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Abstract Recent experiments hint that adherent cells are
sensitive to their substrate curvature. It is already well known
that cells behaviour can be regulated by themechanical prop-
erties of their environment. However, no mechanisms have
been established regarding the influence of cell-scale curva-
ture of the substrate. Using a numerical cell model, based
on tensegrity structures theory and the non-smooth contact
dynamics method, we propose to investigate the mechanical
state of adherent cells on concave and convex hemispheres.
Ourmechanical cellmodel features a geometrical description
of intracellular components, including the cell membrane,
the focal adhesions, the cytoskeleton filament networks, the
stress fibres, themicrotubules, the nucleusmembrane and the
nucleoskeleton. The cell model has enabled us to analyse the
evolution of the mechanical behaviour of intracellular com-
ponents with varying curvature radii and with the removal of
part of these components. We have observed the influence of
the convexity of the substrate on the cell shape, the cytoskele-
tal force networks as well as on the nucleus strains. The more
convex the substrate, the more tensed the stress fibres and
the cell membrane, the more compressed the cytosol and
the microtubules, leading to a stiffer cell. Furthermore, the
more concave the substrate, the more stable and rounder the
nucleus. These findings achieved using a verified virtual test-
ingmethodology, in particular regarding the nucleus stability,
might be of significant importance with respect to the divi-
sion and differentiation of mesenchymal stem cells. These
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results can also bring some hindsights on cell migration on
curved substrates.

Keywords Stem cell adhesion · Numerical mechanical
analysis · Substrate curvature · Intracellular
mechanosensitivity

1 Introduction

Life and fate of mesenchymal stem cells (MSCs) are depen-
dent on perceived mechanical cues: migration, adhesion,
differentiation or even apoptosis can be controlled by adapt-
ing stresses or strains sensed by the cell (Li et al. 2002;
Bershadsky et al. 2003; Vogel and Sheetz 2009). The envi-
ronment surrounding the cell plays a significant role in the
regulation of thesemechanical cues (Vogel and Sheetz 2006);
a well-known example is the sensitivity of cells migration to
substrate stiffness called durotaxis (Trichet et al. 2012).

For example, the long-term adhesion of bone cells has
been demonstrated to be statistically better correlated with
the roughness organization of topography thanwith any other
properties of the substrate (Anselme and Bigerelle 2005).
Indeed, the morphology of the cell environment influences
the cell shape, and it has been shown that cells shape controls
cells fate (Folch and Toner 2000; Tan et al. 2003); therefore,
morphology of the environment has chances to influence cell
fate.

The investigation of cell responses to diverse topograph-
ical cues has been intensely performed with planar or
anisotropic topographies (Chen et al. 1997; Théry et al. 2005;
Park et al. 2009; Lee and Yang 2012; Kim et al. 2012). How-
ever, studies on smooth 3D, cell-scale topographies are more
rare, even thoughmore representative of biological structures
(Nagasawa 2006; Shechter et al. 2013), inducing specific cell
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responses (Bigerelle et al. 2011). Only recently, the use of
electro-erosion (Bigerelle et al. 2002) or lithography (Mathur
et al. 2012; Song et al. 2015), for example, has enabled
the manufacturing of such smooth topographies. The devel-
opment of these techniques helped to study adherent cells
behaviour dependence to curvature and to provide associ-
ated macroscopic mechanical data, such as shape or traction
forces (Soiné et al. 2016).

Coupled approach based on experiments and simulations
(Kim et al. 2012) has demonstrated that the cell migration
on curved surfaces is in part driven by haptotaxis: concave
curvatures basically show higher probabilities of creating
ligand–receptor bonds promoting migration. Nevertheless,
unclearmechanisms related to actin polymerization and acto-
myosin contractility, allowing cells probing of the curvature,
cannot be excluded (Song et al. 2015). Thus, the mecha-
nisms that rules the global behaviour and sensitivity of single
cells on curved topographies remain unclear and have to be
explored.

Models have also been used to investigate mechanical
stresses in adherent cells on curved topographies (Sanz-
Herrera et al. 2009). In the present paper, similarly, we
propose to investigate internal mechanical state of single
adherent MSC on a various range of 3D spherical curvatures.
We want to discriminate substrates topography influence on
the stresses and strains of intracellular structures, such as the
cell membrane, the stress fibres and with further emphasis
on the nucleus. We believe that these results can find signif-
icance in cell decisions during migration in favour of latter
mitosis and differentiation or in favour of enhanced motil-
ity.

Investigation of the intracellular mechanical behaviour,
often limited in experiments, has been achieved by means
of computational modelling. One of the theories on how
cells generate and transmit forces relies on the description
of cytoskeleton as a tensegrity structure (Chicurel et al.
1998; Wang et al. 2001). The microtubules are considered
to be the compression component and other filaments the
tension components. Computational models based on the
tensegrity structures theory have been efficient to repro-
duce the mechanical phenomena observed in adherent cells:
strain-hardening (Wanget al. 1993), contractility and induced
stiffening (Wang et al. 2002; Pourati et al. 1998; Wendling
et al. 2003; Wang and Sun 2012) and visco-elastic properties
(Cañadas et al. 2002; Sultan et al. 2004).

