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Force chains (FCs) are a key determinant of the micromechanical properties
and behaviour of heterogeneous materials, such as granular systems. However, less is known about FCs in fibrous materials, such as the networks
composing the extracellular matrix (ECM) of biological systems. Using
a finite-element computational model, we simulated the contraction of a
single cell and two nearby cells embedded in two-dimensional fibrous elastic
networks and analysed the tensile FCs that developed in the ECM. The role of
ECM nonlinear elasticity on FC formation was evaluated by considering linear
and nonlinear, i.e. exhibiting ‘buckling’ and/or ‘strain-stiffening’, stress–strain
curves. The effect of the degree of cell contraction and network coordination
value was assessed. We found that nonlinear elasticity of the ECM fibres influenced the structure of the FCs, facilitating the transition towards more distinct
chains that were less branched and more radially oriented than the chains
formed in linear elastic networks. When two neighbouring cells contract, a
larger number of FCs bridged between the cells in nonlinear networks, and
these chains had a larger effective rigidity than the chains that did not reach
a neighbouring cell. These results suggest that FCs function as a route
for mechanical communication between distant cells and highlight the
contribution of ECM fibre nonlinear elasticity to the formation of FCs.

1. Introduction
The forces generated by cells are essential in many biological processes, ranging
from cell migration and division [1] to multicellular-level processes [2–6]. These
contractile actin–myosin forces are applied by cells against the fibrous extracellular matrix (ECM), which exhibits nonlinear elastic mechanics [7]. Because
of nonlinear elasticity, forces can propagate to long distances in the ECM, allowing for mechanical communication between distant cells [8]. Such long-range
cell–cell mechanical sensations were shown to regulate various biological activities [3–6,9,10]. Most studies have focused on analysing force transmission at the
level of the fibre network, including our previous paper [11], demonstrating
force concentration and formation of aligned fibre tracks in the ECM between
pairs of cells [2,3,5,6,12–15]. However, much less is known about force transmission at the level of individual fibres. Since biological cells interact with
discrete fibres through focal adhesions, fibre-level analysis is expected to be
important in how forces propagate and are sensed by cells in the ECM.
Moreover, since the ECM is composed of discrete fibres with unique anisotropic and non-homogeneous architecture at the microscopic scale, local mechanical
characteristics are expected to have a significant impact on force distribution at
the cellular level. Strains and deformations experienced by each fibre in the network may differ from those experienced by nearby individual fibres specifically,
and the bulk matrix generally. This local heterogeneity may lead to unique
patterns of force transmission with propagation range, scaling and local rigidity
gradients that deviate from the average network response. Thus, the effect of
stress concentration and localized deformations along unique fibre paths
should be considered. Indeed, several studies, mainly computational, have captured the tendency of forces to develop along preferred routes, which were often
© 2019 The Author(s) Published by the Royal Society. All rights reserved.

2.1. Biological experiments
2.1.1. Biological sample preparation
Approximately 5 × 103 NIH 3T3-GFP-actin cells were seeded in a
fibrin gel, labelled with Alexa Fluor 456 as described earlier [8].
The gel was scanned at several time points post seeding, using a
confocal laser-scanning microscope (Zeiss LSM 880 lens ×40,
water immersion), to capture neighbouring cell pairs that
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2.1.2. Analysis of fibre chains in biological experiments
The data from the biological experiments were quantified via
image processing to characterize the orientation and the length
of fibre chains observed between cells. A representative twodimensional (2D) section image (from the three dimensional
(3D) volume stack) that captured most of the remodelled
matrix was used for analysis. The OrientationJ [33] plugin in
ImageJ (version 1.52a, NIH, USA) was used to analyse the orientation of the fibres between neighbouring cells. To evaluate the
length of the fibre chains, we quantified the number of consecutive pixels that exhibited intensity above the mean and that were
directed along the axis connecting the centres of the two cells.

2.2. Computational modelling
We model the situation of a single cell or two cells contracting
in a cross-linked fibrous network by finite-element discrete simulations, as detailed below. The model had a spherical shape, and
included one or two spherical inclusions that represent circular
cells in the centre of the system (figure 1a–c).

