseini A (2012) Engi-
neering microscale topographies to control the cell-substrate inter-
face. Biomaterials 33(21):5230–5246

Ohashi T, Ishii Y, Ishikawa Y, Matsumoto T, Sato M (2002) Experimen-
tal and numerical analyses of local mechanical properties measured
by atomic force microscopy for sheared endothelial cells. Biomed
Mater Eng 12(3):319–327

Pajerowski J, Dahl K, Zhong F, Sammak P, Discher D (2007) Physical
plasticity of the nucleus in stem cell differentiation. Proc Natl Acad
Sci USA 104(40):15619–15624

Paszek M, Zahir N, Johnson K, Lakins J, Rozenberg G, Gefen A,
Reinhart-King C, Margulies S, Dembo M, Boettiger D, Hammer
D, Weaver V (2005) Tensional homeostasis and the malignant phe-
notype. Cancer Cells 8(3):241–254

Pathak A, Deshpande V, McMeeking R, Evans A (2008) The simulation
of stress fibre and focal adhesion development in cells on patterned
substrates. J R Soc Interface 5(22):507–524

Paul R, Heil P, Spatz J, Schwarz U (2008) Propagation of mechanical
stress through the actin cytoskeleton toward focal adhesions: model
and experiment. Biophys J 94(4):1470–1482

Prager-Khoutorsky M, Lichtenstein A, Krishnan R, Rajendran K, Mayo
A, Kam Z, Geiger B, Bershadsky A (2011) Fibroblast polarization
is a matrix-rigidity-dependent process controlled by focal adhesion
mechanosensing. Nat Cell Biol 13(12):1457–1465

Qian J, Liu H, Lin Y, Chen W, Gao H (2013) A mechanochemical model
of cell reorientation on substrates under cyclic stretch. PLoS ONE
8(6):e65864

Radmacher M (2002) Measuring the elastic properties of living cells
by the atomic force microscope in atomic force microscopy in cell
biology. Methods Cell Biol 68:67–90

Raimondi M, Eaton S, Laganà M, Aprile V, Nava M, Cerullo G,
Osellame R (2013) 3D structural niches engineered via two-photon
laser polymerization promote stem cell homing. Acta Biomater
9(1):4579–4584

Rodriguez M, McGarry P, Sniadecki N (2013) Review on cell
mechanics: experimental and modeling approaches. Appl Mech Rev
65(6):060801

Ronan W, Deshpande V, McMeeking R, McGarry J (2012) Numeri-
cal investigation of the active role of the actin cytoskeleton in the
compression resistance of cells. J Mech Behav Biomed Mater 14:
143–157

Ronan W, Pathak A, Deshpande V, McMeeking R, McGarry P (2013)
Simulation of the mechanical response of cells on micro-post sub-
strates. J Biomech Eng 135(10):101012

Satcher J, Dewey C (1996) Theoretical estimates of mechanical prop-
erties of the endothelial cell cytoskeleton. Biophys J 71(1):109–118

Satcher R, Dewey C, Hartwig J (1997) Mechanical remodeling of
endothelial surface and actin cytoskeleton induced by fluid flow.
Microcirculation 4(4):439–453

Sato M, Theret D, Wheeler L, Ohshima N, Nerem R (1990) Application
of the micropipette technique to the measurement of cultured porcine
aortic endothelial cell viscoelastic properties. ASME J Biomech Eng
112:263–268

Schachter T, Shen T, Liu Y, Schneider M (2012) Kinetics of nuclear-
cytoplasmic translocation of Foxo1 and Foxo3A in adult skeletal
muscle fibers. Am J Physiol Cell Physiol 303(9):C977–C990

Schreiber K, Kennedy B (2013) When lamins go bad: nuclear structure
and disease. Cell 152(6):1365–1375

Schwartz M (2010) Integrins and extracellular matrix in mechanotrans-
duction. Cold Spring Harb Perspect Biol 2(12):a005066

