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Abstract
Mechanosensitive focal adhesion (FA) complexes mediate dynamic interactions between cells and substrates and regulate 
cellular function. Integrins in FA complexes link substrate ligands to stress fibers (SFs) and aid load transfer and traction 
generation. We developed a one-dimensional, multi-scale, stochastic finite element model of a fibroblast on a substrate that 
includes calcium signaling, SF remodeling, and FA dynamics. We linked stochastic dynamics, describing the formation 
and clustering of integrins to substrate ligands via motor-clutches, to a continuum level SF contractility model at various 
locations along the cell length. We quantified changes in cellular responses with substrate stiffness, ligand density, and 
cyclic stretch. Results show that tractions and integrin recruitments varied along the cell length; tractions were maximum at 
lamellar regions and reduced to zero at the cell center. Optimal substrate stiffness, based on maximum tractions exerted by 
the cell, shifted toward stiffer substrates at high ligand densities. Mean tractions varied biphasically with substrate stiffness 
and peaked at the optimal substrate stiffness. Cytosolic calcium increased monotonically with substrate stiffness and accu-
mulated near lamellipodial regions. Cyclic stretch increased the cytosolic calcium, integrin concentrations, and tractions at 
lamellipodial and intermediate regions on compliant substrates. The optimal substrate stiffness under stretch shifted toward 
compliant substrates for a given ligand density. Stretch also caused cell deadhesions beyond a critical substrate stiffness. 
FA’s destabilized on stiff substrates under cyclic stretch. An increase in substrate stiffness and cyclic stretch resulted in 
higher fibroblast contractility. These results show that chemomechanical coupling is essential in mechanosensing responses 
underlying cell–substrate interactions.
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1 Introduction

Cyclically loaded cells, such as arterial fibroblasts, endothe-
lial cells, and smooth muscle cells, must constantly adapt to 
dynamically changing mechanical loads. Cell remodeling 
under stretch is vital to the activation of complex biochemi-
cal signaling pathways that orchestrate cellular functions 
related to contractility, differentiation, growth, and migra-
tion over a short duration (Ben-Ze’ev et al. 1980; Watt et al. 
1988; Wozniak et al. 2004). Mechanotransduction over a 
longer duration regulates gene expression and protein syn-
thesis that may, over time, cause changes to the underly-
ing extracellular matrix (ECM) properties and contribute to 

the progression of diseases such as fibrosis and aneurysm 
growth (Janmey et al. 2009; Humphrey and Rajagopal 2002).

Heterodimeric transmembrane proteins, integrins, are 
an important component of focal adhesion (FA) complexes 
and mediate the complex interactions between cells and sub-
strates (Janmey et al. 2009). Integrins attach to the ECM 
through their extracellular domains, connect to cytoskeletal 
stress fibers (SFs) via intracellular domains, and permit 
bidirectional signaling between the cell and the substrate 
(Hynes 2002). Several distinct, multi-protein assemblies in 
the FA complexes contribute to the downstream cell signal-
ing cascades (Winograd-Katz et al. 2014; Livne and Geiger 
2016; Byron et al. 2011). Scaffolding and adaptor FA pro-
teins, such as vinculin, paxillin, talin, and zyxin, link the 
SF to the ECM via integrins, whereas signaling proteins are 
locally recruited to generate and mediate the development 
and maturation of FA under mechanical stimuli (Winograd-
Katz et al. 2014; Gallant et al. 2005; Paddillaya et al. 2022).
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Integrins cluster and corral into adhesomes (Takagi et al. 
2002) in the presence of extracellular magnesium from the 
ECM (Tiwari et al. 2011) and cytoplasmic forces (Kechagia 
et al. 2019). Forces cause conformational changes in the 
integrin structure that alter them from a bent to an extended 
state and initiate downstream signaling when coupled to 
the SFs (Balaban et al. 2001). Reinforcement and matura-
tion of integrins link them to proteins, such as talin, tensin, 
α-actinin, and vinculin, collectively called adaptor proteins, 
which increase the size, shape, and molecular composition 
of the adhesome (Kumar et al. 2016; Galbraith et al. 2002). 
These change in response to forces applied by the SF or 
through cyclic substrate stretch (Swaminathan et al. 2017). 
Fibroblasts under uniaxial cyclic stretch reorient orthogo-
nal to the stretch direction at high frequencies (> 1 Hz) and 
amplitudes over 5% and alter the integrin density (Chagnon-
Lessard et al. 2017; Wang et al. 2004; Livne et al. 2014; De 
2018). Tendon fibroblasts express higher levels of α-smooth 
muscle actin and phospholipase A2 when oriented parallel 
to the stretching direction (Wang et al. 2004). Endlich and 
coworkers showed that actin polymerization and force in SF 
caused centripetal movement of actin at 0.2–0.4 µm/min in 
SF attached to FAs. Both substrate deformations and FA de-
adhesions permit the sliding of FAs and caused SF deforma-
tions and actin flows in cells (Endlich et al. 2007). Growth 
and remodeling of SFs are hypothesized to be essential to 
the re-orientational responses of cells under cyclic stretch 
(Chatterjee et al. 2022).

Chan and Odde modeled the physical coupling of cells 
on elastic substrates using spring-like molecular clutches, 
representing adaptor proteins, that generate tractions 
and stochastically form or break (Chan and Odde 2008; 
Elosegui-Artola et al. 2014; Bangasser et al. 2013). Indi-
vidual clutches reversibly engage to the substrate resulting 
in tension build-up in successfully engaged clutches that link 
to the cytoskeletal actin. Myosin motors cause a retrograde 
flow of actin and work against the resistance provided by the 
engaged clutches. This results in two modes of interaction: 
a stalled mode that generates high tractions and adhesions, 
and a load-and-fail mode with lower tractions and adhesions 
(Bangasser et al. 2013). The model demonstrated an opti-
mum substrate stiffness based on the maximum tractions 
exerted by cells on substrates. The model did not however 
incorporate chemical signaling, associated with integrins, 
and the corresponding changes in SF activation caused by 
clutch engagements.

Cell tractions on substrates show an initial monotonic 
increase with increasing substrate stiffness and higher ligand 
affinity; FA sizes also increased linearly with force (Balaban 
et al. 2001; Muller and Pompe 2016). Deshpande and col-
leagues developed a generalized model to represent the SF 
cross-bridge dynamics and quantified the cellular response to 
varied substrate compliance (Deshpande et al. 2006). Strong 

spatial gradients in SF contractility are present along the cell 
length through coupled Rho signaling at integrin attachment 
sites (Besser and Schwarz 2007). Cyclic stretching of der-
mal fibroblasts causes upregulation in F-actin expression and 
myosin (Huang et al. 2013). The corresponding increased 
tractions under cyclic stretch is accompanied with higher 
cell stiffness (Chatterjee et al. 2022) and intracellular cal-
cium transients via stretch-activated channels (Arora et al. 
1994; Murata et al. 2014). Increased calcium flux under 
stretch also depends on the activation of phosphatidyl-ino-
sitol pathway, induced by membrane perturbations, which 
suggests a possible role for FA clustering (Arora et al. 1994).

How do dynamic changes in integrin recruitments, 
coupled to SF contractility, result in the development of 
tractions in cyclically stretched cells? We develop a novel 
1D multi-scale model of a fibroblast to include biochemi-
cal signaling and remodeling of the cytoskeleton and FA 
dynamics at different locations along the cell length. We 
quantify changes to the SF contractility, FA remodeling, and 
chemical signaling in response to external cyclic mechanical 
stretch. We also test how cellular responses are altered with 
substrate stiffness and ligand density that are relevant in the 
context of tissue fibrosis. Our results show the importance 
of calcium dynamics in delineating differences in the cell 
tractions under cyclic stretch. Chemomechanical coupling 
of the SF and FA dynamics is also useful to characterize 
the individual roles of adaptor proteins, such as talin, in 
mechanosensing.