2.2.1. Mechanical properties
Four material models were used to simulate the mechanical properties of the ECM fibres: linear (Young’s modulus, E = 11.5 KPa),
buckling, strain-stiffening and buckling+stiffening, as described
before [11,16]. For the buckling model, different buckling ratios
were implemented including buckling ratios of 1 : 2, 1 : 5 and
1 : 10, which represent the ratios between the compressive and the
tensile modulus in the linear regime (figure 1d). For the stiffening
model (in tension), the stiffness increased exponentially above 2%
strain, with Young’s modulus E ¼ 11:5(1 þ ð1=0:05Þ)e(10:02)=0:05
based on [16]; see figure 1d. Hereinafter, the model of ‘buckling+
stiffening’ only refers to buckling of 1 : 10, which more closely
mimics the mechanics of biological networks [8]. These mechanical
properties of the individual fibres were chosen such that the bulk
network behaviour fits the stress–strain behaviour of collagen gels
as described in our previous study [11].

2.2.2. Network geometry and architecture
In most of our simulations, we used the Boxed-X network [8,11].
This network was validated in our previous study using bulk
simulations to fit the strain–stress behaviour of collagen gels and
to demonstrate the slow decay of displacements propagating
from a contractile cell [11]. In brief, a 2D array of multiple identical
square units was initially created. Each unit contained four vertices (corners) acting as nodes and two horizontal, two vertical
and two diagonal edges acting as fibres. The nodes and outside
edges were shared with the adjacent Boxed-X unit. To introduce
randomness, each node was relocated to randomly selected coordinates contained within a circular region with a radius equal to
the length of the side of the Boxed-X unit. Various coordination
numbers (i.e. average number of fibres meeting at the nodes;
also called connectivity) were evaluated by removing arbitrary
fibre elements to reach average values of 8, 6.5, 5 and 3.5. These
different scenarios were simulated three times in order to verify
the results with different randomized networks. In order to introduce cells into the centre of the network, the elements at the
desired cell location were removed, creating a circular void
region. Cell diameter and mean fibre-segment length (i.e. the average length of the sides and diagonals of the Boxed-X unit) were
chosen to be 15.2 µm and 3.5 µm, respectively, corresponding to
our experimental observations of fibrin gel embedded with
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2. Methods

remodel the fibres between them. The remodelled fibrous
matrix between the cells was imaged with the confocal microscope in resolution sufficient to resolve the network fibres
(bundles of fibres) and to perform fibre analysis.
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referred to as force chains (FCs) [16,17] or ‘rope-like’ chains
[15,18]. Such FCs were observed to originate from individual
contractile cells or to extend between distant cells. However,
quantitative and systematic characterization of the detected
FCs is lacking, and the effect of various parameters on FC
formation, such as cell–cell distance, degree of cell contractility
and ECM network architecture, is unknown. Further, although
the effect of ECM nonlinear elasticity was found to be central
to force transmission range [8,19,20] and directionality [11],
its influence on force heterogeneity and particularly on FC
formation is still unknown.
In the physics of granular materials, such as sands, powders and grains [21], the concept of FCs is well established
[22–30]. There, a FC consists of a set of particles that are forcefully held together (i.e. jammed into place) by a network of
high compressive forces acting along distinct approximately
linear paths. The external stress is carried by a small fraction
of grains that constitute the FC, while the vast majority of
grains remain passive. Thus, FCs are the major force-bearing
structures functioning as a ‘backbone’. The highly heterogeneous distribution of forces along FCs contributes to
many aspects of particulate material behaviour, including
static effects such as packing, stacking and clogging [30,31]
as well as dynamic effects such as transmission of sound
[21], diffusion processes [27], heat transport [29,32] and electrical conductivity [27]. In a sense, the mechanical behaviour
of a random fibrous network, modelled as a spring network,
is a ‘mirror-image’ of that of granular material. Whereas
fibres withstand considerable tension and offer significantly
lower resistance to compression (due to bending and buckling), granular material effectively withstands compression
but does not transmit tensile forces.
Motivated by the significant role that FCs play in granular
systems and the similarity between granular systems and
fibrillar ECM with respect to their bi-modulus response to compression and tension, we study FC formation in fibrous ECM
networks developed as a result of cell contraction. Our biological
experiments of fibroblast cells embedded in biologically
relevant fibrin gel indicate the presence of approximately
linear fibre segments extending between nearby cells. We
develop a computational model to characterize the developed
FCs due to cell contraction. In the first part, we analyse FCs
due to contraction of a single cell. We show that fibre nonlinear
elasticity affects the structure of the developed FCs, and that FCs
transmit forces to a longer distance than the network-average
forces. In the second part, we analyse FCs generated by two
neighbouring cells. In this two-cell system, fibre nonlinear elasticity induced more chains that extend between the cells, and
these chains had a larger effective rigidity than chains that did
not reach a nearby cell. These results indicate that FCs can
serve as a mechanical bridge between distant cells, with a potential role in mechanical long-range communication of living cells.
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Figure 1. A computation model of one or two contractile cells in a 2D Boxed-X fibrous network. (a) The entire model with a cell at the centre (white circle).
(b) Zoom-in on the area of the cell. (c) Model of two cells (zoom-in on the area of the cells). (d ) Stress–strain curves representing the mechanical properties
assigned to each of the fibre elements constituting the model. The models combined two tensile behaviours (linear and strain-stiffening) and four compressed
behaviours (linear and buckling ratios of 1 : 2, 1 : 5, 1 : 10). (Online version in colour.)
fibroblast cells (§3.1). The diameter of the network was 100 times
larger than that of the cell (i.e. 1520 µm).
In addition, we verified the results of the Boxed-X network
with a different network geometry, referred to as a random network, which corresponds to a 2D network created by randomly
locating nodes in a prescribed area and connecting them via an
iterative process, where each node was connected to its nearest
neighbour that was not already connected to it. After four iterations, this gave an average of eight fibres connecting at each node.

