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Abstract

The extracellular matrix (ECM) is a dynamic network structure that surrounds, sup-

ports, and influences cell behaviour. It facilitates cell communication and plays an

important role in cell functions such as growth and migration. One way that cells

interact with the ECM is via focal adhesions, which enable them to sense and

respond to matrix mechanical properties and exert traction forces that deform it. This

mechanical interplay between cells and the ECM, many aspects of which remain

incompletely understood, involves the coordination of processes acting at different

spatial scales and is highly influenced by the mechanical properties of the cells, ECM

and focal adhesion components. To gain a better understanding of these mechan-

ical interactions, we have developed a multiscale agent-based model based on a

mechanical description of forces that simultaneously integrates the mechanosensi-

tive regulation of focal adhesions, cytoskeleton dynamics, and ECM deformation. We

use our model to quantify cell-cell communication mediated by ECM deformation and

to show how this process depends on the mechanical properties of cells, the ECM

fibres and the topology of the ECM network. In particular, we analyse the influence

of ECM stiffness and cell contraction activity in the transmission of mechanical cues

between cells and how the distinct timescales associated with different processes

influence cell-ECM interaction. Our model simulations predict increased ECM defor-

mation for stronger cell contraction and a sweet spot of ECM stiffness for the trans-

mission of mechanical cues along its fibres. We also show how the network topology

affects the ability of stiffer ECMs to transmit deformation and how it can induce cell

detachment from the ECM. Finally, we demonstrate that integrating processes across
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different spatial and temporal scales is crucial for understanding how mechanical

communication influences cell behaviour.

Author summary

The cell surrounding is a dynamic fibrous network known as the extracellular
matrix (ECM). It supports and influences cell behaviour, playing a key role in cell
communication, growth, and migration. Cells sense the ECM’s mechanical prop-
erties and exert traction forces on it, leading to the deformation of matrix fibres
and the transmission of mechanical stress. These changes are transmitted along
the ECM fibres, influencing the behaviour of neighbouring cells. Different sub-
cellular structures and extracellular matrix components interact at various spatial
and temporal scales, making mathematical modelling a valuable tool for analysing
these interactions. We have developed a multiscale force-based model that quan-
tifies mechanical stress transmission, captures cell detachment, and explores the
impact of mechanical properties of both cells and the ECM. Our analysis shows
that stronger cell contraction increases extracellular matrix deformation and sug-
gests a range of extracellular matrix stiffness for effective mechanical cell-cell
communication. We also use our model to investigate how ECM network topol-
ogy can induce cell detachment by modifying the ability of stiff ECMs to transmit
deformation when subject to cell-induced traction forces. Our results show the
importance of coupling the processes occurring at different scales to capture the
overall behaviour.

1 Introduction

Cells constantly interact mechanically with their microenvironment, notably defined
by the structure and composition of the surrounding extracellular matrix (ECM). The
ECM is a fibrous substrate composed of collagen, elastin, and other proteins, and
forms a complex, interconnected and highly dynamic structure [1,2]. The biochem-
ical and biomechanical properties of this network regulate several cell processes,
including spreading, growth, proliferation, migration, differentiation and morphogen-
esis [2–5]. The mechanical interactions of a cell with the fibres of the ECM network
are mediated through the cell’s cytoskeleton, a viscoelastic and adaptive structure
that enables cell movement and shape changes [6]. The dynamics of the cytoskele-
ton are regulated by active forces resulting from the polymerisation of its actin fila-
ments [7], contractile forces produced by a class of molecular motors called myosins
[8,9] and interaction with the ECM. The traction forces produced by actomyosin activ-
ity are transmitted to the substrate through specialized connections known as focal
adhesions (FAs) [10]. Located at the peripheral regions of the cytoskeleton, these
structures connect the cytoskeleton to the ECM through clustered transmembrane
receptors called integrins [11]. The regulation of the integrin binding and unbinding
process within a FA plays a crucial role in both the outside-in and inside-out signalling
[4,12–17]. Regarding outside-in signalling, integrins serve as biomechanical sensors
as they respond to specific biochemical and physical characteristics of the cell
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microenvironment, such as ECM rigidity or integrin-ECM ligand spacing [18]. The stimulation of the maturation of the FAs
caused by ECM rigidity and integrin ligand availability causes a cascade of events that lead to local changes in cytoskele-
tal dynamics [13]. This results in the generation of mechanical forces, which causes overall changes in cell shape and
motility. Over time, the response of integrins to the microenvironment influences transcriptional regulation, cell prolifera-
tion, differentiation, and survival. These effects are not mediated by integrins alone, but rather through their interactions
with cytoplasmic adaptor proteins (e.g. talin, kindlin), which connect them to the actin cytoskeleton in FAs [11,16]. Through
these complexes, integrins initiate and respond to intracellular signalling pathways, linking mechanical cues from the ECM
and gene expression or cell fate decisions [12,13,16]. This facilitates various cellular functions such as anchoring to the
substrate and transmission of traction forces via the cytoskeleton, ultimately contributing to cell locomotion, substrate
deformation, and ECM remodelling.

The ECM reorganises under cell-generated traction forces, leading to a strain-stiffening response [19,20] and realign-
ment of the ECM fibres [21–23]. The mechanical feedback between cells and the ECM have an important role in many
biological processes. For example, in the process of vessel outgrowth (angiogenesis), the tip of nascent sprouts realign
the ECM fibres along the direction of growing vessels [21]. The alignment of the matrix fibres then modulates the
behaviour of the following endothelial cells to ensure vessel integrity and also guides vessel function (anastomosis) [24].
Abnormal changes in the ECM structure and composition are related to the initiation and progression of several cancers
and other diseases [25,26]. It has been reported that the invasive potential of cancer cells correlates with their increased
ability to mechanically modify their microenvironment. In addition, it is known that mechanical stresses on the ECM sur-
rounding primary tumours promote metastasis [27].

The mechanical interplay between cells and the ECM involves several complex and coordinated processes occur-
ring simultaneously at distinct spatial scales. However, it is challenging to experimentally disentangle the temporal scales
associated with the different processes of cell-ECM interactions, including cytoskeleton activity, FA formation and dynam-
ics, and ECM deformation, and how they affect the overall dynamics. Mathematical modelling provides an alternative
method for analysing the different temporal scales arising in this mechanical interplay. In addition, by using mathematical
modelling, we can systematically investigate how variations in cell activity and biomechanical ECM properties affect the
transmission of mechanical cues through the substrate, and, thus, mechanical cell communication.

In this study, we develop an agent-based model that simulates mechanical interactions between cells and ECM fibres
and captures the simultaneous time evolution of the ECM, cells, and FA. We use the model to quantify cell-cell communi-
cation mediated by ECM deformation and show how this process depends on the mechanical properties of both the cells
and ECM fibres and the topology of the ECM network.

Different modelling approaches have been proposed, focusing on particular aspects of this mechanical interplay: the
transmission of mechanical cues through the ECM, the mechanosensitive response of the FAs to external forces and the
internal cellular dynamics. We briefly review representative modelling works from each category:

FA models. Previous modelling efforts [14,18,28,29] have focused on understanding the dependence of FA dynam-
ics on applied forces. Kong et al. [30] experimentally demonstrated that integrins within FAs form catch bonds with ECM
fibres. These catch bonds explain the stick-slip behaviour of integrin clusters when forces are applied to the integrin-ECM
bond: the dissociation rate decreases if the force is weaker than a cross-over threshold, increasing the lifetime of the
integrin-ECM bonds, and increases exponentially for higher values of the force (i.e. the lifetime decays exponentially) [16].
Several authors [14,28,29] have analysed force transmission through dynamic integrin-ECM bonds using catch models.
Novikova and Strom [14] further suggest that the fraction of bound integrins acts as a biological sensor of external ECM
stiffness. Other authors [15,31] have experimentally and theoretically studied how rigidity sensing emerges naturally from
integrin catch-bond dynamics. In these works, by placing cells in environments of different rigidity, the authors investi-
gate how the integrins’ binding/unbinding dynamics (mediated by a molecular clutch mechanism) control the cell response
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to ECM rigidity. References [18,32] provide experimental and theoretical investigations of the role of talin and other FA-
associated proteins in reinforcing the mechanical clutch determined by the integrin–talin–actin bonds. This system reg-
ulates force transmission and converts mechanical stimuli into biochemical signals (mechanotransduction). In [18], the
authors note that, although the catch-bond mechanism oversimplifies FA dynamics at the molecular scale, it effectively
reproduces adhesion behaviour at the cellular level.

ECM models. A wide range of mathematical models has been designed to capture and quantify the transmission of
deformation, stress, and other mechanical signals through the ECM. Different modelling frameworks have been employed
to describe ECM dynamics. For example, several modelling studies [23,33–35] represent the ECM as an elastic network
of interconnected fibres. There are other agent-based descriptions where fibres are represented by line segments that link
and unlink from each other [36,37]. Other works use continuum descriptions of the ECM stress tensor [38], the deforma-
tion gradient [23] and finite element descriptions of ECM fibres [22,39] (see [40] for review). Regardless of the modelling
approach employed, these models aimed to capture the stress distribution within the matrix [33,35,39], the realignment
of fibres between two contractile cells [22,33,34], the impact of cell contraction force on the transmission of mechanical
signals [35] and the influence of ECM network topology on the transmission of mechanical signals [33].

Cell models. Several modelling approaches have been proposed to capture the dynamics of the cell internal structure
[41,42]. Whereas continuous representations of cells have been developed [38,43], agent-based approaches are the fre-
quent choice for capturing the effects of the internal activity and structure in individual cell behaviour. Examples of agent-
based models of cells within a tissue include [34,44–47] (see [48] for a recent systematic literature review). In a recent
study [34], Tsingos et al. propose a hybrid representation, where cell structure is represented within the Cellular Potts
framework and ECM fibres are represented as an elastic network. This approach captures the propagation of forces along
the ECM, local cell-induced stiffening of the ECM and its deformation. In [44], Zheng et al. model cell migration within an
elastic network of the ECM, using a centre-based model for cells. Although their model accounts for cell membrane pro-
trusions and their attachment to the ECM, the dynamics of FAs are not included. Reinhardt & Gooch [45] represent cell
structure by a collection of linear springs. This cell model is combined with an elastic model for the surrounding substrate
which allows the authors to analyse the displacement of ECM fibres towards a contracting cell, the decay of their deforma-
tion with distance from the cell and ECM compaction in the region between two contracting cells. However, existing mod-
elling works [34,44,45] have not considered the dynamics involving cell-ECM interactions, which include the formation of
FAs and the evolution of their components.