2  Methods

2.1  A computational model of cell contractility 
and adhesion formation

We used a systems biology approach to model cell-sub-
strate interactions under cyclic stretch. Deformations dur-
ing cell-substrate interactions were calculated using a one-
dimensional stochastic finite element method (SFEM). The 
substrate and SF were discretized into 14 and 28 elements 
respectively (Fig. 1a) to explore spatial differences in FA 
and tractions under static and stretch conditions. The cell 
includes a lamellipodia region, located between nodes 1–3 
and 27–29, and lamellar regions, located at nodes 3–9 and 
21–27, on either side of the cell center. Ligands with a uni-
form concentration on the substrate attach to integrins in 
the cell membrane and connect the other structural adaptor 
proteins (clutches) to the contractile SF (Fig. 1b, c). The 
model consists of different modules that couple mechanics 
at hierarchical scales ranging from the stochastic dynamics 
of individual clutches to the continuum level SF contractility 
that includes calcium signaling.
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The stochastic module includes the engagement/dis-
engagement of clutches between the SF and the substrate 
characterized with Young’s modulus, Esub, and containing 
a uniform fibronectin coating with defined ligand den-
sities, nc (Chan and Odde 2008; Elosegui-Artola et al. 
2014; Bangasser et al. 2013; Muller and Pompe 2016). 
Cell–substrate interactions are delineated into four dif-
ferent phases: (i) formation of reversible bonds between 
high-affinity integrins and ligands, (ii) clustering of high-
affinity integrins at FA complexes, (iii) recruitment of 
structural adaptor proteins by integrin clusters in the FA, 
and (iv) contractility due to SF attachment to adaptor 
proteins (Ward and Hammer 1993; Lotz et al. 1989). SF 
contractility due to cross-bridge cycling between actin 
and myosin requires calcium (Fig.  1d) and results in 

deformations of adaptor proteins and the ligand coated 
substrate. Both integrin dynamics at FAs and stretch-
dependent ion channels are associated with calcium flux 
in the cell (Fig. 1e) that is described using a signaling 
module (Arora et al. 1994; Nishitani et al. 2011). Cal-
cium feedback is especially important in the context of 
cells under cyclic stretch (Arora et al. 1994; Murata et al. 
2014).

3  Motor‑clutch stochastic dynamics

We use the motor-clutch model to simulate interactions 
between the SF and ligands attached uniformly to a linearly 
elastic ECM substrate (Fig. 1a). Ligands in each element 
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Fig. 1  a Schematic representation of the cell attached to the sub-
strate (sub). The box region is the domain is considered in this 
work. Lamellipodial (LP) and lamellar (LA) regions of the cell are 
also indicated. b An assembly of representative FE elements used 
to model cell–substrate interactions. The FE element spans stress 
fiber (SF) nodes 2A−1 and 2A+1 and substrate nodes 2M−1 and 
2M+1. The cell membrane (gray) with integrins attaches to a ligand 
coated substrate (yellow). (x, u)A

SF
 and (x, u)M

sub
 are nodal positions 

and displacements for the SF and substrate, respectively. c Adaptor 
proteins (green) attach the ith ligand on the substrate through high-
affinity integrin attachments to the SF’s (red) with activation, ηA. 

Deformations, Δ
c[i] , between the clutch attachment points at SF xSF[i] , 

and the substrate, xsub[i] , results in changes to the concentrations of 
high-affinity, �H, and low-affinity integrins, �L , at the cell membrane. 
The concentration of high affinity integrins at the bottom end of the 
clutch is represented as �H[i]. d Interactions between actin and myosin 
filaments through cross-bridge cycling induce contractile stress (�

��

) and strain (�
��
) in the presence of calcium. e Calcium signaling in 

the model has two possible pathways that include integrin clustering 
(black) or result due to membrane stretch (purple). Both pathways 
result in PLC activation in the cell
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are in a disengaged state at the start of the simulation; these 
engage/ disengage stochastically through clutches (Bangas-
ser et al. 2013). Figure 1a shows a representative SF element 
with clutches that reversibly bind with rate,kon[i] , to the SF 
and the ith ligand on the substrate and disengage with a force-
dependent rate, koff [i] , given by the Bell model for slip bonds 
(Bell 1978) as

k
0
off

 is the unloaded clutch off-rate, F
b
 is the characteristic 

rupture force, and F
c[i] is the force transmitted by the clutch 

to the substrate in element A located on the SF, given by

where kc is the stiffness of the clutch in this expression.
Clutches resist the actin retrograde flow caused by active 

stress, �SF , generated in the SF. Engaged clutches are sub-
ject to deformations, Δc[i] , due to the active SF stress. The 
dynamics of clutch engagements/ disengagements were 
obtained using Monte Carlo simulations. In this method, the 
ensemble of clutches at each element of the cell was initially 
assigned uniform random numbers ( 0 ≤ URN[i] ≤ 1 ). The 
off-rate for each engaged clutch was determined using F

c[i] 
in Eq. 1. The event times for engagement, ton[i] , or disengage-
ment, toff[i] , of the ligand, i, in element A were calculated 
using the equation below.

The position xSF[i] of nA
eng

 engaged clutches in the SF ele-
ment from the previous iteration was updated (Chan and 
Odde 2008)  over  the  minimum event  t ime (
ton∕off = min

(
ton[i]

toff [i]

))
.

�SF[i] is the rate of deformation of the SF at the clutch attach-
ment point, which was calculated using the FEM. The clutch 
deformation, Δc[i] , was determined using the difference in 
coordinates of the clutch attachment points on the SF, xSF[i] , 
and the substrate, xsub[i]. Clutch deformation is also equiva-
lent to the difference in the displacements of attachments at 
SF, uSF[i] , and the substrate , usub[i]

The transmitted force, F
c[i] , and cyclic stretch, xstretch, 

results in a local substrate displacement, xM
sub

 . The cor-
responding change in the position of ligand attachments 
between nodes 2M−1 and 2M+1 of the substrate, xsub[i], was 
determined using interpolation. Mechanical stiffness of the 

(1)koff [i] = k
0
off

∗ exp

(
F
c[i]

Fb

)

(2)F
c[i] = k

c
∗ Δ

c[i]

(3)ton[i] = −
ln
(
URN[i]

)
kon[i]

and toff[i] = −
ln(URN[i])

koff [i]

(4)xSF[i] = xSF[i] + �SF[i] ∗ ton∕off

(5)Δ
c[i] = xSF[i] − xsub[i] = uSF[i] − usub[i]

clutches, k
c
 , and the substrate, Esub, determines the resistance 

to clutch loading by the SF.

4  Contractility module

We used a continuum-level contractility module to quantify 
the SF activation kinetics characterized through coupling of 
the calcium-dependent cross-bridge cycling (Fig. 1d), and the 
tension-dependent SF assembly/ disassembly. We use a first-
order rate equation to parametrize the assembly/disassembly 
of SF bundles using a non-dimensional activation parameter, 
� , at each location in the cell which is given by (Bell 1978)

� is the ratio of the concentration of polymerized actin and 
phosphorylated myosin in the SF to their maximum possi-
ble concentrations. K

f
,K

b
 are rate constants that govern the 

formation and dissociation of SF’s with a time constant, tc . 
C is the concentration of calcium, �SF is the stress in the SF, 
and �0 is the isometric stress of the SF. Equation 6 shows 
that the rate of SF assembly decreases with SF activation at 
each element, A, and is proportional to calcium availability. 
In contrast, SF dissociation is directly proportional to the 
activation at each node and is a function of the SF stress. 
The dissociation rate is zero when the fibers are held at their 
isometric stress, �0 , at each element and increases linearly 
at lower stress.

The choice of isometric stress value is an important aspect 
of the simulation. The SF becomes stable at isometric stress, 
�0 , as the term involving the dissociation rate constant, Kb , 
becomes zero from Eq. 6 (Deshpande et al. 2006). Experi-
ments suggest that the SFs stabilize at an isometric stress when 
anchored to gels and lack SF in free-floating collagen gels 
(Burridge and Chrzanowska-Wodnicka 1996). Fibroblasts have 
prominent stress fibers on substrates that cause gel contraction; 
SFs undergo dissociation upon cell release from the substrate 
(Mochitate et al. 1991; Grinnell 1994). Alternative methods 
may be employed to incorporate SF kinetics within the model. 
For example, SF can assume to be fully active ( η = 1 ) through-
out simulation (De 2018). Elson and Genin modeled the SF to 
be stable at a predefined homeostatic stretch value in lieu of �0 
(Elson and Genin 2013). A change in the SF activation kinetics 
will influence the reported forces and their sensitivity to exter-
nal stimuli like substrate stiffness. We assume that the isomet-
ric stress of the SF at each element, �0, is directly proportional 
to the activation level of the SF, σ0 = η�max where �max is the 
isometric stress during the maximum possible concentration 
of the polymerized actin and phosphorylated myosin in the SF. 
The value of �max was assumed to be a product of the myosin 
motor concentration, nm, and maximum force generated by 

(6)η̇ =
[
(1 − η)

]CKf

tc
−

[(
1 −

𝜎SF

σ0

)]
η
Kb

tc
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individual motors, F
m
 . �max in each element is generated by 

cross-bridge cycling similar to that in muscle cells (Fig. 1d). 
We used a Hill-like relation to model the tension in the SF 
based on the rate of extension/shortening given by

ε̇SF is the rate of change in the SF length, which is posi-
tive for lengthening and negative for shortening. The non-
dimensional constant, K� , is the fractional reduction in stress 
when the shortening rate increases by the isometric value, �̇�0.