have been shown to fall within the physiological range of
muscle-cell contraction (both skeletal [34] and smooth muscle
cells [35]). The uniform circular contraction in our model is a simplified representation that captures the circular morphology and
relatively uniform contraction of cells shortly after seeding in soft
biological gels, before cell spreading or migration takes place [36],
as was done in previous computational studies [8,14–16,19,37,38].
The outer circular boundary of the entire network was fixated
with no translations or rotations, in all directions.

2.2.3. Boundary conditions

2.2.4. Numerical methods

Cell contraction was modelled by applying radial contractile displacement of 10%, 25% and 50% of the cell radius to all nodes
constituting the cell boundaries. These levels of cell contraction

Linear truss elements representing fibres were connected at nodes
that represent fibre cross-links. The truss elements supported uniaxial tension and compression with infinite resistance to bending
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2.3. Computational analysis
The data obtained from the finite-element simulation were analysed
by a script coded in MATLAB (version R2017b; MathWorks Inc.,
Natick, MA, USA) in order to detect and characterize the developed
FCs.

2.3.1. Identifying force chains
In order to identify FCs, a two-part algorithm was developed,
similar to that developed by Peters et al. [39]. The algorithm
first filtered out all the fibres with normalized stress lower than
the selected threshold. Subsequently, it detected individual
chains of force by searching for compatible fibre neighbours for
a given fibre. A recursive function that began from the fibres connected directly to the cell (or cells) sought out bound partners
within an allowed angle range. This resulted in lists of fibres,
beginning from fibres connected to the cell and advancing
away from it. Specifically, the stress threshold was determined
to be 1.25% of fibres for the Boxed-X model and 0.75% for the
random model. The angle threshold was set to 70° to allow
FCs to twist and turn, while showing an overall advancement
forward from the cell (figure 2). In the system of two cells, the
selected threshold for stress was chosen to be proportional to
the cell–cell distance (top 1% for three cell diameters distance,
top 1.3% for four cell diameters distance, etc.).

2.3.2. Analysis of force chains
The following analyses were conducted on the identified FCs.
Distribution of the number of fibres in the FC. Using the above
definition of FCs (§2.3.1) but with a stress threshold of the mean
stress, an algorithm was developed to calculate the number of
fibres in the chains, in accordance with Peters et al. [39]. The process started with the most stressed fibre; at branching nodes, the
next fibre of a chain was selected to be the one with the highest
stress. The algorithm continued until there were no more
connected fibres. After a chain was identified, its fibres were
removed from the database for the rest of the calculation, and
from the remaining fibres the most stressed fibre was selected as
the new starting fibre, and the process repeated itself. If the starting fibre was not connected to the cell, the length built up in one
direction until there were no more fibres to add up, and then the
lengthening continued from the same starting fibre in the opposite
direction. In this length analysis, after a fibre was ascribed to a
chain, it could not participate in another chain (i.e. chains were
not allowed to bifurcate and merge). Thus, this calculation
measured the number of fibres of linear, unbranched chains and
was used to visualize the chains.
Stress propagation. For the single-cell system, the average
stress propagation was calculated for both the FCs and the
entire network. The system was divided into rings, each the
thickness of a single-cell radius. In each ring, the average stresses

