
Does the Extracellular Matrix Support Cell−Cell Communication by
Elastic Wave Packets?
Artem Y. Panchenko,# Oren Tchaicheeyan,# Igor E. Berinskii,* and Ayelet Lesman*

Cite This: ACS Biomater. Sci. Eng. 2022, 8, 5155−5170 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The extracellular matrix (ECM) is a fibrous network supporting
biological cells and provides them a medium for interaction. Cells modify the ECM
by applying traction forces, and these forces can propagate to long ranges and
establish a mechanism of mechanical communication between neighboring cells.
Previous studies have mainly focused on analysis of static force transmission across
the ECM. In this study, we explore the plausibility of dynamic mechanical
interaction, expressed as vibrations or abrupt fluctuations, giving rise to elastic
waves propagating along ECM fibers. We use a numerical mass-spring model to
simulate the longitudinal and transversal waves propagating along a single ECM
fiber and across a 2D random fiber network. The elastic waves are induced by an
active contracting cell (signaler) and received by a passive neighboring cell (receiver). We show that dynamic wave propagation may
amplify the signal at the receiver end and support up to an order of magnitude stronger mechanical cues and longer-ranged
communication relative to static transmission. Also, we report an optimal impulse duration corresponding to the most effective
transmission, as well as extreme fast impulses, in which the waves are encaged around the active cell and do not reach the
neighboring cell, possibly due to the Anderson localization effect. Finally, we also demonstrate that extracellular fluid viscosity
reduces, but still allows, dynamic propagation along embedded ECM fibers. Our results motivate future biological experiments in
mechanobiology to investigate, on the one hand, the mechanosensitivity of cells to dynamic forces traveling and guided by the ECM
and, on the other hand, the impact of ECM architecture and remodeling on dynamic force transmission and its spectral filtering,
dispersion, and decay.
KEYWORDS: mechanobiology, extracellular matrix, cell-ECM interaction, dynamic communication, random elastic network,
fibrous networks, hydrogel

■ INTRODUCTION
The field of cell−extracellular matrix (ECM) mechanical
interaction has grown tremendously since the 1980s.1−3 One
of the foremost observations is that ECM nonlinear visco-
elasto-plastic mechanical properties can have a direct effect on
cell fate. Reciprocally, cells modify the ECM by applying
traction forces and these forces can propagate to long ranges
and with unique patterns of force chains across the ECM.4,5

Indeed, when seeded in fibrous biological hydrogels, cells
modify the ECM from initially isotropic state to more axially or
radially aligned,6,7 generating what are commonly referred to as
ECM bridges, bundles, bands, or tethers.7−9 These ECM
regions of highly directional alignment and tension can couple,
over long ranges (∼10 cell sizes) and with strong directionality,
living cells, and mediate their mechanical communica-
tion.4,10−24

Whereas the focus has been on ECM-mediated and
effectively transmitted static mechanical forces, we would like
to explore in this study the plausibility of dynamic mechanical
interaction between cells through the ECM. By “dynamic,” we
mean exchange of fast traveling elastic wave packets. This
dynamic effect may be expressed in many forms such as

vibrations, cyclic fluctuations, ECM fiber yanking or tugging
(due to jerking or snapping), pulsatile rhythmic undulations,
bursts of quasi-periodic force oscillations, and cytoquakes
(anomalously large, sudden motions�avalanches�of the
cytoskeleton),25,26 propagating waves or quick-release pertur-
bations. We propose that dynamic mechanical interaction is
relatively efficient and support our hypothesis with numerical
simulations.

By definition, communication is a process between a signaler
and a receiver in which information in the form of temporally
modulated energy is transmitted between the two sides.27 At
the level of whole organisms, vibration and chemicals are
assumed to be the oldest modes of communication and both
probably evolved from the original cell−cell mechanical and
chemical interactions within early metazoans.28 Even small
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microorganisms vibrate in response to their metabolic activity
and nanoscale vibrations is a signature of life.29 Biotremology is
a recently emergent field of study of vibratory communication
behavior through use of substrate-borne, boundary or surface,
and mechanical waves.30 Such mechanocommunication modal-
ity was demonstrated in creatures as big as elephants and as
small as spiders.31−34 Recently, this communication modality
has been implemented into robotics.35 Our study explores the
ability of the fibrous ECM to effectively deliver dynamic forces
between contractile cells, as a potential mechanism of
vibrational communication. Indeed, ECM vibroscape (i.e.,
vibrational “landscape”) may be crucial for such mechano-
communication efficiency. Whereas static force exertion (i.e.,
constant force applied for a time scale much larger than the
time required for a traveling elastic wave to completely decay)
is expected to be metabolically costly and induce long-term
desensitization at the receiver end, dynamic forces (driven
fluctuations) are expected to allow for metabolically efficient
interaction and higher information content, filter noise and
reduce noise by cycle integration,14 and allow for faster signal
transmission and longer range transmission.36,37

Single cells, using their actomyosin machinery, may pluck,38

tug,39 twitch, or abruptly release tensed ECM fibers.40 The
following plausible mechanisms may be involved in causing
elastic wave packet traveling in the ECM: (i) cytoskeletal
machinery oscillations of the actomyosin stress fibers,
sarcomeres, or the cortex.41 Whereas cardiomyocytes synchro-
nously beat at ∼1 Hz, arrhythmic cardiomyocytes can beat at
“bursting behavior” up to few Hz.15 Also, myocytes may vibrate
at 10s up 100s of Hz,42 and ciliated cells in ear and gut oscillate
at few 10s of Hz;43 (ii) cell membrane fluctuations, such as
local sub-micron mechanical out-of-plane oscillations of the
cell surface.44,45 Cell membrane nm fluctuations are in the 1
kHz range, coined “flickering.”46 Lymphocytes and monocytes
display 20−30 nm undulations at up to 30 Hz;45,47 (iii) quick
focal adhesion detachment or disassembly. High frequency
fluctuations can appear when a cell pulls on the ECM and then
abruptly releases the built-up tension, for example, as a cell
migrates, the exerted forces on the ECM fibers may cause
vibrations to the surroundings.40,48−50 Interestingly, myosin
motor attachment and detachment rates are in the order of 35
Hz and 350 Hz, respectively; and (iv) tensegrity vibrations are
high frequency natural modes arising due to cytoskeletal
tension.51−53

Apart from their ability to exert dynamic forces, cells are
mechanosensitive54 to dynamic stimuli and have shown to
demonstrate (i) modified cytoskeletal structure and its
fluidization at high stretch rates;55,56 (ii) mechanoptosis;57

(iii) mechanotropism;58 (iv) altered ECM expression and
remodeling;59−65 (v) increase culture cell growth rate by
nanokicking;47,66,67 (vi) torsional and translational vibrations
of the cell nucleus;53 (vii) synchronization of beating
cardiomyocytes,10,15 (viii) higher cellular viability at specific
frequency and amplitude ranges,68 and (ix) altered collective
cell migration.69

As for the substrate that carries these perturbations, the pre-
stressed ECM fibers,40,70,71 being a constituent of a hydrogel
with both storage and loss moduli, are expected to more
significantly overdamp transverse waves and mainly allow
underdamped longitudinal stretch waves.21,72 Traveling longi-
tudinal waves transfer momentum and energy, and therefore,
as the wave reaches the neighboring cell, the local mechanical
impedance mismatch will rebound the imparted wave and the

cell is expected to experience a pushback, while sensing either
increased forces and/or displacements. Moreover, the ECM is
filled with an extracellular fluid (ECF) in between the ECM
fibers, and the viscosity of the ECF may overdamp wave
propagation along ECM fibers. Yet, it is still not fully
understood how perturbations propagate along ECM fibers
as part of cell−cell mechanical interaction and the influence of
ECF viscosity and structure on such interaction.