Despite the various range of computational models of
cell mechanics available (Lim et al. 2006), the aforemen-
tioned qualities of models inspired of tensegrity structures
motivated our choice to model the cell as two encapsulated
membranes in between which the cytoskeleton is explic-
itly described (Ujihara et al. 2010; Milan et al. 2007, 2013,
2016). In addition, such discretemodelling provides us direct

access to the mechanical state of the different intracellular
structures that we want to analyse.

The cell numerical model is later shown to reproduce
appropriately certain mechanics of adherent MSC. We make
use of this numerical tool to investigate specifically the strains
and forces in the microtubules, the actin-based constituents
of the CSK, the nucleus membrane, the cell membrane and
the nucleoskeleton. All of them are studied while varying
the curvature of the substrate on which the cell are made
adhering.

2 Methods

2.1 Computational method for cell mechanics modelling

Single cell modelling is achieved using non-smooth con-
tact dynamics (NSCD) (Jean 1999), a discrete element-based
method, by means of the LMGC90 software (Dubois 2006).
Previousmodels of single cellmechanics based onNSCDcan
be found in (Milan et al. 2007, 2013, 2016). This method is
based on non-elastic body dynamics, and the structure mod-
elled is discretized in a set of spherical particles, each particle
i verifying the equilibrium Eq. (1).

Fi +
N∑

j=1

Fi, j = miai (1)

where Fi , ai and mi are, respectively, the external force
(boundary condition) applied to, the acceleration of, and the
mass of the particle i and Fi, j is the interaction force between
particles i and j , j being one of the N particles interacting
with i , among all the particles constituting the discretized
structure.

Particles interact in several manners in order to reproduce
interactions found inside the cell. Three types of interac-
tions are required: compressive contact, tensile cable and
spring. Such mechanical description of the cell is equivalent
to tensegrity structures (Fuller 1961), namely an assembly
traction and compression bearing elements. Such modelling
approach is particularly suited for discrete structures (e.g.
filaments networks); however, more continuous structures
(e.g. membranes) are intricate to simulate with a rigid-bodies
model. Indeed, to preserve impermeability of themembranes
(e.g. avoid cytosol flowing out the cell) while allowing their
deformation, a high number of particles in the membrane are
required which lead to pay high computational costs com-
pared to continuum-based modelling techniques (e.g. finite
elements method).

The tensegrity organization of the cytoskeleton structure
is originally inspired from the work of (Maniotis et al. 1997).
The three interactions are briefly defined.
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Fig. 1 Schematic drawing of the three interactions between particles:
a–d contact inducing compression force when the particles touch, b–
e cable inducing tension force when longer than its initial length and
c–f spring inducing compression or tension force when, respectively,
shorter or longer than its initial length

2.1.1 Contact

Contact interaction (Fig. 1a–d) allows particles to repel each
other. Contact is defined in the strict sense of Signorini’s
contact problem (2), which resolution is made possible by
the NSCD implicit solution algorithm. Frictionless contact
is considered here.

Fct
i, j ≥ 0; gi, j − (

ri + r j
) ≥ 0;

Fct
i, j .

(
gi, j − (

ri + r j
)) = 0 (2)

where Fct
i, j is the magnitude of the contact force applied by

the particle j on i ; gi, j (= |xi − x j |2) is the gap between
centroids of the particles i and j , with x the position vector;
and ri and r j are the radii of the particles i and j .

2.1.2 Cable

Cable interaction (Fig. 1b–e) enables two particles to solely
pull on each other (3), when the distance between the two
particles exceeds the length of the cable.

Fca
i, j =

〈
ki, j

(
gi, j − g0i, j

g0i, j
+ τi, j

)〉

+
(3)

where Fca
i, j is the magnitude of the traction force applied by

the particle j on i , and ki, j , g0i, j and τi, j are, respectively, the
stiffness defined as force per strain, namely the product of
the cross section with the Young’s modulus, the initial length

and the pre-strain of the cable linking the particles i and j ;
the brackets 〈.〉+ refer to the positive part of the scalar in
between. A positive pre-strain leads to a positive offset of
the global strain, which induces a nonzero tension force in
the cable at zero strain. Inversely, a negative pre-strain delays
the generation of a tension force in the cable when stretched.

2.1.3 Spring

Spring interaction (Fig 1c–f) enables two particles to pull as
well as to push on each other (4).

F sp
i, j = ki, j

(
gi, j − g0i, j

g0i, j
+ τi, j

)
(4)

where F sp
i, j is the magnitude of the force applied by the parti-

cle j on i , and ki, j , g0i, j and τi, j are, respectively, the stiffness
defined as force per strain, the initial length and the pre-strain
of the cable linking the particles i and j .

2.2 Implementation of the cell non-elastic body
mechanics model

Intracellular components are modelled by means of a set of
rigid particles interacting by means of one of the aforemen-
tioned constitutive laws.

In its initial configuration, the cell is generated as a spher-
ical structure (Fig. 2a). The generation of the cell in its initial
state is not entirely deterministic, and some components of
the cytoskeleton (CSK) are generated probabilistically (inter-
mediate filaments, microfilaments, microtubules and stress
fibres), in order to introduce some anisotropy in the cell
structure. In the probabilistically defined set of particles,
the position of a particle i is described using a spherical
coordinate system, which origin is the nucleus centre. The
variability is therefore imposed on the radius ri , and the two
angles θi and φi .

Depending on the tested cell configuration, some or all of
the following intracellular constituents will be included in
the mechanical model (Fig. 2c).