Several theoretical models include the influence of the FA dynamics on cell behaviour. For instance, recent studies
[46,47] combine the active dynamics of the cell cytoskeleton with a mechanosensitive response of the adhesions to an
elastic substrate. This approach allows the authors to reproduce active cell processes involved in the cell migration cycle,
such as the formation of FAs, generation of protrusions due to actin polymerisation, and active contraction.

The coupling across different spatial and temporal scales remains a challenge from the theoretical perspective [40]. A
few modelling studies that aim at capturing cell-ECM interactions across different scales include a recent model by Kei-
jzer et al. [49]. They extend the model introduced in [34] by introducing FA mediated adhesions. However, the cellular
description of the models presented in [34,49] is based on a Cellular Potts framework, where the coupling between cel-
lular shape, ECM mechanics, and focal adhesion dynamics is phenomenological rather than based on explicit physical
force-balance equations at all scales.

As previous modelling efforts do not account for the force-based effects of the FA dynamics on cell-ECM interac-
tions and mechanical cell communication, we propose a new multiscale force-driven model that combines three build-
ing blocks: (i) an elastic model describing the ECM fibre network, (ii) a cell model accounting for its structural and active
forces, and (iii) cell-ECM interactions incorporated through the formation and dynamics of FAs, which are described by
the mechanosensitive binding-unbinding processes of integrin clusters. Integrating the processes involved in the cell-
ECM interaction provides a holistic understanding of the interaction between these three elements, considering the differ-
ent timescales involved. We also introduce a number of metrics that permit us to quantify the local ECM orientation, the
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anisotropy of its fibres and to measure transmission of mechanical cues through the ECM. We examine how the mechan-
ical properties and ECM network topology influence the ECM deformation capabilities and the rate of stress transmission
and realignment within fibres. We can also examine how overall cell-ECM behaviour is determined by the balance in the
transmission of mechanical cues through the ECM and the integrin dynamics within the regulation of FAs.

We use our model to investigate cell-ECM interactions and the crosstalk between cells via mechanical cues in different
scenarios. We begin by illustrating the dynamics of FAs in a single round contracting cell placed on an ECM substrate. We
first consider a scenario where two contracting elongated cells are in mutual proximity within the ECM and quantify how
key properties of the system, such as ECM stiffness and active contraction force, influence the transmission of mechan-
ical cues. In particular, we are interested in measuring fibre alignment and stress transmission along the ECM network
caused by cell activity. Our model simulations predict increased ECM deformation for stronger contraction activity and
a sweet spot of the ECM stiffness for the transmission of mechanical cues between cells. Furthermore, our model cap-
tures integrin unbinding and cell detachment when cells interact with certain stiff ECM networks, a phenomenon reported
in the literature as ‘frictional slippage.’ [16]. Moreover, we investigate how the local ECM topology influences the ECM’s
effective rigidity, i.e., its ability to transmit deformation under traction forces and induce cell detachment (frictional slip-
page). We study how the local ECM topology affects its effective rigidity. Our model formulation also permits us to analyse
the distinct timescales associated with different processes involved in the cell-ECM mechanical feedback, clarifying their
influence on the resulting behaviour.

The remainder of this paper is organised as follows. In Sect 2 we describe the different building blocks of our multi-
scale model, and present some spatial metrics that permit us to quantify the realignment of the ECM fibres and stress
transmission along its fibres. In this section we also include a model simulation that illustrates the dynamics of FAs in a
single contracting cell placed on an ECM substrate. In Sect 3, we first analyse the FA model, i.e., the cell-ECM interac-
tion model. Then, we consider a scenario of two contracting elongated cells placed in mutual proximity within the ECM.
By using the metrics defined in Sect 2, we perform numerical simulations of our model to conduct an extensive parameter
sensitivity analysis and quantify variations in the system behaviour induced by changes in ECM stiffness and active con-
traction force. We then further analyse the effects of the local ECM topology on the transmission of mechanical cues and
cell detachment. Lastly, we show the model’s capability to accommodate several cells. In Sect 4 we present a summary of
the main conclusions of our work and future perspectives.

2 Materials and methods

This section is organized as follows: We begin in Sect 2.1 with a general overview of the model, where we describe the
various components involved in the interaction between cells and the ECM. Next, we introduce the metrics used to quan-
tify the alignment of ECM fibres (Sect 2.2) and the stress transmission between cells via the ECM (Sect 2.3). We then
present in Sect 2.4 an illustrative simulation of a single cell contracting, which demonstrates how the various components
of the model are interconnected and evolve simultaneously.

2.1 General overview of the model

We formulate a multiscale model of the mechanical interactions between cells and the extracellular matrix (ECM).
The model comprises three building blocks. Firstly, an agent-based model captures cell shape changes caused
by the mechanical stimuli from the ECM. Secondly, the ECM is modelled as an elastic material composed of elas-
tic fibres that are interconnected by crosslinks. Finally, the cells and ECM dynamics are coupled via integrins. Inte-
grins are cross-membrane receptors that cluster within FAs and bind ligands embedded within the ECM. Integrins are
mechanosensitive and play a crucial role in transmitting mechanical stimuli from the ECM to cells. Fig 1A–1C illustrate
the main components of our model and their interactions. We distinguish each fibre within the ECM, each cell and the
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Fig 1. Schematic representation of the multiscale model. (A) A cartoon illustrating the ECM network. Following [33], given the density of ECM fibres,
we randomly distribute a set of points which are the seed of our ECM configuration. Then, the ECM network is generated by constructing a Voronoi
tessellation on the seed points. The set of edges in this construction are the ECM fibres. We also illustrate different cell geometries: an elongated cell
(purple), a round spread-out cell (green) and a fan-shaped cell (yellow). (B) Cells are represented as irregular polygons. For the elongated cells, where
Nc

n = 2, we facilitate visualisation by plotting an ellipse whose major axis corresponds to the segment connecting the two cell vertices. Their vertices are
given by the ends of viscoelastic segments that represent actin bundles that originate from the organising centre of the cell cytoskeleton (which does not
necessarily coincide with the polygon centre of mass). These bundles are modelled as viscoelastic elements that deform when subject to forces exerted
by the ECM which are transmitted by the integrins within the FAs. Cells can also contract under the action of myosin motors. Angular forces between
these segments enable cells to maintain their geometry. The polygon vertices represent the sites where FAs are formed. (C) A cartoon showing our
representation of FAs in which integrins, trans-membrane receptors which bind ECM fibres, are modelled as clusters of linear springs in parallel. (C) was
created in BioRender [50].

https://doi.org/10.1371/journal.pcbi.1012698.g001

FAs that mediate their interactions. Our model is force-based, i.e. the dynamics of the different components are driven by
balancing the mechanical forces that act upon them. A schematic of these forces is presented in Fig 2.

Model variables. Before detailing the various components of our model, we clarify the notation used, particularly we
list the model’s elements and how we apply subindex and superindex notation to represent them. In our model simula-
tions, we track the positions of ECM crosslinks, xel (t), l ∈ Ωe, positions at which individual matrix fibres are bound together,
Ωe is the set of crosslinks. The number of cells in our model is given by Nc, and each cell is represented by the index n.
The cells are defined by their organising centre, whose position is given by xcn;0, and a set of vertices, whose positions
are denoted by xcn;i, i ∈ Ωc

n. where the set of vertices of a certain cell n is Ωc
n. The number of vertices that define a cell is

assumed constant and is given by Nc
n. Each cell vertex represents a cell adhesion site (location where a FA is formed, i.e.

interacting points). We also record the evolution of the number of bound integrins Nb
n;i,l that form a FA and connect the cell

vertex xcn;i with a nearby ECM crosslink, xel . We list the variables of the system in Table 1.
ECM model. We view the ECM as a network whose edges represent individual fibres and whose nodes represent

crosslinks, i.e. sites at which individual matrix fibres are bound together. These bonds provide structural stability to the
ECM network [51]. The position of each crosslink is referred to as xel , l ∈ Ωe, where Ωe is the set of all crosslinks in the net-
work, see Table 1. Following [33], we assume that the fibres are elastic and thus can be described by linear springs (see
Fig 2A). In the absence of external forces, a crosslink xel evolves from an arbitrary initial position to an equilibrium con-
figuration where all the elastic forces are in equilibrium. In addition to these internal forces, the ECM is also subjected to
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Fig 2. A schematic representation of the forces included in the model. (A) A zoom view of a randomly perturbed ECM region. The resultant force
acting on the l-th crosslink is shown in red, and the elastic forces exerted by individual fibres at this crosslink are highlighted in purple. (B) A close-up
view of the mechanical forces acting on an FA. In this illustration, the forces acting on the ECM are highlighted in red, while those acting on the cell are
depicted in grey. In addition, we illustrate the cell-ECM interaction force, Fe-cn;i,l, acting between the ECM crosslink (in red) and the cell binding site (grey).
(C) An illustration of the different structural and active forces incorporated into our cell model. From left to right: equilibrium cell configuration, elastic
forces, angular forces and active contraction forces. Two different cell geometries are shown as representative examples: a round (at the top) and a
fan-shaped cell (at the bottom).

https://doi.org/10.1371/journal.pcbi.1012698.g002

Table 1. Variables of the model.

ECM variables

xel (t) Position of ECM crosslink l ∈Ωe, set of ECM crosslinks
Cell variables Cell n, n= 1, … ,Nc, where Nc is the number of cells.
xcn;0(t) Position of cell centre

xcn;i(t) Position of cell vertices i ∈Ωc
n = 1, … ,Nc

n, set of cell interacting points. Nc
n is the number of cell vertices in cell n.