We examined in this work, by numerical modeling and
simulations, the impact of traveling elastic waves, both
transverse and longitudinal, sent by an actively contracting
cell (signaler) and received by a passive neighboring cell
(receiver). For the receiver end, two extreme displacement
boundary conditions were studied, either fixed (zero displace-
ment) or free (unconstrained). We show that for dynamic
interaction, tension (in the case of “fixed end”) and
displacement (in the case of “free-end”) are greater at the
receiver end and up to an order of magnitude stronger relative
to static interaction, thus supporting stronger mechanical cue
and longer-ranged communication. The range of mechanical
influence may extend by an order of magnitude when forces
propagate dynamically through the ECM fibers rather than
statically. We observe that ECF viscosity indeed reduces the
dynamic effect through the action of viscous drag leading to
dissipation of transverse-wave elastic energy; however, fast-
spreading longitudinal-wave elastic energy may still cause a
considerable increase in forces acting on the passive cell.

Our findings are relevant to the field of ECM-mediated cell−
cell mechanical communication, cell migration, cell morphody-
namics, cell-to-cell mechanical synchronization, mechanotrop-
ism, and design of active biomaterials for mechanobiol-
ogy.73−82 Finally, our theoretical work provides motivation
for future biological experiments in mechanobiology to
investigate, on the one hand, the mechanosensitivity of cells
to dynamic forces traveling and guided by the ECM and, on
the other hand, the impact of ECM architecture and
remodeling on transmitted ECM waves.

■ METHODS
Fiber Simulations. Single-fiber dynamics is studied analytically

and using a discrete computational model. The analytical solution for
the case of a single fiber is considered in detail in the Materials and
Methods section in the Supporting Information. We employ discrete
fiber simulations to study the response of a single fiber and 2D fiber
networks to cell contraction and the mechanical signal reaching a
neighboring cell. Each fiber is represented as a set of nodes with point
masses connected by links moving in the 2D space due to the linear
interaction with neighboring connected nodes, action of the external
forces, and initial and boundary conditions. Hereinafter, we refer to
vectors in bold and scalars in nonbold italic symbols.

Let us consider a specific link of the network with the index k. The
link is characterized by the vector dk connecting two adjacent nodes.
Scalar values dk and ak correspond to the actual and equilibrium
lengths of the link correspondingly. The energy of a specific link is
described by a harmonic potential

U
EA

a
d a

2
( )k

k
k k

2=
(1)

where E is Young’s modulus, A is a fiber section area, and EA
ak

is an

axial stiffness of the fiber. So, force between two nodes is
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The motion of a single node in the string or 2D network can be
described by the equation

r F T
m
1

( )i
i k

k i k i, ,=
(3)

Here, ri is a position vector of the node i, Fk, i is a force acting on a i-th
node from the adjacent link k, and Tk, i is a drag force due to

surrounding fluid viscosity (presented in the next paragraph). Mass of
i-th node mi is defined as

m
a
2i

k

k=
(4)

where k passes over all links connected to the considered node and λ
is the linear fiber density. Numerical integration of eq 3 for each node

Figure 1. Longitudinal wave propagation along a single fiber. (a) Schematics of the single-fiber model. The wave is a result of a pull−push
longitudinal displacement perturbation (Ux

A) applied on a single linear elastic fiber of length L, at its “active” end, with an amplitude of 1% of total
fiber length (L). (b) Displacement along X of the active node as a function of the normalized time t

tL
L

= , with tL being the time needed for the

perturbed wave to reach the end of the fiber. (c) Tension distribution in the chain along X and its time evolution. The color bar depicts the ratio of
fiber tension, Tx

i , over time, relative to the maximal tension at the active end during a dynamic perturbation, (Fx
A)D; red color denotes tension, blue

color denotes compression, and green denotes an elastically relaxed fiber; (d) ratio of maximum force on passive node to maximum force on active
node; (e) RP, ratio of maximum force on passive node to the static force; the perturbation is applied at different perturbation normalized impulse
times t

tL
I I

L
= , with tI being the impulse time. (f−i) Force acting at the active end (A, blue line), passive end (P, green line), and analytically

calculated passive end (AP, red dashed line) normalized by the maximum force at the active end, as a function of dimensionless time (τL) for specific
impulse periods: τL

I = 5.97 (f); 4.00 (g); 2.63 (h), and 2.18 (i).
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is carried out using the leapfrog integrator83 with a chosen time step
of Δτ = 5 × 10−4τ*. Here

m
EA

m amin min( )i
EA
a

i k i k i k, ,

k

* = · | = · |{ } { }

i

k

jjjjjjjjj

y

{

zzzzzzzzz (5)

where the index i passes over all nodes in the network and k passes
over the links adjacent to node i.
Viscosity Model. Accounting for the effect of fluid surrounding

the fibers was carried out using the approach proposed in a previous
computational study.84 For simplification, we assume that the fluid is
stationary. We consider the fiber element k as a cylinder and its
movements along the axis (defined by the unit vector e1, k) and
orthogonal to it (unit vector e2, k). In this case, the components of the

drag force acting on the element of an infinite cylinder can be found
from the equations84

T A ld dk1, 1 1= (6.1)

T A ld dk2, 2 2= (6.2)

( ) ( )
A

r

r
A

2

ln

4

lnr
r Re

1

f

t
2 7.4t

f

= =
(6.3)

where μ (constant) is the dynamic ECF viscosity; rf is fiber radius
(constant); υ1, υ2 are the components of the link velocity vector; dl is

a link length; Re r2 f
= is Reynolds number; 1

2
2
2= + is a link

speed; rt is an average distance between the fibers determined by their
concentration for each network; and ρ is a fluid density. Thus, the

Figure 2. Wave propagation across a 2D fibrous network induced by an active contractile cell toward a neighboring passive cell. Distance between
cells is d = 6R0 (cell radii). (a) Two cells embedded within a 2D fibrous network, with an active cell (A) and a passive cell (P). (b) Dynamic-to-
static ratio of the maximum force on the passive cell (on the side that faces the active cell) to the corresponding force in the static case. (c) Ratio of
passive-to-active forces, quantifying the ratio of the maximum force on the passive cell to maximum force on the active cell (on the sides facing each
other). (d−g) Force over time (normalized time, defined as t

tN
N

= ) on the active cell (blue) and on the passive cell (red), for several perturbation

periods τN
I = 22.33 (d), 7.02 (e), 1.00 ( f), and 0.27 (g). (h,i) Snapshot images showing force (Fx) distribution along network fibers at the time

corresponding to the maximum force acting on the passive cell for τN
I = 7.02 (h) and 0.27 (i). Force Fx is normalized by the maximal force that

appeared on the active cell, (Fx
A)D. See corresponding Movies S1 and S2.
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element is affected by a force and a moment defined as an integral
over dT1 and dT2. For additional details of the integration, see ref 84
and eqs S7−S14. The parameters used for the calculations are given in
Table S2.

Calculations were performed by in-house C++ code combined with
Compute United Device Architecture (CUDA) to increase its
performance.85 At every time step, all forces acting on a single node
from the neighbor nodes are computed using the right part of eqs 2
and 6.1 by a single GPU thread. Then, the thread integrates eq 3 to
obtain the velocities and displacements of each node. The code used
for the simulation is available at https://github.com/MSMS-LAB/
END-SYM.
Single Fiber. For the simulations of a single-fiber dynamics with

longitudinal waves, we used the mass-spring model shown in Figure
1a. The simulations were performed with 3000 equally spaced nodes.
As the considered problem is linear, it does not depend on the specific
parameters of stiffness, mass, and initial link length. The case of
transverse waves is considered in the Materials and Methods section
in the Supporting Information.