of only the FCs and of all the elements were calculated. The latter
represented the average propagation of stress as a function of
distance from the cell.
Relative local density. The entire network was divided into
rings in an identical manner to the stress propagation analysis.
To quantify the FC density as a function of distance from the
cell, the number of FC elements within each ring was divided
by the total number of elements in the ring. As the value for
the density gets closer to 1, the FCs are more evenly distributed
between all the elements and there are fewer solitary chains.
FC directionality. For the single-cell system, directionality was
defined as the angle difference between the direction of a fibre
and the radial direction of its midpoint relative to the cell
centre. As the fibre is more directed, the value of directionality
is closer to zero degrees.
FC translation, rotation and strain. To measure FC translation,
the middle point position of the fibre after contraction was calculated relative to its position before contraction. To calculate fibre
rotation, the change in the fibre direction after contraction
relative to its direction before contraction was quantified. FC
strain was calculated as the ratio between the change in length
of the fibre and its original length. FC strain was measured by
the mean strain of its constituent fibres.
FC branching. Branching of the chains was determined by
counting the number of fibres connected to each fibre, from both
of it sides, that is, a part of a FC. The average of this number
indicates the branching of FCs.
Number of chains between cells. The number of chains connecting
the two cells was found by a recursive algorithm. At each step, the
fibre that was present in the largest number of chains was detected,
and all the chains containing it were removed. The number of connecting chains was the number of steps until there were no more
chains between the two cells. An example for the calculation is
shown in figure 3. This quantification allowed us to calculate the
number of central connections between the cells, while giving less
emphasis to the short branched chains (figure 3).
Effective rigidity of FCs. In our system, FCs always initiated from
one of the cell perimeter nodes. To evaluate the effective rigidity of
a FC connected to the cell perimeter node, a local centripetal displacement was applied to each node of the cell perimeter. The
reaction force acting at the node (ΔF) was measured and divided
by the applied displacement of this node (Δr) to produce the
measure of rigidity: ΔF/Δr. We note that this measure is not the
stiffness of a FC, but it does give a sense of the resistance or rigidity
that a cell would feel once it pulls on a node that is connected to a
FC. The cell nodes were grouped into four bins according to their
position relative to the other cell, as described in §3.6.

3. Results
3.1. Fibre chains between cells in biological
experiments
We embedded fibroblast cells in fluorescently labelled fibrin
gels at a low cellular density, such that cells were well
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and unrestrained rotation about the nodes. The ABAQUS
Standard/Implicit Finite Element solver (version 2017; Dassault
Systèmes Simulia Corp., Providence, RI, USA), set to the nonlinear
analysis mode, was used to process all model variants.

royalsocietypublishing.org/journal/rsif

Figure 2. Identifying FCs in fibrous networks. Green fibres denote fibres above the determined stress threshold, while blue fibres are below it. The network in (a) contains
two FCs that originate from a common fibre, while the network in (b) does not contain any FCs due to the large angle between the fibres. (Online version in colour.)
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Figure 4. Fibre chains extending between cells in a fibrin gel. (a) Confocal microscope section (i.e. 2D image from a 3D gel) of fibroblast cells (actin-GFP, green)
embedded in a fluorescently labelled fibrin gel (grey). Red arrows point to fibre chains. (b) A comparison of fibre orientation histograms of the different areas shown
in (a), including the area between the left-hand pair of cells (‘left cells’), the right-hand pair of cells (‘right cells’), far from the cells (‘far’) and of the entire image
(‘all’). (c) Quantified length of the oriented fibre chains that were detected. (Online version in colour.)
separated from each other. Within several hours of seeding,
linear chain-like fibres were often observed between
neighbouring cells (figure 4a, arrows). Analysis of fibre orientation indicates that these fibre chains are more oriented in
the direction between the cells, while far from the cells the
fibres are more isotropic (figure 4b). In the example shown
in figure 4, histograms of fibre orientations show that most
of the fibres are directed around 45° between the left-hand
pair of cells and around 15° between the right-hand pair of
cells, corresponding to the orientation between these cells
(all angles are relative to the horizontal direction). We also
quantified the length of these oriented fibre chains and
found that longer chains were present in between the cell
pairs whereas shorter chains were located far from the cells
(figure 4c). Overall, these results suggest that relatively long
and directed fibre chains are present between fibroblast
cells cultured in 3D fibrin gels. We note that the observation
of aligned fibres between contractile cells has been reported
previously [4,6,40–42]. Also, the presence of fibre chains
does not explicitly indicate the presence of FCs as force was
not directly measured. Moreover, the fluctuations in the fluorescent signal along the fibre chains that appears in figure 4a
do not indicate fluctuations in force, as they are not necessarily related. Taken together, these biological experiments
only serve as the motivation to study FC formation using a