2.2.1 Nucleoskeleton

The nucleoskeleton (NS) is modelled as a dense spherical
packing of particles interacting solely through contact. Opti-
mal density of the packing is first ensured to avoid possible
compressibility of the packing during simulations. In that
way, the NS is approximated as a fluid in the context of par-
ticular methods. Particles of the NS interact as well through
contact with particles of the nucleus membrane.
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(c)

(a) (b)

Fig. 2 Visualization of the cell model in its a initial spherical and b
final spread configurations. Spatial distribution of the particles centroids
constituting the intracellular structures in the spread configuration (c),
each particle colour refers to a specific intracellular structure

2.2.2 Nucleus membrane

The nucleus membrane (NM) is considered as an imperme-
able membrane allowing the NS to deform while conserving
its volume. It is modelled as an hollow sphere made of one
layer of initially overlapping particles. Particles overlap ini-
tially in order to allow an extension of the surface of the
membrane without loss of impermeability. Particles of the
membrane interact with each other solely through cables of
stiffness kNM. A particle of the set is assumed to interact with
other particles of the set located at an initial distance lower
than lNM. Particles of the NM interact as well through con-
tact with particles constituting the NS, the cytosol and the
CSK.

2.2.3 Cell membrane

Identically to the NM, the cell membrane (CM) is consid-
ered as an impermeable membrane. Thus, it is also modelled
as an hollow sphere made of one layer of initially overlap-
ping particle. However, this time, particles of the membrane
interact with each other through pre-strained cables, due to
the homogenization in the membrane of the actomyosin cor-
tex. CM cables have a stiffness kCM and a positive pre-strain
τCM. The positive pre-strain induces an initial tension force
in the CM, which reproduces its contractile behaviour. Parti-
cles of the CM interact as well with other particles of the set
located at an initial distance lower than lCM. Particles of the
NM interact as well through contact with particles constitut-
ing the cytosol and the CSK.

2.2.4 Cytosol

The cytosol (CS) is identically defined as the NS. The CS is
modelled as a dense spherical packing of particles, outside
from the NM, filling the CM. Particles of the CS interact
through contact with each other, as well as with particles
constituting the NM, the CM and the CSK.

2.2.5 Intermediate filaments

Intermediate filaments (IFs) are considered as a network
of interconnected loose cables surrounding the NM. The
network of IF is modelled as a sparse set of particles inter-
acting with each other through cables. A particle of the set
is assumed to interact with other particles of the set or with
particles of the NM (Green et al. 1986) located at an initial
distance lower than lIF. The looseness of the IF is reproduced
by means of a negative pre-strain τIF. The IFs are assumed to
be preferentially located nearby the nucleus; therefore, the
distance of the particle i from the nucleus centre is drawn
in a normal (N ) distribution, with a rather small specific
variance σ 2

IF = rCM
8 . However, the two positioning angles of

particle i are drawn from uniform (U ) distributions (5).

⎧
⎨

⎩

ri = N
(
μ = rNM, σ 2 = σ 2

IF

) ; rNM < ri < rCM
θi = U (0, 2π)

φi = U (−π, π)

(5)

where rNM and rCM are, respectively, the radii of the NM and
of the CM and σ 2

IF is the specific variance attributed to the
distribution of particles of the IF network.

2.2.6 Microfilaments

Similarly to the IF, the microfilaments (MFs) of actin are
considered as a network of interconnected cables. A particle
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of the set is assumed to interact with other particles of the set
located at an initial distance lower than lMF. However, MF
cables, unlike IF cables, are not loose but initially contracted
by the action of myosin, which is reproduced by means of
a positive pre-strain τMF, similarly to the CM. The network
of MF is assumed to be uniformly distributed in the CSK;
therefore, the positioning radius and angles are drawn from
uniform distributions (6).

⎧
⎪⎨

⎪⎩

ri = U (rNM, rCM)

θi = U (0, 2π)

φi = U (−π, π)

(6)

2.2.7 Microtubules

Unlike the two previous networks of filaments, microtubules
(MTs) are able to sustain compression; therefore, they are
rather considered as a network of interconnected springs. A
particle of the set is assumed to interact with other particles
of the set located at an initial distance lower than lMT. MTs
are generated from the centrosome, namely a specific loca-
tion in the CSK. Therefore, the network of MT is assumed
to have a higher density in a preferential direction. This is
reproduced drawing the two positioning angles from normal
distributions centred on this specific direction, with a narrow
specific variance σ 2

MT = π
2 . The positioning radius, however,

remains uniformly distributed (7).

⎧
⎪⎨

⎪⎩

ri = U (rNM, rCM)

θi = N
(
μ = θCS, σ

2 = σ 2
MT

)

φi = N
(
μ = φCS, σ

2 = σ 2
MT

) ; −π < φi < π

(7)

where (θCS, φCS) is the direction of the centrosome, which is
in turn drawn fromuniformdistribution due to its randomness
(8).

{
θCS = U (0, 2π)

φCS = U (−π, π)
(8)

2.2.8 Focal adhesions

Afixed amount of focal adhesion (FA) is set initially. FAs are
considered as static structures, part of the CM. Indeed, each
FA is considered as a single particle, randomly disposed on
the ventral part of the CM. As the number of FA does not
evolve and their position is imposed, the dynamics of adhe-
sion are not reproduced in the present model. FA particles are
linked by pre-strained cables of stiffness kFA and a positive
pre-strain τCM to the neighbouring particles of the CM at an
initial distance lFA. Particles are uniformly distributed on the
ventral part of the CM.