At the initial moment, a velocity function is assigned to the left-
most particle (active-end)

v t

v
t v
x

t
x
v

t
x
v

( )
2

sin , 0 2

0, 2

0
0

0

0

0

0

0

=
< <

>

l

m
ooooooo

n
ooooooo (7)

Here, x0 is the displacement amplitude, v 2 x
t0

0

I
= is the average speed;

and tI is the impulse duration. The velocity of the active node is set
either in longitudinal (Figure 1a) or transverse (Figure S1a) direction.
The corresponding equations of motion are solved numerically
according to the method explained above. To ensure smoothness of
force build-up, the temporal derivatives of displacement perturbation
(i.e., the perturbation velocity) at the start and finish were set to zero.
Random Fiber Network. We use MATLAB (R2020b, Natick,

MA, Copyright 1984−2018 The MathWorks, Inc.) to create the fiber
network geometry and architecture, as we previously described.4 The
MATLAB codes are available at request (A.L.). We designed the 2D
mass-spring networks to have an isotropic distribution of fiber
orientations, a homogeneous density, and a controlled connectivity
(coordination number).86,87 Finally, a single cell or two cells are
embedded in the network by removing fibers and nodes in circular
domains in the center of the network (Figure 2a). The circular
geometry of the modeled cells may represent contractile cells that are
relatively spherical, such as during the early stage of cells interacting
with biopolymer gels88 or cells that are inherently more rounded
when embedded in gels like some types of cancer or epithelial cells.89

The size of the network is 25 times larger than the cell radius, in
which case the decay of displacements in the simulated network near
the cell is not sensitive to the specific boundary conditions set at the
outer boundary. We, therefore, choose to fix the displacements to be
zero at the outer boundary of the network. Two cells are distanced 6
radii apart unless mentioned otherwise.

To model cell contraction in fibrous networks, we consider two
cells, an active one (A) and a passive one (P). The active cell
isotropically contracts to initial strain ε0

A inducing pre-tension in the
network. This tension is distributed across the network using the
FIRE algorithm90 with the parameters indicated in Table S1 and
maximum relaxation steps 107.

The additional dynamical effect is modeled in two ways. In the first
case, the active cell isotropically contracts by 1% of R0. In the second
case, only one node of the active cell (the closest to the passive one) is
displaced. The latter case simulates a focal adhesion site. The velocity
of the nodes is set along the radial direction according to eq. 3.

The nodes of the passive cell are either fully constrained (“fixed”) or
not (“free”). In the “fixed” case, the force acting on the passive cell
caused by active cell contraction is calculated. In the second “free”
case, the displacement of the passive cell is measured.

Calculating the Range of Mechanical Influence. For analyzing
the range of influence, the network was sectioned into 120 concentric
rings, from the center of the active cell, of equal thickness of R1

5 0, that
is, 20% of the cell radius. The average amplitude of force Fk

R over all
fibers inside the k-th ring was calculated. Then, for the dynamic case,
the maximum value of this force over time (Fk

R)D was determined.

■ RESULTS
We present results obtained by numerical simulations for
traveling longitudinal waves along a single fiber or dispersing
throughout a 2D fiber network embedded with two
neighboring cells. Similar qualitative results were obtained
for transverse waves (Figure S1). We then show differences in
the range of influence due to either static or dynamic
contraction of a single cell. Finally, we present the influence
of viscous drag on the dynamic force reaching a neighboring
passive cell.
Dynamic Wave Propagation along a Single Fiber. A

single peak “half-sinus” shaped longitudinal displacement
perturbation (Ux

A) is applied on a single linear elastic fiber of
length L, at its “active” end, with an amplitude of 1% of total
fiber length (L) (Figure 1a). The perturbation is applied slowly
or rapidly, defined by the perturbation normalized impulse
time t

tL
I I

L
= , with tI being the impulse time and tL the time

needed for the perturbed wave to reach the end of the fiber.
For example, the perturbation presented in Figure 1b reaches
its peak within 1/5 of tL and finishes within 2/5 tL, with τL

I =
0.4. We denote time progression as t

tL
L

= (signal starts at “0”

and perturbation reaches the passive end at “1” and then
bounces back). From hereinafter, for clarity, we will keep all
kinematic and mechanical parameters in a normalized manner.

Force wave (Tx
i ) progression is depicted in a kymograph in

Figure 1c, where the location along the fiber is denoted by X
L

(“0” denotes the active end and “1” the passive end). Depicted
tension/compression is normalized by the maximal tension at
the active end during a dynamic perturbation, (Fx

A)D. Note that
as the perturbation reaches the passive end, force rises relative
to its emitted value and the perturbation is fully reflected and
its phase flipped; the order of compression and tension waves
is reversed due to a “fixed-end” boundary condition at the
passive end, which acts as a “wall,” that is, having infinite
impedance. For comparison, the phase of the waves is depicted
in Figure S2 also for “free-end” boundary condition.

We define the passive-to-active tension ratio as R
R

P

A , where

R F
F

P ( )
( )

x

x

P
D

P
S

= is the maximal force exerted at the passive end

during a dynamic perturbation (D) relative to static

perturbation (S), and similarly, R F
F

A ( )
( )

x

x

A
D

A
S

= is the maximal

dynamic force exerted at the active end relative to static
perturbation. The passive-to-active tension, R

R

P

A , as a function of
the perturbation impulse period, is depicted in Figure 1d. Note
that the ratio R

R

P

A ranges between 1 and 2. When the fiber is
slowly perturbed (τL

I > 10), the passive-to-active ratio is close to
1, meaning that the two ends experience practically the same
maximal tension (i.e., static conditions). However, when the
very same displacement perturbation is exerted rapidly, 1 < τL

I

< 10, the tension ratio rises nonmonotonically up to 2 and
remains constant at even faster exertions. In one-dimensional
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case, factor of 2 is the physical limit following from the law of
conservation of momentum for wave reflection from the passive
end. Thus, the mechanical signal at the receiver end (passive) is
much higher than the source if produced dynamically rather
than quasi-statically, for the same displacement perturbation.

Note that by transitioning from static-to-dynamic conditions
not only passive-to-active relative forces increase but also actual
force magnitude increases, as expressed by RP. Faster impulses
at the active end lead to higher amplitude dynamic forces
reaching the passive end, in comparison to a practically static
loading (Figure 1e). Interestingly, in the extremely fast
excitations, regime (τL

I < 5.97) RP decreases (going from τL
I

= 0.2 up to τL
I = 5.97 with a nearly constant slope in log−log

scale).
A few selected perturbation periods (τL

I = 2.18, 2.63, 4.00,
and 5.97) are specified in Figure 1d where the dynamic force
ratio changes behavior. We then plot the normalized force
R F

FD ( )
x

x
A

D
= over time for these specific time periods (Figure

1f−i). The letter D denotes here again maximal tension during
a dynamic loading. The plots show both tension evolution
experienced at the active end (“A”) and passive end (“P”) and
the analytical solution at the passive end (“AP”). This
demonstrates that the shape of the mechanical signal at the
passive and active ends changes dramatically with the loading
rate due to wave-interference effects (wave superposition).
Analytical solutions perfectly match simulated results, thus
validating the simulations.
Dynamic Force Propagation through a 2D Fiber

Network Induced by an Active Contractile Cell toward a
Passive Cell (“Fixed” Boundary Conditions). We next
consider the case of two round cells embedded in a fiber
network where one active cell isotropically twitches 1% of its
radius and subsequently expands back to its original diameter
(Figure 2a), thus perturbing the surrounding network, and the
neighboring passive cell receives some of the signal. The
dynamic twitch is exerted against a statically pre-stressed
network, due to a preceding quasi-static isometric contraction
(ε0