FA variables At the set of interacting points Ωc
n of each cell n

Nb
n;i,l(t) Number of bound integrins integrins that join the crosslink xel (t) and cell site xcn;i(t).

https://doi.org/10.1371/journal.pcbi.1012698.t001

forces applied at specific points within the ECM (see Fig 2B). These points correspond to where cells have formed FAs
that enable them to bind to the ECM. Active cellular behaviours, such as contraction driven by myosin motors, give rise to
external forces which act upon the ECM and alter its (equilibrium) configuration.
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In the overdamped limit, the evolution of crosslink positions is determined by balancing the (internal) elastic forces
acting between neighbouring crosslinks and the (external) forces due to active cellular processes:

𝜂
dxel
dt

= Fel
l + Fe-c

l,n;i. (1)

In (1), Fel
l is the net elastic force acting on the l-th crosslink. This force includes an asymmetric response to fibre stretch-

ing and compression and acts as a source of non-linearity in the model (for more details see Sect S.2 in S1 File). Fe-c
l,n;i

represents the interaction force between this crosslink and i-th vertex of the n-th cell (see below, in the description of the
mechanical coupling between the cells and the ECM). The parameter 𝜂 denotes the damping coefficient.

This description, in which the ECM is represented as an elastic network, was previously employed by [33], where the
authors examined how the structure of a random collagenous network influences the transmission of mechanical signals.
They found that variations in the architecture of the ECM network significantly affect how mechanical signals are trans-
mitted through the matrix. Specifically, the local arrangement of fibres influences how the ECM deforms, how fibres align
in response to cellular forces, and how displacements propagate through the substrate. These effects were observed in
simulations involving one or two contracting cells with circular shapes. Following their results, we generate a ECM net-
work by constructing a Voronoi tessellation on the seed points. This configuration exhibits little local structure due to its
random architecture with no consistent alignment or symmetry in the small-scale geometry of the network. Another impor-
tant aspect is the low connectivity of the network, i.e. the number of fibres converging at a node is small, which is typical in
fibrous networks [52,53].

Cell model. Cells are viewed as agents with polygonal shapes (see Fig 1A). In our model, we define Nc different cells.

Each cell n ∈ 1, … ,Nc, is defined by a set of points, (xcn;i)
Nc
n

i=0
, xcn;i ∈ R2. We denote by xcn;0 the position of the cytoskele-

ton organising centre. The geometry of the cell is then modelled by a set of viscoelastic segments that emanate from the
organising centre and terminate at the cell vertices, xcn;i. Here, i ∈ Ωc

n = 1, … ,Nc
n, with Nc

n being the total number of struc-
tural segments in cell n (see Table 1 for details of the notation). Nc

n can be varied to accommodate different cell shapes.
Biologically, these segments can be understood as bundles of actin filaments or stress fibres that provide structural sup-
port to the cellular geometry [42,54,55]. They also correspond to the sites of cell-ECM interactions mediated by FAs [55].
In Fig 1A, we illustrate three possible cell geometries corresponding to an elongated (top-left), a round (top-right) and
a polarised fan-shaped (bottom-right) cell. For the elongated cells, where Nc

n = 2, cells are not represented by polygo-
nal shapes, but rather by two segments that emanate from the organising centre and terminate at two points, which for
simplicity we term “cell vertices”. To facilitate visualisation of the cellular geometry, we plot an ellipse whose major axis
corresponds to the segment connecting the two cell vertices (see Fig 1A).

The forces that drive the cellular dynamics can be divided into three classes (see Fig 2B–2C):

• Internal structural forces, Fst
n;i. These forces regulate cell shape. We consider two types of structural forces. First we

account for the viscoelastic properties of actin bundles. We describe the viscoelastic behaviour of the structural seg-
ments of the cell by the Kelvin-Voigt model [42,54]. We also account for the so-called angular forces, which reflect the
tendency of the actin cortex to resist changes in cell shape. These angular forces set a target or natural angle between
consecutive actin bundles, just as elastic springs have a natural length. This natural angle defines the equilibrium con-
figuration of the cell in terms of its curvature, while the natural length defines the equilibrium cell size in the absence of
forces. When the angle deviates from its target value, a restoring force acts to restore the angle to its target value, and
prevents the cell from collapsing upon itself.

• Active contraction forces, Fco
n;i. Active forces are generated within cells and usually driven by out-of-equilibrium ATP-

dependent reactions. They are essential for most cell functions, including locomotion and adhesion. The present model
includes only contraction forces. These forces are propagated along the actin bundles and are generated by myosin
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motors, which produce contractile forces on actin filaments [56]. Specifically, we represent active contraction forces as
constant forces that contract the viscoelastic elements towards the cytoskeleton organising centre.

• Mechanical interactions with ECM, Fe-c
n;i,l. These interactions are mediated by FAs, specialised anchoring points at

which cells bind to the ECM. A detailed description is given below, in the paragraph describing the mechanical coupling
between the cells and the ECM.

A more detailed description of the forces is given in Sect S.2 in S1 File. In our model, we assume that cells are sparsely
seeded on the ECM and we only consider cell interactions transmitted through the ECM (direct cell-cell interactions are
assumed negligible).

In the overdamped limit, where the inertial effects can be ignored relative to the viscous forces, the positions of the cell
centre and vertices of the n-th cell are given by:

𝜂
dxcn;0
dt

= − ∑
i∈Ωc

n

(Fst
n;i + Fco

n;i)

𝜂
dxcn;i
dt

= Fst
n;i + Fco

n;i + Fe-c
n;i,l, for i ∈ Ωc.

(2)

The solution of Eq (2) determines the evolution of the cell shape.
Mechanical coupling between the cells and the ECM. FAs are complex macromolecular clusters that transmit

mechanical forces and regulatory signals between the ECM and an interacting adherent cell [11,12]. The formation of
FAs is a complex process which involves inside-out cell mechanisms (signals originating from within the cell change the
behaviour of surface receptors, affecting their ability to interact with external molecules), in conjunction with outside-in
mechanisms (such as ECM biochemical composition and the biomechanics of the components that regulate the FA com-
position) [57,58]. In addition to anchoring cells to the ECM, FAs act as hubs for transmitting information from the ECM to
the cells. This process involves hundreds of proteins, many of which associate and dissociate in a dynamic manner [13].
Integrins are the main component of FAs. They are the transmembrane mechanosensitive receptors that create mechan-
ical bonds between the actin cytoskeleton and ECM fibres by binding to ligands embedded within the latter [13]. When
subjected to mechanical stress, integrins deform and transmit mechanical stimuli from the ECM to the cell. In previous
modelling studies [14,18,28,29], integrins were modelled as clusters of linear springs, i.e. they are assumed to stretch at
a rate proportional to the applied force. Furthermore, the mechanical state of integrins also affects their unbinding kinet-
ics [30,32]. This aspect of integrin mechanosensitivity has previously been modelled by assuming that the unbinding rate,
Koff, is a function of the force applied to the integrin [14,32].

In our model, cell vertices represent the ends of actin bundles, which correspond to the sites of FA assembly. Integrins
within FAs transduce mechanical signals between cells and the ECM. They can be deformed due to the forces exerted
by the ECM. This deformation, in turn, exerts forces on the actin bundles which, among other effects, can change the cell
geometry. Similarly, forces exerted by the cell (e.g. myosin-motor mediated contraction) are transmitted to the ECM by
stretching the integrins which, in turn, deforms the ECM fibres locally. For simplicity, we assume that integrins within FAs
are organised as arrays of parallel linear springs (see Fig 1C). Therefore, all integrins undergo the same amount of defor-
mation and the force exerted by the array of integrins is proportional to the number of bound receptors. This implies that to
characterise the force exerted by the set of integrins, we must determine both their deformation (stretch) and the number
of integrins bound to the ECM.

We assume that the cell-ECM mechanical linkages connect a cell vertex, xcn;i, and a matrix crosslink, xel (see Fig 1C).
We denote by Nb

n;i,l(t) the number of integrins bound to the ECM, Nu
n;i,l(t) denotes the number of unbound integrins

PLOS Computational Biology https://doi.org/10.1371/journal.pcbi.1012698 November 26, 2025 9/ 33

https://doi.org/10.1371/journal.pcbi.1012698


i
i

“pcbi.1012698” — 2025/11/28 — 13:43 — page 10 — #10 i
i

i
i

i
i

at time t. Following [14], we assume that the total number of available integrins at a FA is conserved:

Nn;i,l = Nu
i,l(t) + Nb

n;i,l(t). (3)

Based on our assumption that integrins behave as an assembly of parallel Hookean springs, the resulting force exerted
by a cluster of bound integrins, Fe-c

n;i,l, is determined by:

Fe-c
n;i,l = −Nb

n;i,lk
i𝜖in;i,l

xcn;i − xel
‖xcn;i − xel ‖

. (4)

In Eq (4), ki denotes the integrins elastic constant and 𝜖in;i,l(t) defines the extension of the integrins, which is given by:

𝜖in;i,l(t) = (‖xcn;i − xel ‖ − Li0) ,

where Li0 is the equilibrium length of an integrin.
The net force exerted by the bound integrins, Fe-c

n;i,l, results from their deformation within a FA (see Fig 2B). This defor-
mation is generated by the forces exerted by the ECM (elastic forces exerted by fibres converging at xel ) and the forces
exerted by the cell (structural and active forces at xcn;i). By Newton’s third law, we know that the forces exerted at the cell
adhesion site, Fe-c

n;i,l, and the ECM crosslink, Fe-c
l,n;i, have equivalent magnitude but pointing in opposite directions: Fe-c

n;i,l =
−Fe-c

l,n;i.
Lastly, following [14,28], we assume that integrins within FAs unbind at rates which depend on the mechanical forces

caused by their deformation, Fi
i,l = ki𝜖ii,j. Specifically, we use the so-called catch model [14,30] which has been proposed to

more accurately describe the detachment of integrins. This model assumes that the maximal lifetime of a cell-ECM bond
occurs at intermediate forces, whereas for large forces, it decays exponentially. This is captured by assuming that the
integrin unbinding rate, Koff(Fi

i,l), depends on the force which results in its deformation. The total number of available inte-
grins in a FA, Nn;i,l, and their binding rate, Kon, are assumed to be constant. Combining these effects, we arrive at the ODE
for the number of bound integrins in a FA, which together with Eq (3) is:

dNb
n;i,l

dt
= Kon Nn;i,l − (Kon +Koff(Fi

i,l))N
b
n;i,l(t). (5)

To summarise, our model accounts for cell-ECM dynamics that span different spatial scales, which include ECM defor-
mation, sub-cellular processes (such as myosin-driven contraction) and integrin binding and unbinding processes. In par-
ticular, the positions of ECM crosslinks are determined by Eq (1), and the deformation of each cell is governed by Eq (2),
with cell-ECM coupling captured by the formation of the FAs. The number of bound integrins at each FA is given by
Eq (5). A more detailed description of the model can be found in Sect S.2 in S1 File. The numerical methods used to solve
the governing equations are described in Sect S.4 in S1 File. Unless otherwise stated, parameter values are selected to
illustrate system behaviour while remaining within physiological ranges. A complete list of the parameter values used to
generate the numerical simulations is presented in S1 Table.