5  Biochemical coupling of calcium signaling

Cyclic stretching of the membrane causes a release of cal-
cium ions that alters the SF contractility (Nishitani et al. 2011). 
Calcium flux is modeled using two signaling pathways: first, 
through changes in the concentration of high-affinity integrins, 
�
H

 , at the base of engaged clutches. Second, membrane stretch, 
umemb, which causes activation of stretch-activated calcium ion 
channels that result in downstream signaling (Fig. 1e). Mem-
brane stretch was assumed to be proportional to the displace-
ment, usub, in the substrate.

We calculated the density of high-affinity integrins, ξ
H[i] , 

at every ligand i in SF element A, as a ratio of the reference 
concentration of integrins, �

R
 , to the change in chemical energy 

due to integrin conformation change in the presence of vari-
able clutch force (Bell 1978).

The denominator includes terms for the difference in 
chemical potentials between high- and low-affinity integrins, 
( μH − μL ), stretch energy in the integrin—ligand complex for 
each ligand ( ψ

c[i] , and the work conjugate ( F
c[i]Δc[i] ) term. 

Equation 8 hence accounts for integrin clustering that is altered 
due to variable clutch force induced by the SFs and substrate 
stretch.

High-affinity integrins initiate the production of a signaling 
molecule, IP3 , that diffuses and gets de-phosphorylated within 
the cytosol.  IP3 induce the opening of calcium gated channels 
in the endoplasmic reticulum (ER). The rate change in the con-
centration of IP3 , S, at a specific location, x

i
 , was determined 

using a reaction–diffusion equation by (Bell 1978)

(7)
𝜎SF

𝜎0
=

⎧
⎪⎪⎨⎪⎪⎩

0,
�̇�
SF

�̇�0
< 0

1 +
K𝜈

𝜂

�
�̇�
SF

�̇�0

�
, −

𝜂

K𝜈

≤ �̇�
SF

�̇�0
≤ 0

1, &
�̇�
SF

�̇�0
> 0

.

(8)ξ
H[i] =

ξR(
exp

[
μH−μL+ψc[i]−Fc[i]Δc[i]

kθ

])
+ 1

(9)Ṡ = m
s
kθ

𝜕2S

𝜕x2
i

−𝜅
d
S + S�̇�

m
s
 represents the motility of IP3 in the cell, k is the Boltz-

mann’s constant, and  θ  is the absolute temperature. 
The rate equation also includes the de-phosphorylation 
of IP3 described with a reaction rate, k

d
. The last term in the 

equation accounts for the effects of cell stretch on calcium 
dynamics via the strain rate, �̇� . The flux boundary condition 
over the cell boundary with outward normal, n

i
 , is given by

An increase in �H with time hence results in the produc-
tion of  IP3 with a non-dimensional proportionality con-
stant α (Bell 1978).

The concentration of calcium ions in the cytosol was nor-
malized with respect to the maximum calcium in cells to C 
(0 ≤ C ≤ 1). The rate equation for C is obtained assuming 
first-order kinetics and is given by

where �
f
 is the rate constant governing the rate of release 

of calcium ions from the IP3-gated reserve in the endoplas-
mic reticulum and S0 is reference  IP3concentration. Calcium 
increases with S, and its reabsorption into the ER is gov-
erned by another rate constant, �

b
, and the calcium concen-

tration, C . These equations are useful to model the role of 
integrin populations and membrane stretch on the overall 
calcium at each point in the cell.

6  Coupling between the chemomechanical 
modules to simulate cell–substrate 
interactions during static and stretch 
conditions

We use MATLAB (v8.2 2013a; The Math Works, Natick, 
MA) to simulate cell-substrate interactions through the 
SFEM model. The simulation involves temporal integration 
of three coupled modules through a staggered approach, and 
a subsequent implementation of mechanical equilibrium in 
the SF, clutches, and the substrate at the end of each time 
step. The modules embody stochastic clutch dynamics, cal-
cium signaling, and SF contractility during cell–substrate 
interaction. Feedback between the different modules involv-
ing current and earlier iteration values is indicated in Fig. 2. 
Mechanical equilibrium of the cell–substrate system was 
implemented through the following set of coupled equations

(10)m
s
𝜅θ

(
n
i

𝜕S

𝜕x
i

)
= −𝛼max(0, �̇�H)

(11)
�C

�t
= �

f

S

S0

(1 − c) − �
b
c

(12)
��SF

�xSF
+ F

SF
c

= 0 and
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xSF and xsub are the coordinates along the length of cell and 
substrate domains with unit cross-sectional area, respec-
tively. �SF is the stress in SF specified by constitutive Eqs. 6 
and 7, and �sub is the stress in the hyperelastic substrate given 
by

F
SF
c

 and Fsub
c

 are the forces transferred by clutches to SF 
and substrate, and respectively, these forces are the summa-
tion of clutch forces F

c[i] calculated using Eqs. 2 and 5.

In Eq. 14, the Dirac delta function, �∗(xSF∕sub − xSF∕sub[i]) , 
ensures that force contribution by clutches, F

c[i] , is nonzero 
only at their attachment points xSF[i] and xsub[i] . nAeng and nM

eng
 

are the number of clutches engaged to SF and substrate, 
respectively, at a given location. Deformations in the cell and 
substrate are obtained by establishing a weak form of Eq. 12 
using the Galerkin procedure. Boundary conditions for SF 
are given by �

SF
 = 0 and uSF = 0 at xSF = ±L

c
 and xSF = 0 , 

respectively. The boundary condition for substrate is given 

(13)�sub = Esub

�usub

�xsub

(14)

F
SF
c

=

n
A

eng∑
i=1

F
c[i]�

∗
(
xSF − xSF[i]

)
andFsub

c
=

n
M

eng∑
i=1

F
c[i]�

∗
(
xsub − xsub[i]

)

by usub = 0 at xsub = 0 and usub = 0 at xsub =  ± Ls/2, and for 
substrate under stretch usub =  ± (0.1 × L

s
/4) × (1 + sin(2π 

t−π/2)). The variational form of Eq. 12 is given as

neng is the total number of clutches engaged. The linearized 
form of Eq. 15 at time t + Δt is given by

 
Lc∕2

∫
−Lc∕2

��uSF
�xSF

��SF
��SF

�ΔuSF
�xSF

dL +
neng
∑

i=1
kc(ΔuSF[i] − Δusub[i])�uSF[i]

= −

⎛

⎜

⎜

⎜

⎝

Lc∕2

∫
−Lc∕2

�SF
��uSF
�xSF

dL −
neng
∑

i=1
FSF
c[i]�uSF[i]

⎞

⎟

⎟

⎟

⎠

i−1

t+Δt

and

(15)

Lc∕2

∫
−Lc∕2

�SF
��uSF
�xSF

dL −
neng
∑

i=1
FSF
c[i]�uSF[i]

= 0 and

Ls∕2

∫
−Ls∕2

�sub
��usub
�xsub

dL +
neng
∑

i=1
Fsub
c[i]�usub[i] = 0

(16)

Ls∕2

∫
−Ls∕2

��usub
�xsub

��sub
��sub

�Δusub
�xsub

dL +
neng
∑

i=1
kc(Δusub[i] − ΔuSF[i])�usub[i]

= −

⎛

⎜

⎜

⎜

⎝

Ls∕2

∫
−Ls∕2

�sub
��usub
�xsub

dL +
neng
∑

i=1
Fsub
c[i]�usub[i]