A) of the active cell. The passive cell is not contracting; it
keeps its shape and position throughout the simulation (i.e.,
having “fixed” boundary conditions). We also model the
situation where only one node of an active cell twitches 1% of
its radius (Figure S3), as well as for quick release of the twitch
(Figure S4), and we demonstrate that results are similar to the
case of entire cell contraction. This one-node perturbation
reflects local tugging forces exerted by cells at specific focal
adhesions against individual ECM fibers.39Figure 2b depicts
the effect of dynamics on increasing the perturbation
amplitude experienced by the passive cell. To keep notation
concise as before, we denote the dynamic-to-static ratio as

R F
F

P ( )
( )

x

x

P
D

P
S

= . Twitch duration (tI) is normalized by the time

(tN) it takes for a longitudinal wave to travel the shortest
distance between the two neighboring cells. When slowly
twitching, 10t

tN
I I

N
= > , the dynamic and static forces,

experienced by the passive cell, are similar as indicated by a
ratio RP ≈ 1. However, at faster twitches, 1 ≲ τN

I < 10, the
signal’s amplitude increases dramatically by a few hundred
percent relative to static conditions (3 to 6 times higher), and a
peak in RP is observed. The peak magnitude decreases with
network pre-stress (ε0

A), and network pre-stress has a negligible
effect during extremely slow and fast twitches. As perturbations

are applied faster ( N
I 3

4
), the force intensity that reaches the

passive cell declines, and surprisingly, beyond τN
I ≲ 0.1, the

force (RP) falls even beneath one (i.e., below static conditions).
Interestingly, the slope at very fast twitches is nearly constant
in a logarithmic scale for all ε0

A values.
Figure 2c shows the passive-to-active ratio, that is, R

R

P

A ; where

R F
F

A ( )
( )

x

x

A
D

A
S

= denotes the signal on the active cell and R F
F

P ( )
( )

x

x

p
D

p
S

=
denotes the signal on the passive cell. Interestingly, network
pre-stress does not significantly affect the depicted passive-to-
active ratio R

R

P

A . When slowly twitching, τN
I > 10, the active and

passive cells experience practically the same dynamic increase,

1R
R

P

A . At faster twitches, 1 ≲ τN
I < 10, the force on the passive

cell is much more prominent relative to the active cell, and the
passive-to-active ratio ( R

R

P

A ) rises by a few tens of percent, up to
70% (at τN

I ≈ 7), and does not show the 100% increase
demonstrated for a single fiber (Figure 1d). Here again, as
perturbations are applied faster (τN

I < 1), the perturbation force
that reaches the passive cell is declined. The slope at very fast
twitches is nearly constant in a logarithmic scale.

The effect of a twitch over time is traced (Figure 2d−g)
using the resultant force evolution Fx (on either cell)
normalized by the maximal force that appeared on the active
cell, (Fx

A)D for four selected impulses τN
I that cover the range of

the dynamic effect (τN
I = 0.27, 1.00, 7.02, and 22.33). We

observe that specifically during relatively slow twitches (τN
I ≫

1), the evolution of forces acting on the passive cell follows
quite closely the forces exerted by the active cell (Figure 2d).
One can notice a slightly delayed pull on the passive cell, with
“negative” force peaks at 1.2t

tN
N

= = normalized time units

required for information to travel from the active cell to the
passive cell and then a pushback (“positive” force) on the
passive cell close to the end of active cell contraction. For
perturbations executed very fast (Figure 2g), large and
maintained force fluctuations are experienced by the active
cell but practically negligible mechanical perturbation impinges
on the passive cell. For the extremely rapid perturbation
impulse (τN

I = 0.27), the time evolution of fiber deformation
throughout the network shows that significant fiber deforma-
tion is confined within a narrow band at close vicinity around
the active cell (Movie S1), visually demonstrating the
confinement of mechanical elastic impulse energy. For
comparison, a movie for τN

I = 7.02 is also included (Movie
S2). Snapshot images from Movies S1 and S2 are described in
Figure 2h,i for two extreme impulses τN

I = 7.02 and 0.27,
demonstrating the long-range spread of forces and the
confinement of the mechanical signal, respectively.

In addition, we explore the effect of a wider range of network
and cell configuration parameters on the propagation on the
dynamic signal, and specifically, we studied the influence of (i)
network connectivity (κ) (Figure S7); (ii) network density
(ρlinks) (Figure S8); and (iii) normalized cell-to cell distance (
d

R 0
) (Figure S9) and level of cell contraction (Figure S10). In

all cases, normalized graph showed similar trends, as
demonstrated in Figure 2.
Wave Propagation in the 2D Fibrous Network

Induced by an Active Cell toward a Compliant Passive
Cell (Free-Boundary Conditions). Simulations up to now
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were performed on a “spatially fixed” passive cell (Figure 2),
mimicking classical boundary conditions similar to that of a
rope tied and fixed at its end (Figure 1). We were interested to
explore the other extreme in “boundary conditions” where the
fiber is unrestrained at its end and therefore free to displace
and deform. We expect theoretically that the displacement at
the passive end would double the displacement at the active
end, for fast twitches, which is indeed the case for a single fiber,
as demonstrated in Figure S2b. Next, we proceeded to simulate
the corresponding random fiber network conditions for two
neighboring cells where one cell actively twitches, as before,
1% of its radius (isotropic), thus perturbing the surrounding
network, and consequently, its neighboring passive cell (not
fixed) receives some of the signal (Movie S3). As before, the
case of one cell-node contraction appears in Figure S5. The
average displacement of the passive cell nodes under static pull
by a contracted neighboring active cell is denoted by (Ux

P)S,
and the displacement of the same nodes under dynamic twitch
conditions is denoted by (Ux

P)D. We denote the dynamic-to-

static ratio U
U

( )
( )

x

x

P
D

P
S

by the letters ΔP (for the passive cell), and

similarly, U
U

A ( )
( )

x

x

A
D

A
S

= (for the active cell). Note that ΔA = 1,

always, as we control the mechanical excitation. Figure 3a
depicts the dynamic effect ΔP on increasing the displacement
amplitude as experienced by the passive cell. When slowly
twitching, τN

I > 100, the dynamic and static displacements,

experienced by the passive cell, are similar as indicated by the
ratio ΔP ≈ 1. At faster twitches, 1 < τN

I < 100, the signal that
reaches the passive cell may increase by 40% relative to static
conditions. A peak in the dynamic-to-static displacement ratio
is observed around τN

I = 10. Note that at these compliant-cell
conditions (Figure 3a), the peak appears at the same order of
magnitude excitations compared to fixed-boundary conditions
(Figure 2c; where the peak was in force, not displacement).
Network pre-stress does not significantly affect peak
amplification (either its value or dependence on impulse
period). As perturbations are applied faster (τN

I ≲ 2), the signal
amplitude that reaches the passive cell declines. At very fast
twitches, the slope is nearly constant in log−log scale. The
effect of a twitch over time (displacement evolution Ux
normalized by the maximal displacement that appeared on
the active cell U

UD ( )
x

x
A

D
= ) on both cells is shown for four

impulse periods τN
I = 0.17, 1.96, 13.64, and 98.24 (Figure 3b−

e). The displacement of the passive cell nodes follows quite
closely the active cell radial displacement and relaxes back to its
original size, specifically during relatively slow twitches. For
perturbations executed very fast (Figure 3e), a “caged” impulse
(at vicinity to the active cell) induces a persistent displacement
of the passive cell that subsequently decays very slowly.
Snapshot images of displacement distribution are shown for
two extreme cases of τN

I = 0.17 (Movie S3) and 13.64 (Figure
3f,g). In summary, dynamic signal amplification is observed

Figure 3. Dynamic signal amplification in a network with a “free-end” passive cell. (a) Ratio of maximum displacements of the passive cell nodes
(considering half-sided nodes that point toward the neighboring cell) to displacement in the static case, ΔP/ΔA. (b−e) Displacement versus time (

t
tN
N

= ) on the right part of the active cell (A) and the left part of the passive cell (P). The effect of a twitch over time on both cells for τN
I = 98.24

(b), 13.64 (c),1.96 (d), and 0.17 (e) quantified by U

UD ( )
x

x
A

D
= , the displacement evolution Ux normalized by the maximal displacement that

appeared on the active cell. The inset in panel “e” shows a shorter time interval. (f,g) Snapshot images show fiber displacement Ux at the time
corresponding to the maximum displacement of the passive cell for τN

I = 13.64 (f) and 0.17 (g). Ux is normalized by the maximal displacement that
appeared on the active cell. See corresponding Movie S3 for the case of τN

I = 0.17.
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also for another extreme case where the neighboring cell is
compliant and free to displace and change its shape.