We seek to quantify the effects of cell contraction on the ECM, i.e. to determine the deformation of the ECM caused
by pulling forces due to cellular activity. We introduce several metrics to quantify fibre alignment and the transmission
of mechanical stress between contracting cells. These metrics are based on local and intrinsic properties of the ECM
network, which allow us to quantify its deformation and mechanical response to external forces. In our simulations, the
mechanical perturbations of the ECM are caused by cellular activity.
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2.2 Measuring fibre alignment

Local alignment metric. To quantify the effects of active cell processes (such as myosin-driven contraction) on ECM
structure, we introduce an alignment metric. Following [33], we consider a local orientation tensor Θl which is defined at
each ECM crosslink and accounts for the degree of alignment of the fibres converging to it. At crosslink l we have:

Θl =
∑m∈Ωe,l

pm,l ⊗ pm,l

∑m∈Ωe,l
‖pm,l‖2

, (6)

where ⊗ is the tensor product, the sum is over the set Ωe,l of neighbouring nodes of a crosslink l, and

pm,l =
xem − xel
L0m,l

. (7)

If the set of vectors {pm,l,m ∈ Ωe,l} that converge at crosslink l contains at least two non-parallel vectors, then the local ori-
entation tensor, Θl, is symmetric and positive definite with Tr(Θ) = 1. As such it can be diagonalised and its eigenvalues
{𝜆l;1, 𝜆l;2} lie within the interval (0,1). When the fibres are arranged isotropically, Θl has two identical eigenvalues 𝜆l;1 = 𝜆l;2.
By contrast, if the fibres are distributed anisotropically, then the eigenvalues are distinct 𝜆l;1 ≠ 𝜆l;2. We note also that the
eigenvector corresponding to the largest eigenvalue is parallel to the direction of the preferential orientation of the ECM
fibres at this crosslink. The local orientation 𝜃all ∈ (−90o,90o) points in the direction associated with the largest eigenvalue.
The anisotropy metric, 𝜎all ∈ (0,1), describes the local anisotropy of ECM fibre distribution at the l-th crosslink:

𝜎all = 1 − min{𝜆l;1, 𝜆l;2}
max{𝜆l;1, 𝜆l;2}

. (8)

In near-to-isotropic scenarios, 0 < 𝜎all << 1, while for anisotropic cases (i.e. fibres converging at crosslink l are
strongly aligned in the same direction) 𝜎all → 1. Fig 3A illustrates the principal alignment directions and the corresponding
anisotropy parameter for three cases of increasing anisotropy. The left panel corresponds to the isotropic case, while the
right panel corresponds to strong vertical alignment of ECM fibres.

Propagation of ECM alignment induced by active cell contraction. We determine how fibre alignment is transmit-
ted between two contracting cells by calculating the alignment direction, 𝜃all , and the anisotropy parameter, 𝜎all , for ECM
fibres between two contracting cells (outlined in purple in Fig 3C). We then plot the distribution of these metrics in the
ECM region of interest before and after cellular contraction (see Fig 3D). For the relaxed scenario (Fig 3D, left panel),
we note the uniform distribution of the local fibre orientation and the symmetric distribution of the anisotropy parame-
ter around a partially aligned state (𝜎all = 0.5). After 5 s of cell contraction (Fig 3D, right panel), the ECM fibres align in
the direction of the vector connecting the two cells, causing the anisotropy parameter distribution to skew towards an
anisotropic scenario.

To make this comparison quantitative we analyse the distribution of the anisotropy parameter before and after cellular
contraction. Specifically, we calculate the mean and skewness of the alignment metric distribution. The latter allows us to
quantify the shift of the alignment metric towards larger values when active cell contraction affects the ECM.

2.3 Percolation: Measuring the spatial stress transmission

Another crucial aspect of mechanically-mediated cell-cell communication is the spatial propagation of stress through the
ECM fibres. To quantify this effect, we propose to measure the stress percolation between ECM crosslinks. This technique
involves determining a stress transmission path in the following way:
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Fig 3. An illustration of the alignment measure. (A) Examples of local alignment measures 𝜎al (see Eq (8)) for isotropic (left), partially anisotropic
(middle) and strongly aligned (right) fibres. Here, ECM fibres are shown in light grey. The alignment vector corresponding to the principal eigenvalue of
the tensor, Θ𝜇𝜈, from Eq (6) is coloured according to the value of the anisotropy parameter, 𝜎al. Blue corresponds to isotropic fibre distribution
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(𝜎al ≤ 1

3
), yellow indicates intermediate alignment ( 1

3
< 𝜎al ≤ 2

3
), and orange corresponds to an anisotropic case (𝜎al > 2

3
). (B) ECM configurations

at equilibrium (left) and after the contraction of two pairs of crosslinks (coloured in red and green), corresponding to two cells. The maximum stress
transmission path after cellular contraction is highlighted in black. (C) Local alignment measures in the ECM fibres at an equilibrium (left) and after cel-
lular contraction. ECM fibres within the region between the two cells (outlined in purple) are coloured according to the corresponding value of the local
fibre anysotropy parameter 𝜎al. (D) Histograms of distributions of the principal eigenvector and the anisotropy parameter in the purple regions for the
ECM configurations shown in (C). After cell contraction, ECM fibres realign along the contraction direction (≈ 45o), and the distribution of the anisotropy
parameter skews towards an anisotropic scenario.

https://doi.org/10.1371/journal.pcbi.1012698.g003

1. We calculate the tensional stress, 𝜎ell,m(t), of the stretched fibres that comprise the ECM after their deformation due to
cell contraction, i.e. those fibres whose length at time t is greater than their length at t = 0:

𝜎ell,m(t) = Et

‖xel (t) − xem(t)‖ − L0l,m

L0l,m

for a pair of crosslinks l,m whose separation at time t is greater than their initial distance (‖xel (t) − xem(t)‖ >
‖xel (0) − xem(0)‖). In the equation for the tensional stress, Et represents the Young’s modulus of the stretched fibres
(for more details, see Sect S.2 in S1 File).

2. We determine the set of fibres, ΩPath, that compose the path connecting two crosslinks within the ECM (xe1(t),x
e
2(t))

as those that maximise the stress transmission. The crosslinks with positions xe1(t) and x
e
2(t) correspond to the two

points of cell-ECM interaction (see Fig 3B). To find a path whose total stress is maximal (i.e. a path that maximises
the sum of the individual stresses of the fibres which compose it), we utilise the Dijkstra algorithm [59], minimizing
∑Fib∈ΩPath

1/𝜎elFib, where Fib = l,m refers to the pair of crosslinks that form a fibre. If there is no such connected path,
i.e. a path of stretched fibres connecting both crosslinks, we conclude that there is no mechanical communication
between the cells attached to them.

3. We then calculate the total stress∑Fib∈ΩPath
𝜎Fib in all fibres in ΩPath. To quantify the degree of tortuosity of this path,

we compare the Euclidean distance between the nodes with the length of the path:
‖xe

1
(t)−xe

2
(t)‖

dist(ΩPath)
, where dist(ΩPath) is

the sum of lengths of the fibres that form the path. The tortuosity takes values between 0 and 1. As the tortuosity
approaches 1, the connected path becomes increasingly similar to a straight line. Comparing the values of tortuos-
ity in the initial configuration, a major increment observed after cell contraction indicates a major deformation of the
ECM, which in turn leads to major transmission of mechanical cues.

In Fig 3B (right panel), we illustrate the percolation path between two ECM crosslinks (indicated by red points) after the
contraction between the two pairs formed by a red and a green crosslink.