⎞

⎟

⎟

⎟

⎠

i−1

t+Δt

Fig. 2  The cell–substrate interaction model includes stochastic simu-
lations, SF contractility, and calcium signaling modules. Interactions 
between the different modules are indicated by arrows for the previ-
ous and current iteration along with the corresponding variables. 
Clutches in the cell membrane reversibly engage (neng) or disengage 
with the substrate and are modeled through the stochastic module. SF 
activation (η) in the presence of calcium results in stress ( �SF ) that 

causes deformation (Δc) of the engaged clutches, and a corresponding 
substrate displacement ( usub ) that is simulated using the contractility 
module. usub and Δc causes activation of calcium signal through mem-
brane stretch and aggregation of high-affinity integrins (ξH) obtained 
using the calcium signaling module. The change in calcium (C) is an 
input in the contractility module
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The variational equations in Eq. 16 were discretized 
through 1D quadratic shape functions,  H

SF
 and Hsub, on 

cell and substrate domains, respectively. The displace-
m e n t s  o f  d o m a i n s  w e r e  i n t e r p o l a t e d  a s 
usub�SF =

∑3

i=1
Hsub�SF

i

u
2A±i

sub�SF
 . u2A−i

cell�SF
 are the displacements 

at the nodes as represented in Fig. 1. Strains in each SF 
element ( �A) and substrate element ( �M) were evaluated 
using

Substitution of interpolations in Eq. 16 yields the fol-
lowing discretized equation:

K
A

SF
 and KM

sub
 are the global assembly element stiffness 

matrices KA

SF

(e) and KM

sub

(e) of SF and substrate, respectively

K
M

c
 is the stiffness contribution of neng clutches engaged 

between SF elements and substrate elements obtained by 
global assembly of KM

c[i]
 represents the contribution of the ith 

clutch attached at local coordinates hA
SF[i]

  and hM
sub[i]

 . These 
contributions were assembled into KM

c
 , based on indices of SF 

(A) and substrate (M) elements that represent attachments.

R
A

assem
 is the internal residual force of the cell-substrate inter-

action, which constitutes clutch forces, Fc

assem[i]
 , and the ele-

mental internal force in SF and substrateFint
(e) . Both  Fc

assem[i]
 

and Fint
(e) are assembled into global matrices, Fc

assem
 and Fint , 

based on the associated indices of the element

(17)�M�A =

3∑
i=1

�Hsub�SF
i+1

�xsub�SF
u
2A−i
sub�SF

(18)
([

K
A

SF
0

0 K
M

sub

]
+ K

M

c

)[
ΔUSF

ΔUsub

]
= R

A

assem

(18a)K
A

SF

(e)
= ∫

L
e

0

��A

SF

�X

(
�HSF

�xSF

)
T

�HSF

�xSF
dLe

(18b)K
M

sub

(e)
= ∫

L
e

0

Esub

(
�Hsub

�xsub

)
T

�Hsub

�xsub
dLe

(18c)K
M

c [i]
= k

c
(Hassem[i]

T

Hassem[i])

(18d)Hassem[i] = [HSF

(
h
A

SF[i]

)
,−Hsub

(
h
M

sub[i]

)
]

(19a)R
A

assem
= F

c

assem
+ Fint

(19b)Fint
(e) = ∫

L
e

0

[HSF�
A

SF
,Hsub�

A

sub
]
T

dLe

(19c)F
c

assem[i]
= (Hassem[i])

T

F
c[i]

 The displacement increments at nodes of the cell and sub-
strate ΔUsub∕SF were calculated from Eq. 18 using the New-
ton–Raphson method. Coordinates of the attachment of 
clutches to the SF, xSF[i] , were updated using Eq. 4.

The SF activation, η, was evaluated at every time step, 
Δt, to determine the SF contractile stress, �SF, using Eqs. 6 
and 7 in the contractility module. SF contractility results 
in clutch deformations, Δc[i] . SF and substrate displace-
ments,uSF∕sub , were updated using deformation incre-
ments, ΔUSF∕sub, calculated using Eq. 18. Forces in the 
clutches, Fc[i], were determined using Eqs. 2 and 5. The 
clutch deformations were used to determine the engage-
ment/disengagement rates of clutches in the stochastic-
ity module using Eqs. 1 and 3. Deformation Δc[i], clutch 
forcesFc[i] , and membrane deformation, umemb = usub, 
were used as inputs to the calcium signaling module. The 
population density of high-affinity integrins at the end of 
engaged clutches, ξH[i] , was determined from Eq. 8 using 
Δc[i] and Fc[i] . The rate of change in high-affinity integrins 
was calculated to determine  IP3 production (Eq. 9). The 
discretized versions of both Eqs. 9 and 11 were integrated 
using the eighth order Runge–Kutta method to update  IP3 
concentration ( S ) and calcium level ( C ). Equations 1–11 
and 19 were temporally integrated until reaching the simu-
lation time tend . A flowchart for the implementation of the 
algorithm is shown in Fig S1.

7  Parameters used in the simulation

Table 1 summarizes the simulation parameters for each of 
the different modules, and the corresponding sources from 
which these values were obtained. The fibroblast cell length, 
LC , was assumed to be 60 μm. The reference strain rate ε̇0 
was selected to be 4 ×  10–3 so that retrograde velocity of 
120 nm/s was obtained at the cell edge. The values of myosin 
concentration and maximum SF stress (�max) were selected 
such that the magnitude of tractions matched experimental 
data for fibroblasts (Gallant et al. 2005; Balaban et al. 2001). 
The velocity reduction constant value, kv, was selected such 
that the velocity relation used in Chan and Odde (Chan and 
Odde 2008) was reproduced in the Hill’s equation (Eq. 7). 
Because most motor-clutch models are limited to results at a 
single location on the substrate, we used the parameter, ksub, 
to compare our results with those reported earlier (Chan and 
Odde 2008). ksub (units = force/length) is the stiffness of the 
linear spring, which is used to model the local resistance 
of the underlying substrate. In a previous study, Artola and 
coworkers used Esub = (9 ∗ ksub)∕(4�a) , by assuming that 
the cell exerts uniform traction on the substrate through a 
circular adhesion site with radius of a = 0.56 μm (Elosegui-
Artola et al. 2014). The tractions exerted on the substrate, T, 
were obtained by taking the ratio of local clutch forces with 
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focal adhesion area, �a2 , T = (Fsub
c

∕�a2) ≅ F
sub
c

 . Substrate 
stiffness, ksub, was chosen in the range 0.1–1000 nN/μm to 
represent tissue elasticity range observed in vivo. The rate 
constant for SF formation (kf ) was chosen to be higher than 
the dissociation constant ( kb) so that SF activation was pos-
sible in the absence of stress.

8  Model simulations and parametric 
analysis

We quantified the effects of ligand density and substrate 
stiffness on cell–substrate interactions under static and 
stretch conditions.

Ligand densities corresponding to 420, 740, 1060, and 
1380 µm−2 were used, and the model was simulated at fif-
teen different substrate stiffness values ranging between 
0.1 and 1000 nN/μm to quantify cellular responses. The 
static (no-stretch) case was used as control for each of these 

simulations by imposing zero displacements at the ends of 
the substrate. These simulations were compared with the 
cyclic stretch condition of 10% at 1 Hz applied to the sub-
strate. Cell–substrate interactions were evaluated for ~  105 
iterations in the stochastic simulations with each condition 
repeated twenty times. Model outputs include the computed 
cell tractions at each location of the cell, integrin dynam-
ics, calcium concentrations, and clutch engagements. These 
were averaged spatially and temporally to explore the com-
bined effects of substrate stiffness and stretch on SF and FA 
dynamics.