Range of Influence Extends when Force Propagates
Dynamically Rather than Statically. The propagation
range of transmitted forces in the ECM is a critical parameter
in determining the possible range of cell−cell mechanosensing.
We thus evaluate the propagation of forces, emanating from a
single cell twitch, over a 2D fibrous network (Figure 4a).
Following the initial quasi-static cell contraction (network pre-
stretch phase), the average magnitude of forces acting on the
nodes comprising the cell perimeter was calculated, (FA)S.
Then, the cell twitched 1% of its radius at different impulse
periods, and the maximum value of the average force (FA)D at
the cell perimeter was calculated as a function of distance away
from the cell (Methods). To evaluate the range of influence,
we chose the distance at which force decays to 20% of its
maximum value at the cell perimeter, referred to as R20

R, D, and
plotted it as a function of impulse time. We repeated the same
procedure for the static case, that is, calculating the range R20

R, S.
The ratio of distances for the dynamic and static cases, R20

R, D/
R20

R, S, corresponding to a 20% force cutoff value is shown in
Figure 4b. The plot shows a peak in the influential range for an
optimal impulse duration (1 < τN

I < 10), where the range of

signal propagation is amplified (about 6−12 times larger in the
dynamic versus static case). Similar results were obtained when
the cutoff value was chosen to be 10% of maximal force, that is,
the ratio R10

R, D/R10
R, S (Figure S6). For a cutoff of 20%, the

dynamic signal spreads as much as an order of magnitude more
than the static one, and in the case of 10% cutoff, this
difference is equal to four times (Figure S6).
Effect of Viscosity of the ECF on Wave Propagation

along ECM Fibers. To examine the effect of viscosity, we first
analyzed the amplitude of a longitudinal wave excited in a
linear chain (Figure 5a), similar to the one depicted in Figure
1a, with or without a viscous liquid. We used a viscosity value
of 0.7 since it was reported to be the relevant magnitude of
viscosity of the ECF at 37 °C.91,92 In the viscous case, the
maximal amplitude is ∼20% lower relative to the inviscid case,
and the wave shape loses symmetry as its peak shifts slightly
toward the active end (∼5% of chain length); see Figure 5a.
Analytical analysis of the governing equations in the viscous
and inviscid cases (see Methods) (dashed lines in Figure 5a)
corroborates our mass-spring simulations. We then study the
effect of viscosity on the dynamic force increase, in a linear
chain, as it is dependent on impulse duration (τL

I ) (Figure
5b,c). In the viscous case, the longitudinal wave follows closely
the wave dynamics in the inviscid case down to τL

I ∼4. As the
excitations get faster, a moderate decrease (∼30% when τL

I <
2) in the dynamic force ratio is demonstrated (Figure 5b).
Transverse waves are a major route for elastodynamic
dissipation as observed by the monotonic decrease in the
dynamic force ratio as the impulse duration shortens (Figure
5c). The superposition peaks due to wave interference are
completely quenched relative to the inviscid case. Together,
the single-fiber simulations indicate that ECF viscosity reduces,
but still may allow for dynamic perturbation propagation along
embedded ECM fibers through longitudinal waves.

We turned to simulating a 2D network that is similar to that
appearing in Figure 2 but this time the network is embedded in
a viscous fluid. We focus on the maximal dynamic force that
reaches the passive cell. To be able to compare different cell-to-
cell distances, we normalized the force value to the dynamic
force that reaches this passive cell when τN

I = 1, that is,
R F

F1
p ( )

( )x
x

P
D P

D N
I 1

= | =
. The ratio R1

p dramatically increases from a
minimal value at the static (τN

I → ∞) case to a maximum at
the dynamic case (τN

I ∼1), both in viscous and the inviscid

Figure 4. Dynamic versus static range of influence in the case of a
single cell contracting against a 2D fibrous network. (a) Model of a
single cell embedded within a 2D fibrous network. (b) Dynamic-to-
static ratio of the range of influence with a 20% cutoff force decay as a
function of impulse time τN

I . Here, for the case of a single cell, τN
I

denotes the impulse time tI of the single cell normalized by tN
calculated for two cells 4R0 apart (chosen arbitrarily for normal-
ization).

Figure 5. Effect of viscosity of the medium using single-fiber simulations. (a) Snapshot−like scheme of a longitudinal (X-displacement) wave along
a linear chain of length L calculated at time tL (at this exact time, the impulse reaches the passive end). The wave is a result of a pull−push
perturbation at τL

I = 1 in either viscous or inviscid environments (similar conditions to simulations presented in Figure 1). Simulation results are
compared with an analytical solution (dashed lines). (b,c) Wave propagation through a chain for longitudinal (b) and transverse perturbations (c).
In the transverse perturbation case (c), an initial pre-stretch was set to ε0

A = 30% of chain length.
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environment (Figure 6). However, the maxima in R1
p for

networks in viscous environment are between 40% (Figure 6a,
smaller cell−cell distance) to 70% (Figure 6b, larger cell−cell
distance) smaller in comparison to the inviscid case. Thus,
viscosity has a larger impact on the value of R1

p when cells are
farther away from each other, with viscous R1

p about twice
lower when d increases from 4R0 to 6R0. The dynamic increase
in R1

p is more pronounced in floppy (hypostatic) networks
having low connectivity (κ = 3.6, Figure 6) than in rigid
(hyperstatic) networks (κ = 7.8, Figure S11).

■ DISCUSSION
Long-range mechanical communication between cells refers to
the process in which cells sense mechanical forces and tension
gradients exerted by adjacent cells, where the traction stresses
are mediated by deformations created in the compliant
substrate. Such mode of mechanical communication has
been studied for more than a decade now;12,93,94 however,
the focus has been mainly centered on relatively static or quasi-
static forces.24,95−98 In this paper, we explore the plausibility
and efficacy of dynamic mechanical communication mediated
by traveling wave packets along random elastic fibrous
networks reflecting the ECM that surrounds living cells.
Indeed, the dispersion and relaxation of elastic waves in fibrous
materials has been studied,99−104 however, not in the context
of cell-to-cell communication through the ECM. Our
simulations indicate that dynamic mechanical perturbations
exerted by cell contractile forces may provide a potential
mechanism of vibrational communication between cells.
Though the literature on force propagation through the
ECM fibers is vast, with abundant theoretical and numerical
modeling studies, a majority of these studies have focused on
static forces. The dynamic effect has not been under focused
investigation probably due to the lack of experimental data of
such small and rapid dynamic forces propagating in a soft gel
material. It may also be related to the challenges associated
with modeling elastodynamic forces in complex structures and
environments, such as random fibrous networks, which are not
classical engineering materials, as well as their fluid−structure
interactions.105