2.4 Focal adhesion dynamics for an isolated cell

To test the model’s ability to capture dynamic interactions between ECM crosslinks and FAs of a round contracting cell,
we simulate an isolated cell attached to a randomly oriented (isotropic) ECM. Fig 4A–4B show the initial and final configu-
rations of the cell-ECM system after 5 s of constant cell contraction. The initial configuration is obtained by letting the sys-
tem relax to its equilibrium configuration, with the cell attached to the ECM and no contraction activity, i.e. we simulate the
system of equations setting Fco = 0. Once the system reaches the latter state, we use this configuration as an initial condi-
tion for the model. Then the cell contracts under the action of active contractile forces, i.e. Fco ≠ 0. As expected, the trans-
mission of stress attenuates with distance: from the adhesion sites the stress emerges in radial paths, with compressed
transversal fibres along these paths.
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Fig 4. Single cell contraction. (A) The initial configuration of the cell-ECM system before cell contraction. A round cell is placed on top of a relaxed
ECM network (as described in Sect S.2 in S1 File). The fibres in equilibrium are shown in grey. (B) ECM and cell configuration at t= 5 s after contrac-
tion. Stretched fibres are plotted in dark red, and the compressed fibres are in blue. The colour map indicates the stress of the ECM normalized by
the maximum stress in the ECM. Parameters: Young’s modulus of the ECM fibres Et = 10MPa, number of integrins per FA N= 857, Fco = 20 nN. The
remaining parameters are listed in S1 Table. (C) The time evolution of the mean force exerted at the FA (solid blue line) and the elastic force exerted by
the FA (dark red line) for the simulation from (A) and (B). The bifurcation force of the FA for this system is shown by a dash dotted blue line. The black
dot indicates the peak tension force exerted by the FA. Shaded regions indicate the standard deviation calculated over all the cell FAs. (D) Evolution of
the proportion of bounded integrins per FA (in blue) and the stretch of the integrins (in red) during cell contraction.

https://doi.org/10.1371/journal.pcbi.1012698.g004

A key feature of our model is that it seamlessly accommodates the different temporal scales involved in the cell-ECM
system. In particular, the model captures the evolution of the different forces involved in the cell-ECM system. Integrin
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deformation and detachment is greatly affected by the forces applied to the FA due to cell contraction and ECM deforma-
tion, i.e. the contractile mechanisms and the viscoelastic properties of both the cell and the ECM determine the dynamics
of their interaction (see Sect S.2 in S1 File). In the specific simulation shown in Fig 4, the model shows the tension under-
gone by the FA peaking early to a value below the detachment threshold. The FA tension then relaxes as the transmission
of the deformation through the ECM progresses (see Fig 4C).

Finally, the evolution of the focal adhesion components, specifically the ratio of attached integrins and their stretch, are
illustrated in Fig 4D. When analysing the temporal evolution of the focal adhesion components, we found that the dynam-
ics of the interaction forces are mainly influenced by the stretching process of the integrins: while the interaction forces
and stretch of the integrins in Fig 4B–4C have similar timescales, the changes in the number of bound integrins occur on
a longer temporal scale. As predicted by the model analysis presented in Sect 3.1, the binding-unbinding dynamics are
slower than those associated with integrin deformation.

3 Results

In our model, we assume the total number of integrins per cell is conserved across different shapes, reflecting the biolog-
ical constraint that cells have limited integrin adhesion sites for clustering in FAs [12]. When a cell has fewer interacting
points (integrin-mediated adhesion sites), we assume that more integrins are available per FA, capturing how integrins are
redistributed based on cell geometry, mechanical load, and membrane availability [12,60]. The number of available inte-
grins that can form a FA ranges from tens to thousands [14,15,29,32,61]. To investigate how the availability of integrins
influences the overall attachment and detachment of the FA, we examine how the bifurcation force (the force threshold
above which the model predicts no stable FAs) depends on this parameter.

The contractile activity is driven by myosin motors, whose activity is regulated by a variety of biochemical and mechan-
ical factors [56], such as the availability of ATP [62] or the Rho signalling pathway [56,63]. In our simulations, we investi-
gate how the deformation of the ECM depends on the contraction activity by varying the contraction force caused by the
activity of myosin motors, within a range of forces below the bifurcation force.

Besides, we analyse how the ECM stiffness affects mechanical cell communication and cell behaviour. There is a wide
range of levels of rigidity, from very soft tissues (in the brain there are tissues with a Young’s modulus measure as low as
the order 10 Pa), to very stiff structures (up to the order of GPa in bone structures), see [3,64]. The individual fibrillar com-
ponents of the ECM also have a great variety in terms of mechanics [5]. A key component is type I collagen, which cre-
ates fibres that interlink to form networks. The Young’s modulus of stretched collagen fibres is of the order of tens of MPa
[33,65]. There are other important components with different stiffnesses to which integrins can be attached. Some exam-
ples include fibrin (with a Young’s modulus ranging from the order of Pa to kPa) and the basement membrane (with a stiff-
ness of the order of kPa) [5]. The viscoelastic properties of the ECM emerge from the multiple interacting ECM proteins
and networks [5], where the nature of the bond between fibres plays an important role in its viscoelastic properties [3]. In
order to capture the wide variety of ECM mechanical properties, we perform simulations varying the Young’s modulus of
the fibres from the order of kPa to hundreds of MPa.

3.1 Analysis of the FA model

To gain further insight into the FA dynamics, we performed a bifurcation analysis of the force-binding model by varying the
strength of the force applied to the FA system, which we call external force in this section. For simplicity, we focus on the
dynamics of a specific FA, and modify our notation as follows: Nb and 𝜖b refer to the number of bound integrins in the FA
and their stretch respectively, N is the total number of available integrins and Fi = ki𝜖b the force resulting from deforming a
single integrin.
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With this notation, the system of ODEs for the FA model is as follows:

𝜂d𝜖b
dt

= − 2kiNb𝜖b + ℱ,
dNb

dt
=Kon N − (Kon +Koff(Fi))Nb(t),

(9)

where ℱ denotes the external force applied to the assembly of integrins, i.e. forces resulting from cell activity and ECM
deformation. We performed a bifurcation analysis of Eq (9), viewing the force, ℱ, as a control parameter. Fig 5A shows
that the system exhibits a saddle-node bifurcation. For values of ℱ smaller than a critical value, FBP, the system exhibits
monostability. In particular, when ℱ < FBP, a positive equilibrium, which corresponds to a stable cell-ECM bond, coex-
ists with an unstable equilibrium. For ℱ > FBP, the system evolves to a state in which no bound receptors exist, which we
interpret as detachment from the ECM. This is illustrated in Fig 5C, where we plot trajectories corresponding to attach-
ment or detachment.

We also analysed the system behaviour as the number of receptors, N, varies. Fig 5A shows that as N increases, the
size of the region of stability also increases (FBP increases as N grows), which means that ECM binding becomes more
robust when integrins are more abundant. In Fig 5B, we show how the system variables at the bifurcation point depend
on the total number of available integrins N. We note that our model predicts a linear relationship between the num-
ber of available integrins and the bifurcation force, FBP. However, as the proportion of bound integrins and their stretch
remain constant at the bifurcation point, regardless of the changes in the total number of available integrins N, we con-
clude that the model exhibits a scale invariance property as the number of available integrins N changes: the proportion of
bound integrins and the ratio of the force exerted per available integrin do not depend on the number of available integrins
(see Fig 5A, 5B). We analyse the system dynamics in terms of these ratios by dividing the system given by Eq. (9) by
N. Although the equilibrium points are not altered, the dynamics of the stretch changes; for large values of N, the stretch
dynamics occur much faster than in cases with low values of N, indicating that a quasi-equilibrium approximation may be
appropriate in this scenario. For systems with a small number of available integrins, N, the mean-field approximation is not
valid, and a stochastic approach should be used to describe the system dynamics.

In section “Exact calculation of the critical value FBP” in S1 File we derive an implicit expression for the bifurcation force

FBP, and related expressions for the proportion of bound integrins
NBP
b

N
and their stretch 𝜖BPb :

𝜖BPb = Kon +Koff(ki𝜖BPb )
ki Koff

′(ki𝜖BPb )
,

NBP
b

N
= Kon

Kon +Koff(𝜖BPb )
,

FBP = 2ki𝜖BPb Kon

Kon +Koff(ki𝜖BPb )
N.

(10)

The scale invariance property is reflected in the bifurcation values, as (𝜖BPb , N
BP
b

N
, F

BP

N
) only depend on the binding-unbinding

ratio.
These results show how forces influence cell-ECM interactions. In our model, the forces acting on each FA arise from

a combination of viscoelastic forces, generated by both the cells and the ECM, and active cell contraction. For the interac-
tion between the cell site xcn;i and the ECM crosslink xel , the force is therefore given by

ℱ = ⟨x̂i,l,Fst
n;i + Fco

n;i − Fel
l ⟩ ,
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Fig 5. Bifurcation analysis of the FA ODE system. (A) A series of plots showing bifurcation diagrams of the system described by Eq (9) as the force
parameter, ℱ, is varied. The bifurcation diagram is obtained numerically using BifurcationKit from Julia [66]. The four panels from left to right correspond
to the increasing total number of available integrins N= 200,500,1000 and 1500. (B) Three plots showing the values of the bifurcation force, the ratio
of attached integrins in the FA, and their stretch at the bifurcation point for different values of the total available integrins, N. Coloured circles represent
the values obtained numerically as in (A); red curves are calculated from an analytical expression (see section Exact calculation of the critical value FBP

in S1 File). (C) Phase portrait diagrams for the case of N= 1500 for a value of the force ℱ lower than the bifurcation value FBP (top) and a value higher
than the bifurcation value (bottom). In grey, we show trajectories of the solution of Eq (9) starting from the initial condition of zero-stretch and different
proportions of bound receptors, Nb/N. The nullclines of the system are shown in orange for d𝜖b/dt= 0 and in blue for dNb/dt= 0. The region shaded in
blue represents the basin of attraction of the stable fixed point, while the trajectories that enter the copper region will lead to the detachment of the cell
from the ECM since the number of bound receptors tends to zero.

https://doi.org/10.1371/journal.pcbi.1012698.g005
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where ⟨, ⟩ refers to the inner product and

x̂i,l =
xcn;i − xel
‖xcn;i − xel ‖

.

3.2 Reorientation and deformation of the ECM influence cell-cell interactions at a distance

Fig 6 shows simulation results for two elongated contracting cells located within the ECM at a distance from each other.
These simulations illustrate how cell-cell communication can be established via mechanical cues. Specifically, follow-
ing active cell contraction, ECM realignment and deformation propagate mechanical cues. Mechanical communication
emerges because the deformation field induced by the traction forces exerted by a cell propagates through the ECM,
reaching and mechanically stimulating the neighbouring cell. This occurs when the ECM forms a network capable of
transmitting stress, effectively linking the mechanical environment between both cells. Fig 6A (left panel) shows a typical
initial configuration, where the ECM has relaxed to a near-equilibrium configuration for which the fibres do not carry any
initial load. This configuration minimises the impact of non-linearities caused by changes in the compressed and stretched
regimes. Such an initial ECM configuration allows us to disentangle the contribution of cell-generated forces from passive
ECM mechanics. Fig 6A (right panel) shows that cellular crosstalk is established via the formation of a continuous (per-
colative) path of maximal stress between both cells (see Sect 2.3). Furthermore, the stress distribution within the ECM
shows higher stress levels aligned along the axis connecting the two cells.