2.2.9 Stress fibres

Stress fibres (SFs) are considered as longitudinal structures
initiating from FA, and ending either on another FA or on the
dorsal part of the CM. SFs are modelled as an alignment of
particles. Particles are linked by cables of stiffness kSF and
positive pre-strain τSF with the previous and the next particle
of the alignment. The positive pre-strain induces an initial
tension force in the SF, which reproduces their contractile
behaviour induced by the action of myosin.

SFs are only considered when the cell is adhering on the
substrate, namely when the cell is fully spread.When present
in the model, SF are immediately pre-strained to account
for contractility and, in the following, are able to be largely
stretched or shortened due to external forces.

The generation of the SF is proceeded iteratively as fol-
lows: (i) starting either from the FA associated with the fibre
or from the last generated particle of the SF; (ii) a cone is
defined, which tip is located at the particle centre, vertical
axis pointing towards the nucleus centre, height δhmax and
opening angle αmax; (iii) the next particle is randomly posi-
tioned inside the cone; and (iv) the generation of the fibre
stops if the newly positioned particle is located at a distance
lower than lSF from the dorsal part of theCM, or from another
FA. Such generation process allows to form initially tortuous
and non-uniformly distributed SF that interact through con-
tact with the other intracellular structures of the CSK and the
membranes.

2.2.10 Cytoskeleton interconnections

The IF, MF, MT networks are considered interconnected. A
particle of any these sets is assumed to interact with a particle
of any of the two other sets located at an initial distance
lower than lCI. Identically, SFs are considered connected to
the IF network. These connections are ensured using cables
of stiffness kCI. In this way, the indirect connection between
the actin CSK and MT with the NM through the IF observed
in Green et al. (1986) can be reproduced.

2.2.11 Substrate

Finally, the substrate, either concave, convex or flat, is con-
sidered as perfectly rigid. The substrate is modelled as a rigid
cluster of touching particles, which makes it perfectly imper-
meable. The substrate interacts only through contact with the
CM and the FA.

2.3 Adhesion simulation proceeding

In order to be able to compare strictly the influence of the
substrate topography, cells are generated in an identical initial
spherical configuration (Fig. 2a).
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Table 1 Stiffness and pre-train
values of the cables and spring
intracellular interactions

MT IF MF SF

k (nN) 228 (Gittes et al. 1993) 157 (Gittes et al. 1993;
Kojima et al. 1994)

10* 45.7 (Deguchi et al. 2006)

τ – −0.1* 0.02* 0.2 (Deguchi et al. 2006)

NM CM FA CI

k (nN) 10* 10** 20 500*

τ – 0.02* 0.02* –

Simulations are conducted in two consecutive phases. The
first phase consists in spreading the cell on the substrate. The
spreading of the cell is achieved by pulling on the FAwith an
imposed displacement until reaching a given total resultant
force at the FA Fsprd. This force is computed as the sum of the
magnitudes of the forces at the FA. The simulated spreading
of the cell is not supposed to reproduce a specific spread-
ing mechanobiological process, and the only purpose is to
reach an adherent cell configuration from the identical initial
configuration, in order to compare the adherent mechanical
states from one configuration to another one. For compar-
isons of cells adhering on different substrates, an identical
total resultant force at the FA Fsprd is chosen independently
of the curvature. This choice is based on the hypothesis that
cells tend to systematically apply similar forces on the sub-
strate rather than conserving a similar spreading area (Sheetz
et al. 1998).

The final configuration of the phase 1 is considered as the
reference configuration of the phase 2. The spread state is
considered as the initial state of all the strained mechanical
structures of the cell, namely cables and springs. Therefore,
all the internal forces in the cables and springs vanish, and
the cell remains in its spread configuration, as it becomes its
reference state. Starting from this configuration, the phase
2 begins. While in the phase 1, the motion of the cell was
driven by pulling on the FA, in the phase 2, the only active
mechanism is the activation and contraction of actin/myosin
complexes. The positively pre-strained cables constituting
SF, MF and the CM generate forces throughout the intracel-
lular structure leading to the stabilization of the cell on the
substrate (Fig. 2b).

Computation of mechanical state of the cell model is
computed using a time discretization schemewith 2000 time-
steps (approximately 1000 in each phase) of 0.1 ms each.

2.4 Identification, calibration and verification of the
model

The identification of the geometrical and mechanical param-
eters is relies on experimental properties found in the
literature. Then, the calibration and the verification of the
model rely on experimental results of nano-indented cells
adhering on flat substrate, made available in Fang and Lai

Table 2 Number of particles for the description of each intracellular
structure

MT IF MF SF NM

Number 500 200 500 838 648

NS CM CTPL FA

Number 377 8059 4138 30

(2016). It is shown that the present model of adherent cell is
able to reproduce themechanical behaviour of nano-indented
cells while applying realistic forces at the FA for a given
spreading area.

2.4.1 Geometrical and mechanical identification

In its initial configuration, the cell is assumed to have a spher-
ical shape of 20µm diameter and the cell nucleus is a sphere
of 10µmdiameter. In order to have sufficient degrees of free-
dom while limiting computational costs, spherical particles
have a 1µm diameter. The substrate is assumed to be larger
than the spread cell in order to avoid boundary effects. The
density of particles in the diameter is 1 particle per µm2. A
total amount of 30 FA is considered throughout each simu-
lation. Thus, the amount of SF in the model is 30 or a few
less if some SF end on a FA.