In this work, we have presented numerical and analytical
calculations for the propagation of both longitudinal and

transverse waves along a single fiber, and we then proceeded to
simulate wave propagation between cells through a network of
random fibers (i.e., minimal model of the ECM). We used a
particle-based model to describe fiber behavior in the network
where each fiber is represented by a set of nodes with point
masses moving in a flat plane due to a linear interaction
between the neighboring nodes, action of the external forces,
and boundary conditions. We show that for both a single fiber
and a 2D fibrous network, when the active end (e.g., contractile
cell) applies a dynamic perturbation, the passive end (e.g., a
neighboring passive cell) receives a significantly stronger
mechanical signal, for both cases of “fixed passive end” and
“free passive end” boundary constrains. We also verify that the
dynamic effect persists in various network configurations and
cell parameters, including different network connectivities and
densities, and for various degrees of cell contraction and cell−
cell distances. The perturbation is considered as a dynamic one
if the perturbation impulse is about 1 order of magnitude faster
relative to the time needed for the wave to reach the other end
(i.e., propagation period), 1 ≲ τN

I < 10. In comparison, quasi-
static perturbations are at least an order of magnitude slower,
that is, τN

I > 10. The observed dynamic amplification
phenomenon may be explained physically by the effect of
impinging mechanical momentum and its subsequent push-
back at the boundary of the passive cell. We demonstrate here
that the ratio of impulse duration to its propagation period
from the emitter (active cell) to the receiver (passive cell) is
crucial for dynamic effects to appear. This fact supports our
hypothesis that dynamic mechanical cell-ECM-cell communi-
cation may produce stronger signals.

We focus in this study on longitudinal waves, their
propagation speed along a bio-fiber is given, as a first
approximation, by C E

L fiber
, where E is Young’s tension

modulus and ρfiber is the mass density of the fiber. The elastic
modulus of a collagen-I fiber (in aqueous conditions) has been
estimated to be between 30 and 80 MPa, at low tensile
strains.106−109 Similarly, a fibrin fiber has E ≈ 1 − 10
[MPa].110−112 Single-fiber mass density is estimated to be

1.35 g
cm3

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ.113 Using the above equation to calculate the

propagation speed, one gets C 200L
m
s

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ for collagen fiber

and 40 m
s

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ for a fibrin fiber. For two cells separated by 200

[μm], we calculate τN∼1 [μs] for collagen and τN∼6 [μs] for
fibrin. Therefore, impulses in the microsecond time scale (1−
10 μs) are expected to be amplified according to our
simulations; such fast perturbations might be rare and of low
amplitude but when they occur, they would be amplified.
Another possibility is that the longitudinal wave propagates as
a pressure wave in the bulk gel, and then, its velocity
diminishes drastically. For example, fibrin bulk elastic modulus
may be in the range of 100 to 10,000 [Pa], then τN would be in
the range of 0.2 [ms]; so whether directly through a fiber or
indirectly through the bulk network, dynamic amplification is
expected to be observed in the μs-to-ms timescale. Cell
dynamic movement and force generation may also create
transverse waves. To a first approximation, transverse wave
propagation velocity is C CT L (see Supporting In-
formation) where ε is the initial tensile strain; one can see that
for the low strain regimen, CT is about 1 order of magnitude
smaller than CL, and therefore, transverse waves may appear in
a shifted slower band and depend on strain.

Figure 6. Effect of viscosity on wave propagation through a 2D
fibrous networks (network connectivity, κ = 3.6) induced by an active
cell toward a neighboring (two cell−cell distances considered d = 4R0
and d = 6R0) passive cell. Pre-stress is ε0

A = 5% and the active cell
contraction is εA = 1 % R0. Simulations were conducted either in
inviscid (blue dots) or in viscous (brown dots) environment, for two
cell−cell distances: (a) d = 4R0 and (b) d = 6R0. The graphs shows
the force acting on the passive cell normalized to its magnitude at time
τN

I = 1 as a function of τN
I .
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Surprisingly, we notice several peculiar behaviors of the
spring-mass system that may not be initially considered
straightforward. For a single fiber, for example, a non-
monotonic increase in the passive to active normalized force
ratio (RP/RA) is observed as the impulse period shortens
(Figure 1d). Specifically, at medium stimulation periods (2 <
τL

I < 20), large fluctuations appear in the force ratio RP/RA

(Figure 1d). These fluctuations are interpreted as the result of
wave interference effects between waves emitted from the
active end (propagating toward the passive end of the fiber) and
waves reflected back (retrograding) from the fiber passive end.
The impulse period range exhibits a succession of band gaps
(impulse durations where impulse is not amplified) and pass
bands (impulse durations where impulse is amplified). The
analytic calculation shown in Figure 1f−i captures well the
numerical simulation, thus supporting our numerical simu-
lation results of force ratio fluctuations.

Similarly, another peculiar behavior is the bi-phasic dynamic
force ratio (RP), as the stimulation period shortens (Figure
1e); for τL

I > 20, the ratio RP is quite constant (≅1). As
stimulation period shortens (τL

I < 10), the force ratio RP

increases with a steep and nearly constant slope, meaning that
the passive end experiences dramatically higher forces due to
dynamic impact loading, forces that may reach up to about 1
order of magnitude higher.

Results for the cell-embedded networks also indicate
peculiar dynamic behavior due to interference (Figure 2b).
This plot demonstrates a maximum in the force-impulse
relationship, indicating the existence of an optimal impulse
duration. Whether cells can produce or be mechanosensitive to
such optimal impulses should be confirmed experimentally in
further studies. Additionally, elastic wave interference may
confine wave-packet energy to the vicinity of an active cell. We
have seen that at very fast mechanical excitations of the
network (τN

I < 1), the dynamic effect on the passive cell
diminishes dramatically (RP slope = 3) (Figure 2b), and RP

gets even below 1. In the network, extremely abrupt
mechanical perturbations do not reach the neighboring passive
cell and therefore mechanical communications via emitted
elastic wave packets are excluded. Instead, the elastic energy is
localized or encaged in the vicinity of the active cell (Movies S1
and S4). Thus, the network architecture behaves as a low-pass
filter (having “acoustic” impedance) and isolates the active cell
from its surroundings and neighboring cells. Note that the
mechanical filtering is neither achieved here by a tuned mass-
damper system nor is it the result of classic antiresonance114

between coupled oscillators. At antiresonance frequencies, the
oscillation amplitude can drop to almost zero due to
destructive interference; however, in our case, we observe
the signal attenuation in a wide range of high frequencies and
not at a particular frequency as typical to the case of
antiresonance. A complete understanding of this “localized
elastic energy” phenomenon awaits further investigation that is
beyond the scope of our current study; however, we wish to
indicate the plausible relevance of a peculiar physical effect
known as “Anderson localization”115 to this result. Anderson
localization is a general wave phenomenon (manifest itself for
any type of wave) that relates to the transport (or its lack
thereof) of waves through a disordered medium. Specifically, it
describes the severe retardation or absence of propagation and
spreading of waves in a disordered medium and therefore the
wave distribution remains localized, especially where the
wavelength is comparable to a system’s characteristic length

(e.g., average fiber length, average pore area, mean path length,
etc.). Note that our random fiber network is a disordered
medium. Localization occurs due to wave interference (both
destructive and constructive) between multiple-scattering
paths, and severe interferences can completely halt the waves
inside the disordered medium. Indeed, originally described in
quantum condensed matter systems,115−117 recent relevance
has been demonstrated for acoustic waves.118−122 Anderson
localization was reported also in studies of the vibrational
modes of a disordered network of masses and springs.123−126