Another crucial aspect that influences cell behaviour is the alignment of the ECM fibres, as cells migrating on a fibrous
environment tend to polarise along the matrix fibres and their migration direction can be biased by the local orientation of
the ECM (in [67], the authors show how fibroblasts align with the ECM fibres in vitro). Although migration is not included in
our simulations, Fig 6B indicates that ECM realignment following active cell contraction is heterogeneous and significantly
stronger between the active cells (outlined in purple) than in regions further apart from them (shown in green).

Using the quantifications of local alignment and local anisotropy defined in Sect 2.2, Eq (8), we quantify the ECM
realignment in response to cell contraction. Fig 6C shows the distribution of metrics for ECM alignment anisotropy within
the area between (far from) the contracting cells, represented by the purple rhombus (green triangles) in Fig 6B. Since
the contraction-induced stress decays with distance, there is no significant change in the level of ECM anisotropy in the
region of low cell interactions. By contrast, ECM fibres reorient towards the path of maximal stress that connects the two
contracting cells. In the high interaction region (in purple), our model simulations predict the alignment of fibres in the
direction of highest stress transmission (corresponding to 45∘ in our simulation setup). Furthermore, the distribution of the
local anisotropy, 𝜎al, skews towards 1, which indicates an increase in ECM anisotropy in this region.

3.3 Parameter sensitivity analysis

In most of our simulations, we consider a scenario in which two contracting elongated cells are placed in mutual proximity
within the ECM. The cells are initially facing each other, which is the most favourable configuration for cell communication.
Using this configuration, we conduct a parameter sensitivity analysis to measure variations in how the system responds to
changes in contraction activity and ECM stiffness.

Active contraction forces increase the force and stress transmitted between cells, but do not affect the speed
of force transmission. A key parameter that determines the qualitative behaviour of the system is the active contractile
force. Regulation of active contraction, specifically myosin motor activity, is crucial for controlling cell-substrate adhesion,
cell migration and tissue architecture [8,9,38,56,68]. In order to analyse the role of the contraction force in the deforma-
tion of the substrate, we perform simulations in which we increase the cell contraction force within a range that maintains
cell-ECM attachment. Specifically, the contraction force varies from Fco = 104 pN to Fco = 5 ⋅ 104 pN. The results of this
sensitivity analysis are shown in Fig 7.
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Fig 6. Contraction of two elongated cells. (A) Left panel: initial configuration of our model simulations in which two elongated cells are placed on a
relaxed ECM. Right panel: the configuration of the cell-ECM system after t= 5 s of contraction. ECM fibres at equilibrium are shown in grey, extended
fibres highlighted in dark red and compressed fibres in blue. The colour map represents the stress within the ECM, normalised by the maximum stress
value. In addition, the ECM path of maximum stress transmission is highlighted in black. Parameters: Young’s modulus of the ECM fibres Et = 100MPa,
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number of integrins per FA N= 3000, Fco = 50nN. The remaining parameters are as listed in S1 Table. (B) Two plots comparing the local alignment
of ECM fibres before and after cell contraction. For each crosslink, we calculate the principle alignment direction and the corresponding value of the
anisotropy metric given by Eq (8). Orange color represents strong fibre alignment, yellow represents an intermediate anisotropy and grey indicates
isotropic cases. We then visualise fibre alignment at crosslinks in a high interaction region between the two cells (purple rhombus), and in a low cell-cell
interaction region (green rhombus). (C) Distributions of alignment direction and alignment measure in the high and low interaction regions outlined in
(B). Red error bars indicate the standard deviation calculated over 11 realizations of our model for the scenario of two contracting cells. Left panels
show distributions of these metrics at equilibrium (t= 0 s), while right panels correspond to t= 5 s after contraction. Black solid lines in distributions of
alignment angle indicate the direction of the segment that connects the cell centres (in purple region of high cell interaction). The t-test of the distribution
of the anisotropy parameter in the region of high interaction before and after contraction indicates that the distributions are different (p-value= 1.9124 ×
10−04). On the other hand, the t-test for the low interaction region before and after the contraction indicate that both samples could come from the same
distribution with p-value= 0.7293.

https://doi.org/10.1371/journal.pcbi.1012698.g006

Fig 7A–7C show that the ECM becomes more aligned as the contractile forces increase. The behaviours of the mean
(left panel) and skewness (right panel) of the local anisotropy parameter, Eq (8), are presented in Fig 7A, which shows
that increasing the contraction force increases the anisotropy of the ECM mesh. In the region between the cells, elevat-
ing the contraction force increases both the mean anisotropy and the skewness of its distribution. Furthermore, in agree-
ment with the fibre alignment results shown in Fig 7A, the path of maximal stress transmits more stress and becomes less
tortuous as the contraction force increases.

Crucially, larger contraction forces enhance cell-to-cell communication. Fig 7E shows that the force exerted on the FAs
increases as the contractility grows, augmenting the local deformation of the ECM. This local deformation is then propa-
gated through the ECM, stretching and realigning the fibres between the cells, increasing the anisotropy of the fibres in
the interaction region (purple, see Fig 6). While increasing the contractility enhances the transmission of forces through
the ECM, the kinetics of the cell-to-cell communication are weakly affected. Fig 7D shows that the time at which the inter-
action force reaches its maximum, and its value (see Fig 6), are independent of the active contraction force.

ECM stiffness is crucial for determining the timing of mechanical communication between the cells. The effects
of the mechanical properties of the ECM on cell behaviour are widely reported in the literature (see [3] for a review). In
particular, some studies [22,33,39] show that ECM viscoelasticity plays an important role in cell migration and communi-
cation. In [22], the authors show that the alignment of the fibres and tether formation between two contracting cells may
result from the mechanical forces exerted by those cells. In [33], the authors analyse how the stress transmission between
two contracting cells depends on the ECM network architecture. Similarly, in [39], the authors investigate the transmis-
sion of stress and deformation between two contracting beads embedded within the ECM mesh. Despite these insights,
the role of ECM stiffness—particularly how variations in the Young’s modulus of individual ECM fibres influence stress
transmission and fibre realignment—remains less explored. Here, we address this gap by investigating how varying the
stiffness of the ECM fibres affects mechanical communication between cells. Specifically, we conduct model simulations
involving two contracting elongated cells in which we vary the Young’s modulus of the ECM fibres. In Fig 8, we present
simulation results comparing the fibre alignment and stress transmission after active contraction of the two elongated
cells.

Fig 8A shows that anisotropy of the ECM mesh (both mean (left panel) and skewness (right panel)) within the high
interaction region between cells increases with the Young’s modulus of its fibres, i.e. fibre realignment is transmitted better
for the stiffer fibres. The ECM deformation saturates as the stiffness increases.

In Fig 8B–8C we compare the statistics associated with the percolation path of maximum stress transmission described
in Sect 2.3 as the Young’s modulus of the ECM fibres varies. For cases when a communication path along stretched
fibres is formed, we calculate its tortuosity (Fig 8B) and the mean stress along its length (Fig 8C). Fig 8C shows that, for
softer ECM, the mechanical deformation caused by cell contraction is not transmitted sufficiently far through the fibres to
connect two cells separated 80 𝜇m apart. Although the ECM fibres in the vicinity of the cell adhesion are stretched, the
elastic forces resulting from this deformation are small, leading to less effective transmission of mechanical signals. Softer
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Fig 7. Parameter sweep analysis. Active contraction. We analyse the influence of active contractile forces on the mechanical communication
between cells by measuring the alignment of ECM fibres, stress transmitted between cells and the peak of the interaction force at t= 5 s after con-
traction. In these simulations, the contraction force varies from Fco = 104 pN to Fco = 5 ⋅ 104 pN. Parameters: number of integrins per FA N= 3000,
Et = 107 Pa. The remaining parameters are as listed in S1 Table. All results are averaged over 11 realisations of our model with random initial ECM
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network topologies. (A) Two boxplots showing the mean and skewness of the distribution of the anisotropy parameter for ECM fibres at t= 5 s after cell
contraction. Green corresponds to the low interaction region while the results for the high interaction region are shown in purple (see Fig 6). (B) A plot
showing the tortuosity of the path of maximum stress transmission (see Sect 2.3) calculated as a ratio of the Euclidean distance between the cells and
the length of the percolation path. Orange indicates statistics calculated at t= 5 s after contraction, while the tortuosity of the same path at the initial
time is shown in blue. (C) A plot showing the mean tensional stress in the maximum stress transmission path. (D), (E) Two plots demonstrating the time
at which the cell-ECM interaction force, Fe-cn;i,l, is maximum (D) and the value of this peak force (E) (see peak force in Fig 4C). In addition, we include a
linear regression fit where we can see that the maximum of the interaction force grows linearly with the increment of the contractile forces. The fit has
R-square = 0.9833.

https://doi.org/10.1371/journal.pcbi.1012698.g007

ECM also leads to less fibre realignment, with negligible reorientation after cell contraction for Et = 104 Pa. In the softest
case, we performed a longer simulation, which showed that the mechanical percolation occurs at a slower rate, see Fig A
in S1 File. On the other hand, fibre realignment and mechanical stress are better transmitted for stiffer ECM. Despite the
saturation in the mean and skewness of the anisotropy parameter for stiffer ECM fibres (see Et = 107 Pa and Et = 108 Pa
in Fig 8A), a higher Young’s modulus results in higher deformation and greater mean stress along the percolation path,
see Fig 8B–8C. For stiffer ECM, when contracting cells pull on ECM crosslinks, as the fibres are more rigid, small fibre
stretch implies transmission of larger forces within the network.

Finally, in order to quantify the dynamics of the interaction force, in Fig 8D, 8E we determine the time at which the
force resulting from the integrin stretching is maximum, and the value of this force (maximum of the interaction force illus-
trated in Fig 4C). For stiffer ECM fibres, increasing values of the Young’s modulus reduce the time at which the peak force
appears and increase the peak force. Small deformations of the ECM fibres lead increased tensile stresses (see in Fig 8C
and 8E), and more rapid transmission of deformation through the ECM (see Fig 8D).