Shin D, Athanasiou K (1999) Cytoindentation for obtaining cell bio-
mechanical properties. J Orthop Res 17(6):880–890

Shivashankar G (2011) Mechanosignaling to the cell nucleus and gene
regulation. Annu Rev Biophys 40:361–378

Slomka N, Gefen A (2010) Confocal microscopy-based three-
dimensional cell-specific modeling for large deformation analyses
in cellular mechanics. J Biomech 43(9):1806–1816

Stamenovic D (2005) Effects of cytoskeletal prestress on cell rheolog-
ical behavior. Acta Biomater, 1(3):255–262

Stamenovic D, Fredberg J, Wang N, Butler J, Ingber D (1996) A
microstructural approach to cytoskeletal mechanics based on tenseg-
rity. J Theor Biol 181(2):125–136

Stamenovic D, Coughlin M (1999) The role of prestress and architecture
of the cytoskeleton and deformability of cytoskeletal filaments in
mechanics of adherent cells: a quantitative analysis. J Theor Biol
201(1):63–74

Stamenovic D, Wang N (2000) Invited review: engineering approaches
to cytoskeletal mechanics. J Appl Physiol 89(5):2085–2090

Stamenovic D, Ingber D (2002) Models of cytoskeletal mechanics of
adherent cells. Biomech Model Mechanobiol 1(1):95–108



Stamenovic D, Mijailovich SM, Tolic-Norrelykke IM, Wang N (2003)
Experimental tests of the cellular tensegrity hypothesis. Biorheology
40(1–3):221–225

Sugimoto H, Mundel T, Sund M, Xie L, Cosgrove D, Kalluri R (2006)
Bone-marrow-derived stem cells repair basement membrane colla-
gen defects and reverse genetic kidney disease. Proc Natl Acad Sci
USA 103(19):7321–7326

Sultan C, Stamenovic D, Ingber D (2004) A computational tensegrity
model predicts dynamic rheological behaviors in living cells. Ann
Biomed Eng 32(4):520–530

Suresh S, Spatz J, Mills J, Micoulet A, Dao M, Lim C, Beil M, Seuf-
ferlein T (2005) Connections between single-cell biomechanics and
human disease states: gastrointestinal cancer and malaria. Acta Bio-
mater 1(1):15–30

Tan J, Kalapesi F, Coroneo M (2006) Mechanosensitivity and the eye:
cells coping with the pressure. Br J Ophthalmol 90(3):383–388

Theret D, Levesque M, Sato M, Nerem R, Wheeler L (1988) The
application of a homogeneous half-space model in the analysis of
endothelial-cell micropipette measurements. ASME J Biomech Eng
110:190–199

Thomas C, Collier J, Sfeir C, Healy K (1998) Engineering gene expres-
sion and protein synthesis by modulation of nuclear shape. Proc Natl
Acad Sci USA 99(4):1972–1977

Tibbitt M, Anseth K (2009) Hydrogels as extracellular matrix mimics
for 3D cell culture. Biotechnol Bioeng 103(4):655–663

Trickey W, Lee G, Guilak F (2000) Viscoelastic properties of chondro-
cytes from normal and osteoarthritic human cartilage. J Orthop Res
18(6):891–898

Trickey W, Baaijens F, Laursen T, Alexopoulos L, Guilak F (2006)
Determination of the Poisson’s ratio of the cell: recovery properties
of chondrocytes after release from complete micropipette aspiration.
J Biomech 39(1):78–87

Tsai M, Wang S, Heidinger J, Shumaker D, Adam S, Goldman R, Zheng
Y (2006) A mitotic lamin B matrix induced by RanGTP required for
spindle assembly. Science 311(5769):1887–1893

Vaziri A, Lee H, Mofrad M (2006) Deformation of the cell nucleus
under indentation: mechanics and mechanisms. J Mater Res 21(8):
2126–2135

Vaziri A, Mofrad M (2007) Mechanics and deformation of the nucleus
in micropipette aspiration experiment. J Biomech 40(9):2053–2062