According to our current understanding, Anderson localization
is not restricted to electrons but is indeed general. However,
the strength and dominance of this effect and its transition
frequencies depend on spatial dimensionality of the system
(either 1D, 2D, or 3D), the amount of disorder in the network
(e.g., local anisotropy) and its length scale (e.g., ratio of the
average fiber length and cell radius), type of disorder (e.g.,
nonuniform masses vs nonuniform springs), network archi-
tecture, network density, fiber crosslinking points (e.g.,
“welded” vs “pin” joints), mechanical boundary conditions,
damping, and others. Therefore, further research should be
followed up to investigate the relevance of this phenomenon
for living cell dynamic mechanical communication through the
ECM. Interestingly, cells sparsely embedded in the ECM often
remodel the matrix around them and their environment
transitions from initially being isotropic (i.e., random) to
anisotropic (i.e., ordered) at their close vicinity, due to the cell-
applied traction forces on ECM fibers.7,127 Densified and
oriented fiber network bands often form between two closely
neighboring contractile cells.7,11 In the context of dynamic
perturbation localization (“Anderson localization”), it may be
speculated that elastic energy transmission may be facilitated in
the direction of order (aligned ECM bands) and the ECM may
demonstrate insulating behavior along the direction of
disorder. Thus, the formation of such ordered fibrous bands
due to cellular remodeling may allow for effective communi-
cation of the dynamic mechanical signal and prevent its
localization at the emitter end. We speculate that if cells cannot
engage in ECM remodeling (e.g., due to immaturity, apoptosis,
or pathology), elastic wave localization may serve as a
mechanical noise attenuation mechanism. Then, an isolated
cell would not “bother” neighboring cells if not being able to
communicate coherently (produce sufficiently long wavelength
signals).

A limitation of the current study is the use of linear springs
in our model, whereas biopolymer fiber elasticity is rather
nonlinear.11 Even a relatively simple spring can show nonlinear
phenomena including periodic, quasiperiodic, chaotic motions,
hysteresis, and harmonic distortion.128 The fibers in our
simulations compress or stretch in a single transverse plane,
whereas real fibers may bend (or twist) out of plane due to
fiber shape and its kinematic constraints.100 We chose to use
linear springs in our model because we expect cells to exert
very small displacements (low amplitude transverse and
longitudinal waves). Moreover, biological fiber networks are
not merely elastic, but also exhibit inherent (i.e., fiber intrinsic)
visco-plastic behavior.127,129−131 Fiber plasticity was described
to influence force propagation and mechanical interaction
between neighboring cells.7,89,127,132 The model presented in
this study should be extended in future studies with
simulations of nonlinear fibers that may buckle and strain-
stiffen as well as with viscoelastic fibers that may plastically
deform at strains above the yield strain.11,133 Notwithstanding,
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plastic remodeling, due to proteolytic degradation and
crosslinking sites dynamically binding and unbinding, is
expected to be order of magnitudes slower than elastodynamic
perturbation propagation time127 (Malandrino et al. report a
“zero-force unbinding characteristic time” on the order of tens
of minutes). Indeed, plastic slow change is accumulated over
time and is expected to affect dynamic signal transmission.

Viscosity of the interstitial medium is another key factor that
is critical to consider that can lead to influence on wave
propagation and dynamical effects. A dominant source of
elasto-dynamic loss is due to the viscosity of the medium
wherein fibers are immersed, typically water-like media under
physiological conditions. Some of the elastic energy is
transformed to heat near the fiber interface, due to the shear
and transversal displacement of the surrounding fluid (ECF).
Therefore, we have considered in our simulations also the case
in which the fibers are embedded in a viscous liquid having a
viscosity of 0.7 [mPa · s]. The choice of this viscosity value is
derived from two main considerations: (i) similar values were
also used in the literature for interstitial fluid at body
temperature (37 °C), for example, 0.7891 and 0.72 [mPa ·
s];92 and (ii) in in vitro culture conditions, cells are typically
grown in fibrous hydrogels supplemented with standard media
having a low viscosity, which is close to that of pure water, 0.69
[mPa · s], at 37 °C.134

By introducing a viscous fluid contribution into our model,
the fiber network’s mechanical behavior has not only an elastic
component but also a viscous component. In rheology of bulk
collagen gels, a smaller difference between G′ and G″ was
measured at high sweep frequencies,135,136 suggesting that at
fast perturbations, the elastodynamic waves dissipate greatly.
However, in our system, one should keep in mind that the
mechanical signal propagates longitudinally thorough individ-
ual fibers and not homogeneously through the whole bulk.
Therefore, the dominant factor in dynamic mechanical signal
propagation between cells is the single-fiber interaction with
the viscous fluid. We show in the single-fiber and fibrous
network simulations that ECF viscosity reduces, but still allows
for dynamic perturbation propagation along ECM fibers.
Viscosity resulted in quenching of transverse waves but still
allowing for propagation of longitudinal waves. Our current
model assumes that an elastic fiber embedded in a fluid
dissipates its elastodynamic energy either by shearing the liquid
or by pushing against it. We did not include a plausible
pathway for a relatively lossless wave propagation passing
through the core of the fiber, which would require a more
elaborate fiber model that supports radial modes (Poisson
ratio-dependent contraction and expansion of fiber sections, an
effective densification and rarefaction). The interaction of such
modes with the fluid is deferred to future work.

The presented hypothesis on dynamic force amplification
indicates gaps in the literature and stimulates further research
questions that should be explored. For example, regarding
network architecture, we have mentioned the possibility that
bands of dense and oriented ECM fibers might be functional
for dynamic cell−cell communication. Are they indeed
waveguides for very quick (wave speeds) dissemination and
sharing of information between cells? Or more generally, which
dynamic cellular remodeling or physical constraints may limit
or accelerate the propagation of vibrational information across
the ECM? Do cells tune their mechanosensitivity to different
vibration frequencies by adapting their morphology or traction
forces? We have shown that ECM-embedded cells may exert

static force through force chains.5 How dominant are force
chains in dynamic wave propagation? The fact that we see
different dynamic responses at different impulse periods
indicates that paths of force chains used by static forces is
likely different in the dynamic case. However, the intensity of
both static and dynamic signals is not expected to decay
monotonically, not only due to local network heterogeneity
but also due to reflections and wave interference. It would be
illuminating to explore the differences in response to
vibrational mechanical stimulation between cells embedded
in oriented and strained fibrous gels (e.g., nonlinear elastic
fibrin and collagen-I) relative to cells embedded in or attached
on top of nonfibrous gel (linear elastic poly-acrylamide,
agarose, or gelatin).

Finally, the dynamic communication hypothesis raises more
questions about cell-to-cell mechanical interactions through
the ECM. For example, tensed ECM fibers have natural modes
of vibration, and therefore, a question arises whether there are
characteristic resonant intercellular distances where minute
cellular fluctuations build up resonantly and induce a
significant effect on its neighbor cell or maybe certain
frequencies emitted from an active cell are in resonance with
the passive cell itself or structures within it. Interestingly,
measurements of spontaneous cellular vibratory motions of
osteocytes (amplitude of ∼80 nm, at 34 and 86 Hz frequency
range) have recently implied that osteocytes dynamic motion
is involved in cellular mechanotransduction.137 In addition,
often, spread cells are polar (i.e., exert contractions along a
specified axis). Thus, it will be interesting to examine the effect
of in-plane vibrations versus perpendicular propagating
vibrations. For example, for cardiomyocytes, it has been
shown that cells stimulated in the direction parallel to
sarcomere alignment did not respond to an oscillatory
mechanical stimulus. Only cells stimulated in the direction
perpendicular to sarcomere orientation were paced.15 The
fibrous nature of the bio-hydrogel (fiber alignment and
tension) contributes to dynamic synchronization between cells.