3.4 Local topology of the ECM network connecting two cells influences the effective ECM stiffness

For larger values of the Young’s modulus, cells frequently detach from the ECM during contraction. This phenomenon has
been reported in the literature as ‘frictional slippage’: the unbinding rates become faster than binding rates, the number
of simultaneously bound integrins drops drastically, and overall force transmission decreases [16]. The frictional slippage
regime was reported, for instance, in neuronal growth cones [69] and at the trailing edge of migrating keratocytes [70]. As
cells pull on stiffer substrates, the peak force experienced by the integrin cluster is reached more rapidly, leaving insuffi-
cient time for the integrin binding to adjust. Consequently, cells enter the detachment basin of attraction (see Fig 5), even
though they are experiencing lower forces than the critical force described in Sect 3.1. We posit that the time required to
reach peak force at a FA is closely related to the topology of the ECM network. If the initial ECM configuration allows for
the formation of a communication path, then cells remain attached because mechanical stress can be rapidly transmit-
ted along this path, with the energy from the initial force dissipated through ECM deformation. On the other hand, if the
initial ECM configuration lacks a clear communication path, then the network topology induces rigidity, preventing trans-
mission of the deformation caused by the cell’s initial pull. This topological effect is illustrated in Fig B in S1 File, where we
present two model configurations for which a cell detaches from the ECM, and one model configuration for which the cells
do not detach. In these cases, the stress is transmitted via several paths. In cases for which a cell detaches, the initial cell
contraction stretches the integrins that form FAs rather than the ECM fibres, forcing the FA system to enter the basin of
attraction of detachment (see Fig 5C, the detachment region).

To further investigate how the local structure of the ECM network affects the stress exerted on the FAs, we perform
simulations in which two cells attached to a simplified ECM are pulled away from each other (see Fig 9). We consider
two ECM topologies that connect the two cells: a zigzag ECM path (see Fig 9A) and a more complex scenario where the
cells are connected to two long fibres with small transversal fibres between them (Fig 9B, 9C). We assume that cells are
attached to the ECM fibres at one of their adhesion sites, while being pulled away from each other with a constant force.
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Fig 8. Parameter sweep analysis: Varying ECM stiffness. We analyse the influence of the stiffness of the ECM fibres on the mechanical communi-
cation between cells by measuring the alignment of the fibres, and the stress transmitted between cells at t= 5 s after cell contraction. ECM stiffness is
varied from Et = 104 Pa to Et = 108 Pa. Parameters: number of integrins per FA N= 3000, Fco = 50000 pN. The remaining parameters are listed in S1
Table. We perform 11 realizations with arbitrary initial configurations of the ECM for each set of parameter values. (A) We present the mean and skew-
ness of the anisotropy parameter distribution of the ECM configuration at t= 5 s after cell contraction. Similar to results shown in Fig 6, green (purple)
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colour indicates the ECM region with low (high) cell interaction. (B) A boxplot showing the tortuosity of the path of maximum stress transmission (see
Sect 2.3), calculated as a ratio of the Euclidean distance between the cells and the length of the percolation path. Orange indicates statistics calculated
at t= 5 s after contraction, while the tortuosity of the same path at the initial time is shown in blue. For Et = 104 Pa, we do not observe the formation of a
path between cells along stretched fibres. (C) A plot showing the mean tensional stress along the maximum stress transmission path at t= 5 s after cell
contraction. Since no path of stretched fibres forms between the cells for the softest ECM, Et = 104 Pa, the mean stress in these cases is 0 Pa. (D) Time
at which the interaction force, Fe-cn;i,l, is maximum. (E) Maximum value of the interaction force. (D) and (E) show the time and the force value of the peak
force represented in Fig 4C. In this case, the mean peak force is calculated from the mean of the interaction force of all the adhesion sites of both cells.

https://doi.org/10.1371/journal.pcbi.1012698.g008

We assume further that at the initial configuration, there are a certain number of bound integrins at FA sites. We use this
setup to investigate how the ECM topology affects cell-ECM interactions as the ECM stiffness varies.

Fig 9A shows that, for the zig-zag scenario, the stress generated by the pulling force is dissipated via deformation of
the communication path, even though the Young’s modulus is in the range for which ‘frictional slippage’ may occur. This
deformation is rapidly transmitted, and the pulling energy dissipated by deforming the ECM. The FA system evolves until
it reaches an equilibrium with a positive number of bound integrins (see right panel of Fig 9A). By contrast, the ECM con-
figuration presented in Fig 9B introduces extra rigidity into the system, resulting in an entirely different behaviour. Since
this ECM network is less deformable at the same ECM stiffness, its effective stiffness is greater and the pulling force
leads to rapid stretching of the integrins that form the FAs, which causes cell detachment from the ECM (see Fig 9B, right
panel). Additionally, in S1 Video, we observe that the FA system enters the detachment basin of attraction, even though
the cell-ECM interaction force is below its critical value. There is no difference in behaviour when we randomly remove the
transversal fibres (see Fig C in S1 File), which means that the topological effects result from the branching of the stress
transmission in different paths.

Cell detachment due to the local structure of the ECM is closely linked to the effective stiffness of the ECM mesh. In
Fig 9C, we present a simulation for a softer ECM where the cells remain anchored to the ECM. As the fibres are softer,
the force exerted at FAs is transformed into substrate deformation, allowing part of the energy to be dissipated without
over-stretching the integrins.

3.5 Variety of cell shapes and mechanical communication of multiple cells

Cell shape and multicellular coordination are tightly regulated by mechanical interactions with the ECM. Here, we show
that our model is able to capture a variety of cell morphologies and extends naturally to simulate interactions among mul-
tiple cells through a shared ECM network.

The polygonal cell geometry used in our model enables us to study cells with a variety of shapes. For example, in
Fig 10A, we observe the stress transmission path between two contracting fan-shaped cells.

Our model can also accommodate several cells in a straightforward manner (see Fig 10B), enabling us to study the
feasibility of indirect cell-cell communication mediated mechanical cues in the ECM. After cell contraction, we can see
how the stress is mainly distributed in the region between the three contracting cells, see Fig 10B, right panel.

4 Discussion

In this work, we have presented an agent-based model that simulates mechanical interactions between cells and ECM
fibres and captures the simultaneous time evolution of the ECM, cells and the FA. The model enables us to gain a deeper
understanding of cell-cell communication mediated by ECM deformation, illustrating how this process depends on the
mechanical properties of cells and ECM fibres, as well as the topology of the ECM network. Particularly, we use sev-
eral metrics to describe the stress distribution and fibre alignment within the ECM. These metrics include: the anisotropy
parameter, alignment direction and the stress of individual fibres. By computing these metrics we study how ECM stiffness
and cell contraction forces affect cell-cell communication.
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Fig 9. Two-cells simulation: analysis of topological effects of the ECM network. Numerical simulations with two cells connected to simplified ECM
networks. We present three snapshots of the time evolution of the cell-ECM system, and the evolution of the key variables that define the interaction

force: the proportion of bound integrins
Nb

N
and their stretch 𝜖i. The cells are pulled away from each other with a force Fpu = 35 nN. In light grey, we plot

the fibres that are in their equilibrium state, blue indicates compressed and red corresponds to stretched fibres. Rightmost panels show the dynamics
of the proportion of bound integrins (blue) and their stretch (red). (A) Two cells connected by a single zigzag path of ECM fibres. The crosslinks of
the main zigzag path are connected to lateral fibres with fixed outer endpoints. These fibres are plotted in black. In this case, the system achieves an
equilibrium, where the ECM fibres are stretched, and they form a communication path between cells that remain attached to it. The Young’s modulus
of the ECM fibres is Et = 108 Pa. (B) Simulation with the ECM configuration consisting of two paths connected by transversal fibres. The rigidity and
architecture of this ECM configuration prevent the formation of a communication path between the cells (i.e. the system cannot effectively dissipate the
active forces by deforming the network of fibres that connect the cells). As a result, the mechanical load becomes concentrated at the FAs, leading to
rapid integrin stretching which causes cell detachment. The ECM fibres have the same Young’s modulus as in (A), Et = 108 Pa. (C) The same ECM
configuration as in (B) but with softer fibres, Et = 106 Pa. In this case, the cells do not detach from the ECM.

https://doi.org/10.1371/journal.pcbi.1012698.g009
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Fig 10. Illustration of the model’s flexibility to accommodate various cells and different cell shapes. Two model simulations with contracting
fan-shaped cells. ECM fibres at equilibrium are shown in grey, extended fibres are highlighted in dark red and compressed fibres in blue. The underlying
colour map indicates the stress within the ECM, normalised by the maximum observed stress. Young’s modulus of the ECM fibres was set to Et = 1MPa,
the number of integrins per FA N= 1000 and the contraction force Fco = 6.6 nN. The remaining parameters are listed in S1 Table. (A) A numerical
experiment similar to the one shown in Fig 6 performed for fan-shaped cells. Left panel: initial configuration in which two fan-shaped cells are placed
on a relaxed ECM. Right panel: the configuration of the cell-ECM system after t= 5 s of contraction. The ECM path of maximum stress transmission
between two cell interaction sites is highlighted in black. (B) Model simulation as in (A) but with three fan-shaped cells.

https://doi.org/10.1371/journal.pcbi.1012698.g010

Motivated by previous studies [14,18,28,29], our analysis of the FA interaction system provides a detailed understand-
ing of how binding-unbinding dynamics change in response to changes in externally applied forces. Specifically, similar
to the findings in these studies, our model shows an increase in bound integrins with rising force at low force levels, fol-
lowed by binding rupture when the force becomes sufficiently high. By coupling cell and ECM deformation with cell-ECM
interactions, we use the model to simulate the temporal evolution of FA components during cell contraction.

