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S.1 Supplementary Figures 1

Fig A. Force transmission on soft ECM. Longer time simulation. Simulation with two cells contracting until t = 30s
on a soft ECM, i.e. Et = 104 Pa. 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 observed stress.
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Fig B. Force generation on stiff ECM. Three simulations where cells contract on a stiff ECM, i.e. Et = 108 Pa. Left
panel: configuration corresponding to the moment before detachment. 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 observed stress. Middle panel: we include the evolution of the force exerted on the FA and the
value of the critical force (details in 2.5 of the main text). Right panel: we include the evolution of the proportion of bound
integrins in blue and their stretch on red. We average over the FA facing both cells. (A) Test 1 Two cells contracting,
similar to the scenario presented in Fig 6. (B) Test 2 We can see in yellow the stress transmission paths between the cells.
In the top right cell, we see how two paths emerge, which causes the extra rigidity in the ECM. (C) Test 3 In this
configuration, the two stressed path emerge in the bottom left cell.
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Fig C. Random removal of transversal fibres. Detachment of stiff substrate Simulation with two cells that detach
from a stiff substrate, i.e. Et = 108 Pa. Similar configuration as in Fig 9B, but including the random removal of transversal
fibres. The qualitative behaviour of the system in this case does not change, the cells detach from the ECM.
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S.2 Detailed model description 2

Our model consists of three main parts describing the dynamics of the ECM, cells, and their interaction. Here, we present a 3

more detailed description of the model’s building blocks. 4

S.2.1 Modelling the deformation of the ECM as a mesh of elastic fibres 5

Following [1], we consider a simple mechanical model to describe the dynamics of the substrate. We model the ECM as a 6

network whose edges represent individual ECM fibres, which are assumed to behave as linear springs (see Fig 1A). Individual 7

fibres interconnect through the formation of molecular bonds called crosslinks. The distribution of crosslinks confers the overall 8

connectivity and complex rheological properties of the ECM [1–3]. 9

Our model tracks the positions of the set of crosslinks, Ωe, by solving a set of ordinary differential equations (ODEs). Each 10

crosslink is connected to a set of neighbouring nodes (crosslinks), Ωe,l. The evolution of the ECM nodes depends on the elastic 11

forces acting upon them due to the deformation of individual ECM fibres (Fig 2A left panel) as well as the cell-ECM 12

interaction forces at the adhesion sites (Fig 2B). In the overdamped limit, the position of the l-th ECM crosslink, xe
i , of the 13

network is given by: 14

η
dxe

l

dt
= Fel

l + Fe-c
l,n;i. (1)

Here, the elastic force resulting from the deformation of individual fibres connected to the l-th crosslink, Fel
l , depends on the 15

local structure of the ECM (i.e. neighbouring nodes) and its elastic properties: 16

Fel
l =

∑
m∈Ωe,l

−kel
l,m(∥xe

l − xe
m∥ − L0

l,m)
xe
l − xe

m

∥xe
l − xe

m∥ . (2)

where L0
l,m denotes the natural length of the fibre connecting nodes l and m ( with positions xe

l and xe
m respectively) and kl,m 17

is the corresponding elastic constant. The elastic constant kel
l,m of each fibre is determined by its corresponding Young’s 18

modulus, El,m, cross-sectional area, Al,m, and natural length L0
l,m: 19

kel
l,m =

El,mAl,m

L0
l,m

. (3)

For simplicity, we assume that all ECM fibres have the same Young’s modulus, E, and constant cross-sectional area, A. 20

Nonetheless, our model can easily be extended to account for the heterogeneity and different shape properties of individual 21

matrix fibres. Although our model is consistent with Hooke’s law for fibre stretching and compression, we account for fibre 22

buckling under compression by following [1], and considering a softer compressive response of the fibres by assigning two values 23

to the Young’s modulus depending on extension or compression: 24

November 18, 2025 5/13



E =


Et, fibre extension,

Ec, fibre compression,

.