9  Results and discussion

A quantification of cell–substrate interactions under cyclic 
stretch involves coupling the SF contractility and activation, 
dynamics of clutch interactions (adaptor proteins) with the 
substrate, and calcium signaling. We used a novel SFEM 
framework (Fig. 2; Table 1) to investigate the individual and 

Table 1  List of variables and values used in the stochastic FE composite model

a Refers to the present work

Parameter Definition Value Source

LC Length of the cell [µm] 60 a

LS Length of the substrate [µm] 120 a

η SF activation 0–1 Deshpande et al. (2006)
kf SF formation rate constant [s−1] 120 a

kb SF dissociation rate constant [s−1] 60 a

kv
Velocity reduction constant 1 a

nm Number of myosin motors 8000 a

Fm Motor stall force [ pN] 2 Bangasser et al. (2013)
�max Maximum stress in SF nm × Fm

a

�
0

Isometric stress in SF at activation η �.�max Deshpande et al. (2006)
ε̇
0

Reference SF strain rate [μms−1] (4 ×  10–3) a

nc Number of ligands on substrate [μm−2] 420, 740, 1060, 1380 Pathak et al. (2011)
Fb Integrin-ligand bond rupture force [pN] 8 Deeg et al. (2011)
kc Clutch stiffness [nN∕μm] 1.5 Deeg et al. (2011)
kon Clutch on-rate [s−1] 0.1 Roca-Cusachs et al. (2012)

k
0

off
Clutch off-rate [s−1] 0.007 Roca-Cusachs et al. (2012)

�R Reference integrin concentration [μm−2] 3000 Deshpande et al. (2006)
m Low-affinity integrins mobility [smg−1] 10 Deshpande et al. (2006)
S
0

Reference  IP3 concentration [μm−3] 1000 Pathak et al. (2011)
kd de-phosphorylation rate constant of  IP3 [s−1] 5 ×  10–4 Pathak et al. (2011)
ms Mobility of  IP3 [smg−1] 104 Pathak et al. (2011)
� Rate of  IP3 production 1 a

C Normalized calcium concentration 0–1 Pathak et al. (2011)
�f Forward rate constant for calcium [s−1] 1 Pathak et al. (2011)
�b Backward rate constant for calcium [s−1] 0.5 Pathak et al. (2011)
ksub Substrate stiffness [nN∕μm] 0.1–1000 a
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combined roles of SF contractility and calcium signaling on 
clutch engagements/dis-engagements. We also quantified the 
effects of varied substrate stiffness and cyclic stretch on cell 
adhesions and tractions. There are three main implications 
from this study: first, we show that integrin recruitments 
changed along the cell length. These were low at lamellipo-
dial regions, whereas the highest adhesions were located in 
lamellar regions. Intracellular calcium resulting from FA 
dynamics was highest at the lamellipodium. Second, cyclic 
stretch altered the SF contractility, calcium, and tractions as 
compared to the static (no-stretch) case. Increased SF con-
tractility was accompanied with a corresponding decrease 
in integrin recruitments for stretched cells. Finally, cell trac-
tions and adhesions show biphasic responses with substrate 
stiffness and increased with higher substrate ligand density.

9.1  Effects of SF dynamics and calcium signaling 
on motor‑clutch dynamics

We simulated the effects of calcium signaling and SF con-
tractility on traction generation at FAs for a fibroblast on 
10 kPa substrate coated uniformly with 420 μm−2 fibronec-
tin density. We explored three different cases to assess the 
influence of varying SF activation and calcium signaling at 

the lamellipodia in the model. (i) The motor-clutch model 
with constant SF activation (η = 1) and calcium (C = 1). 
This case served as a control to assess the influence of dif-
ferential SF activation and calcium signaling in the model. 
(ii) The motor-clutch model with exponentially decay-
ing calcium (time constant, θ = 720 s) illustrates changes 
in SF remodeling with calcium. (iii) Motor-clutch model 
with calcium feedback due to integrin clustering caused by 
the resisting forces of clutches and SF contractile forces.

Figure 3a shows temporal variations in the SF activa-
tion due to calcium signaling that leads to changes in the 
motor-clutch dynamics. SF activation is lower than the con-
trol case when the SF is always activated and maintained at 
a constant value. We quantified the retrograde flow velocity 
of actin (v), clutch engagements ( neng ), and force exerted 
on substrate for all three cases. Clutches undergo load-fail 
behaviors and vary cyclically between extrema. These vari-
ations are a function of SF contractility and the load-bear-
ing capacity of the clutches (Fig. 3b, c, d). An increase in 
the force on the ith clutch, ( F

c[i] ), results in an increase in 
the clutch off-rate according to the unloaded off-rate ( koff 
= 0.007  s−1) and characteristic rupture force, F

b
 (Eq. 1). 

The retrograde actin flow varied between 10 and 120 nm/s. 
Tractions in the motor-clutch model varied between 0 and 
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Fig. 3  Motor-clutch dynamics are shown at the lamellipodial (LP) 
region corresponding to (i) constant activation (η, C = 1), (ii) expo-
nential calcium decay, and (iii) calcium feedback due to integrin 
engagements/clustering and SF remodeling. a Temporal evolutions in 
the SF activation (solid) and calcium are shown for the three different 
cases (dotted), b Retrograde actin flow velocity shows a load-and-fail 

profile. The variational frequency is dependent on the temporal evo-
lution of SF activation and calcium feedback. c Clutch engagements 
are higher and show lower load-and-fail events with decrease in cal-
cium concentration. d Tractions exerted on the substrate bear simi-
larities with the profile for retrograde flow. Maximum tractions were 
obtained for minimum values of the retrograde flow
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12 kPa (Fig. 3b, d). Experiments show a similar range of 
fibroblast traction with average traction of 3 kPa on a con-
tinuous substrate (Humphrey and Rajagopal 2002). The 
range of forces applied at an adhesion site varied between 
0 and 10 nN. Because the SF activation is a constant in the 
control case (Fig. 3a), the magnitude and frequency varia-
tions (~ 0.018 Hz) in load-and-fail of clutches remain essen-
tially constant. The retrograde actin flow and tractions are 
inversely related such that the traction maxima corresponds 
to the minima for retrograde flows. Forces build in the 
clutches and fail catastrophically (Fig. 3c) when the ensem-
ble reaches load-bearing capacity.

In the second case, SF activation decreased with decay-
ing calcium over time due to decreased calcium (Eq. 6) and 
cyclical clutch failures (Fig. 3a, c). Retrograde actin flow 
(v) and tractions (T) reached maximum values of 12.5 nm/s 
and 11.75 kPa, respectively (Fig. 3b, d). Cyclic variations, 
clearly identified in the control case, are not as apparent 
because the SF is not maintained at a maximum value of 
activation. Decreased SF activation resulted in higher 
clutch engagements and a corresponding decrease in actin 
retrograde flow. The velocity does not hence reach the free 
control velocity value of ~ 120 nm/s. The model reaches a 
stalled regime, characterized by near-zero retrograde actin 
flow, which decreases the cytosolic calcium. The number 
of engaged clutches was higher with lower retrograde actin 
flow (Fig. 3a, c).

The influx of calcium from the ER in the third case main-
tains calcium feedback in the cell (Eqs. 8, 9, and 11). Cyclic 
variations in clutch engagements resulted in changes to the 
concentrations of high-affinity integrins (Eq. 9) and were 
involved with the release of calcium. SF activation, clutch 
engagements, and the associated tractions varied such that 
the system did not reach a stalled state (Fig. 3a, c). These 
simulations show that the calcium signal and SF activity 
play an important role in the magnitude of cell tractions 
(Fig. 3d) and retrograde actin flows at the FA regions.

The dynamics of adaptor protein engagements at the 
FA sites in the motor-clutch model vary with SF contrac-
tile force (Chan and Odde 2008). Clutches, represented as 
slip bonds, reversibly engage with actin. Three separate 
regimes characterize these interactions: first, frictional 
slippage at low stiffness with an intermediate magnitude 
of retrograde flow and traction forces. Second, the load-
and-fail regime at intermediate stiffness with a slow retro-
grade flow and higher traction forces, and finally, frictional 
slippage at high stiffness with high retrograde flow and low 
tractions (Bangasser et al. 2013). Lower resistance to actin 
flow was observed in the frictional slippage region on com-
pliant substrates due to clutch failures before the SF could 
achieve a maximum possible contractile force. Clutches 
prematurely fail on compliant substrates as deformations 
occur at a slower pace than the SF contraction. In contrast, 

stiff substrates have rapid clutch deformations that result 
in failures due to lower substrate deformations. The load-
and-fail regime was associated with clutches undergoing 
maximum deformations that collectively fail with SF con-
traction (Fig. 3c). We see a similar delineation and show 
that modulations in the cytosolic calcium alters cellular 
tractions at FAs. These regimes were simulated on a single 
substrate stiffness with the incorporation of SF remodeling 
and calcium signaling that has not been discussed in earlier 
motor-clutch models.