computational model. The model accounted for the relative
size of the cells, length of fibres and inter-cellular distances
as observed and estimated in these biological experiments
(figure 4).

3.2. Analysis of force chains in a computation model of
a contractile cell in a fibrous network
We performed finite-element simulations to analyse force
distribution and FC formation in fibrous networks due to
cell contraction. Cells were modelled as contractile circles
embedded in structural fibrous networks. We examined the
effect of fibre nonlinear elasticity on FC formation by modelling the network’s individual fibres to exhibit either linear
elasticity, compression-microbuckling (with different buckling
ratios), tension-stiffening or a combination of the last two
(§2.2.1). Note that the effect of linear, buckling and strainstiffening on the average force transmission induced by a
contractile cell has been reported before [11]; herein we focus
on the effect of fibre nonlinearity on FC formation, i.e. only
on the subpopulation of individual fibres constituting
FCs. As the cell contracted the fibre network predominantly
stretched (approx. 70% of all fibres, for all mechanical
models), resulting in tensile stresses that were highest at the
cell vicinity and decayed gradually away from the cell.

J. R. Soc. Interface 16: 20190348
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Figure 3. An example of the calculation of the number of connecting chains between cells. All the chains shown in this example were detected as FCs (i.e. passed
the thresholds on both the stress and angle, as explained in §2.3.1). The developed algorithm, as explained under ‘Number of chains between cells’, considered all
the red chains as one connection and all the blue elements as another connection. If, for example, another chain was present in between the red and blue
connections (e.g. the black dashed line), the total connections would increase to three. (Online version in colour.)

linear
stiffening
buckling 1 : 2
buckling 1 : 5
buckling 1 : 10
buckling + stiffening
continuous

10

1
10–1
10–2
10–3

Downloaded from https://royalsocietypublishing.org/ on 25 March 2021

10–2

10–1
1
normalized stress

10
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black line is for homogeneous linear elastic continuous material. The stress
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(Online version in colour.)

When examining the histogram (log–log plot, figure 5) of
the resulting tensile stresses in the network, we observed that,
for stresses lower than the average stress, P(f ) was fairly flat.
When close to the network average for all tested materials, a
steep ‘knee’ in P(f ) was observed, from which stress decayed
according to a power law (all having R 2 > 0.96 goodness of
fit). Linear elastic materials showed lower average stresses
(figure 5, dashed vertical line) and an apparent power-law
slope that was approximately 25–30% shallower than that
for the decay in networks that allow for fibre buckling
(slope of approx. −2.05 for linear elements networks and
approx. −2.80 for buckling elements networks). For continuous homogeneous isotropic linear elastic materials, the slope
is constant in the log–log plot, i.e. it also demonstrates powerlaw decay, which was calculated to be much shallower with a
value of −0.5 (electronic supplementary material, section 3,
and figure 5, continuous black line). This indicates that
heterogeneity between sub-populations of fibres (i.e. between
‘strong’ and ‘weak’ fibres) is much more dramatic in fibrous
discrete networks than in continuous materials.
We next identified FCs in the networks by connecting the
top 1.25% high-stressed fibres that were within 70° of each
other (figure 6 and electronic supplementary material,
figure S1; see Methods for more details). On a qualitative
inspection, the structure of the detected FCs formed in
linear elastic versus nonlinear elastic networks (i.e. exhibiting
buckling and stiffening) appears slightly different (figure 6,
and electronic supplementary material, figure S2). In the nonlinear networks, the FCs seem more isolated and straighter
(‘rope-like’) (figure 6d) than the more branched and dense
FCs generated in the linear models (figure 6b). The change
in the FC structure can be more clearly observed when gradually increasing the buckling ratio (from 1 : 2 to 1 : 10), as
shown in electronic supplementary material, figure S2. This
tendency was also evident for different degrees of cell contractility (10%, 25% and 50%; electronic supplementary
material, figure S3). We note that the minor preference of
FCs along the diagonals, as observed in figure 6, is due to
the structure of the Boxed-X unit and its pre-contraction alignment along the diagonals. This preference was absent when