with Et > Ec. This asymmetric response introduces a non-linearity into the system: the ECM fibres are strongly resistant to 25

stretch, but offer less resistance to compression. 26

S.2.2 Modelling cell shape and its deformation 27

Cell shape must be robust to random perturbations but also adaptive to facilitate vital cellular functions, such as migration 28

and interaction with the external environment. The cell cytoskeleton plays a major role in organising the cellular content and 29

providing structural support, enabling cells to adapt their shape according to their state and function [4]. The cytoskeleton is 30

formed by three main types of polymers: actin filaments, microtubules and intermediate filaments, and regulatory proteins. 31

These polymers form complex networks that can resist deformation and reorganize in response to applied forces [4]. Viscoelastic 32

properties at the cell level emerge from the elastic properties of the cytoskeleton polymers and their connectivity [5–8]. 33

Rather than addressing the full complexity of the cytoskeleton dynamics and cell shape, we propose a simple model that 34

captures the main mechanical properties of cells. In particular, cells are represented as collections of viscoelastic elements that 35

connect the cell’s organising centre with the sites of FA assembly. These viscoelastic elements can be identified with actin 36

bundles or stress fibres [8]. Active cellular forces, particularly cellular contraction, act to deform these segments. Fig 1A 37

illustrates different cell geometries that can be obtained by varying the number and the length of these viscoelastic elements. 38

As Fig 1A shows, this representation can account for cell polarity: rounded vs elongated cell shape, as well as front-to-back 39

symmetry breaking. Using this framework, we can describe an arbitrary number of cells Nc. The shape of the n-th cell, 40

n ∈ 1, ... , Nc, is then determined by the positions of the set of points:
(
xc
n;i

)Nc
n

i=0
, xc

n;i ∈ R2, with xc
n;0 representing the position 41

of the cytoskeleton organising centre, and xc
n;i, i ∈ Ωc

n = 1, ... , Nc
n describing the positions of the end points of the stress fibres, 42

where the FAs assemble. Nc
n represents the number of adhesion sites in the n-th cell. 43

Fig 2C illustrates the forces that account for cellular geometry: structural forces, active forces generated by myosin motors, 44

and forces exerted by the ECM. In the overdamped limit, where viscous effects dominate over inertial ones,
(
xc
n;i

)Nc
n

i=0
are 45

determined by the balance of all the forces acting upon the system. The resulting set of ODEs describing the evolution of 46(
xc
n;i

)Nc
n

i=0
are: 47

η
dxc

n;0

dt
= −

∑
i∈Ωc

n

(
Fst

n;i + Fco
n;i

)
,

η
dxc

n;i

dt
= Fst

n;i + Fco
n;i + Fe-c

n;i,l for i ∈ Ωc.

(4)

The structural forces Fst
n;i correspond to the physical support provided by the cell cytoskeleton. In this work, we consider 48

two mechanical contributions of the cytoskeleton, one associated with the structural support provided by the stress fibres, Fkv
n;i, 49

and the other, the so-called angular forces, Fan
n;i, which aim at maintaining cell shape. These angular forces act to maintain the 50
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target or natural angle between neighbouring stress fibres, similarly to elastic forces that aim to maintain the natural length of 51

elastic springs: 52

Fst
n;i = Fkv

n;i + Fan
n;i. (5)

Regarding the former, we assume that stress fibres are viscoelastic materials, and, following previous work [9], we assume 53

that their deformation can be described by the Kelvin-Voigt model. This model describes the behaviour of a system equivalent 54

to a linearly elastic element in parallel with a linear viscous dashpot. Accordingly, the stress (force) exerted by the stress fibre 55

on its end point is given by: 56

Fkv
n;i =

(
−κel

i ε
c
n;i − κvi

i

dεcn;i

dt

)
x̂n;i

εcn;i = Lc
n;i − lcn;i,

Lc
n;i =

∥∥xc
n;i − xc

n;0

∥∥,
x̂n;i =

xc
n;i − xc

n;0∥∥xc
n;i − xc

n;0

∥∥ ,
(6)

where lcn;i is the natural length, κel
i is the elastic constant and κvi

i is the damping constant of the i-th viscoelastic element of 57

the cell. 58

The angular force is derived from a potential energy that establishes a preferred angle between two consecutive stress fibres 59

and penalises deviations from it. The resulting restoring force is given as follows: 60

Fan
n;i = −∇i

 ∑
j ̸=i,j∈Ωc

n

1

2
κbe
n;i,j(cos θn;i,j − cos θ0n;i,j)