9.2  Spatiotemporal variations in cell–substrate 
interactions with cyclic stretch

We quantified changes in actin retrograde flow ( � ), clutch 
engagements ( neng ), traction ( T  ), and calcium signaling at 
different spatial locations within the adherent cell on a sub-
strate coated with a uniform fibronectin ligand distribution. 
The substrate had a uniform ligand density, nc = 420 μm−2, 
and a modulus, Esub, = 10 kPa. Simulations were compared 
for static and cyclic sinusoidal stretch (10% amplitude with 
1 Hz frequency) for  105 events. The ends of the substrate 
were initially fixed and then stretched during the subse-
quent half of the simulation. Figure 4 shows the tempo-
ral profile of cell–substrate interactions at the cell interior 
located ~ 7.24 μm from the leading edge. Actin retrograde 
flow velocity and tractions show load-and-fail characteris-
tics under no-stretch conditions with variations between 0 
and 60 nm/s and 0–10 kPa at ~ 5 Hz frequency (Fig. 4a, d). 
These results are similar to the motor-clutch simulations 
with calcium feedback and are associated with a change in 
chemical signaling represented by  IP3 and calcium concen-
trations (Fig. 4c). Initial clutch engagements cause an accu-
mulation of high-affinity integrins (Fig. 4b), which results in 
the release of  IP3 and calcium. Excessive deformations cause 
clutch failures that result in cyclic variations in the clutch 
forces and corresponding changes in the concentrations of 
high-affinity integrins (Fig. 4b).

Variations in the rate of  IP3 production due to a changes 
in the integrin concentrations (Eqs. 9 and 10) resulted in  IP3 
concentration changes. Calcium released by  IP3 increased 
monotonically and plateaued at later time durations. Sub-
strate stretch induces additional forces in clutches that cause 
perturbations in tractions and high-affinity integrin concen-
trations. Higher forces in the engaged clutches resulted in 
higher SF activation and clutch disengagements (Eq. 1) that 
were accompanied by higher average actin retrograde flow 
velocity (Fig. 4a). The increase in the integrin density under 
cyclic stretch caused higher production of  IP3 and a cor-
responding increase in the cytosolic calcium (Fig. 4b, c). 
Calcium increase, deformation-induced higher tractions in 
the cell, and the inverse correlations between traction and 
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retrograde were also observed under cyclic stretch conditions 
similar to the control (no-stretch) case. The number of load-
and-fail events were however higher under stretch (Fig. 4a, 
d). Additional clutch deformations under stretch resulted 
in ~ 50% increase in the traction magnitude and ~ 33.3% 
increase in high-affinity integrin concentrations.

Figure 5 shows variations in tractions, clutch engage-
ments, high-affinity integrins, and calcium concentrations 
along the cell length for static and 10% cyclic stretch cases. 
The asymmetric traction profile about the cell center (node 
15) is a consequence of the sign convention employed in 
the study. Tractions were higher in the transition region 
adjacent to lamellipodial regions. Lower tractions at the 
cell center were due to the lower recruitment of high-affin-
ity integrins and greater clutch failures in the lamellipodia. 
Calcium was higher at the cell center and edges. Tractions, 
high-affinity integrins, and calcium concentrations have 
similar profiles under cyclic stretch as the static case but 
with significantly higher values.

These results show the emergence of three distinct 
regions in the cell: the lamellipodial (LP) regions in gray, 
the transition region, and the central region of the cell. 
A maximum traction of ~ 1.93 kPa was present at nodes 
7 and 23 of the cell in the transition region for the static 

case (Fig. 5a). Lower tractions were observed at the LP 
regions (1–5 nodes), whereas the cell center had near-zero 
tractions. The retrograde flow of actin, induced by the con-
tractile strain in the SF, decreased monotonically from the 
lamellipodial region to the center due to the resistance of 
clutch engagements. A lower retrograde velocity induces 
optimum deformation of clutches at lamellar (LA) regions, 
which resulted in higher tractions (Fig. 5a).

Experiments report decreased actin retrograde flow veloc-
ity from the LP to the LA regions of the cell (Plotnikov 
et al. 2012). Embryonic fibroblasts show an average actin 
retrograde flow of 11.33 nm/s in the lamellipodial regions 
and 5.5 nm/s in the lamellar regions. Tractions varied cycli-
cally between ~ 2.5 and 1.89 kPa at the FA. Similar spatial 
variations in tractions were reported in fibroblasts seeded on 
polyacrylamide substrates; the maximum traction was 4 kPa 
at a distance ~ 6 μm from cell edge (Booth-Gauthier et al. 
2013). In contrast, fibroblasts on discontinuous pillar-ridge 
substrate have the highest force (~ 14 nN) at the cell edges 
(Rathod et al. 2017). Epithelial ptK1 cells also show spatial 
changes in the actin retrograde velocity and tractions (Gardel 
et al. 2008). Retrograde velocity monotonically decreased 
from the cell edge (~ 15 nm/s) to the center (~ 1.5 nm/s). 
Tractions increased from ~ 25 kPa at the cell edge to ~ 90 kPa 
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Fig. 4  Temporal evolutions in cell adhesions under static and 10% 
stretch are shown at node 7 located ~ 7.24 μm from the leading cell 
edge.  105 events were simulated on a 10 kPa substrate with 420 μm−2 
fibronectin concentration. a The retrograde actin velocity for the 
static case increases with time due to SF activity. Retrograde flows 
are higher under stretch due to higher SF activation induced by the 
high-affinity integrin recruitment. b The concentration of high-affin-

ity integrins follows load-and-fail behavior with higher variations 
under stretch. c  IP3 production increased with integrin engagement 
density. Calcium increased with  IP3 concentration and plateaued at a 
constant level under stretch. d Changes in cell tractions resemble the 
integrin engagement profiles and have maximum values at minimum 
values of the retrograde velocity
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in the intermediate region and were near zero toward the 
cell center.

Simulations show that tractions under substrate stretch 
increased by ~ 50% as compared to the static case (Fig. 5a). 
The overall tractions increased to ~ 4 kPa in the intermediate 
region and ~ 2.76 kPa at the cell edge. Integrin concentra-
tions increased under cyclic stretch; values were lower in 
the lamellipodial regions and increased toward the lamel-
lar regions (Fig. 5b). High clutch engagements at the cell 
center are due to a lower transfer of force through clutches 
(Fig. 5a). A combination of low tractions and high clutch 
engagements leads to a stall at the cell center. The lamel-
lipodial and intermediate regions have high tractions and 
clutch deformations with load-fail profiles (Fig. 4). These 
results are contrary to those reported earlier by Deshpande 
and colleagues using a model for SF activation and inte-
grin remodeling (Pathak et al. 2011). Their study showed 
higher integrin density and tractions at the cell edge that are 
contrary to data from experiments. These differences may 
be due to the non-inclusion of slip bond characteristics in 
the integrin-fibronectin bond that may lead to an increase 
in the force transfer between cell and substrate at the LP 
regions. The higher accumulation of high-affinity integrins 
(�

H
) at the lamellar and lamellipodium regions correlated 

with higher traction magnitudes (Fig. 5c). Integrin accumu-
lation at the cell center is primarily driven by a difference in 
the reference chemical potential between high-affinity and 
low-affinity integrins. Calcium concentrations show a sym-
metric profile about the cell center (Fig. 5d) with values 
higher than the static case. Increased calcium at lamellipo-
dial regions was due to the frequent failure of clutches that 

caused higher  IP3 at these locations (Fig. 5b); these results 
agree with experiments on cyclically stretched fibroblasts 
(Munevar et al. 2004).

9.3  Cellular mechanosensitivity to substrate 
stiffness

Fibroblasts synthesize and remodel ECM proteins to perform 
vital functions like tissue maintenance and wound healing 
(Hinz et al. 2012). We used the model to investigate the role 
of substrate stiffness and ligand density on cell adhesions 
under static and cyclic stretch. Figure 6 shows variations in 
the magnitude of average substrate tractions, clutch engage-
ments, high-affinity integrin, and calcium concentration 
computed over the entire cell length. We simulated various 
ligand densities (420, 740, 1060, and 1380 μm−2 ) and used 
fifteen distinct substrate stiffness (0.1–1000 nN/μm ) to rep-
resent a range of in vivo tissue stiffness (Kolahi et al. 2012). 
The mean clutch forces and high-affinity integrin concentra-
tions were used to compute the average tractions,Tsub, and 
the average integrin concentrations in the study. Data were 
averaged from 20 simulations at each substrate stiffness and 
ligand density. Average values with variations are shown in 
Fig. 6a using error bars.