Cables and springs constituting intracellular components
stiffness and pre-strain values are referred in Table 1.

In Table 1, parameters marked with an * lack of exper-
imental data from the literature; therefore, values are taken
from previous work realized with a similar modelling tech-
nique (Milan et al. 2007, 2013). However, the CM stiffness
kCM (**) will be adjusted independently.

Remaining parameters of themodel, namely particles den-
sity of each intracellular structure and interaction lengths, are
arbitrarily chosen to fit best experimental results of macro-
scopic cell tests. The chosen densities of particles lead to a
total of 15290 particles in the wholemodel, which repartition
for each structure is recapped in Table 2.

The chosen interaction lengths are recapped in Table 3,
leading to a total of 118, 556 cables and springs interaction,
as well as 49687 contact interactions in the spread configu-
ration.
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Table 3 Interaction lengths of cables and springs intracellular interac-
tions

lMT lIF lMF lSF

Length (µm) 10 10 10 (hmax =)5

lNM lCM lFA lCI

Length (µm) 5 2 5 0.1
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20

40

Time (s)

To
ta
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th
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FA

(n
N
)

spread surface 530 µm2

spread surface 962 µm2

Fig. 3 Total force at the FA evolution with time during the second
phase of spreading when contractile forces are applied

2.4.2 Calibration

The calibration of the model is achieved in three steps. First,
the parameters are set following values presented in Table
3. Second, the spreading of the cell on a flat substrate is
simulated, and all stiffnesses are proportionally adjusted to
fit (Fang and Lai 2016) results in terms of total FA traction
forces. By multiplying all stiffnesses from Table 3 by a cal-
ibration factor of 0.2, we are able to reach a total resultant
force at the FA of Fsprd = 47.15 nN for an adhesion surface
of 962 µm2 (Fig. 3). Third, the nano-indentation test as pro-
ceeded in Fang and Lai (2016) is simulated and the stiffness
of the CM kCM is finally set in order to fit the final force of
the test.

2.4.3 Verification

The verification is achieved in two steps. First, we com-
pare the reference and simulated nano-indentation curves
obtained for a spread surface of 926µm2 (Fig. 4a). In addition
to the fact that the model could fit quite quantitatively ref-
erence results, we can observe that both curves have similar
evolution, namely a parabolic trend.We can then assume that
the model is able to reproduce the macroscopic mechanical
behaviour of the reference cell, although it should be noticed
that the cell model is too compliant at low indentation levels.
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Fig. 4 Force–displacement response of the cell model to a nano-
indentation test a spread surface 962 µm2 b spread surface 530µm2

Second, the verification is pursued comparing the cell
model—without modifying parameters—with reference
results obtained for a spread surface of 530µm2. The total
resultant force at the FA at the end of spreading is Fsprd =
28.32 nN (Fig. 3), and this second verification value is rel-
atively close to the reference result 25.54 nN (Fang and
Lai 2016). Results of the second nano-indentation test (Fig.
4b) are also quite similar to experiments, higher compli-
ance of the cell when less spread, hence less strained, is
observed. These results of the model demonstrate its apti-
tude to reproduce the macroscopic mechanical behaviour of
adherent MSC at different spreading states.

We now consider that the implemented cell model is quite
representative of the mechanical behaviour of MSC; we will
use the reproducibility of this virtual cell to experiment on
the influence of topography and of the constituents of the
CSK on the mechanical state of the cell.

3 Results

3.1 Influence of topography curvature

In a first series of simulations, 10 identical cells are generated
in a spherical state including all aforementioned intracellular
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Fig. 5 Visualization of the cell model and of the tested substrate
topographies

constituents. The cells are spread on 10 different substrates.
Substrates are cut hemispherical surfaces, either convex or
concave with 10 different curvature radii Rcurv: ±75, ±100,
±150, ±200 and ±500µm (Fig. 5). For convention, convex
substrates are considered to have negative curvature radii.
The 10 adherent cells are spread until the reach a given, iden-
tical for each cell, total force at the FA. Presented quantitative
results in Figs. 7, 9, 10, 11 and 12 are averaged results on
5 random draw of the CSK of each configuration at each
curvature radii.

Qualitative observations Tension forces amplitude in the
CM does not vary significantly from convex to concave
topographies (Fig. 6a). Maximum tension forces are found
in the farther parts of the CM from the cell centre. However,
the more convex the topography, the more tensed the dorsal
part of the CM. Compression forces in the CS and in the
MT increase with the degree of convexity of the substrate
(Fig. 6b), in terms of amplitude as well as of density. Ten-
sion forces in the NM increase as well with the degree of
convexity of the substrate (Fig. 6c). More tension in the NM
implies a more compressed NS. This observed mechanical
state of the NM and of the NS can be explained by a greater
vertical pressure applied on the nucleus by the CS, the MT
and the CM, when the degree of convexity of the substrate
is higher. This is consistent with observations made on the
tension forces in the CMaswell as on the compression forces
in the CS and the MT.