 ,

cos θn;i,j = ⟨x̂n;i, x̂n;j⟩,

(7)

where θ0n;i,j is the natural angle between the segments (xc
n;0 − xc

n;i) and (xc
n;0 − xc

n;j). 61

Active contraction forces play a crucial role in cellular dynamics and intracellular cytoskeleton organisation [10]. The main 62

source of cortical contractibility at the cellular level are the non-muscle myosin II motors [7,11], which act at the actin filament 63

networks. In our model, we account for the effects of myosin contraction by incorporating a constant contraction force acting 64

on the cell’s structural segments: 65

Fco
i = F cox̂n;i. (8)

S.2.3 Focal adhesion dynamics: cell-ECM interaction forces 66

Focal adhesions are protein complexes that mediate the interaction between cells and the ECM. One of the main components 67

of these adhesion structures are integrins [12,13], transmembrane receptors that link cytoskeleton actin bundles with the 68

ECM [14]. Integrins mediate the transmission of mechanical forces due to cell-ECM interaction [13]. The formation of integrin 69

clusters at FA sites is regulated internally by the cell and depends on several factors, including the organisation of actin 70
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bundles, cellular contraction forces, and the force exerted on the cell by the ECM [14]. Our model considers a fixed number of 71

integrins per FA, which can be either bound to one of the ECM crosslinks or disconnected from the ECM (unbound). We 72

represent the mechanical properties of a cluster of bound integrins as a set of linear springs connected in parallel, which allows 73

us to assume that the intensity of the cell-ECM interaction force is directly proportional to the number of bound integrins. 74

The formation of bonds between the ECM and unbound integrins is assumed to occur at a constant rate, whereas the 75

unbinding rate is force-dependent [15,16]. 76

We denote by Nb
n;i,l(t) the number of bound receptors forming links between cell vertex i and crosslink l of the cell n. We 77

further assume that the total number of integrins within the FA at vertex i, Nn;i, is conserved and that each bound integrin 78

behaves as a Hookean spring. Since we assume that integrins form an in-parallel array, all the bound integrins within the same 79

FA experience the same stretch, ϵin;i,l(t), which is determined by the distance between the ECM crosslink and the cell adhesion 80

site: 81

ϵin;i,l(t) =
(∥∥xc

n;i − xe
l

∥∥− Li
0

)
.

Thus, the total force exerted by a cluster of bound integrins at xc
n;i is given as follows: 82

Fe-c
n;i,l = −Nb

n;i,lk
iϵin;i,l

xc
n;i − xe

l∥∥xc
n;i − xe

l

∥∥ . (9)

The evolution of Nb
n;i,l is prescribed by a continuous binding-unbinding process of integrins where the unbinding process is 83

assumed to be mechanosensitive, i.e. the unbinding rate is a function of the total force exerted on the integrins [17,18]: 84

F i
n;i,l = kiϵin;i,j . (10)

Specifically, we use the so-called catch model to characterise integrin detachment so that the maximum lifetime of the bound 85

state occurs at intermediate values of F i
n;i,l. Larger forces lead to exponential decay in the lifetime of the bound state. This 86

effect is captured by the following functional form of the integrin unbinding rate: 87

Koff(F
i
n;i,l) = λ1 exp

(
γ1F

i
n;i,l

)
+ λ2 exp

(
−γ2F

i
n;i,l

)
. (11)

Since integrin binding to ECM fibres occurs at a constant rate, Kon, the kinetics of the system is governed by the following 88

system of ODEs: 89

dNb
n;i,l

dt
=Kon N

u
i,l −Koff(F

i
n;i,l)N

b
n;i,l,

dNu
i,l

dt
=−Kon N

u
i,l +Koff(F

i
n;i,l)N

b
n;i,l.