Cell tractions had a biphasic relationship with the sub-
strate stiffness, ksub . Tractions increased initially with sub-
strate stiffness, reached a maximum value, and subsequently 
decreased. The presence of additional ligands at high con-
centrations permit more clutches to bind which increases the 
load-bearing capability of individual clutches and results 
in higher tractions (Fig. 6a, b). The (average) high-affinity 

Fig. 5  Spatial variations in 
a tractions, b clutch engage-
ments, c high-affinity integrin 
concentration, and d calcium 
concentration over the cell 
length for static and cyclic 
stretch conditions
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integrins also display a biphasic relationship with substrate 
stiffness similar to that of cell tractions (Fig. 6c). An increase 
in the ligand density on the substrate permits greater inte-
grin accumulations sites and higher integrin recruitments. 
The associated increase in clutch forces decreases the 
chemical potential of high-affinity integrins and result in 
higher tractions (Eq. 9). Substrates with stiffness less than 3 
nN/μm , and with low ligand densities, have higher integrin 
concentrations.

These results put into focus the effects of clutch forces 
on integrin densities that may outweigh the presence of 
additional integrin accumulation sites on substrates with 
low stiffness (Fig.  6c). Higher ligand density and sub-
strate stiffness monotonically enhanced cell spreading 
and integrin recruitments at FA in fibroblasts (Ghibaudo 
et  al. 2008). Larger FA regions were observed in myo-
epithelial cells at lower ligand densities on substrates with 
stiffness < 30 nN/μm ; FAs are destabilized on stiffer sub-
strates (Oria et al. 2017). These experiments demonstrate 
the biphasic nature of integrin recruitments with substrate 
stiffness. Our results also demonstrate the sensitivity of 
calcium concentration to substrate properties. Figure 6d 
shows a rapid increase in calcium at lower substrate stiffness 
which saturates to a maximum value for each of the different 
ligand densities in the study. Calcium concentrations remain 
relatively constant on stiffer substrates. Calcium increases 
monotonically with an increase in ligand density for a fixed 
substrate stiffness. Furthermore, the rate of calcium increase 

is higher on compliant substrates. Our results show that cell 
mechanosensitivity to substrate stiffness may be tuned by 
changing the ligand densities on the substrate, which alters 
calcium signaling.

9.4  Cyclic stretching increases cellular tractions 
and integrin recruitments at FA

We next investigated cyclic stretch effects on cell tractions, 
adhesions, and calcium concentrations on substrates with 
varying ligand densities and stiffness. The (average) sub-
strate tractions, T

sub
, and high affinity integrin concentra-

tions have a biphasic relationship with substrate stiffness 
that is similar to no-stretch conditions. These variations 
have a clearly defined and a relatively sharp peak as com-
pared to the corresponding values for the static case (Fig. 7). 
Higher ligand densities resulted in increased tractions, clutch 
engagements, high-affinity integrins, and calcium in cells. 
Cyclic stretch significantly enhanced tractions on compli-
ant substrates as compared to the static case. In contrast, 
cyclic stretch resulted in decreasing cell tractions on stiffer 
substrates. The corresponding values of clutch engagements 
and high-affinity integrin densities were also significantly 
lower under cyclic stretch. The maximum cell traction under 
cyclic stretch (nc = 1380 μm−2) was ~ 50% higher than the 
corresponding static case; integrin concentrations were also 
63% higher under stretch as compared to the static case.

Fig. 6  a Cell tractions peak 
with substrate stiffness under 
static (no-stretch) condition for 
each ligand density and plateau 
to a constant value at higher 
stiffness for each of the different 
ligand densities in the study. 
b Clutch engagements, neng, 
decreased with substrate stiff-
ness. Higher engagements were 
visible on substrates coated with 
greater ligand density. c Integrin 
concentrations, �

H
,  shows a 

biphasic response with substrate 
stiffness. d Calcium concentra-
tions increased monotonically 
with substrate stiffness, ksub , and 
saturated for each ligand density
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Clutch engagements decreased with substrate stiffness 
at a fixed ligand density as seen earlier for cells under no-
stretch condition. These values were lower under stretch 
due to the higher tractions. (Fig. 7b). High ligand density 
enhances clutch engagements that leads to higher (average) 
engagement times and forces in clutches. These, in turn, 
lead to an increase in high-affinity integrins at the cell edge 
as compared to regions distal to the cell edge where the 
clutch forces are lower. An increase in ligand density shifts 
the average integrin recruitments to higher values; integrin 
concentration in the cell approaches near-zero on substrates 
with stiffness beyond the critical stiffness (Fig. 7c). Calcium 
concentrations also increased monotonically with substrate 
stiffness for all ligand densities similar to the static case and 
reached a maximum level after ~ 200 nN/μm under cyclic 
stretch (Fig. 7d). Multiple peaks (Fig. 7a, c) may be due to 
the non-monotonic clutch engagements under stretch. Actua-
tion of the clutches occur as a consequence of stress fiber 
contractility, and displacements of substrate ligands under 
stretch. Because stiffer substrates support forces with less 
deformation, they are more effective in transferring stretches 
to clutches. These may result in a plateau in the clutch 
engagements at intermediate substrate stiffnesses (Fig. 7b).

Experiments demonstrate that fibroblasts subjected to 5% 
cyclic stretch at 1 Hz frequency have 66% increased tractions 

(Cui et al. 2015). The underlying difference between the 
static and cyclic cases may occur due to higher SF activa-
tion caused by stretch-aided clutch deformations that result 
in a higher accumulation of high-affinity integrins and 
a corresponding elevation in the calcium level (Fig. 7c). 
Application of 7% stretch on vascular smooth muscle cells 
increased calcium concentration from ~ 85 nM under no-
stretch to ~ 95 nM under cyclic stretch (Lindsey et al. 2008). 
Model predictions from our study demonstrate that increased 
tractions are linked to higher SF activity, and coupled to 
increased calcium and the recruitment of high-affinity inte-
grins at FA in cells under cyclic stretch.

9.5  Optimal substrate stiffness sensing 
of fibroblasts to cyclic substrate stretch

We quantified substrate stiffness sensing of fibroblasts under 
cyclic stretch for substrates with varying ligand densities. An 
optimal substrate stiffness ( kopt

sub
 ) is defined for the value at 

which we obtain the maximum (average) traction at a given 
ligand density. Results were compared between static and 
cyclic stretch cases for each of the different ligand densi-
ties. Simulations from the composite model show that the 
maximum traction at 420 μm−2 ligand density was similar for 
static and stretch conditions and increased by ~ 40% for 1380 

Fig. 7  a Variations in the aver-
age cell tractions with substrate 
stiffness under cyclic stretch 
conditions. Tractions reaches 
maximum values at an optimal 
substrate stiffness, kopt

sub
 . b 

Clutch engagements decreased 
monotonically with substrate 
stiffness for each of the differ-
ent ligand densities. c Integrin 
concentrations for engaged 
clutches, �

H
, show biphasic 

response with substrate stiff-
ness. d The calcium concentra-
tion increased monotonically 
with substrate stiffness and 
reached a saturation value for 
each ligand density. Variation 
in ligand densities do not have 
a significant effect on cytosolic 
calcium. Data were averaged 
from 20 simulations at each 
substrate stiffness and ligand 
density. Average values, along 
with variations, are shown using 
error bars in the figure
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μm−2 ligand density (Fig. 8a). The percent increase in aver-
age traction due to application of stretch was calculated as

Cyclic stretch enhanced tractions for all ligand densities 
corresponding to compliant substrates in the study; trac-
tions were significantly lower on stiff substrates (Fig. 8b). 
An increase in the ligand density resulted in higher traction 
magnitudes over a larger substrate stiffness range. Prema-
ture failures of adaptor proteins, connecting the SF and the 
FA, at low substrate stiffness were prevented under stretch 
which results in higher tractions. Stretching of substrates 
with higher stiffness caused clutch overloading which shifts 
cell–substrate interactions into the frictional-slippage regime 
and results in lower tractions.