Vaziri A, Gopinath A, Deshpande V (2007a) Continuum-based compu-
tational models in cell and nuclear mechanics. J Mech Mater Struct
2(6):1169–1191

Vaziri A, Xue Z, Kamm RD, Kaazempur-Mofrad MR (2007b) A compu-
tational study on power-law rheology of soft glassy materials with
application to cell mechanics. Comput Methods Appl Mech Eng
196(31–32):2965–2971

Vaziri A, Gopinath A (2008) Cell and biomolecular mechanics in silico.
Nat Mater 7(1):15–23

Vollrath M, Kwan K, Corey D (2007) The micromachinery of mechan-
otransduction in hair cells. Ann Rev Neurosci 30:339–365

Wang N, Butler J, Ingber D (1993) Mechanotransduction across the cell
surface and through the cytoskeleton. Science 260(5111):1124–1127

Wang H, Ip W, Boissy R, Grood ES (1995) Cell orientation response
to cyclically deformed substrates: experimental validation of a cell
model. J Biomech 28(12):1543–1552

Wang J, Thampatty B (2006) An introductory review of cell mechanobi-
ology. Biomech Model Mechanobiol 5(1):1–16

Wang J, Thampatty B (2008) Mechanobiology of adult and stem cells.
Int Rev Cell Mol Biol 271:301–346

Wang N, Tytell J, Ingber D (2009) Mechanotransduction at a distance:
mechanically coupling the extracellular matrix with the nucleus. Nat
Rev Mol Cell Biol 10(1):75–82

Wang S, Wolynes P (2012) Tensegrity and motor-driven effective inter-
actions in a model cytoskeleton. J Chem Phys 136(14):145102

Webster M, Witkin K, Cohen-Fix O (2009) Sizing up the nucleus:
nuclear shape, size and nuclear-envelope assembly. J Cell Sci
122(10):1477–1486

Wei Z, Deshpande V, McMeeking R, Evans A (2008) Analysis and
interpretation of stress fiber organization in cells subjected to cyclic
stretch. J Biomech Eng 130(3):031009

Wiche G (1998) Role of plectin in cytoskeleton organization and dynam-
ics. J Cell Sci 111(Pt 17):2477–2486

Wojciak-Stothard B, Ridley A (2003) Shear stress-induced endothelial
cell polarization is mediated by Rho and Rac but not Cdc42 or PI
3-kinases. J Cell Biol 161(2):429–439

Yang MT, Sniadecki NJ, Chen CS (2007) Geometric considerations of
micro- to nanoscale elastomeric post arrays to study cellular traction
forces. Adv Mater 19(20):3119–3123

Zeng X, Li S (2011a) Modelling and simulation of substrate elastic-
ity sensing in stem cells. Comput Methods Biomech Biomed Eng
14(5):447–458

Zeng X, Li S (2011b) Multiscale modeling and simulation of soft
adhesion and contact of stem cells. J Mech Behav Biomed Mater
4(2):180–189

Zhou E, Lim C, Quek S (2005) Finite element simulation of the
micropipette aspiration of a living cell undergoing large viscoelastic
deformation. Mech Adv Mater Struct 12(6):501–512


	Bio-chemo-mechanical models for nuclear deformation  in adherent eukaryotic cells
	Abstract 
	1 Introduction
	2 Microstructural components and mechanosensitivity
	2.1 Cell chemical sensitivity
	2.2 Cell mechanosensitivity: mechanotransduction
	2.3 Cell mechanosensitivity: direct cytoskeletal-nuclear transmission mechanism

	3 Computational models
	3.1 Microstructural models
	3.1.1 Tensegrity models
	3.1.2 Cable network models
	3.1.3 Open cell foams

	3.2 Continuum models
	3.2.1 Bio-chemo-mechanical model
	3.2.2 Computational models for nuclear mechanics


	4 Discussion
	Acknowledgments
	References