Quantitative observations Evolutions of forces and strains
are plot as function of the inverse of the curvature radii,
in order to have a continuous transition from more convex
topographies in negative abscissa, to more concave topogra-
phies in positive abscissa. The total resultant force in the
SF (Fig. 7), namely the sum of the magnitudes of the ten-

.iii.ii.i

.iv.v.vi

tension force (nN)
0.00          0.72        0.14        2.16      2.88

more flatmore convex

more flatmore concave

.iii.ii.i

.iv.v.vi

more flatmore convex

more flatmore concave

0.00

-0.26

-0.52

-0.78

-1.04

compression
force (nN)

.iii.ii.i

.iv.v.vi

more flatmore convex

more flatmore concave

tension force (nN)
0.00          0.09        0.18        0.28      0.37

(a)

(b)

(c)

Fig. 6 Influence of the curvature of the substrate on forces network
(in nN) in the cell model. Concave topographies are located at the top,
with increasing absolute curvature radius from left to right: (i) 75µm,
(ii) 200µm and (iii) 500µm. Convex topographies are located at the
bottom, with increasing absolute curvature radius from left to right:
(iv) 75µm, (v) 200µm and (vi) 500µm. Coloured spots represent an
interaction between two particles of the depicted structure: a the cell
membrane, b the cytoskeleton and c the nucleusmembrane. The tension
force ranges from negative values in red associated with compression
stresses, to positive values in yellow associated with tension stresses

sion force in each of the SF, increases with the degree of
convexity of the substrate, even though the force applied on
the FA is identical on each substrate topography. A possi-
ble explanation could come from the fact that the shape of
the SF varies from straight to curved, when the substrate
topography varies from concave to convex. The compressive
volumetric strain of the nucleus (Fig. 7) decreases with the
degree of convexity of the substrate. This implies a more
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Fig. 7 Influence of the curvature of the substrate on the total forces in
the stress fibres, and the volumetric and vertical strains of the nucleus

confined nucleus, or in other words higher hydrostatic pres-
sure on the nucleus, formore concave substrate topographies.
The compressive vertical strain of the nucleus (Fig. 7) seems
to increase with the degree of convexity of the substrate.
However due to important fluctuation of the measure for two
consecutive topographies curvature, this result might not be
significant.

3.2 Influence of intracellular structures

In a second series of simulations, the same analysis is realized
for several configurations of theCSK:withoutMF, SF and IF;
without MT; and with only CS. For qualitative observations,
only one concave and one convex topographies are shown,
respectively, with 100 and −100 µm curvature radii.

Qualitative observations Tension forces in the CM (Fig.
8a), either on concave or on convex substrate topographies,
are less important in configurations when actin components
of the CSK are considered. In addition, the shape of the dor-
sal part of the CM appears less inflated. Actin constituents
of the inner CSK are pre-strained tensile structures as well
as the CM, which incorporates the actomyosin cortex. Thus,
they contribute in a similar fashion to the distribution of ten-
sion forces across the cell, hence the less tensed CM. Few
differences can be observed in the compression forces net-
work of the CSK (Fig. 8b), either on concave or on convex
substrate topographies. Only in configurations without MT
or with the complete CSK on convex topographies, we could
tell that the compression forces appear slightly denser and
higher. The CS and the MT are the only two constituents
of the CSK able to sustain compression forces. Such weak
differences in the compression forces network, whatever the
CSK constituents considered, are mostly due to the fact that
in absence of theMT, the CS will directly replace themwith-

Convex

Concave

i. ii. iii. iv.

v. vi. vii. viii.

CS only without MF, SF, IF without MT complete CSK

tension force (nN)
0.00          0.68        1.36        2.04      2.72

Convex

i. ii. iii. iv.

v. vi. vii. viii.

CS only without MF, SF, IF without MT complete CSK

compression force (nN)
-0.85       -0.64       -0.43       -0.21        0.00

Concave

Convex

Concave

i. ii. iii. iv.

v. vi. vii. viii.

CS only without MF, SF, IF without MT complete CSK

tension force (nN)
0.00          0.11        0.23        0.34      0.46

(a)

(b)

(c)

Fig. 8 Influence of the CSK configuration on forces network (in nN)
in the cell model. Convex substrate topographies of curvature radius
100µm at the top, from left to right: (i) with CS only, (ii) without
MF/IF/MT, (iii) without MT and (iv) with complete CSK. Concave
substrate topographies of curvature radius 100µm at the bottom, from
left to right: (v) with CS only, (vi) without MF/IF/MT, (vii) without MT
and (viii) with complete CSK. Coloured spots represent an interaction
between two particles of the depicted structure: a the cell membrane, b
the cytoskeleton and c the nucleus membrane. The tension force ranges
from negative values in red associated with compression stresses, to
positive values in yellow associated with tension stresses

out additional strain of the network. Indeed, the CS is here
considered as an incompressible fluid. The shape of the NM
(Fig. 8c) appears more squashed when MTs are introduced
in the CSK. In addition, the tension forces in the NM seem to
increase when more constituents of the CSK are introduced,
independently of actin filaments or MT. Nevertheless, this
effect is less visible on concave topographies. Finally, the
presence or absence of an anisotropic distribution of MT did
not alter the polarization of the other intracellular structures,
and in particular the nucleus. Those structures remained rel-
atively isotropic.
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Fig. 9 Influence of the curvature of the substrate on the total forces in
the focal adhesions for different CSK configurations
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Fig. 10 Influence of the curvature of the substrate on the total forces
in the stress fibres for different CSK configurations