3.3. Quantitative analysis of the force chain structure
Next, we quantitatively characterized the structure of the FCs
by measuring the branching, directionality, density and
number of fibres in the chains and their dependence on the
mechanical properties of the fibres (figure 7). The average
number of branches decreased when buckling and stiffening
were introduced, with a clear dependency on the buckling
ratio (figure 7a). As buckling was stronger, the number of
branches gradually decreased, thus inducing more isolated
chains. The effect of fibre stiffening can also be observed
when cell contractility was elevated from 10% to 50%, for
the stiffening model (yellow bars, figure 7a).
Fibre buckling and stiffening also induced chains that
were more radially oriented to the cell (figure 7b; lower
values indicate more radially oriented chains). As the cell
pulls more on the network, the effect of nonlinear elasticity
in generating more oriented chains was stronger. The FC’s
structure was also less dense in the nonlinear networks, as
shown in figure 7c. Overall, as was qualitatively inspected
in figure 6, fibre nonlinear elasticity including buckling and
stiffening induced chains that were more isolated (less
branched), less dense and more radially oriented to the contracting cell than linear elastic networks. Moreover, it is
interesting to find that the distribution of the number
of fibres in FCs exhibits a power-law behaviour (slope of
approx. −2 in a log–log plot) that is relatively similar for all
the fibre models (figure 7d).
Finally, we observed more chain rotation and translation
in networks that allow buckling, while their elongation
showed smaller changes (lower strain) than their original
pre-contraction state and linear elastic networks (electronic
supplementary material, figure S4). The ability of the fibres
with buckling to be more flexible and have more freedom
in terms of configuration may encourage organization into
the linear-like FCs observed in the nonlinear networks.

3.4. Stress propagation along force chains
One functional aspect of FCs could be their ability to transmit
stresses to longer distances than the entire average response
of the network. In addition, it is expected that the observed
differences in the structure of FCs (e.g. branching) will
affect the stress decay and maximal range. For example, in
an ideal case of a straight rope, stress does not decay, whereas
a decline in stress appears and becomes more considerable as
the rope becomes more branched out. Therefore, we next analysed the decay of tensile stresses along the chains and its
dependence on the mechanical properties of the fibres, in
comparison with the decay in the entire fibrous network.
We found that fibre buckling induced a slower decay of
stress along the chains (figure 8a). For example, at a distance
of five cell diameters, the stress decayed to 8% (linear), 12%
(buckling 1 : 2), 18% (buckling 1 : 5) and 24% (buckling 1 : 10)
of its value at the cell boundary. This emphasizes the
important role of fibre buckling in long-range force propagation along FCs. Moreover, the decay along the chains was
generally slower than that in the entire network (figure 8b,
‘FC’ versus ‘AVG’). Lastly, we found a high linear correlation
between the decay of stress along the chains and the average
number of branching (figure 8c), which suggests that the slow
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a random network was used (electronic supplementary
material, figure S1).
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with the entire network (‘AVG’), for linear (green) and nonlinear (buckling+stiffening, blue) cases. The classical solution for a linear-elastic continuum is shown as a
reference. The stress was normalized relative to the mean tensile stress of cell-connected fibres. The distance from the cell was normalized to the initial diameter of
the cell (marked by a) and measured from the centre of the cell. The first point is at r < a since the cell area decreased during contraction. (c) Correlation between
the stress decay power (slope of the linear regime of the curves in (a)) and the average number of branches (as quantified in figure 7a). (Online version in colour.)
stress decay in the buckling models may be a consequence of
the reduced branching of the chains.