Finally, a critical aspect of communication is its spatial range.
It was shown that for quasi-static cellular tractions propagating
through the linear elastic substrate, the range of mechanical
communication is about 50 μm and can extend to 500 μm if
the substrate is nonlinearly elastic (fibrous).13,138−140 Specif-
ically, simulations and analytical formulations for the decay of
cell-induced forces in the static case were investigated
previously in depth showing the direct effect of the nonlinear
properties of fibrous networks, such as fiber buckling,
stiffening, and network alignment in increasing the range of
force propagation.24,95−98,141−145 In all of these cases, the static
condition was considered, and force was shown to decay over
distance, with the decreasing force amplitudes reaching the
distant passive cell, relative to the force applied by the active
cell. The range of propagation depended on the nonlinear
properties of the fibrous network. Here, in contrast, we show
that in the dynamic regime, forces not only decay more slowly
but may also be truly amplified at the receiving passive cell. In
comparison to static force spatial spread, where only
mechanical work (force times distance) is invested by the
contracting cell, we show that dynamic force propagation may
spread even further because also mechanical power is delivered
(force times velocity). This power creates momentum that is
delivered to an extent in the viscous medium (especially
through longitudinal waves). When reaching a neighboring
cell, this conservation of momentum induces higher impinging
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force in the bounce-back, exercising a mechanical impulse
(force over time).

In our simulations of the fibrous network, we show that the
dynamic mechanical signal range may be up to an order of
magnitude higher than the static range signal (Figure 4b), even
if for a short duration if an impulse is exerted once only.
Repeated fast impulses will endure longer and their region of
influences is expected to be extensive. It is clearly evident that
force decay is different in the static versus dynamic case, and
further research is needed to explore this observation.

■ CONCLUSIONS
In summary, our simulations demonstrate the impact of ECM
architecture and viscosity on dynamic force propagation
between contractile cells. They provide motivation for future
biological experiments in mechanobiology to investigate, on
the one hand, the dynamics of wave propagation in ECM
environments and, on the other hand, the mechanosensitivity
of cells to dynamic vibratory forces traveling and guided by the
ECM. Experimental measurements of the dynamic vibroscape
for cellular events, in terms of both cell-induced vibrations and
cells response to vibrations, are necessary to map the relevance
and importance of dynamic mechanical communication in a
viscous ECF environment. ECM mechanically couples closely
neighboring living cells, and dynamic mechanical communica-
tion between such cells may enable higher information content
transmission, noise filtration, and faster and larger ranged
signal transmission and facilitate energetically (metabolically)
effective and directed transmission.
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Movie S1: Force evaluation in a network with a fixed
passive cell for τN

I = 0.27 (MP4)
Movie S2: Force evaluation in a network with a fixed
passive cell for τN
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Movie S3: Displacement evaluation in a network with a
‘free’ passive cell for τN

I = 0.17 (MP4)
Movie S4: Contraction of one cell node (passive cell is
‘fixed). Force evaluation in a network with a fixed passive
cell for τN

I = 0.13 (MP4)
Movie S5: Contraction of one cell node (passive cell is
‘free’). Displacement evaluation for τN

I = 0.67 (MP4)
Parameters used for the implementation of the FIRE2.0
algorithm for energy minimization in the network
following active cell contraction; transverse perturbations
in a linear chain system with a fixed end; longitudinal
wave packet propagation along a single fiber, fixed, and
free ends; wave propagation in the 2D fibrous network
by a dynamic one cell-node displacement (“fix-
boundary” conditions): dynamic perturbations in a
network caused by twitching of one node on the active
cell (passive cell is fixed in place); quick release from a
state of pre-stretched network; wave propagation in the
2D fibrous network induced by a dynamic one-node
displacement toward a compliant passive cell (“free-
boundary” conditions); wave propagation in a 2D
network induced by contraction of one cell node
(passive cell is not fixed); range of influence with a
10% cutoff decay in force for various pre-stress (ε0

A)

values; estimation of transverse wave speed as given by
longitudinal wave speed and strain; analytical solution
for a wave propagation in a single fiber; dynamic force
propagation through a 2D fiber network induced by an
active contractile cell toward a passive cell (“fixed”
boundary conditions): network connectivity, network
density, cell-to-cell distance, and amplitude of cell
contraction (εA); analysis of the effect of viscosity; the
physical parameters of the fibers and the environment
used in the simulations, wave propagation through a 2D
fibrous networks (network connectivity κ = 7.8) induced
by an active cell toward a neighboring passive cell, both
viscous and inviscid conditions (PDF)
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tI impulse time
tL time of end-to-end longitudinal wave

propagation in the fiber
tT time of end-to-end transverse wave

propagation in the fiber
Tx

i tension in a link i of the fiber

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.2c01049
ACS Biomater. Sci. Eng. 2022, 8, 5155−5170

5166

https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01049?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01049/suppl_file/ab2c01049_si_001.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01049/suppl_file/ab2c01049_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01049/suppl_file/ab2c01049_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01049/suppl_file/ab2c01049_si_004.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01049/suppl_file/ab2c01049_si_005.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01049/suppl_file/ab2c01049_si_006.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+E.+Berinskii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:igorbr@tauex.tau.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ayelet+Lesman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2511-4381
mailto:ayeletlesman@tauex.tau.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Artem+Y.+Panchenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oren+Tchaicheeyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01049?ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c01049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


t
tL

I I

L
= normalized impulse time for a

longitudinal wave perturbation along
a linear chain

t
tL

L
= normalized time in the context of a

linear chain perturbed by a longi-
tudinal wave

t
tT

T
= normalized time in the context of a

linear chain perturbed by a transverse
wave

tN the time it takes for a longitudinal
wave to travel the shortest distance
between two neighboring cells em-
bedded in a random network

t
tN

I I

N
= normalized impulse time for a

perturbation between neighboring
cells

t
tN

N
= normalized time in the context of a

random fiber network
ε0

A initial strain dictated by active
node(s) pre-stretch during the
quasi-static phase

εA dynamic strain dictated by active
node(s) displacement during the
dynamic phase

(Fx
A)D, (Fx

P)D maximal tension at the active (A) and
passive (P) ends during dynamic
perturbation for longitudinal (x)
wave

(Fx
A)S, (Fx

P)S maximal tension at the active (A) and
passive (P) ends during static loading

R R,F
F

F
F

A ( )
( )

P ( )
( )

x

x

x

x

A
D

A
S

P
D

P
S

= = maximal force exerted at the active
(A) and passive (P) ends during a
dynamic perturbation (D) relative to
static loading (S)

R F
FD ( )

x

x
A

D
= longitudinal force normalized to the

maximal tension at the active end
during dynamic loading

(Ux
P)S, (Ux

P)D the average displacement of the
passive cell nodes under static (S)
and dynamic (D) pulls by a con-
tracted neighboring active cell

(Ux
A)S, (Ux

A)D the average displacement of the active
cell nodes under static (S) and
dynamic (D) pulls

,U
U

U
U

A ( )
( )

P ( )
( )

x

x

x

x

A
D

A
S

P
D

P
S

= = dynamic-to-static displacement ratios
at the active (A) and passive (P) cells

U
UD ( )

x

x
A

D
= longitudinal displacement evolution

normalized by the maximal displace-
ment that appears on the active cell

R20
R, D, R20

R, S the distance at which force decays to
20% of its maximum value at the cell
perimeter at dynamic (D) and static
(S) loadings

R10
R, D, R10

R, S the distance at which force decays to
10% of its maximum value at the cell
perimeter at dynamic (D) and static
(S) loadings
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