Quantitative observations The total forces at the FA (Fig.
9) are greatly influenced by the addition of actin filaments
in the inner CSK, and its value is four times as big when
MF, SF and IF are considered, independently of the presence
of MT. This increase in total forces at the FA is simply due
to the contractile behaviour of the MF and SF. As expected
from the calibration method, the total force at the FA does
not vary with the curvature. The total forces in the SF (Fig.
10) are primarily dependent on the introduction of contractile
actin in the inner CSK, namely MF, whatever the substrate
topography. The total forces in the SF increase significantly,
in average of 5nN with the first introduction of MF. This
effect is even amplifiedwith the second addition of theMT, an
increase of 7.5nN, in average, is then observed. The addition
of MT stiffens the CSK; therefore, applying a given pre-
strain would lead to higher forces in the presence of MT.
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Fig. 11 Influence of the curvature of the substrate on volumetric strain
of the nucleus for different CSK configurations
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Fig. 12 Influence of the curvature of the substrate on vertical strain of
the nucleus for different CSK configurations

However, it is interesting to note that when the MTs are first
and solely considered in the CSK, almost no increase in the
total forces in the SF is noted. Opposite effects are observed
on the compressive volumetric strain of the nucleus (Fig. 11),
with the consideration of either the actin filaments or theMT.
In the sole presence of the MT, the volumetric strain of the
nucleus decreases, compared to the configuration where only
the CS is considered, in average of 2.5%, which is equivalent
to a decrease in the hydrostatic pressure or confinement on
it. Inversely, in the sole presence of the MF, SF and IF, the
volumetric strain increases in average of 5%. Unlike effects
on the volumetric strain, cumulative, even amplifying effects
are observed on the compressive vertical strain of the nucleus
(Fig. 12). In the sole presence ofMT, the compressive vertical
strain increases, in average of 5%. In the sole presence of the
MF, SF and IF, the vertical strain increases as well, even
more significantly, in average of 7%. When the complete
CSK is considered, then a cumulative effect is observed with
an increase in the vertical strain in average of 10%.
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4 Discussions

From the simulations on several degrees of convexity of sub-
strate, one can retain the following informations regarding
the influence of the curvature on the mechanosensitive intra-
cellular structures:

– The nucleus is less hydrostatically confined for higher
degrees of convexity of the substrate, whichmakes it eas-
ier to deform. Thus, mostly from qualitative results, the
NM appears more tensed laterally, in other words more
stretched. This should coincide with a more compressed
vertically nucleus; however, results do not allow to con-
clude significantly. Concave topographies seem to reduce
vertical straining of the nucleus thanks to a confinement
provided by the less important but more homogeneously
distributed compressive stresses in the CS, around the
nucleus. Higher hydrostatic pressure on the nucleus, in
addition to increasing its stability, has been shown to
drive mitotic cell rounding (Stewart et al. 2011). There-
fore, concave topographies could be more suited for cell
growth as observed in (Zinger et al. 2004).

– The SFs are more tensed on higher convexity substrates,
which is unexpected. Forces in SF are considered null
during the spreading phase. Forces only appear when
pre-strain is applied, which is done identically in all
simulations at 20%. This is supposed to reproduce the
building of SF during adhesion and the constant pre-
strained observed experimentally. Therefore, the tension
in SF should be identical in every case. Higher tension
on convex topographies might then be explained by geo-
metrical constraints, namely the curved shape of the SF
and the vertical reaction force applied by the substrate
which prevent them from relaxing through straightening.
Higher traction forces in the SF induced by convex cur-
vature lead to global stiffening of the cell, based on the
tensegrity modelling of the CSK. It has been shown to
avoid early apoptosis (Wang et al. 1993; Pelling et al.
2009) and might further lead to cell growth and division.
Furthermore, when considering the vectorial resultant
force of the tension forces in the SF, the convexity of
the substrate is even more significant. Indeed, in the case
of a concave substrate, the SFs are almost straight and
contained in the horizontal plane; therefore, the vectorial
sum is zero. However, in the case of a convex substrate,
the SFs are bent; therefore, the vectorial resultant force
is vertical pointing downwards, pushing on the nucleus.

– The CM is more tensed on higher convexity substrates,
in particular when comparing the dorsal CM for differ-
ent curvatures. Stretching on the CM is known to have
a direct influence the activation of ion channels (Gustin
et al. 1988). Inversely, a decrease in tension in the CM
facilitates trafficking events requiring membrane flexi-

bility (Dai et al. 1997; McMahon and Gallop 2005).
Diverse signalling events can be expected from these
stretch increase or decrease and thus have various conse-
quences on cell fate (Martinac 2004; Farge et al. 1999).

The orientation and position of the nucleus are critical
during mitosis because it determines the cell division axis
(Théry et al. 2005). Thus, the stability of the adherent cell
and of its nucleus is predominant to control the cell fate.
We have shown that intracellular forces increase as a whole
with the degree of convexity of the substrate, leading to an
increase in the stiffness of the cell. This contributes to a
partial increase in stability. However, this effect is counter-
balanced by the simple fact that concave topographies are
stable mechanical equilibrium configurations, being minima
of potential energy, while convex are unstable ones. In an
unstable equilibrium, a slight mechanical perturbation of the
cell could lead to significant motion and rearrangements.
The competition between these two effects should be further
investigated, but at a first glance and considering observation
on the rounding-up of the cell, concave topographies seem
favourable for regular cell division.

If the choice of migration towards concave did not rely
solely on haptotaxis (Kim et al. 2012), but also on prefer-
ences of the cell for more stable configuration favourable
for division, the probing of the environment relying on the
lamellipodium would be primordial. This could explain why
cells tend to less prefer concave when Arp2/3 is inhibited
(Song et al. 2015).