3.5. Force chains between two contractile cells
Generation of FCs between contractile cells may support a
mechanism of long-range cellular communication. We thus
simulated contraction of two cells located at varied distances
to each other. In this two-cell system, we also examined
the effect of the fibre-network coordination level to mimic
more closely biological fibrous gels, which typically exhibit
a coordination value of 3–4 [43,44].
In the two-cell system, the FCs always started at the cell
perimeter nodes, and only a fraction of them reached the
other cell (figure 9a). The number of chains that reached
the other cell was analysed (figure 3, §2.3.2) as a quantitative
measure for the intensity of the cell–cell mechanical coupling.
Generally, fewer connections between the cells were observed
as the cells were more separated from each other (figure 9b).
However, when cells were far apart (d > 4.5), fibre buckling
boosted the number of connections, as can be seen in
figure 9a and quantified in figure 9b. When the network
coordination was decreased to the biological value of 3.5, FC
connections were still generated between the cells (electronic
supplementary material, figure S5), but their number gradually decayed. The effect of fibre buckling in inducing

more connections was still evident for the low-coordination
networks (figure 9c).

3.6. ‘Effective rigidity’ of force chains
The rigidity of the chains can serve as a local mechanical cue to
which cells can respond [45–47]. We estimated the effective
rigidity of the chains by dividing the reaction force experienced by each node at the cell perimeter (the location where
the chain initiated) by the displacement of that node (principally radial) (see §2.3.2). This measurement reflects the
rigidity that a cell would ‘feel’ when it pulls on a chain that
is connected to its perimeter. We then classified the chains as
being either ‘connected’ or ‘not-connected’ to the other cell
(figure 10; also for the random network, electronic supplementary material, figure S6). We found that, in nonlinear networks,
connected FCs showed significantly higher effective rigidity
than non-connected FCs (figure 10), for both high (C = 8)
and low (C = 3.5) coordination networks. In addition, the effective rigidity of the connected chains increased as the chain was
more directed towards the other cell (figure 10, based on the
colour illustration in figure 10e). This was in contrast to
linear networks, which showed no clear distinction between
connected and non-connected chains (figure 10a,c). The difference in the effective rigidity of FCs between linear and
nonlinear models might be related to the more aligned and
less branched FCs that are generated in nonlinear fibre
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networks (as shown for the single-cell models in figure 7a,b).
This implies that cells embedded in nonlinear fibrous matrices
may experience higher rigidity when pulling on FCs that are
connected to their neighbours than linear-elastic matrices,
and respond, for example, by extending protrusions or
migrating along these chains.

4. Discussion
This work aimed to characterize the role of micromechanical
information at the level of individual fibres, rather than
merely the network-averaged properties, in recovery of cellular forces in the ECM [48–50]. We used a computational
finite-element model of a cell contraction in a 2D fibrous network to quantify the formation of FCs in the network, and to
examine the effect of different material elastic characteristics
(linear versus nonlinear) on FC formation. Here, we highlight
the ‘force chain’ concept, borrowed from ‘granular physics’
[17,51], which has been sporadically related to the ‘fibrous
ECM’ literature explicitly [13,15–17,38,52–56] or implicitly
[8,14,40,42,57,58]. FCs have also been shown to be important
in other biological systems such as the actin–myosin cytoskeleton [59] and microbial [60] and cellular organization
[61–64]. Although FCs were previously identified in fibrous
networks, for example under shear bulk loading of modelled
actin networks [65,66], direct measurements and