The optimum stiffness shifted toward compliant sub-
strates for all the ligand densities in the study for cells under 
cyclic stretch (Fig. 8c). The magnitude of shift was greater 
for higher ligand densities. For example, the optimum sub-
strate stiffness shifted by 90 nN/μm (~ 95% decrease) at 420 
μm−2 and by 300 nN/μm (~ 77.5% decrease) for the 1380 
μm−2 ligand density. Stretching of substrates stiffer than the 
critical stiffness significantly reduces fibroblast tractions and 

(20)% increase in traction =
average traction under stretch − average static traction

average static traction
× 100.

integrin recruitments at ligands (Fig. 7a, c). The availability 
of additional ligands stabilizes adhesions to the substrate 
and results in an increase in the critical substrate stiffness 
(Fig. 8d). Near-zero values of tractions also demonstrate cell 
de-adhesion under stretch at various ligand densities.

Fibroblasts exert contractile stresses on the substrate and 
continually synthesize/ remodel the underlying substrate 
(Handorf et al. 2015). Tissue scarring and fibrosis are asso-
ciated with hyper-production of ECM proteins and a cell 
transition to myofibroblast phenotype (Herum et al. 2017; 
Liguo et al. 2016). Myofibroblasts exert high tractions and 
synthesize ECM proteins to accelerate the tissue remodeling 
processes (Liguo et al. 2016). High tractions enhance col-
lagen XII production in fibroblasts and trigger reversible 
phenotypic transition to myofibroblasts (Flück et al. 2003; 
Kollmannsberger et al. 2018). Cell tractions are also associ-
ated with proliferation, chemical signaling, and spreading 
(Liguo et al. 2016). A quantification of fibroblast tractions 
under cyclic stretch is hence essential to our understanding 
of the mechanobiological changes underlying tissue fibrosis.

Figure 9a shows elastic moduli of the tissue under normal 
and fibrotic conditions that range from low values (< 1 kPa) 
in soft tissues, such as lungs, to high values (> 500 kPa) 
in tissues like cartilage (Guimarães et al. 2020). We used 

Fig. 8  a Maximum traction, T, variations as a function of ligand 
density are shown for 10% cyclic stretch and static conditions. 
Results between groups were compared using analysis of variance 
(ANOVA);*** indicates p < 0.001. b The increase in the traction per-
cent due to stretch as a function of substrate stiffness is plotted for 
different ligand densities. Substrate stretching increases cell tractions 
on compliant substrates; the cell tractions however decrease on stiff 

substrates. c Optimum stiffness, computed corresponding to the maxi-
mum tractions, are plotted as a function of ligand density. An increase 
in ligand density shifts the optimum stiffness toward stiffer values 
in both static and stretch cases. d Critical stiffness, characterized by 
near-zero tractions, increases with ligand density due to stabilization 
of the adhesions
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our chemomechanical model to compute tractions exerted 
by fibroblasts on various substrates under static and stretch 
conditions and compared the simulation results with exper-
iments. Figure 9b shows variations in fibroblast tractions 
in various organs under static and 10% stretch conditions. 
Experimental data are included in the figure where avail-
able. Model computations show that fibroblast tractions 
were lower on soft substrates and high on stiffer substrates. 
Tractions ranged from 0.5 to 1.5 kPa in the static case and 
0.2–2.5 kPa for the stretch case that lie in the range of exper-
imentally reported values for fibroblasts in the walls of dif-
ferent organs (Alcoser et al. 2015; Marinković et al. 2012; 
Tang et al. 2014; Oh et al. 2018; Pauty et al. 2021). Experi-
mentally reported values of mammary fibroblast tractions 
were lower than the values obtained using our model. Cyclic 
stretch of 10% caused an overall increase in the computed 
fibroblast traction magnitudes. Endothelial cells and smooth 
muscle cells also exhibit mechanosensitivity to the substrate 
stiffness. Endothelial tractions and adhesions were higher 
on substrates with higher stiffness and ligand density (Oria 
et al. 2017). Cyclic stretching enhanced spreading, con-
tractility, and α-SMA expression in endothelial cells (Shao 
et al. 2014). Smooth muscle cell contractility and spreading 
increased with stretch on soft substrates (Zeidan et al. 2000). 
Cyclic stretch resulted in a decrease in the proliferation of 
smooth muscle cells (Chapman et al. 2000). The feedback 

between cell tractions and tissue remodeling is hence critical 
in cell-substrate interactions.

Chan et al. used the motor-clutch model to show an opti-
mal stiffness during cell–substrate interaction at FA (Ban-
gasser et al. 2013). Experiments demonstrate the biphasic 
relation between average tractions and substrate stiffness for 
fibroblasts (Marinković et al. 2012). They observed maxi-
mum force of 1.5 nN on ~ 15 kPa substrates. Results from 
our study show a similar biphasic tractions with a maximum 
value of 1.35 kPa at 1060 μm−2. We considered only one 
type of integrin ( α5β1 ) in the model and did not include the 
effects of force loading rate on integrin-fibronectin bond. We 
have also not included the effects of actin polymerization on 
adaptor protein assembly. Coupling of chemical signaling 
with mechanical properties of cell adhesions to substrates 
clearly demonstrates the effects of SF and FA remodeling 
under cyclic stretch that has not been shown earlier.

10  Conclusions

We use a systems biology approach to develop a 1D multi-
scale stochastic finite element model of cellular adhesions 
to linear elastic substrates of varying stiffness and different 
ligand densities. The chemo-mechanical model includes 
focal adhesion attachment dynamics, stress fiber activa-
tion, and calcium signaling. We use the model to quantify 

Fig. 9  a Stiffness of normal and fibrotic tissues, containing fibro-
blasts, are shown on a logarithmic scale. Arrows and scale bar indi-
cate substrate stiffness values used in the experiments to compute 
tractions exerted by fibroblasts. b Variations in the average tractions 
from this study under static and 10% cyclic stretch conditions are 
shown for fibroblasts in different organs. Green error bars and boxes 
represent traction values for fibroblasts reported in the literature for 

fibroblasts. Ligand concentrations corresponding to 1.5  mg/mL col-
lagen I, 10  μg/ml collagen I, 25  µg/ml fibronectin, 50  µg/ml col-
lagen I, and 10 μL collagen I were used for fibroblasts from human 
breast (Guimarães et  al. 2020), lung (Alcoser et  al. 2015), kidney 
(Marinković et  al. 2012), cardiac (Tang et  al. 2014), and skin (Oh 
et al. 2018), respectively
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tractions along the cell length in response to variations in 
substrate stiffness, cyclic stretching, and differential ligand 
densities.

We show that the increase in cytosolic calcium enhances 
SF formation and results in higher cell tractions and integ-
rin clustering at FA. Mechanical interactions between the 
SF and reversibly engaging adaptor proteins at FA con-
tribute to the spatiotemporal variations in cell contractil-
ity and adhesions reported in experiments. Tractions and 
adhesion strengths varied along the cell length, and have 
highest values at intermediate cell regions, and near-zero 
values in regions proximal to the cell center under static and 
stretch conditions. Mean tractions and integrin activation 
in fibroblasts followed biphasic responses with an increase 
in the substrate stiffness. Cytosolic calcium increased with 
substrate stiffness and ligand density. The corresponding 
cell tractions increased with higher ligand density. Cyclic 
stretch enhances cell tractions and adhesions on compliant 
substrates. Based on the low tractions obtained from simu-
lations, we show that cells de-adhered from stiff substrates 
(> 50 kPa). Integrin concentrations and tractions reduce to 
near-zero values beyond the critical substrate stiffness. High 
substrate stiffness and cyclic stretch increased calcium con-
centration in cells. Finally, we show that the optimal sub-
strate stiffness at which fibroblasts exert maximum tractions 
shifted toward compliant substrates with cyclic stretch at a 
given ligand density.

The model has some limitations: first, a 1D model cannot 
capture re-orientation dynamics for cells under cyclic stretch 
reported in the literature (Livne and Geiger 2016; Chatterjee 
et al. 2022). This will require including an additional spa-
tial dimension to the chemomechanical model. Second, SFs 
undergo lengthening under uniaxial tension through retro-
grade actin flows and adaptor protein deformations (Livne 
and Geiger 2016; Endlich et al. 2007; Chatterjee et al. 2022). 
We have only explored differences in SF remodeling through 
integrin reinforcement and have assumed that actin flows 
induced by contractile SF forces drive clutch deformations. 
We did not include the growth of the SF under cyclic stretch 
that is described using exponential growth laws (Chatterjee 
et al. 2022). We hope to include these aspects in the chemo-
mechanical model in future studies. The findings from our 
study are novel and contain general principles to explore 
mechanobiology and cellular contractility.
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