The testing of different configurations of the CSK helped
to analyse the role of the actin and MT networks during the
spreading and the adhesion of the cell:

– The actin network constituted of SF and MF increases
tension in the cell and forces at the FA due to contractile
properties. The actin network therefore helps the spread-
ing of the cell as well as of the nucleus.

– From the influence ofMTon theNMshape, theCMshape
and the nucleus strains, it can be inferred that the MTs
shield the nucleus from hydrostatic as well as uniaxial
stresses by sustaining CM and CSK.

– The MT increases tension in the structure, but only if
the actin network is present, which is consistent with
tensegrity. TheMTs constrain large structural changes in
the actin cable network, since both are interconnected,
increasing the tension in the actin network.

This analysis of the role of the actin and MT networks
helped verifying the consistency of the results given by the
model.

In the present simulations, the behaviour of the model
was almost quasi-static. There was few dependence of the
results to time, in particular because no mechanobiological
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process is considered, as well as no dissipative mecha-
nisms. If phenomena dependent on mechanotransduction
were to be considered, visco-elasticity would have been
almost mandatory. Visco-elasticity would delay the trigger-
ing of mechanobiological processes, which are conditioned
by themechanical state of the intracellular structures, such as
the nucleus. Since the vertical strain of the nucleus is linked
to the vertical pressure applied by the cell membrane, visco-
elasticity might have had some influence. In parallel, if cell
membrane were visco-elastic, in the non-stationary state of
the cell membrane, increased tension forces would have to be
supported by the stress fibres, which could trigger additional
mechanisms.

5 Conclusion

This study has consisted in the development of an adherent
cell model by means of discrete rigid bodies and tensegrity,
considering explicitly mechanically relevant cells internal
structures. The model has been calibrated using as much
experimental data available in the literature as possible. Once
final parameters were finally calibrated fitting the total FA
forces for a given spreading area, the model has been veri-
fied comparing nano-indentation tests from the literature.

Influence of the curvature of the substrate topography,
ranging from concave to convex, on the mechanical cell
behaviour has been investigated. The comparison has been
realized at identical total FA forces on each curvature. The
dependency of nucleus vertical and volumetric strains, SF
total forces, CM tension forces and CS compression forces
to the curvature and to the CSK constituents considered has
been analysed. Relations between curvature and mechanical
state of intracellular structures, and possible consequences on
their relative mechanosensitivity have been proposed. A spe-
cific attention has been brought to the nucleus mechanical
state dependence on the curvature, and its possible conse-
quences on cell division and gene expression.

The present model helped to discriminate the influence of
the topography in particular for the nucleus. However, the
analysis is limited to the macroscopic mechanical state of
the nucleus. Because of the significance of the nucleus with
respect to many mechanobiological events, further and more
detailed attention must be paid to the consequences of the
mechanical state of the nucleus on its constituents (Swift
et al. 2013), in particular chromatin which is known to reg-
ulate gene expression (Jong 2002; Rabineau et al. 2015).
In addition to the consideration of multi-scale mechanical
cues, dynamic mechanobiological processes will have to be
integrated to the model for further investigations. Indeed,
the reorganization of the CSK, by means of filaments poly-
merization and depolymerisation; the force regulation in
components, such as the SF; and the focal adhesion dynamics

condition significantly the final mechanical state of the cell.
In future attempts to model cell adhesion on elastic fibrous
substrates, cell force regulation in response to substrate stiff-
ness variations will have to be specifically addressed (Trichet
et al. 2012; Crow et al. 2012).
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SultanC, Stamenović D, IngberDE (2004)AComputational Tensegrity
Model Predicts Dynamic Rheological Behaviors in Living Cells.
Ann Biomed Eng 32(4):520

Swift J, Ivanovska IL, Buxboim A, Harada T, Dingal PCDP, Pinter
J, Pajerowski JD, Spinler KR, Shin JW, Tewari M, Rehfeldt F,
Speicher DW, Discher DE (2013) Nuclear lamin-A scales with tis-
sue stiffness and enhances matrix-directed differentiation. Science
341(6149):1240104

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

Théry M, Racine V, Pépin A, Piel M, Chen Y, Sibarita JB, Bornens M
(2005) The extracellular matrix guides the orientation of the cell
division axis. Nat Cell Biol 7(10):947

Trichet L, Digabel JL, Hawkins RJ, Vedula SRK, Gupta M, Ribrault C,
Hersen P, Voituriez R, Ladoux B (2012) Evidence of a large-scale
mechanosensing mechanism for cellular adaptation to substrate
stiffness. Proc Nat Acad Sci 109(18):6933

Ujihara Y, Nakamura M, Miyazaki H, Wada S (2010) Proposed spring
network cell model based on a minimum energy concept. Ann
Biomed Eng 38(4):1530

Vogel V, Sheetz M (2006) Local force and geometry sensing regulate
cell functions. Nat Rev Mol Cell Biol 7(4):265

Vogel V, SheetzMP (2009) Cell fate regulation by coupling mechanical
cycles to biochemical signaling pathways. Curr Opin Cell Biol
21(1):38

Wang N, Butler JP, Ingber DE (1993) Mechanotransduction across
the cell surface and through the cytoskeleton. Trends Cell Biol
3(8):257
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