(12)

Assuming conservation of the total number of available integrins in a FA site, we can reduce the binding-unbinding process (12) 90
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to one equation for the number of bound integrins, given by: 91

dNb
n;i,l

dt
= Kon Nn;i,l −

(
Kon +Koff(F

i
i,l)

)
Nb

n;i,l(t). (13)

S.3 Full system of model equations and parameter values 92

Our model consists of the three building blocks described above: a model describing the ECM fibre network, a cell model 93

accounting for structural and active forces, and a cell-ECM interaction incorporated through the formation of FAs. We will 94

now summarise key aspects of each modelling component and the coupling between them. 95

Model equations 96

The complete set of equations describing the evolution of the cell-ECM system is given as follows: 97

η
dxe

l

dt
= Fel

l − Fe-c
l,n;i

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

dNb
n;i,l

dt
= Kon Nn;i,l −

(
Kon +Koff(F

i
n;i,l)

)
Nb

n;i,l

for l ∈ Ωe; for n = 1, ... , Nc; for i ∈ Ωc
n.

(14)

The forces and parameters appearing in these equations are summarised in Table 2 and S1 Table, respectively. 98

Initial conditions 99

In order to solve the system of equations given by Eq (14), we have to determine an initial configuration of the system. At 100

first, we generate an arbitrary isotropic ECM configuration, with no preferential alignment or stresses at the fibres. The details 101

for the ECM generation are given in Section S.4. The cells are positioned on the ECM so that their adhesion sites 102

xc
n;i, i = 1, ... , Nc

n are attached to their closest ECM crosslinks. The number of bound integrins attached and their stretch at 103

the different FAs are adjusted to be close to equilibrium when no active forces act on the system. 104

Boundary conditions 105

In our model, we consider free boundary conditions, meaning that the crosslinks located at the periphery of the ECM network, 106

which define the limit of our simulation domain, evolve in response to the elastic forces exerted by the ECM fibres, without any 107

additional constraints. The simulation domain is chosen to be sufficiently large so that the influence of the border on the 108

dynamics in the central region is negligible. For illustrative purposes, we present zoomed-in views of the interaction region in 109

Figs 4, 6, 10 of the main text, as well as Fig A and Fig B. 110
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Table 2. Forces in the model.

ECM forces

Fel
l (t) =

∑
m∈Ωe,l

−kl,m(∥xe
l − xe

m∥ − L0
l,m)

xe
l−xe

m

∥xe
l−xe

m∥
Elastic force of ECM fibre applied to crosslink l

Ωe,l Set of crosslinks that are connected with xe
l

Cell variables

Fst
n;i = Fve

i + Fan
n;i Structural forces of the cell n at the i-th adhesion site

Fve
i = (−κel

i ε
c
i − κvi

i ε̇
c
i )

xc
n;i−xc

n;0

∥xc
n;i−xc

n;0∥
Viscoelastic structural cellular force

εci =
∥∥xc

n;i − xc
n;0

∥∥− lci Stretch of viscoelastic element i

Fan
i = −∇i

(∑
j ̸=i,j∈ΩCell

1
2κ

be
i,j(cos θi,j − cos θ0i,j)

)
Angular structural cellular force acting on i-th element

cos θi,j = ⟨x̂i, x̂j⟩ Cosine of the angle between cell viscoelastic elements i and j

Fco
i = −F co xc

n;i−xc
n;0

∥xc
n;i−xc

n;0∥
Active cell contraction force

Interaction forces: force at FAs

Fe-c
n;i,l = −N b

n;i,l(k
iϵin;i,l)

xc
n;i−xe

l

∥xc
n;i−xe

l∥
Interaction force between cell’s element i and ECM crosslink l

ϵin;i,l(t) =
(∥∥xc

n;i − xe
l

∥∥− Li
0

)
Stretch of the integrins

F i
i,l = kiϵii,j Total force exerted on an integrin at FA connecting cell element i

and ECM crosslink l

S.4 Numerical methods 111

In this section we summarise the numerical methods utilised in this work. 112

Initial condition generation: 113

1. In order to generate different random initial ECM configurations, we employ the method proposed in [1]. Given the 114

density of ECM fibres, we randomly distribute the corresponding number of seed points within the 2D domain. We refer 115

to [1] for the description of the number of seed points. The ECM network is then obtained by generating a Voronoi 116

tessellation on the set of seed points. We assume that the vertices of the Voronoi tesselation correspond to the ECM 117

crosslinks and its edges represent ECM fibres. 118

2. Once the ECM configuration is generated, we place on it cells with the desired shape. We then determine the closest 119

crosslink to the cell adhesion sites which defines the cell-ECM attachment. 120

3. The cells are deformed to ensure that the distance between the cell adhesion site and closest crosslink is on the order of 121

the natural length of an integrin. We initialise each FA with a certain number of bound integrins to facilitate FA 122

formation. In this work, we start with 10 bound integrins. 123

4. Lastly, we let the system relax. In the relaxation process we consider no active contraction forces. The resulting 124

equilibrium configuration corresponds to the initial condition we use in our model simulation. At the initial 125
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configuration we have a certain number of bound integrins at each FA. 126