In spite of extensive research effort, many questions regarding ECM deformation and the mechanical communication
between cells remain open [4,23,51]. Our model introduces novel aspects concerning previous agent-based models [33–
35,39,49] in two ways: (i) we introduce a novel force-based model that incorporates the internal dynamics of cell struc-
ture, cellular contractility and FA regulation, which mediates cell-ECM interaction, into an elastic network description for
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the ECM fibres; (ii) by integrating these processes—which range from subcellular activities (such as myosin-driven con-
traction and the mechanosensitive binding and unbinding of integrins) to ECM deformation we can analyse and compare
the different timescales associated with them and their impact on overall dynamics of cell-ECM interaction.

Our model enables us to investigate how the balance of forces due to interactions between cells and the extracel-
lular environment affects the overall behaviour. To this end, we have conducted simulations in which both single cells
and groups of two and three cells interact with the ECM. In the single-cell simulations, the forces experienced by inte-
grins within an FA arise from the balance between cellular contractility and the resistance of the ECM to deformation. In
multiple-cell simulations, additional stresses arise due to the activity of nearby cells. The dynamics of integrins within a FA
can be modulated by additional stresses generated in the ECM by the contraction of nearby cells. The interaction forces
predicted by our simulations fall within biologically relevant values—on the order of thousands of pN per FA—consistent
with experimental measurements [71] and illustrated in Fig 4C.

Several experimental studies have shown that cell behaviour is sensitive to the stiffness of the ECM [4,15,17,31,32,51,
72,73]. Our results indicate that soft substrate slows down the rate of transmission of deformation within the ECM, hinder-
ing the mechanical communication between cells (see Fig 8 and Fig A in S1 File). Furthermore, in agreement with previ-
ous experimental studies [4,15,31,51], our model predicts that increasing substrate stiffness significantly facilitates cellu-
lar mechanosensing, as transmission of the deformation occurs faster. This effect is associated with larger stress in the
ECM (see Fig 8). Further, reference [15] provides a theoretical and experimental exploration of how integrin-mediated
adhesions contribute to the mechanosensing of the substrate. Specifically, the authors place cells on fibronectin-coated
polyacrylamide gels spanning a range of stiffness, and compare traction forces while selectively blocking the function of
specific integrin subtypes. They demonstrate a monotonic increase in traction force with increasing rigidity when no inte-
grins are blocked. This trend is similarly captured in Fig 8 by measuring the interaction force and the mean stress in the
connected path between cells. In addition, using a similar set-up, reference [32] analyses in detail the role of other pro-
teins within the FAs in determining rigidity sensing. This study demonstrates that in stiff substrates, above certain optimal
rigidity, cells detach from the ECM, thereby preventing force transmission through the ECM. This phenomenon, which is
similarly captured by our model (see Fig 9 and Fig B in S1 File), is reported in the literature as frictional slippage [16]. Fur-
thermore, our analysis shows that the ECM configuration can generate an increased effective rigidity, i.e. for ECM fibres
with the same Young’s modulus, the network topology affects its ability to deform under applied forces. Fig 9 and Fig B
in S1 File show how the effective rigidity can cause cell detachment from stiff ECM (i.e., those with a Young’s modulus of
the order of magnitude of 𝒪(100 MPa)). In other words, in simulations involving fibres with the same Young’s modulus, the
detachment depends on the ECM configuration. We conclude that, as for soft substrates, the transmission of deforma-
tion slows down, and cell detachment is more easily facilitated on stiff substrates; an ECM with intermediate stiffness will
maximise mechanical communication between cells.

Fibre alignment has been measured in different studies. Reference [39] studies the degree of alignment of fibre bands
that form between two contracting fibroblast cells embedded in a fibrogel. The cells directionally reorder the fibres, cre-
ating highly aligned fibre bands in the region between them. Similarly, in [22], a mathematical study is presented to eval-
uate the alignment and densification of fibres in the region between two contracting micro-beads (i.e. active rounded
contracting particles placed on reconstituted collagen gels). When these beads contracted, the ECM formed densified
aligned fibre bands in the region between them. Our results align with these findings, revealing that ECM remodelling can
be driven mechanically through contraction-induced mechanisms. Densification and fibre alignment patterns were also
observed in other studies [23,74]. An interesting extension of our work would be to measure the densification of the fibres
in a scenario closer to the experimental set-up employed in [22], i.e. with larger round cells contracting.

Our model integrates multiple biophysical processes which act on multiple temporal scales. We consider simultane-
ously the dynamics of sub-cellular structures (e.g cytoskeleton and myosin motors), the deformation of ECM fibres, and
the regulation of FAs, which coordinate the transmission of bio-mechanical signals between the ECM and sub-cellular
structures. The simulation results in Fig 4B–4C predict that the binding-unbinding of integrins within a FA occurs on a
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slower timescale than that associated with their deformation. This indicates that the dynamics of cell-ECM interactions
may be very sensitive to the stretching of integrins. The forces governing integrin deformation mainly arise from cellular
contractility, cell resistance to deformation, and substrate elasticity, which act on timescales similar to those associated
with the integrin dynamics. Therefore, the evolution of FA components and cell-ECM interactions is largely determined
by how integrins respond to these forces. Our model simulations suggest that cell detachment from a stiff ECM occurs
because the mechanical properties of the ECM limit its deformation, causing integrins to stretch too quickly. In turn, rapid
integrin deformation causes the integrins to unbind from the ECM, leading eventually to cell detachment (see Fig 9 and
S1 Video). The simulations shown in Fig B in S1 File, S2 Video, and S4 Video demonstrate that cell detachment from
the ECM can occur even when the forces acting on the FAs are below the critical value if the force due to cell contrac-
tion drives the FA system to enter the detachment basin of attraction (Fig 5C). In contrast, when cells do not detach, the
FA system evolves to a stable equilibrium, with a positive number of bound integrins (S3 Video). In conclusion, our model
shows that non-steady-state effects, where forces evolve due to the dynamic interplay between the cells and the ECM,
play a crucial role in regulating cell-ECM interactions. Thus, to accurately capture the mechanical details of cell-ECM
interactions, it is essential to consider the simultaneous evolution of these different components.

Although our model captures the detachment of FAs and ECM deformation, more research is needed to better describe
the cell-ECM crosstalk and its influence on cell behaviour. A natural progression of this work is to incorporate related cel-
lular and ECM processes, including ECM remodelling, which modify the mechanical properties of the ECM [35], and the
de novo formation of cell-ECM bonds following cell detachment from the ECM, an essential model extension for simulat-
ing cell migration [42].

An additional limitation of our model is the discrete location of the FAs in the cell vertices. In real cells, FAs are more
broadly distributed at the protrusive parts of the cell [10,11]. Nonetheless, our model allows us to represent cells using a
larger number of segments, which enables us to introduce a more distributed configuration of FAs. In the model simula-
tions presented in this study, when we modify the cell shape, the total number of integrins per cell is conserved, i.e. the
sum of the available integrins at all vertices is the same across the different cell geometries used in the simulations. A nat-
ural extension of this study would be to analyse how the distribution of FAs in the cell influences cell shape under external
forces, and how it affects the distribution of stress in the ECM caused by cell activity.

In the simulations presented in this work, the initial ECM configuration has been chosen to be close to equilibrium
(load-free), which avoids potential non-linear effects caused by transitions between compressed and stretched ECM fibre
regimes. A natural extension of this study would be to investigate how non-linear ECM responses affect stress and defor-
mation propagation and, consequently, cell behaviour by altering mechanotransduction. Future extensions of our model
could account for pre-strained or anisotropic ECM configurations.

Finally, we demonstrated the capability of the model to represent a variety of cell shapes and accommodate multiple
cells (Fig 10). This allows us to analyse the effects of cell shape on the ECM deformation and transmission of stress. Fur-
ther research could explore how multiple rounds of cell contraction and relaxation affect ECM reorganisation, which would
permit the analysis of the viscoelastic plasticity of the matrix. Moreover, although the model does not allow us to cap-
ture a large number of cells, such as a tissue or a tumour, it allows for the analysis of interactions of multiple cells within
a fibrous environment. This paves the way for extending our modelling framework to a continuum setting, which is more
suitable for scenarios involving large cell populations.

In summary, our model represents the first step in the development of a mechanical framework for modelling cell-ECM
interactions. This framework aims to integrate processes acting on different spatial and temporal scales to understand
what regulates cell-cell communication and how mechanical feedback influences cell behaviour.
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Supporting information

S1 File. Appendix. The appendix contains the supplemental figures, it provides a detailed description of the different
building blocks of the model and a summary of the key aspects of the model and the coupling between them, and a brief
discussion on numerical methods and the calculus of the bifurcation values of the FA model.
(PDF)

S2 File. Computer specifications. The file contains the specifications of the computers used to run the simulations of the
paper.
(TXT)

S1 Table. Model parameters. Description and values of the parameters used in our simulations.
(PDF)
S1 Video. Cells detaching from ECM. For the stiffer ECM cases, the traction forces on the FA can induce the detach-
ment. The ECM configuration imposed is such that the pulling force stretches the integrins rather than deforming the ECM
fibres. Due to the rapid stretching, the FA enters the basin of attraction of the detachment.
(MP4)

S2 Video. Cells entering the basin of attraction of detachment. Simulation where two elongated cells detach from a
stiff ECM. We show how the cell traction forces on the FA can induce the detachment. The ECM configuration is such that
the pulling force exerted by cells stretch the integrins rather than deform the ECM fibres. Due to the rapid stretching, the
FA enters the basin of attraction of detachment.
(MP4)

S3 Video. Phase portrait evolution of cells that do not detach from the ECM. Simulation where two elongated cells
deform a stiff ECM. The pulling forces on the FA are not sufficient to induce detachment. Although the pulling force
stretches the integrins, the energy is dissipated with the deformation of the ECM fibres. The system does not enter the
basin of attraction of detachment, so the cells stay attached.
(MP4)

S4 Video. Phase portrait evolution of cells that detach from the ECM. Detailed evolution of the phase portrait of the
detaching case shown in S2B Fig in S1 File. The pulling forces on the FA induce cell detachment.
(MP4)
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