characterization of FCs in fibrous ECM are lacking
[15–17,38,52,56]. Moreover, the effect of ECM fibre nonlinear
elasticity on FC formation has yet to be determined.
Our biological experiments of fibroblast cells embedded in
fibrin gels indicate the presence of oriented and extended fibre
chains between neighbouring cells, rather than in areas far
from the cells, as shown in figure 4. These experiments
aimed at setting the motivation for the computational model.
It is not the goal of this current study to quantitatively compare
the experimental with the computational results. To make such
a comparison, it is necessary to measure forces at the level of
individual fibres in experimental set-ups. To the best of our
knowledge, such force measurement has not been described
before for collagen or fibrin gels and is beyond the scope of
the present study. It probably requires the use of fluorescence
resonance energy transfer force sensors introduced at the
level of fibrinogen/collagen monomers, in a similar way to
that reported for fibronectin [67].
A FC network exists if there is a continuous and extended
(i.e. linear and directed, exhibiting long-range spatial correlation) nodal path. Being part of a ‘strong network’ is one
key characteristic of the FC network, i.e. only a minority of
the elements in the material carry more than the average
force. In a similar manner to that in the established literature
[27,39,68,69], we identified FCs induced by a single contracting cell or by two contracting cells. The algorithm was based
on setting thresholds in both stress and angle, such that
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Figure 10. Chain ‘effective rigidity’ in the two-cell system, categorized by their connection with the other cell, for linear (a,c) and nonlinear (exhibiting buckling and
stiffening, b,d ) elastic networks, for coordination numbers of 8 (a,b) and 3.5 (c,d ). The colour of the data points corresponds to the sector on the cell perimeter
where the chain originated, as described in (e). Black circle marks the mean, red line marks the median and the blue box indicates the 25th and 75th percentiles.
The difference between the connected and non-connected chains is statistically significant in the nonlinear case only (t-tested with significance level of 0.05, marked
by asterisk). The analysis was conducted for cells positioned 4.5 cell diameters apart, and for a cell contraction of 25%. The effective rigidity in each system was
normalized relative to the highest detected rigidity. (Online version in colour.)
chains were only composed of fibres with high stresses above
the predetermined threshold and allowing for chain development to the next fibre within the permitted angle only.
We primarily used a lattice-based network (Boxed-X) and
verified the results with a network that is constructed using
a different mechanism based on random seeding of nodal
points (random). The two networks are well established
in the literature [11,70]. We obtained similar trends in both
types of networks, which emphasizes the robustness of
the results.
We demonstrate that fibre nonlinear elasticity (fibre
buckling and stiffening) influences the structure of the developed FCs. In nonlinear elastic networks that both buckle in
compression and stiffen in tension, FCs were less branched
and had a straighter radial configuration than linear elastic
networks. Moreover, stress along the chains decayed significantly more slowly than the entire network-averaged stress
transmission (approx. 1/r versus approx. 1/r 2). Thus, average
values mask the actual range and destination that forces reach,
while consideration of local details at the level of individual
FCs provides a more accurate perspective. We suggest that
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FCs mediate mechanical communication between two contracting cells and that cell durotaxis [71–75] is expected to
follow a path along FCs since the stiffest nodes on the cell
circumference are connected to cell-bridging FCs. Therefore,
cells are likely to migrate or change shape along the path of
the chains in the direction of a neighbouring cell. Furthermore,
the straight configuration of FCs that is augmented due to
nonlinear elasticity can form a structural guide to direct
cell migration. Many types of migrating cells exhibit directionally persistent migration along the direction of aligned
elements [75,76].
The coordination number of the network can have a significant impact on the mechanics of the fibrous network,
changing it from highly elastic to very floppy [17]. We thus
examined the influence of the coordination number of the
network on FC formation, including analysing networks in
the physiological coordination of 3–4, which was reported
before for fibrin and collagen gels [77]. In principle, when
the coordination number is reduced, there are fewer connections at each node, which can result in a lower probability of
forming FCs. Indeed, we observe that, when the coordination

5. Conclusion
Our study analysed FC formation in simulated ECM networks
due to cell contraction. It highlights the role of fibre nonlinear
elasticity in the formation of well-defined linear FCs, which
results in a slower decay of force and larger number of
chains of elevated rigidity bridging between cells. The results
suggest that FCs can mechanically couple distant cells and
allow for far-reaching transfer of mechanical forces in a nonlinear fibre environment. As such, the results shed light on
the importance of FCs as mediators of mechanical communication between distant cells, a process that is relevant to
various biological contexts in which cells act together through
a fibrous matrix, such as in morphogenesis and wound
healing.
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level is reduced, the number of FCs is strongly reduced. However, we still observe formation of FCs in between cells even
for a coordination number of 3.5. Similar to the high coordination number of 8, these FCs also have higher ‘effective
rigidity’ than FCs that are not connected to a nearby cell.
It is interesting to compare the FCs that formed in our
modelled fibrous networks with FCs in granular materials.
A conceptual comparison of FCs in granular systems and
fibrillar biological networks is included in the electronic
supplementary material, section 1. We observed power-law
behaviour of the stress distribution, P(f ), in our fibrous
networks, whereas in granular materials a characteristically
decaying exponential above the network mean stress was
typically observed. Heussinger & Frey [17] also discussed tensile stress distribution (in the non-affine stretching regime) in
fibrous materials and found that stress distribution decayed
according to a power law. This emphasizes that the powerlaw distribution is typical of fibrous networks, which seems
to be inherently different from granular systems. It is likely
that the power-law behaviour is due to the overall increase
in fibrous area and decay in stress as the distance from
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