ODE approximation: For the numerical solution of the system of equations given by Eq (14), we use the Runge-Kutta 127

solver ode45 implemented in MATLAB. Since the system is stiff, we use a time step of the order of 10−8. For the system given 128

by Eq (9) in main text, we use the implicit Matlab solver ode15s for stiff systems. 129

The scale of the simulations is micrometres. The simulations are run with double precision (by default in MATLAB), 130

allowing the numerics to capture changes in integrin deformation on the nanometer scale. 131

Bifurcation diagram: To obtain the bifurcation diagrams shown in Fig 5, we use the Bifurcation Kit package from 132

Julia [19]. 133

Simulation runtimes: Several simulations can be run in parallel. Each realisation presented in Figs 6 and 7, takes 30h to 134

50h. The runtimes for each realisation in Fig 8 depend on the ECM stiffness, and take 30h to 4 weeks to run. Simulations with 135

higher stiffness (Et = 102 MPa) take longer because the numerical integration may require small time steps (∆t ≈ 10−9 s). 136

Realisations with lower stiffness take 30h to a couple of days. The simulations presented in Fig 9 take around 5 minutes. The 137

simulations of fan-shaped cells shown in Fig 10 take around 40h. All simulations were run on 2 different computers, their 138

specifications can be found in S2 File. 139

S.5 Exact calculation of the critical value FBP
140

Fig 5 shows that the system exhibits a saddle-node bifurcation. At this point, the nullclines (curves defined below) intersect at 141

a single point, (ϵBP
b , NBP

b ), and they are tangent to each other. In this section, we describe how to calculate exactly the critical 142

value of the external force, FBP, corresponding to the saddle-node bifurcation in Eq (9) in main text. We obtain an implicit 143

expression for the critical force, the proportion of the bound integrins NBP
b /N and their stretch ϵBP

b which can be solved 144

numerically. The detailed step-by-step derivation is described below. 145

1. We define the nullclines of the system given by Eq (9) in main text, as pairs (ϵb, Nb) such that either dϵb
dt

= 0 or dNb
dt

= 0. 146

The points of intersection of these two nullclines can be calculated by solving the following equation: 147

Nb

N
=

Kon

Kon +Koff(kiϵb)
=

F
N

1

2kiϵb
(15)

2. Furthermore, the condition for these nullclines to be tangent to each other requires that the following expression is 148

satisfied: 149

− ki Koff
′(kiϵb)

(Kon +Koff(kiϵb))2
= −F

N

2ki

(2kiϵb)2
, (16)

where Koff
′(kiϵb) refers to the derivative of the ratio of unbound evaluated at the force exerted on each integrin. 150

3. Using Eqs (15)-(16), we obtain an equation for the steady-state value of the stretch at the critical point: 151
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ϵBP
b =

Kon +Koff(k
iϵBP

b )

ki Koff
′(kiϵBP

b )
. (17)

The solution of Eq (17) can be calculated numerically. We use the fzero Matlab function to obtain ϵBP
b . 152

4. From Eq (15), and ϵBP
b , we can calculate the critical force value, FBP, beyond which no stable equilibria exist: 153

FBP

N
=

2kiϵBP
b Kon

Kon +Koff(kiϵBP
b )

. (18)

5. Lastly, we determine the proportion of bound integrins at the equilibrium at the bifurcation point: 154

NBP
b

N
=

Kon

Kon +Koff(ϵBP
b )

. (19)

From Eqs (17) and (19), we notice that the value of the equilibrium stretch and the proportion of bound integrins at the 155

bifurcation point are independent of the value of the total available integrins in a focal adhesion, N . This is illustrated in 156

Fig 5B. 157
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